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Summary. Wc rcmoved the striate cortex of one cerebral 
hemisphere in a macaque monkey, causing almost total 
retrograde degencration of the corresponding dorsallat
eral geniculate nucleus (dLGN) and extensive trans
neuronal degeneration of ganglion cells in the corre
sponding hemi-retina of each eye. The rare surviving 
geniculatc projection neurons wcrc rctrogradely labelled 
by horseradish peroxidase (HRP) from extra-striate cor
tex and retinogeniculate terminals were labelled by an 
intraocular injection of HRP. Retinal terminals in the 
degenerated dLGN made synaptic contact exclusively 
with the dendrites of interneurons immunopositive for 
y-aminobutyric acid (GABA) in both parvocellular and 
magnocellular regions of dLGN. As well as being post
synaptic to retinal terminals these vescicle-containing 
dendrites were pre- and postsynaptic to other similar 
dendrites, and prcsynaptic to relay cells. Surviving label
led projection nemons rcccivcd retinal input indirectly, 
via both the GABA-immunopositive interneurons and 
GABA-immunoncgativc terminals characteristic of 
those from the superior colliculus. In the degenerated, as 
opposed to the normal dLGN, about 20% of retinal 
terminals were GABA-immunopositive and GABA
immunoreactivity was prominently elevated in the gan
glion and amacrine cell layers of the degenerated half of 
the retina. The optic nerve also contained numerous 
GABA-immunopositive axons but very few such axons 
were found in a normal optic nerve processcd in identical 
manner. The surviving pathways from the retina must 
underlie the visual abilities that survive striate cortical 
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removal in monkeys and human paticnts and may in
volve the degenerated dLGN as well as the mid-brain. 
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Introduction 

When part of the striate cortex (area 17, or VI) is de
stroyed in primates about 99 % of the projection neurons 
in the topographically corresponding part of the dorsal 
lateral geniculate nucleus (dLGN) degenerate within 12 
wccks (Mihailovic et a!. 1971). The few that survive, 
apparcntly permanently (van Bmen 1963; Yukie and 
I wai 1981; Dineen et a!. 1982; Cowey and Stoerig 1989), 
are present in both the parvo- and magno-cellular divi
sions of the nucleus, and within as well as between the 
laminae. They can be retrogradely labelled by HRP inject
ed into cortical visual areas V2 and V 4 and presumably 
survive because of this extrastriate projection (Yukie and 
Iwai 1981; Fries 1981; Hendrickson and Dineen 1982; 
Bullier and Kennedy 1983; Cowey and Stoerig 1989). It 
has been suggested (Hendrickson and Dineen 1982; Di
ne en et al. 1982; Cowey and Stoerig 1989) that these cells 
may contribute to the residual abilities that remain with
in the field defects caused by destruction of part of striate 
cortex. These abilities are extensive and include detection 
and localization of stimuli as wcll as discrimination based 
on orientation, direction, motion, form, and wavelength 
(reviewed by Weiskrantz 1989). 

Unlike the direct or indirect retinal inputs to the 
retrogradely degenerated dLGN, those to thc normal 
dLGN in primates are well known. The two mag-
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nocellular layers in the dLGN are the target zone of the 
primate alpha (Pa) ganglion cclls (Perry et al. 1984; 
Leventhal et al. 1981). Functionally, they have broad
band characteristics, with high sensitivity to contrast and 
temporal modulation, and are candidates for transmit
ting signals for motion perception, stereopsis, and form 
from shading (see Livingstone and Hubel 1988, for re
view). The primate beta (P~) ganglion cells project to the 
four parvocellular layers (Perry et al. 1984). Like their 
geniculate targets they are predominantly colour oppo
nent, with high spatial and comparatively low temporal 
resolution (see Shapley and Perry 1986, for review). sug
gesting their involvement in form and colour vision (Liv
ingstone and Hubel 1988). Selective destruction of P~ 
ganglion cells or of the parvocellular portion of the 
dLGN produces deficits in spatial resolution and colour 
discrimination in monkeys (Merigan and Eskin 1986; 
Schiller et al. 1990). As no other group of cells receiving 
direct retinal terminals is known to carry colour
opponent signals, they are particularly interesting in view 
of the evidence of colour opponent processing in the 
"blind" field defects of patients (Stoerig and Cowey 
1989b, 1990) and in monkeys in which all the striate 
cortex has been removed (Schilder et al. 1972; Keating 
1979). Finally, the primate gamma (Py) retinal ganglion 
cells are morphologically heterogeneous and project to 
the superior colliculus, the pretectum (Perry and Cowey 
1984; Leventhal et al. 1981), and perhaps the interlami
nar layers of the dLGN (Fitzpatrick et al. 1983; Weber 
et al. 1983). The admittedly small sample that has been 
examined was neurophysiologieally heterogenous, but 
sensitivity to moving stimuli was prominent (de Monas
terio 1978b), and colour-opponency was absent (Schiller 
and Malpeli 1977b). Cells in their target zone in the 
superior colliculus project to the dLGN, particularly to 
the S-Iayers and to the interlaminar zones, including the 
intercalated layer between the parvo- and magnocellular 
divisions (reviewed by Huerta and Harting 1984). 

The role of this tecto-geniculate pathway is mys
terious but must be considered in view of the evidence 
that at least some aspects of residual vision following 
striate cortical damage in monkeys are abolished by 
subsequent damage to the superior colliculus (Mohler 
and Wurtz 1977), as are the selective responses to visual 
movement of neurons in visual area MT that survive 
removal of the striate cortex (Rodman et al. 1989). Al
though there appears to be no direct projection from the 
dLGN to area MT (Benevento and Standage 1982) 
Schiller et al. (1990) showed that monkeys could not 
make saccades to targets in field defects caused by de
struction of all layers of the dLGN, implying that other 
collicular projections to extrastriate cortical areas either 
do not suffice to sustain them or are functionally disrupt
ed by the geniculate lesion. 

As yet, there is no evidence that the geniculate cells 
that survive destruction of striate cortex receive a direct 
or indirect retinal input and, therefore, that they could 
contribute to residual vision. The degenerated dLGN 
does receive retinal axons, as shown by light microscopic 
anterograde tracing methods (reviewed by Weller and 
Kaas 1989) but this alone does not indicate that they are 

in synaptic contact with surviving projection neurons, as 
implied by the results of Benevento and Yoshida (1981) 
who found no evidence of transynaptic labelling in extra
striate cortex following intra-ocular injections of tritiated 
amino acids. In an attempt to solve this problem, Dineen 
et al. (1982) used electron microscopic autoradiography 
to examine the ultrastructure within a degenerated 
dLGN. They showed that labelled terminals with the 
apparently unique, and therefore unambiguous, mor
phological characteristics of retino-geniculate terminals 
(Guillery and Colonnier 1970; Szentflgothai 1973) were 
present in roughly equal densities in both parvo- and 
magno-cellular portions of the degenerated dLGN, and 
that they made contacts with neuronal elements. Unfor
tunately, no postsynaptic target was a large dendrite 
characteristic of a projection neuron, or a neuronal cell 
body. In an attempt to resolve this problem we studied 
a monkey in which the striate cortex of one hemisphere 
had been removed two and a half years previously. By 
injecting HRP into extra-striate cortex (chiefly V4) and 
into one eye, it was possible to examine identified retinal 
terminals (both labelled and unlabelled) in relation to 
neurons back-filled from cortex and to interneurons that 
were identified both on the basis of their mor
phological features (Hamori et al. 1974; Pasik et al. 1973; 
Szentagothai 1973) and the immunopositivity of their 
dendrites for GABA. 

In addition, we examined the retina to confirm the 
retrograde transneuronal degeneration of the ganglion 
cell layer (Van Buren 1963; Cowey et al. 1989). We also 
looked for evidence of any unusual features of the metab
olism of GABA in the degenerated hemiretina, where 
unusual characteristics of the pattern-evoked and Ganz
feld electroretinogram have been reported and attributed 
to functional changes in the ganglion and predominantly 
GABAergic amacrine cell populations (Stoerig and Zren
ner 1989). Some of the results have been described in 
conference proceedings (Kisvarday et al. 1990). 

Methods 

Suhject 

The principal subject was a male feral Macacafascicularis. He was 
about 5 years old at the beginning of this investigaLion. having taken 
part in visual discrimination experiments during the previous 2 
years. We also used one eye from a normal female macaque that had 
been perfused in an identical manner immediately following a 
pharmacological experiment, and examined retinal sections from 
four other operated monkeys. 

Surgery 

The surgical procedures were performed under strict aseptic con
ditions with the aid of a stereo operating microscope. At the first 
operation the striate cortex of the left hemisphere was removed and 
the splenium of the corpus callosum was cut. The animal was 
sedated with 10 mg/kg i.m. of ketamine hydrochloride (Ketalar, 
Parkc-Davis) then anaesthetised for the duration of the operation 
with sodium thiopentone i.v. (Intraval, May and Baker). The skin 
and fascia were cut along the midline and reflected laterally. A bone 



flap, approximately 4 cm long by 3 cm wide, was turned across the 
midline and the dura opened to expose the dorsomedial shoulder 
of the left hemisphere for about 2 cm just rostral to the confluence 
of the intraparietal and lunate sulci. The medial surface of the 
hemisphere was gently retracted from the falx and the caudal 12 mm 
of the corpus callosum were severed with a 23 gauge blunt aspirator. 
The bone overlying the lateral surface of the left striate cortex was 
then removed and the dura was cut in order to reveal the underlying 
striate cortex. After cauterising any bridging vessels between the 
cortex and the dura the occipital lobe was severed 5 mm caudal to 
the lunate sulcus and removed. The remaining striate cortex just 
caudal to the lunate sulcus and in the rostral depths of the calcarine 
fissure were then removed by sub-pial suction. Any severed vessels 
were cauterised and the cut surface was covered in a thin layer of 
gel-foam. After sewing the dura, the midline bone flap was replaced 
and secured at its corners and the occipital opening was covered by 
the previously retracted temporal muscle. Fascia and skin were 
scwn, 300000 units of penicillin were given i.m. (Bicillin, Brocades) 
and the animal made a prompt recovery. 

Thirty months later and using similar procedures the cortex of 
the prelunate gyrus, just rostral to the border of the previous 
lobectomy, was exposed and 18 fragments of HRP were implanted 
at the positions shown in Fig. 1. Each fragment was placed with fine 
forceps through a small cut in the pia and pushed laterally into the 
grey matter. The fragments whose entry points are shown alongside 
the superior temporal and lunate sulci were advanced into the bank 
of the sulcus. The HRP (Boehringer, type I) was prepared by 
sat urating a piece of gelfoam with a solution of 50 % HRP in sterile 
water, allowing it to become almost dry in a sterile vessel, compress
ing it while still malleable, then cutting it into small fragments when 
totally dry. It was used while still fresh. After implanting the HRP 
the dura and overlying tissues were sewn. Anterograde tracer was 
then injected into the right eye as follows. A solution of 250 III of 
L-(3,4(n)-3H)-proline, specific activity 50 CijmM (Radiochemicals 
Amersham) containing 250 mCi was reduced to 50 III under a 
stream of nitrogen. HRP was added to make a 50% solution which 
was injected over a period of 10 minutes into the vitreous of the 
right eye using a sterile Hamilton syringe and while viewing the 
fundus ophthalmoscopically. After withdrawing the needle the lim
bus around the entry point was treated with 5% xylocaine ointment 
(Astra). Recovery was prompt and uneventful. 

Histology 

Three days later the animal was sedated and given a lethal dose of 
sodium pentobarbitone before being perfused through the heart 
with 600 ml of continuously oxygenated Tyrode's solution, followed 
by 4 litres of a fixative containing 1 % glutaraldehyde (T AAB) and 
1.5 % paraformaldehyde (T AA B) in 0.1 M phosphate buffer (PB), 
pH 7.4. The eyes were removed following fixation for subsequent 
sectioning. While still in place the brain was cut into three blocks 
by two coronal cuts in the stereotaxic frontal plane, through the 
optic chiasma rostrally and behind the dLGN caudally. The pos
terior block, through the lesion, was photographed and placed for 
3 days in a solution of 30% sucrose dissolved in PB before being 
sectioned in the coronal plane at 50 Ilm on a freezing microtome. 
Every fifth section was reacted for HRP using the protocol of Perry 
and Linden (1982) and counterstained with cresyl fast violet acetate. 
These sections were used to reconstruct the site of the lesion and the 
position of the HRP (Fig. 1). The central block, containing the 
geniculates, was trimmed until each dLGN was contained within a 
block measuring 10 by 10 mm in cross section. 

Tissue processing 

Blocks containing the dLGN were postfixed for 4 hours in the same 
fixative, and coronal sections (70-80 Ilm) were cut on a vibratome 
and collected in series in O.l PB. Every fourth section was mounted 
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on slides and stained for Nissl substance. Histochemical detection 
of HRP transported either retrogradely from the cortex or antero
gradely from the eye was carried out using tetramethylbenzidine 
(TMB) as chromogen and ammonium-heptamolybdate (AHM) as 
stabilizing agent in 0.1 M PB at pH 6.0 (Olucha et al. 1985). For 
electron microscopy the TMB-AHM reaction end-product was 
intensified by incubating the sections in 0.05% 3,3'-diaminoben
zidine in the presence of 0.01 % CoClz dissolved in PB, pH 6.0. The 
sections were then rinsed in distilled water, treated with ice-cold 
osmium-tetroxide (1 % in 0.1 M PB for 15 min), rinsed in PB, 
dehydrated, and mounted in epoxy resin (Durcupan ACM, Fluka) 
on slides. 

Electron microscopy of the lateral geniculate nuclei 

Thick sections containing retrogradely labelled neurons with dense 
accumulation of cortically injected HRP and corresponding tissue 
samples from the normal dLGN were removed from the slides and 
re-embedded into epoxy resin in plastic capsules. The laminar posi
tion of labelled cells was determined as follows: through the entire 
dLGN we had adjacent, or closely neighbouring, sections stained 
for Nissl substance or prepared for anterograde labelling by auto
radiography and by HRP histochemistry, together with a fourth 
series reacted for GABA. The laminar boundaries were drawn from 
all types of section. One drawn series is shown in Fig. 2, and reveals 
a reassuring coincidence in the boundaries revealed by the different 
techniques. It was therefore possible to estimate the laminar posi
tion of the cells selected for electron microscopic analysis in the 
intervening osmium treated sections. Their positions are shown in 
Fig. 4. The soma and some of the dendrites of these chosen cells 
were sectioned in series, through a depth of about 15-50 Ilm, and 
the sections were mounted on formvar coated single slot grids. 
Samples from the series were examined, leading to the identification 
of about 250 synaptic contacts on the retrogradely labelled neurons. 
The sections were contrasted with lead-citrate. 

Postembedding GABA-immunostaining on semithin 
sections 

To compare the distribution of GABA-immunopositive cells be
tween the normal and the degenerated dLGN, sections of 0.5 Ilm 
thickness were cut from each side at corresponding levels and 
mounted onto chrome-alum gelatin coated slides. Immunocyto
chemistry for GABA was carried out as reported earlier (Somogyi 
1988), using a previously characterized antiserum to GABA raised 
in rabbit (Hodgson et al. 1985; code No. 9) and the unlabelled 
antibody peroxidase-antiperoxidase method (Sternberger et al. 
1970). Peroxidase was reacted with 3,3' -diaminobenzidine tetrahyd
rochloride (DAB) as chromogen (0.05%) and H20 2 as substrate 
(0.01 %) in 50 mM tris buffer. 

Postembedding GABA-immunostaining on ultrathin 
sections 

To establish the chemical characteristics of synaptic elements in 
both dLGNs, some of the ultrathin sections were reacted with an 
antiserum to GABA using the colloidal gold method (Somogyi 
1988). Briefly, sections were treated with 1 % periodic acid and 1 % 
sodium periodate for 10 min to etch the resin and remove osmium. 
After washing the sections thoroughly in distilled water and 50 mM 
trisbuffered saline (TBS, pH 7.4) they were placed on droplets of 1 % 
aqueous solution of ovalbumin for 30 min. Rabbit anti-GABA 
serum (diluted I: 1000 in TBS containing I % normal goat serum) 
was applied for 2 hours followed by washes in TBS for 2 x 5 min, 
and in 0.1 % polyethylene glycol dissolved in 50 mM tris buffer 
(TB-PEG, pH 7.4) for 2 x 10 min. Thereafter the sections were 
incubated for 2 hours with goat anti-rabbit immunoglobulin cou-
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pled to colloidal gold (15 nm, Bioclin) diluted 1 :20 or 1 :40 in 
TB-PEG, and rinsed thoroughly in distilled water. All incubation 
steps were carried out on droplets ofMillipore filtered (size 0.22 J.lm) 
reagents. Following immunostaining. the sections were treated with 
osmium by exposing them to vapour for 1 min, stained with satu
rated uranyl-acetate for 20 min, and contrasted with lead citrate for 
2 min. 

Quantitative electron microscopy 

Postsynaptic elements of labelled and unlabelled retinal terminals 
were quantitatively analysed from disparate areas of the normal and 
degenerated dLGN. Each retinal terminal, identified on the basis of 
electron microscopic criteria, that fell into the plane of the sections 
was taken into account and the postsynaptic elements were iden
tified using ultrastructural characteristics and GABA-immuno
staining. Retinal terminals were covered with varying density of gold 
particles following GABA-immunoreaction. Some of the terminals 
had gold densities similar to, or in excess of, that of adjacent F 
terminals which are believed to represent the neuronal elements 
responsible for GABAergic inhibition. In order to evaluate the 
GABA-immunoreactivity of retinal terminals the density of gold 
particles was calculated by measuring the area of the terminal and 
counting the gold particles using the Bioquant IV system and com
paring the density with that over nearby GABAergic F terminals. 

Retinal histology 

Both eyes were removed after perfusion and placed in the same 
fixative at 4° C. After several weeks the left eye was processed as 
follows. The anterior chamber. lens, and much of the vitreous were 
removed. The eye cup was dehydrated in alcohol, cleared in toluene, 
and embedded ill paraffin wax. Horizontal sections, parallel to the 
horizontal retinal meridian, were cut at 10 J.lm. After identifying the 
fovea, every 5th section through the central retina was mounted on 
a gelatinized slide, dewaxed, rehydrated, and stained for Nissl 
substance with cresyl fast violet acetate. Additional series were 
mounted and reacted for GABA using the same antiserum (dil. 
I: 4000) already described for semithin sections of dLGN. The 
primary antibody was visualised using HRP-conjugated sheep anti
rabbit IgG (Dako, diluted I: 50) and a light reaction with DAB as 
chromogen. The reaction product was silver-gold intensified as 
described earlier (Liposits et al. 1984). The sections were dehy
drated, cleared and coverslipped in DPX without further process
ing. 

Results 

Corticallesiol1 and HRP transport 

The striate cortex of the left hemisphere was completely 
removed apart from a small tag adjacent to the lunate 
sulcus at the midline, and corresponding to the rep
resentation of the vertical meridian at an eccentricity of 
5-6 degrees. However, even this remnant was severed 
from the radiations beneath it and there was no sign of 
any neuronal island of spared cells in the dLG N at the 
appropriate retinotopic region at the ventro-medial edge 
of the nucleus about half way along its rostro-caudal 
axis. Histological detection of cortically implanted HRP 
pellets showed that the HRP covered the entire area of 
the prelunate gyrus and therefore the upper half of area 
V 4, but may have involved area V2 in the vicinity of the 
spared ascending limb of the inferior occipital sulcus 
(Fig. 1). 

B 
Fig. I. A Outline of the left hemisphere showing the striate cortical 
ablation (shaded) and the position of HRI' implants (asterisks) in 
the prdunate gyrus. The oblique line indicates the plane behind 
which all tissue was removed. B Drawings of frontal sections, from 
caudal to rostral. show some of the implant sites for IIRP (asterisks) 
and that the striate cortex (dotted in right hemisphere) is missing 
on the left. 1, lunate sulcus; io, inferior occipital sulcus; sls, superior 
temporal sulcus 



Degeneration and HRP labelling in the left dLGN. The 
entire left dLGN degenerated and showed about 40% 
linear shrinkage with respect to its normal counterpart 
(Figs. 2, 3). In agreement with previous reports (Yukie 
and Iwai 1981; Cowey and Stoerig 1989) some neurons 
that survived the cortical ablation were retrogradely 
labelled with HRP from the extra-striate visual cortex. 
These labelled cells were found in the caudal two thirds 
of the left dLGN, with increasing density towards the 
most caudal part, where the fovea is represented. They 
were located mostly, but not exclusively, in the area 
occupied by the remnants of the parvocellular laminae 
and their interlaminar zones (e.g. Fig. 4). 

HRP labelling from the eye. Anterograde transport of 
HRP injected into the right eye produced terminal label
ling in both geniculate bodies. However, the labelling 
patterns were different in that in the normal dLGN 
labelled retinal terminals were equally distributed across 

Nissl GABA 

1mm immunoreaction 

o 0 

Fig. 2. Drawings of neighbouring sections from left (L) and right 
(R) dLGN, prepared with a drawing tube attached to a microscope. 
Slight differences in size with respect to the GABA-immunoreacted 
sections caused by shrinkage were adjusted by altering the magnifi
cation. The scale bar refers to both left and right. The large dots in 
the GABA-immunoreacted sections indicate the most prominent 
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the ipsilateral divisions of both magno- and parvocellular 
layers whereas in the left geniculate labelled fibres and 
terminals occurred more densely in the magno-cellular 
division (e.g. see Fig. 2). This confirms earlier reports 
(Dineen et a1. 1982; Weller and Kaas 1989) that striate 
cortical ablation has a greater effect on the parvo-cellular 
than on the magno-cellular pathway. HRP-labelled reti
nal axons in the degenerated side often formed large 
diameter varicose segments, under the light microscope, 
which were never observed in the normal side. 

Surviving neurons in the degenerated dLGN - light 
microscopic features 

Two major types of neuron could be distinguished in 
Nissl-stained or in osmium-treated sections of the dLGN 
on the degenerated side. One type had a small soma (8-10 
~m) and were scattered throughout the remnants of the 

3 [H] -proline HRP from 

from right eye right eye 

°a 

GABA-immunopositive neurons; less conspicuous ones were not 
marked. Intensities of labelling are comparable only within the 
same procedure. The layers are numbered from 1 to 6 in the conven
tional way. s = S layers, in the left dLGN only visible in the GABA
immunoreacted sections 
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Fig. 3 



magno- and parvo-cellular laminae (see Fig. 2). In size 
and morphology they were indistinguishable from cells 
known to be interneurons and shown previously to con
tain glutamate decarboxylase (GAD) (Hendrickson et a1. 
1983) or GABA (Montero 1986) They constituted the 
overwhelming majority of surviving cells and were never 
retrogradely labelled with HRP from cortex. Neurons of 
the other type had larger somata of about 10-25 /lm in 
diameter and were often labelled with HRP transported 
retrogradely from the cortex. Although it was not our 
purpose to determine the proportion of these cells la
belled from the cortex, it was clear that about half of 
them were conspicuously labelled in the caudal half of the 
nucleus. This does not imply that the unlabelled cells do 
not project to the region of the prelunate gyrus for our 
HRP implants were several mm apart and effective up
take may be restricted to the immediate vicinity of the 
implants. Furthermore, under oil immersion at a magni
fication of x 1000 sparse HRP reaction cnd-product 
could often be seen in cells that appeared to be unlabelled 
at low magnifications. 

GABA-immunopositive neurons. Immunostaining for 
GABA of semithin (0.5 /lm thick) sections taken at cor
responding coronal levels showed that the small surviv
ing cells are immunopositive for GABA and are probably 
inhibitory interneurons (Fig. 3C, E). In both left and 
right geniculates, GABA-immunopositive somata and 
neuropil elements that were presumably dendrites and 
axonal processes, were concentrated in the main laminae ; 
a much lower density of GABA-immunoreactive struc
tures was present in the interlaminar zones (Figs. 2, 3). 
In three closely neighbouring sections through the cen
tral portion of the geniculate on each side GABA
immunopositive somata were drawn under oil immersion 
at a magnification of x 1000 and their area measured. 
Every alternate grid of 100 x 100 /lm was examined 
throughout the nucleus. On the normal side the mean 
area of 329 parvocellular and 135 magnocellular neurons 
was 131.2 ~Lm2 and 126.5 ~Lln2 respectively. On the de
generated side 356 parvocellular and 147 magnocellular 
GABA immunopositive somata were 77 /lm2 and 89.3 
~Lm2 respectively. These differences in size between the 
two sides were significant (parvo: T = - 28.3, df 595, 
p< 0.001; magno: T = - 11.31, df 199,p< 0.001. We also 
counted the total number of GABA immunopositive 
somata in one section through the centre of the dLGN. 

Fig. 3. Adjacent GABA-immunoreac(ed (A, C) and Nissl stained 
(B, D) sections through the right (A, E) and the left degenerated 
(C, D) dLGN. Both methods reveal lamination. Framed areas from 
A and C are shown at higher magnification in E and F. In the 
degenerated dLGN (E) note the increased density of GABA
illllllunopositive neurons (e.g. arrows), the almost total absence of 
GABA-immunonegative neurons (double arrows mark the only 
(wo neurons in (his field) and the presence of GABA
illllllunopositive neuropil islands (e.g. open arrow) as opposed to 
the norlllal dLGN in F, which contains a high density of GABA
im111unonegative cells (e.g. double arrows). Numbers indicate layer
ing; layer 5 is absent at this level or has fused with layer 6. Scales: 
A-D, I mill; E, F, 100 11111 
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There were 375 and 302 somata in the normal and de
generated sides respectively. This reduction in numbers 
on the degeneratcd side seen in a single section must be 
much greater when the overall linear shrinkage of 40% 
is taken into account. GABA immunopositive inter
neurons have therefore decreased both in size and num
ber. 

G A BA -immunonegative neurons. A separate population 
of cells that survived cortical ablation had larger somata, 
and about half of them were heavily labelled with HRP 
from cortex. Occasionally, the dendrites emerged from 
two poles of the soma to run parallel with the laminar 
borders while other labelled cells had dendrites that ra
diated in many directions from the parent soma. These 
neurons, whether labelled or unlabelled with HRP, never 
showed GABA-immunoreactivity, indicating that they 
were chemically different from the GABA-immu
nopositive small cells. Presumably all these neurons were 
projection neurons. 

Electron microscopy of HRP-labelled, geniculo-cortical 
cells in the degenerated dLGN 

Six out of several hundred HRP-labelled cells were exam
ined from magno- and parvo-cellular regions. They were 
selected in order to include both parvocellular and mag
nocellular zones and because they were densely labelled 
and surrounded by abundant anterograde labelling from 
the retina. Three cells (Nos 3, 4 & 5 in Fig. 4) were 
definitely in either parvo-cellular lamina 4 or the interlami
nar zone above it, and one cell was in the interlaminar 
region between the two magno-cellular layers (No 6 in 
Fig. 4), Although cell 3 is shown as being just within 
lamina 4 it should be noted that the laminar borders were 
determined from adjacent sections and that the border is 
not as sharp as in a normal dLGN. The exact laminar 
position of two cells (Nos 1 and 2 in Fig. 4) could not be 
determined unequivocally because of the lack of clear 
landmarks such as termination pattern of retinal af
ferents and densely packed projection neurons. However, 
their dorsal position within the caudal region of the 
dLGl\ suggests that these cells were within the parvo
cellular region of the dLGN, corresponding to the central 
kw degrees of the retina. All six cells displayed similar 
features: a round pale nucleus, large numbers of small 
mitochondria, and abundant rough endoplasmic reticu
lum (Fig. 5). Like all other projection neurons in the 
dLGN of adult primates these cells were also rich in 
lipofuscin granules. The somata rarely received synapses 
and the few synaptic contacts were established by bout
ons with pleomorphic vesicles establishing type 2 syn
apses (F type boutons, Fig. 5B). 

Synaplic input to dendrites of HRP-lahelled cells. Our 
primary goal was to identify whether retinal tcrminals in 
a retrogradely degenerated dLGN establish synaptic 
contacts with surviving neurons that project to extra
striate visual cortex. Therefore, we thoroughly analyzed 
the input to the dendrites of these six retrogradely la
belled cells in long series of sections. Retinal and other 
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Fig. 4. Outline diagrams of sections through the left dLGN to show 
the positions of the 6 neurons (arrowed and circled large numbers) 
examined by electron microscopy. Laminae are indicated by smaller 
numbers. Cells I and 2 are close to the caudal pole, cell 3 is 600 [.lm 

terminals were identified on the basis of well known fine 
structural criteria (Guillery and Collonier 1970; H{tmori 
et a!. 1974; Pasi k et al. 1973); in addition some of the 
retinal terminals were also identified on the basis of HR P 
anterogradely transported from the eye. We are aware 
that such HRP labelling could arise by orthograde trans
port from the eye or the cortex, or by retrograde trans
port from cortex and thence by orthograde transport in 
a recurrent collateral of the labelled projection neuron. 
However, in monkeys both cortico-geniculate terminals 
(Guillery and Colonnier 1970; Pasik et a!. 1973) and the 
terminals of projection neurons to striate cortex (Freund 
et al. 1987) contain small mitochondria with electron 
dense matrix. Therefore it is unlikely that any of the 
HRP-Iabelled terminals with pale mitochondria have a 
source other than the eye. 

The dendrites often emitted thin appendages, some of 
which could bc traced up to 10-15 Ilm from their origin. 
Both the main dendritic shafts and the appendages were 
densely covered by synaptic terminals. However none of 
about 250 synaptic boutons establishing contact with the 
retrogradely labelled geniculo-cortical neurons had the 
characteristic features of retinal terminals and only two 
were labelled by HRP. The paucity of any HRP labelling 
in these boutons may seem surprising in view of the 
extensive corticofugal projection to the dLG N. However, 
this corticofugal projection arises predominantly from 
striate cortex and was therefore destroyed by the lesion. 
The lack of retinal input was not due to the absence of 
retinal terminals in the area of the geniculo-cortical cells 
because the neuropile nearby contained both HRP
labelled and unlabelled synaptic terminals exhibiting the 
fine structural characteristics of retinal ganglion cell 
boutons. The dendrites of geniculo-cortical cells were 
densely surrounded by terminals of four different types, 
forming "synaptic islands" in the strongly gliotic tissue 
(Fig. 6). 

rostral, and cells 4 6 arc a further 500 !lm rostral. The position of 
lhe laminae was determined from the TMB/HRP label and from 
auloradiographs for all 6 cells, from adjacent GABA-immunoreact
cd sections for cells 4-6. and from Nissl stained sections for cells 3-6 

1. The first type of element presynaptic to dendrites 
of geniculo-cortical cells could also be found postsynap
tic to all other types of boutons, and probably corre
sponds to the presynaptic dendrites (F 2 bouton) of local 
circuit neurons. These presynaptic dendrites contained 
clear pleomorphic vesicles usually at a low density, and 
occasionally also larger vesicles with a granulated core. 
They formed type 2 synapses, but the extent of the post
synaptic density was variable (Fig. 6D). Presynaptic den
drites were rich in mitochondria and represented the 
most common presynaptic elements. Postern bedding 
immunocytochemistry revealed that they were invariably 
immunopositive for GABA (Fig. 6C-E). 

2. The second type of presynaptic element was always 
presynaptic only. These boutons contained vesicles sim
ilar to the first type of bouton, but generally at a higher 
density. Most of these terminals are probably axonal 
boutons of diverse origin and havc been described as F 1 

type boutons (Guillery and Colonnier 1970). Although 
common, they were less frequently encountered than the 
first type. They usually established type 2 synaptic con
tacts, but the thickness of the postsynaptic density was 
variable. These boutons often did not contain mitochon
dria in the plane of the section; in other cases the mito
chondria were densely packed at the periphery of the 
bouton away from the synaptic contact. Many, but not 
all of these boutons were immunopositive for GABA, 
and usually they had the highest density of immunogold, 
demonstrating the highest levels of immunoreactive 
GABA. When the presynaptic profiles were small, F 1 and 
F 2 boutons could not always be distinguished even in 
GABA-immunoreacted sections (Fig. 6). 

3. The third type of terminal was always presynaptic 
and relatively small, containing clear, round, densely 
packed vesicles (RSD type bouton, Guil1ery and Colon
nicr 1970; Szentagothai 1973). They established ex
clusively type 1 synapses, with both F 2 boutons (Fig. 6A) 



Fig. 5. A Electron micrograph of a geniculo-cortical cell (N 1) retro
gradely labelled with H RP from the extra-striate visual cortex in the 
degenerated dLGN. The cell contains both granular (e.g. straight 
arrows) and diffuse HRP reaction endproduct and lipofuscin vac
uoles (curved arrow). The cell body is encapsulated by glial process
es which also dominate the neuropile. B Another section of the same 

and with dendrites of geniculo-cortical cells. As shown 
earlier (Pasik et al. 1973) many of them probably belong 
to corticofugal afferents originating from visual cortex. 
This is supported by the finding of two HRP-Iabelled 
terminals (not shown) one of which made a synapse with 
a large dendrite unlabelled by HRP or GABA. The syn
aptic junction of the other bouton was not identified. 
These terminals were never immunopositive for GABA. 
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cell illustrating that the scarce input to the soma is provided mainly 
by GABAergic terminals (asterisks). Several neuronal F type 
profiles, one of them making a type 2 synapse (arrow) with the 
geniculo-cortical cell, contain high density of colloidal gold particles 
following immunoreaction for GABA. Scales: A 5 ~m ; B 1 ~m 

In the normal dLGN RSD terminals constitute the ma
jority of presynaptic elements. However, in the de
generated dLGN they were far outnumbered by other 
types of bouton, and this is compatible with the finding 
that only two HRP-Iabelled RSD terminals were found. 

4. Terminals of the fourth type were always presynap
tic and the boutons and their vesicles were larger than 
those of the third type. They often contained large vesi-



Fig. 6A-E. Synaptic input to the geniculo-cortical cell N L also 
shown in fig. 5. in the parvo-cellular region of the degenerated 
dLGN. A A large dendritic trunk (d l ) in a synaptic "island" is 
surrounded by terminals. two of which receive synapses from an 
RSD type terminal (star). Note that many F terminals are post
synaptic lO other boutons and correspond to presynaptic dendrites 
of local interneurons. Large RM D type terminals make synapses 
with many F profiles nearby. B, C Two RMD type terminals 
(RMD 1 and RMD z) in serial sections establishing type I synapses 
on the shaft and on two spine-like protrusions (arrows) of an 

HRP-Iabelled proximal dendrite (d l ) of the same cell. Note that 
RMD terminals often contain dense core vesicles (dv). also seen in 
A. 0 GABA-immunoreacted serial section of dendrite. d l shown in 
A. With the exception of the RSD terminal (star). shown also in A. 
and dendrite d I' all neuronal elements (e.g. F) show strong im
munolabelling for GABA. Framed area is also shown in E in a serial 
section. E One of the GABA-immunopositive terminals is in synap
tic contact (curved arrow) with the dendritic shaft and with a 
spine-like protrusion of the same dendrite. Scales: A I ~m; B. C. 
0.5 ~m; D. 0.5 ~m; E. 0.25 ~m 



cles with a granulated core and were never immuno
positive for GABA. They most probably correspond to 
RMD (round vesicles, medium size dark mitochondria) 
terminals, named by Wilson and Hendrickson (1981) in 
the macaque dLGN. Although the latter authors found 
RMD terminals only in interlaminar zones 1-2 and 2- 3, 
in our sample they occurred in the most dorsal parvo
cellular region as well. RMD terminals established multi
ple, type 1 contacts with F 2 and HRP-Iabelled dendrites, 
often in triadic arrangement similar to that formed by 
retinal axons in the normal dLGN. Although we made 
no quantitative measurements, it was estimated that Ft 
and F 2 synaptic terminals constitute more than 50% of 
all synaptic contacts. Serial sections of the geniculo-corti
cal cell No I immunostained for GABA revealed that one 
of its dendritic segments received 12 RMD, I RSD, 14 
F 2 and 4 Ft synapses. 

Other neuropil elements. Many of the myelinated axons 
in the degenera ted, as well as in the normal, d LG N were 
GABA-immunopositive (Fig. 8B). [t is therefore conceiv
able that some of the GABA-immunopositive terminals 
are of external origin . [t was not, however, possible to 
determine whether they belong to axons of retinal af-

Fig. 7 A, B. Postsynaptic targets of amerogradely H RP-labelled 
(open arrows) retinal terminals (RLP) in the normal dLGN. Each 
section was reacted for the presence of H RP and subsequently 
immunostained for GABA with the colloidal gold method. In the 
normal dLGN retinal terminals make synapses with GABA-
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ferents containing high levels of GABA or axons from 
GABAergic cells in the thalamic reticular nucleus. Addi
tionally, local GAB A cells may also contribute to these 
GABA-immunopositive myelinated axons. 

A few axon terminals in both geniculate nuc.lei showed 
characteristics different from either of the above catego
ries. These terminals were electron dense, contained 
small round vesicles and dark mitochondria. Some of 
them were strongly labelled for GABA, others were im
munonegative. 

Synaptic targets of identified retinal lerminals ( RLP) 

Degenerated dLGN. The absence of retinal terminals 
making synapses with retrogradely HRP-labelled genicu
lo-cortical neurons lead us to analyze the postsynaptic 
targets of retinal terminals quantitatively (Table I). 
Areas containing H RP-labelled neurons in magno- and 
parvo-cellular regions, including neighbouring interlami
nar zones, were screened for anterogradely HRP-labelled 
or unlabelled retinal terminals in single sections many of 
which had been immunostained for GABA. The fact that 
not all retinal terminals are labelled is no surprise. 

immunonegative (d), and GABA-immunopositive (stars) dendrites. 
often forming ""triadic" arrangement (arrows in Al. One of the 
retinal terminals (RLP 2 l has an immunogold density comparable to 
that of the F terminals and is considered GABA-immunopositive. 
Sca le: A, B, 0.5 ~m 
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Fig. SA-Co In the degenerated dLGN HRP-labelled (A) and un
labelled (B, C) retinal terminals (RLP) establish synapses exclusive
ly with GABA-immunopositive vesicle containing dendrites (stars). 
Two of the RLP terminals in B, C, a myelinated axon (a) in Band 

HRP is not uniformly distributed throughout terminal 
branches and boutons and many sections are bound to 
miss it. Retinal terminals, whether HRP-labelled or 
unlabelled, were identified using ultrastructural criteria 
oflarge size, round vesicles, pale mitochondria (RLP type) 
and being always presynaptic, establishing type 1 contacts 
with their targets (Figs. 7, 8, 9). A total of 138 retinal 
terminals were encountered, making 201 syna ptic con-

many small profiles are immunopositive for GABA demonstrated 
by the high density of overlying immunogold particles. Scales: A-C 
0.5 [.lm 

tacts. On average, RLP terminals established synaptic 
contacts with 1.46 postsynaptic elements, as found on 
analysis of single sections. 

A striking and unexpected finding was that all of the 
167 postsynaptic targets tested were GABA-immu
nopositive vesicle-containing dendrites (Fig. 10). The 
remaining 34 postsynaptic elements, not reacted for 
GABA, were also vesicle-containing dendrites of the F 2 
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Table l. Postsynaptic targets or II RP-labelled and unlabelled retinal terminals eXClmi ned in electron microscopic sections. 'ylost sections were 
iml11unoreacted for GABA. (* Vesicle-containing postsynaptic dendrite) 

Layer HRP-Iabelled retinal terminals Unlabelled retinal terminals 

GABA-reacted GABA-positive not reacted GABA-reacted GABA-positive not reacted 

Retinal Target Retinal Target Retinal Target Retinal Target Retinal Target Retinal Target 
terminal terminal terminal terminal terminal terminal 

DEGENERATED dLGN (left) 

Magno 56 83 7 83 16 25 11 12 4 12 5 9* 
Parvo 36 51 I1 51 0 0 14 21 4 21 0 0 

Total 92 134 18 134 16 25 25 33 8 33 5 9* 

NORMAL dLCJ0i (right) 

Magno 33 50 0 7 4 6 (I *) 19 42 1 13 3 5 
Parvo 2~ 45 () 4 () 0 0 0 0 0 () () 

Total 61 95 0 11 4 6 (1 *) 19 42 13 3 5 

type (Table 1). Interestingly, the only GABA
immunonegative presynaptic element in contact with 
these GABA-immunopositive and F 2 type dendrites was 
the retinal terminal (e.g. Fig. 8). Less frequently other F 
terminals also made syna pses with these F 2 type den
drites. 

Normal dLGN. Similar quantitative analysis was carried 
out on sections from the normal side (Table I and Fig. 
10). The synaptie architecture was similar to that de
scribed in previous studies (Guillery and Colonnier 1970; 
Hamori et al. 1974; Pasik et a!. 1973; Wilson, 1989; 
Wilson and Hendrickson 1981). On average, RLP termi
nals established synaptic contacts with l.70 postsynaptic 
clements, as found on analysis of a total of 87 RLP 
terminals fram single sections. Only 17.5 % of the tested 
137 postsynaptic elements were GABJ\-immunopositive 
dendrites for the 80 retinal terminals examined in magno
and parvo-cellular divisions (Table 1). This is in contrast 
with the degenerated dLGK where 100% of the retino
recipient elements were GJ\BA-immunopositive (Fig. 10). 

GABA-imrnulloposilicc retinal terminals 

Some HRP-Iabelled and unlabelled RLP terminals from 
both geniculates showed selective accumulation or gold 
particles, indicating the presence of immunoreactive 
GABA (Figs. 7B, 8B, C, 9A, C). On the basis of the fine 
structural features described earlier for the primate 
(R LP, Guillery and Colonnier 1970) and also confirmed 
in the present study, these terminals can only be classified 
as boutons ofretinal axons and their features were indis
tinguishable from those of nearby HRP-labelled and 
unlabelled GABA-immunonegative RLP type terminals 
(Fig. 7B). In order to establish whether there were two 
populations of retinal terminals with respect to GA BA
immunoreactivity, as suggested by initial visual inspec
tion, the density of immunogold particles was measured 
over all 197 GABA-im111unoreacted retinal terminals of 
both dLGNs. As the postembedding immunogold 

technique can yield disparate absolute densities of gold 
particles from experiment to experiment, depending on 
many technical factors, the density of immunogold over 
retinal terminals was expressed in relation to the density 
over their nearby postsynaptic F2 boutons in the same 
section. In a few cases 2 or 3 serial sections were averaged 
for the same profiles and the ratios were wry similar 
from one section to another. The postsynaptic values are 
taken to represent the GABA-immunoreactivity of 
known GABAergic elements. The GJ\BA-immunoreac
tivity in retinal terminals may then be expressed as the 
ratio of presynaptic: postsynaptic grain densities. 

The relative GABA-immunoreactivity of retinal ter
minals found in the left and right dLGNs is plotted in the 
form of frequency histograms in Fig. l1A, B. Note that 
the distribution of ratios in the left degenerated dLGN 
differs from that found in the normal right dLGN, in a 
way which suggests that there may be more than one 
population of retinal terminals in the left dLGN. This 
was tested as follows. As ratios are unsuitable for direct 
statistical evaluation because of their skewed distribution 
they were subjected to a conventional arcsine trans
formatioll. One outlying value (> lJl) was removed from 
the data set of each dLGN before the transformation was 
performed. The resulting distribution, shown in Fig. 
I le, D, is clearly bimodal, and was found to depart 
significantly from normal using a Kolmogorov-Smirnov 
goodness-of-fit test (D=0.243, n= 116, p<O.OI). The 
cut-off point between the two modal distributions was 
determined objectively using a maximum entropy thresh
olding technique (Johannsen and Bille 1981). Following 
back-transformation this point was found to correspond 
to a ratio of GABA-immunoreactivity of 0.273. When 
the transformed data from the degenerated and normal 
dLGNs were sorted into low and l1igh immunoreactivity 
groups according to this criterion, none of the resulting 
unimodal distributions differed significantly from a nor
mal distribution, and there was no significant difference 
between the treated and untreated (control) dLGNs in 
the values of the low reactivity groups (onc-way ANO
V A: F = 2.8, df = 1, p = 0.096). On the basis of this analy-
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sis, we conclude that there were two classes of retinal 
terminals with respect to GAB A-immunoreactivity in the 
degenerated dLGN. One class had a GAB A
immunoreactivity which was not significantly different 
from that in the untreated, control dLGN. The other 
class consisted of terminals with a relatively high presyn
aptic GABA-immunoreactivity (i.e. values> 0.273, of 
which there were 26 (22%) in this sample), which were 
not represented in the untreated, control dLGN. These 
terminals may be thought of as belonging to a distinct 
high GABA-immunoreactivity group. Of the 117 retinal 
terminals from the degenerated dLGN, a total of 26, 
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Arcsine Transformation of Ratio of GABA immunoreactivity 
Fig. 11. A, B Show the ratio of the density of GABA-immunogold 
particles over retinal terminals and adjacent postsynaptic vesicle
containing F dendrites in degenerated (left) and normal (right) 
dLGN. Note the presence on the left of a population of retinal 

Fig. 9A-D. GABA-immunoreactivity of anterogradely HRP-Ia
belled retinal terminals (RLP 1 and RLP 2) and their synaptic targets 
in the degenerated dLGN. Parvo- (A, B) and magno-cellular (C, D) 
regions of the degenerated dLGN were GABA-immunoreacted. 
The amorphous and crystalline deposit (open arrows), some of 
which was lost during processing for electron microscopy and there
by produced the cavities in the tissue, demonstrates HRP labelling 
from the eye. The accumulation of gold particles indicates GABA
immunopositive elements. The two retinal terminals establish syn
apses exclusively with GABA-immunopositive vesicle containing F 2 

profiles (asterisks). The distribution of all gold particles is shown in 
B, D, to demonstrate that the retinal terminals have higher density 
than the surrounding neuropile. Note the similar density of im
munolabelling over the retinal terminals and their immunopositive 
postsynaptic targets. Scales: A-D, 0.5 llm 

terminals (black) rich in GABA. C, D Show the arcsine transforma
tion of the data from A, B. The arrow in A, C marks the objectively 
determined cut-off between two statistically different populations 
with respect to GABA-immunoreactivity 

(15 % and 30 % respectively of terminals in magno- and 
parvocellular regions) showed positive GABA-immuno
staining as opposed to only 1 terminal (1.2 %) in the 
normal side (Fig. 10). There was no indication that the 
reaction end-product of the transported HRP could 
produce false- positive GABA-labelling in RLP termi
nals. On the contrary, for some HRP-labelled RLP ter
minals the particle density was considerably lower over 
the TMB-AHM deposit (Fig. 9C), so that the proportion 
of GABA-immunopositive RLP terminals given in table 
1 is probably an underestimate. Retinal terminals evi
dently contain lower levels of immunoreactive GABA 
than their postsynaptic dendrites originating from GA
BAergic neurons, because the density of gold over RLP 
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terminals was usually lower than that of F profiles. How
ever, some RLP terminals, mainly of those unlabelled by 
HRP, had similar or even higher density of gold particles 
than their vesicle-containing GABA-immunoreactive 
targets (Fig. 8B) 

Retinal histology 

Horizontal sections through the fovea of the left eye, 
were stained with cresyl violet for Nissl substance (Fig. 
12A). The most prominent feature is the retrograde 
transneuronal degeneration, involving about 80% of the 
ganglion cells in the central temporal hemiretina. The 
degeneration affected the entire hemiretina, as described 
before (Van Buren 1963; Cowey et a!. 1989) although 
only the first 10 or so degrees are shown in Fig. 12. 
Sections reacted for GABA showed an unexpected 
strong immunoreactivity which was confirmed in all of 
several additional series of sections (Fig. 12B). In the 
intact nasal hemiretina GABA-immunostaining is clear 
in the inner plexiform layer and the inner nuclear (ama
crine cell) layer, shown in more detail in Fig. 12D, where 
GABA-immunopositive cell bodies are seen both here 
and in the ganglion cell layers. The generally small size 
of the GABA-immunopositive neurons in the ganglion 
cell layer of the normal retina suggests that they are the 
well-known displaced amacrine cells, but the presence of 
GABA-immunopositive ganglion cells cannot be ex
cluded. In the degenerated temporal hemiretina the GA
BA-immunoreactivity in the inner plexiform layer is 
much more intense and a population of larger GABA
immunopositive neurons is now prominent in the de
pleted ganglion cell layer (Fig. 12B, C). These naso
temporal differences are not present in several normal 
retinae we have examined (Fig. 12G). Finally, GABA
immunopositive axons were common in the optic nerve 
head of the experimental monkey (Fig. lIE) whereas 
they are rare in a normal eye of a macaque (Fig. 12F) 
processed in identical fashion. This observation is im
portant because it suggests that GABA immunopositiv
ity does occur in ganglion cells and that the numerous 
GABA-immunopositive terminals that were encountered 

J<'ig. 12. Retina of the left eye from the monkey with striate cortex 
removal (A-E) is compared to the retina of a normal monkey 
(F-G). A Note the huge depletion of ganglion cells (G) in the 
temporal retina. B GABA-immunoreactivity of the inner plexiform 
layer (IPL) is increased from a point just nasal to the fovea to the 
far temporal retina. The dark line labelled P in figs. B, G is the 
pigment epithelium and it does not represent GABA-immunoreac
tivity. C, D. GABA-immunoreactivity is much stronger in the inner 
plexiform layer of the temporal retina (C) than in the apparently 
normal nasal retina (D). In both retinae small (arrows) and some 
large (double arrows) GABA-immunopositive neurons are present 
in the inner nuclear layer (1NL) and in the ganglion cell layer (G). 
E, F. GABA-immunoreactive axons in the operated (E) and in a 
normal (arrows in F) optic nerve close to the vitreal surface. Note 
thc increased density of GABA-immunopositive axons following 
striate cortex removal G. GABA-immunoreactivity in a normal 
retina does not show a naso-temporal difference. F = fovea. Scales: 
A, B, G, I mm; C-F, 5 llm 
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in the degenerated dLGN represent an absolute increase 
rather than a relative increase resulting from the selective 
elimination of GABA-immunonegative terminals. 

Discussion 

Our results reveal a highly unusual pattern of retinal 
input to a degenerated dLGN, together with heightened 
levels of GABA in the transneuronally degenerated 
hemiretina. Are these remarkable features representative 
of the effects of long-term striate cortical damage in 
primates, or might we have fortuitously selected a rare 
animal? We have now examined retinal sections from a 
macaque monkey with a small bilateral ablation to the 
striate cortex representing the central five or so degrees 
of the retina and sections from three macaques in which 
parts of the optic tracts had been severed. The survival 
times were from just over one to several years. The 
elevated GABA levels were present in the degenerated 
parts of the retina of all four monkeys and GABA
immunopositive axons were present in the optic nerve 
head, as described here. These ancillary observations, 
together with the fact that the large surviving dLGN 
neurons projected to extra striate cortex as reported ear
lier (Yukie and I wai 1981) and received no direct retinal 
input as noted previously by Dineen et a!. (1982) collec
tively indicate that our results are not unique to the 
monkey we chose to study. 

GABAergic neurons are the targets of retinal terminals 
in the degenerated dLGN 

The GABAergic neurons of the dLGN, which appear to 
be exclusively local circuit neurons (Montero 1986; Hen
drickson et a1. 1983; Szentagothai et a!. 1966) are known 
to receive retinal input and many of their dendrites 
provide presynaptic inhibitory input to the dendrites of 
geniculo-cortical relay neurons in a triadic arrangement 
(Colonnier and Guillery 1964; Szentagothai 1973; 
Hamori et a!. 1974; Wilson 1989). They can also have 
axons providing further GABAergic innervation (Pasik 
et a!. 1973; Szentagothai et a!. 1966), though in a recent 
intracellular study no such axons were found (Wilson 
1989). As these neurons survive removal of striate cortex, 
with the loss of most projection neurons in the dLGN, 
the GABAergic cells become the major targets of surviv
ing retinal terminals. It is surprising however that even 
when the retinal terminals are near to the dendrites of 
retrogradely labelled surviving geniculo-extra-striate cor
tical cells, or to other GABA-immunonegative dendrites, 
they do not appear to form synapses with them. Al
though we have not been able to trace the synaptic input 
to extreme distal dendrites of surviving projection cells 
in the degenerated dLGN it is unlikely that a substantial 
input from retinal terminals would be present since all 
retino-recipient dendrites were GABA-immunopositive, 
and therefore belonged to interneurons, whereas projec
tion neurons were always GABA-immunonegative. Ob
viously further work is needed to establish the input to 
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Extrastriate Cortex 

Midbrain -1--~~. 

Retina 
A 

B 
Fig. 13A, B. Schematic summary circuit diagram showing the con
nections of neurons (A) and their synaptic relationships (B) in the 
degenerated dLGN of the monkey. Dotted structures are GABA
immunopositive neurons. Note that in addition to the local inter
neurons (1) and a probably GABAergic input from the nucleus 
reticularis thalami (NRT, F terminals, lones 1975; Hendrickson cl 
a1. 1983), a proportion of retinal terminals (RLP) are also GABA
immunopositivc. Retinal terminals were not found in direct contact 
with projection neurons (P). instead the presumed mid-brain termi
nals (RMD) occupied their place in the triadic synaptic arrange
ments (B) that included the presynaptic dendrites (F 2) of the inter
neurons making synapses with dcndrites (Pd) of projection neurons 
as well as with each other. 

distal dendrites of identified interlaminar or type C cells 
both in the normal and in the degenerated dLGN. In this 
respect it is noteworthy that probably most of the surviv
ing geniculate cells with extrastriate projections occupy 
the interlaminar zones, which receive very little retinal 
input (Benevento and Yoshida 1981; Wilson and Hen
drickson 1981). Even the somata of C cells which lie in 
the main parvoce\lular laminae have dendrites that are 
nevertheless largely restricted to the interlaminar zones 
(Wilson and Hendrickson 1981). Therefore it is quite 
possible that in the normal as well as in the degenerated 
dLGN, these interlaminar cells receive no direct retinal 
input. Nonetheless, they arc innervated by the GABAer-

gic local circuit neurons which are activated monosynap
tically by retinal input. 

In the absence of cortical input, which was largely 
eliminated by striate cortical removal, the main non
GABAergic innervation of the geniculo-cortical cells 
seems to come from RMD terminals (Wilson and Hen
drickson 1981), which presumably originate in the 
superior colliculus, although extrastriate cortical or 
thalamic origin cannot yet be excluded. Interestingly we 
found these terminals to be associated with GABA
immunopositive presynaptic dendrites in triadic arrange
ment to the projection neurons (see Fig. 13.), as has been 
shown for retinal terminals in the normal dLGN. Thus 
the interneurons supplying the presynaptic dendrites are 
activated by both retinal (non-triadic) and RMD termi
nals. We do not yet know whether thc same interneurons 
receive both inputs, since convergence of retinal and 
RMD terminals has not been seen. 

GABAer?Jic retino-geniculate projection 

In the normal dLGN of all species studied so far, stimula
tion of the retinal input to the dLGN leads to monosyn
aptic excitation of the target cells (Eysel 1976). It was 
therefore surprising to find that a significant population 
of retinal terminals in the degenerated dLGN contained 
immunoreactive GABA. The retinal origin of these ter
minals is evident from their H RP labelling and is also 
supported by the elevated density of GABA
immunopositive axons in the optic nerve of the experi
mental animal. Although the molecular identity of the 
immunoreactive substance cannot be unequivocally de
monstrated by immunocytochemistry, it is unlikely that 
molecules other than GABA could be responsible for the 
reaction with the antibody for two reasons. First, gluta
mate, a transmitter amino acid present at high levels in 
retinal terminals (Montero and Wenthold 1989) and 
which is thought to mediate retino-geniculate trans
mission (Kemp and Sillito 1982; Crunelli et al. 1987) is 
not recognised by our antiserum (Hodgson et a!. 1985). 
Second, the only molecule other than GABA that is 
known to be present in brain in significant amount and 
i, recognised by our serum is beta-alanin. However, the 
scrum reacts with beta-alanin at least ten times less effec
tively than with GABA. Therefore to achieve the same 
gold particle densities over genuinely GABA-storing ele
ments and hypothetical beta-alanin-enriched retinal ter
minals the latter would have to contain a much higher 
concentration of beta-alanin than the concentration of 
GABA in GABAergic terminals. There is no evidence for 
selective stores of beta-alanin in the brain, but under 
abnormal circumstances sllch an unusual condition can
not be excluded. 

It has been reported that in the rat up to 6% of 
ganglion cells that project to the sllperior colliculus were 
immunoreactive for GABA (Caruso et al. 1989), and in 
the rabbit a monoclonal antibody that recognises gan
glion cells also reacted with GABA-immunopositive cells 
in the ganglion cell layer (Yu et al. 1988). In the primate 
however all GABA-immunopositive cells in the ganglion 



cell layer have been thought to be displaced amacrine 
cells (Hendrickson et a1. 1985; Wassle et a1. 1989). Fur
thermore a previous immunocytochemical study showed 
that retinal terminals were rich in glutamate. but no 
GABA-immunopositive terminal was found in the same 
study (Montero and Wenthold 1989). However. our find
ing of one GABA-immunopositive out of 80 retinal ter
minals in the apparently normal right dLGN. and a few 
GABA-immunopositive axons in the normal optic nerve 
head, described previously (Koontz et a1. 1989) and also 
found in our study, indicate that even the normal dLGN 
may receive a small GABAergic input from the retina in 
primates. 

In contrast, in the degenerated retina, optic nerve and 
dLGN this GABAergie component is much more con
spicuous. There are several possible explanations for this 
increase. For example, the GABAergic retino-thalamic 
projection may represent an expansion of the sparse 
normal projection due to hypertrophy of the axonal 
arbors in the dLGN. It is possible that the normal retino
geniculate axons expand, or that with the degeneration 
of most of the retinal terminals in the dLGN, retinal 
axons that normally innervate other brain areas colonise 
the atrophied dLGN. Alternatively, some ganglion cells 
which normally do not synthesize GABA in detectable 
amounts may change their neurotransmitter characteris
tics. upregulate GA BA levels and survive preferentially 
in the retina. The possibility that the GABA we detected 
in retinal terminals derived from postsynaptic elements 
rather than being synthesised in the terminals is remote 
since there is no evidence to suggest that any terminal 
that is not GABAergic has the machinery for GABA 
uptake. Only further quantitative studies can show how 
this GABAergic projection is established. 

The presence of GABA in retinal terminals prompts 
the question of how it is synthesised and whether it is 
released by visual stimulation and participates in synap
tic transmission. Glutamate decarboxylase, the enzyme 
responsible for transmitter-GABA synthesis, has not 
been found in retinal terminals of the primate dLGN 
(Hendrickson et a!. 1983), but if present in only a small 
minority of retinal terminals it could have been over
looked. Alternative biochemical pathways for GABA 
synthesis through gamma-hydroxybutyrate or putrescine 
are also known (for discussion see Sandler and Smith 
1991), but whether retinal ganglion cells and their termi
nals can use these mechanisms remains to be established. 
GABA may not be the only neuroactive substance in 
these terminals, since GABA has been shown to coexist 
with other classical transmitters in the same nerve termi
nals. Thus cholinergic amacrine cells contain both 
GABA and its synthesizing enzyme glutamate decar
boxylase (Vaney and Young 1988; Brecha et a!. 1988) 
and they also release both GABA and ACh (O'Malley 
and Marshland 1989). Immunoreactive GABA has also 
been found in some cholinergic cortical terminals (Beaul
ieu and Somogyi 1990). Pcrhaps the most comparable 
condition has been reported in the hippocampus where 
the mossy fibres which produce monosynaptic EPSPs 
and are thought to use glutamate as transmitter have also 
been shown to be immunoreactive for GABA (Storm-
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Mathisen and Ottersen 1986; Sandler and Smith 1991). 
In the latter case there is no physiological evidence yet 
that GABA in mossy fibre terminals would participate in 
synaptic transmission. Only further physiological experi
ments can decide whether GABA is a neurotransmitter 
in the normal and altered retino-geniculate pathway. 

Nevertheless, at present the most likely role for 
GABA in the retinal terminals is that of an inhibitory 
transmitter, and possible consequences of its action 
should be briefly considered. Since all the ta rgets of the 
GABA-immunopositive retinal terminals were them
selvcs GABA-immunopositivc. GABA released from reti
nal terminals presumably disinhibits the targets of these 
inhibitory interneurons, including the geniculo-cortical 
projection cells. Thus the indirect action of GABAergic 
retinal terminals would be facilitatory on the projection 
cells, which will have lost much of their cortico-thalamic 
excitatory input as a result of the cortical ablation. GA
BAergic retinal input to the degenerated dLGN could 
therefore cause surviving projection neurons to increase 
their discharge rate. However, as interneurons also make 
extensive, and presumably inhibitory, synaptic contact 
with each other (Fig. 13) the GABAergic input to the 
dLGN could lead to a reduction in the discharge of 
particular projection neurons. It is worth noting that the 
action of GABA, whether released from retinal, inter
neuronal or other terminals, depends critically on the 
density and distribution of postsynaptic GABAA and 
GABAIl receptors (Bowery et a!. 1987). The GABAA 

rcceptor, which is present at particularly high density on 
certain projection neurons in the clLGN of the cat (Sol
tesz et a!. 1990), has been shown to play a major role in 
neurotransmission there (for review see Crunelli et al 
1988). Therefore, if the projection cells in the monkey are 
also more richly supplied with GABAA receptors than 
the interneurons, they may be exquisitely sensitive to the 
inhibitory and disinhibitory processes that take place in 
the degenerated dLG N. These considerations should not 
draw attention away from the fact that the majority of 
retinal terminals remain GABA-imI11unonegative and 
presumably excitatory, and that these too can either 
inhibit surviving projection neurons via an interneuron, 
or disinhibit them via a chain of two inhibitory inter
neurons. 

Implications for residual vision 

Our results point to a retino-colliculo-geniculate path
way to area V4 (and perhaps V2) which survives damage 
to striate cortex. The retinal projection to the colliculus 
has often been in yoked in the mediation of residual visual 
functions. The experiments of Mohler and Wurtz (1977) 
who showed that monkeys with striate cortical damage 
could still direct their eyes to targets presented within 
their field defects, but lost this ability after subsequent 
damage to topographicaUy corresponding parts of the 
colliculus, demonstrate the particular importance of this 
projection. It is known that the colliculus projects to the 
pulvinar complex of the thalamus, which also receives a 
direct retinal input, and that the information may, via the 
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extensive pulvino-cortical projections, reach extra-striate 
visual cortical areas. The latter, especially area MT, are 
presumably involved in some aspects of residual vision 
since the residual ability to discriminate direction of 
movement following occipital damage is not present 
when an entire cerebral hemisphere is removed (Ptito et 
a1. 1991). 

The collicular projection to the dLGN may provide 
an alternative route to extrastriate visual areas. Our 
results show that surviving dLGN neurons, retrogradcly 
labelled from some of these areas, receive a direct synap
tic input from RMD terminals that are characteristic of 
the collicular projection to the dLGN (Wilson and Hen
drickson 1981). It is not yet known whether neurons in. 
for example, V4 retain their visual responsiveness after 
striate cortical lesions, particularly in awake monkeys 
and after allowing sufficient time for possible long term 
adaptive changes after the lesion. Area V4 is part of the 
oceipito-temporal cortical visual system within which 
both areas V2 and IT have been reported to lose all visual 
responsiveness, V2 immediately after cooling of striate 
cortex (Girard and Bullier 1989; Schiller and Malpeli 
1977a). and IT and V4, at least under anaesthesia, after 
striate cortex ablation or cooling (Roch-Miranda et al. 
1975; Girard et a1. 199]). If V 4 retains its responsi veness. 
it may provide additional input to area MT (Ungerleider 
and Desimone 1986) where visually responsive neurons 
remain after striate cOrLical damage (Rodman et al. 
1989), or to any other of its multiple projection areas. 

The importance of the dLGN in residual vision has 
been demonstrated by experiments of Schiller et al. 
(1990) who showed that monkeys with dLGN lesions 
involving all layers could not saccade to near threshold 
stimuli presented within the field defects even though the 
collicular receptive fields were still present. This striking 
and apparently permanent deficit implies that the colli
culo-pulvinar projection alone cannot mediate saccadic 
localization even in the presence of a striatc cortex whose 
geniculate input has been removed, or that its normal 
role is inhibited by the geniculate lesion. In either case. 
and taken together with the findings of Mohler and 
Wurtz (1977) this points to the colliculo-geniculate 
projection whose retinal input comes predominently 
from Py cells and possibly from Pu cells (Leventhal cl al. 
1981; Perry and Cowey 1984). The ultrastructural fea
tures and the GABA-immunonegativity of the RMD 
terminals in the degenerated dLGN which are presum
ably of collicular origin, make it likely that this input is 
excitatory. 

In addition, we have provided evidence for a retinal 
projection, via GABA-immunopositive interneurons, to 
surviving dLGN cells that project to area V4 and possi
bly to other extra-striate cortical areas. This projection 
is present in both parvo- and magnocellular subdivisions. 
suggesting that both colour-opponent and broad band 
channels may contribute to the projection. However, it 
was not possible to determine whether the surviving 
projection neurons that we examined were from laminar 
or interlaminar regions; possibly all were interlaminar. 
The physiological properties of interlaminar dLGN 
neurons arc poorly understood even in the normal 

dLG N. but there is evidence that those of the intercalated 
layer between the parvo- and magnocellular regions 
project to the cytochrome oxidase blobs in area VI 
(Fitzpatriek et a1. 1983; Livingstone and Hubel 1982) 
which are presumed to be involved in the processing of 
wavelength information. Interestingly, their retinal in
put, like that of the other interlaminar layers, is physio
logically W-like in Galago and therefore characteristic of 
Py cells (Irvin et a1. 1986). The little that is known about 
thc functional properties ofPy retinal ganglion cells does 
not indicate that they are particularly involved in the 
processing of wavelength information (de :rv1onasterio 
1978a), and even the broad wavelength tuning reported 
for collicular units (Kadoya et al. 1971) could be of 
cortical rather than retinal origin. If these eeIls provide 
a major input to the blobs - \vhich have been dubbed the 
colour system of the striate cortex despite the fact only 
60-70% of their cells are tuned to wavelength - we have 
either underestimated their wavelength specificity, or 
they sharpen their broad-band characteristics, e.g. by 
opponent interactions prior to cortex much as the broad 
tuning of retinal receptors is sharpened at later stages. 
The first alternative is possible because functional sub
classes of Py cells may exist that have not yct been 
described. The second possibility is also consistent with 
our finding that surviving projection neurons in the de
generated dLGN receive direct. and probably excitatory 
input, from the superior colliculus and indirect, inhibi
tory, input via interneurons that are themselves post
synaptic to retinal terminals. The input from GABA
immut1opositive interneurons may narrow the response 
tuning to the excitatory collicular input. This would be 
in accordance with generally accepted notions about the 
role of GABA which is thought to participate in centre
surround antagonism, providing spatial, directional, and 
chromatic tuning. The relative increase in GABA
immunopositivity in the degenerated dLGN, where 26 
out of 117 retinal terminals examined were positive, com
pared with only lout of 80 in the normal dLGK, indi
cates that this tuning may also be present in Blindsight 
despi te the massive cell loss caused by retrograde de
generation. Indeed, evidence for fairly sharp spatial 
(Stoerig and Cowey 1989a), orientational (Weiskrantz 
19119). and chromatic tuning (Stoerig and Cowey 1989b, 
1(90) has been reported in blindsighl. 
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