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Exp Brain Res (1985) 61:194-203 E erimental 
Brain Research 
�9 Springet-Verlag 1985 

GABAergic neurons comprise a major cell type in rodent visual relay nuclei: 
an immunocytochemical study of pretectal and accessory optic nuclei* 

R.A. Giolli, G.M. Peterson, C.E. Ribak, H.M. McDonald, R .H. I .  Blanks, and J .H.  Fallon 

Departments of Anatomy and Surgery, California College of Medicine, University of California, Irvine, CA 92717, USA 

Summary. The enzyme glutamic acid decarboxylase 
(GAD) has been localized in sections of rodent 
brains (gerbil, rat) using conventional immunocy- 
tochemical techniques. Our findings demonstrate 
that large numbers of GAD-positive neurons and 
axon terminals (puncta) are present in the visual 
relay nuclei of the pretectum and the accessory optic 
system. The areas of highest density of these neurons 
are in the nucleus of the optic tract (NOT) of the 
pretectum, the dorsal and lateral terminal accessory 
optic nuclei (DTN, LTN), the ventral and dorsal 
subdivisions of the medial terminal accessory optic 
nucleus (MTNv, MTNd), and the interstitial nucleus 
of the posterior fibers of the superior fasciculus 
(inSFp). The findings indicate that 27% of the NOT 
neurons are GAD-positive and that these neurons 
are distributed over all of the NOT except the most 
superficial portion of the NOT caudally. The GAD- 
positive neurons of the NOT are statistically smaller 
(65.9 ~tm ~) than the total population of neurons of the 
NOT (84.3 ~m 2) but are otherwise indistinguishable 
in shape from the total neuron population. The other 
visual relay nuclei that have been analyzed (DTN, 
LTN, MTNv, lVlTNd, inSFp) are similar in that from 
21% to 31% of their neurons are GAD-positive; 
these neurons are smaller in diameter and are more 
spherical than the total populations of neurons. The 
data further show that a large proportion of the 
neurons in these visual relay nuclei are contacted by 
GAD-positive axon terminals. It is estimated that 
approximately one-half of the neurons of the NOT 
and the terminal accessory optic nuclei receive a 
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strong GABAergic input and have been called 
"GAD-recipient neurons". Further, the morphology 
of the GAD-positive neurons combined with their 
similar distribution to the GAD-recipient neurons 
suggest that many of these neurons are acting as 
GABAergic, local circuit neurons. On the other 
hand, the large number of GAD-positive neurons in 
the NOT and MTN (20-30%) in relation to estimates 
of projection neurons (75%) presents the possibility 
that some may in fact be projection neurons. The 
overall findings provide morphological evidence 
which supports the general conclusion that GABA- 
ergic neurons play a significant role in modulating the 
output of the visually related NOT and terminal 
accessory optic nuclei. 

Key words: GABAergic neurons - Accessory optic 
nuclei - Pretectal nuclei - Gerbil - Rat - Visual 
system 

Introduction 

Previous studies have established the presence of 
GABAergic, local circuit neurons Within the visual 
thalamic nuclei and the visual cortex of mammals 
(Ribak 1978; Sterling and Davis 1980; McDonald et 
al. 1981; Hendrickson et al. 1983; Ohara et al. 1983; 
Somogyi et al. 1983; Fitzpatrick et al. 1984; Montero 
and Singer 1984; Penny et al. 1984). The present 
study now directs attention to another portion of the 
visual system which is located along the meso- 
diencephalic junction and includes the nucleus of the 
optic tract (NOT) (Scalia 1972), the dorsal, lateral 
and medial terminal accessory optic nuclei (DTN, 
LTN, MTN) (Hayhow et al. 1960), and the associ- 
ated interstitial nucleus of the posterior bundle of the 
superior fasciculus (inSFp) (Giolli et al. 1984, 1985). 



In  rodents ,  these nuclei are abundant ly  supplied with 
retinal afferents th rough  which they  receive informa- 
t ion related to the speed and direct ion of  visual 
surround m o v e m e n t  (see Simpson et al. 1979). In  
addition, these nuclei are extensively in te rconnec ted  
(Blanks et al. 1982; Hols tege  and Collewijn 1982; 
Giolli et al. 1984) and are found  to have numerous  
project ions to p r e o c u l o m o t o r  and precerebel lar  
nuclei which are concerned  with the control  of  eye 
movements  (Takeda  and M a e k a w a  1976; H o f f m a n n  
et al. 1976; Terasawa  et al. 1979; W e b e r  and Har t ing  
1980; Hols tege,  and Collewijn 1982; R o b e r t s o n  1983; 
Giolli et al. 1984, 1985). 

Maekawa  and Simpson (1972, 1973) have pre-  
sented electrophysiological  evidence in the rabbit  for 
an inhibitory projec t ion  that  originates in the  M T N  
and acts u p o n  the N O T .  The  neurot ransmit ters  
involved in this pro jec t ion  are unknown.  O n  the 
other  hand,  the recent  studies showing the presence 
of  substantial numbers  of  G A B A e r g i c  neurons  
within the N O T  of the  opossum,  rabbi t  and cat 
(Ot tersen and S t o r m - M a t h i s e n  1984; Penny  et al. 
1984; W e b e r  and Chen  1984) and the M T N  of the 
rabbit  (Ot tersen and S torm-Math isen  1984; Penny  et 
al. 1984) increases the possibility that  this inhibit ion 
may  be media ted  by G A B A .  In  the present  report ,  
we have examined the distr ibution and morpho logy  
of  G A D - i m m u n o r e a c t i v e  neurons  within pretectal  
and terminal  accessory optic nuclei of  rodents  (gerbil 
and rat) as stained immunocytochemica l ly  for 
glutamic acid decarboxylase  ( G A D ) ,  the synthesizing 
enzyme for  the inhibi tory neuro t ransmi t te r  gamma-  
aminobutyr ic  acid ( G A B A ) .  As will be shown,  a 
substantial number  of  GAD-pos i t i ve  neurons  was 
found within the N O T  and  the terminal  accessory 
optic nuclei. I t  is likely that  these G A B A e r g i c  
neurons  (local circuit and/or  pro jec t ion  neurons)  play 
a major  role in modula t ing  the ou tpu t  of  this 
interrelated group of  visual relay nuclei. 

Material and methods 

Ten adult and four juvenile gerbils (Meriones unguiculatus) as well 
as one adult rat were deeply anesthetized with sodium pentobarbi- 
tal (Nembutal: 50 mg/kg, I.P.) and perfused transcardially with 
4% paraformaldehyde in ice cold sodium phosphate buffer 
(0.15M, pH 7.4). Immediately after perfusion, the brains were 
removed from the skull, placed in fixative with 25% sucrose as a 
cryoprotectant, and stored overnight at 4 ~ C. Frozen sections were 
cut in the traverse plane on a sliding microtome at 40 ~tm. Every- 
fifth section was used for immunocytochemical staining (see 
below) and adjacent sections were Nissl-stained with cresyl violet. 

Immunocytochemical localization of GAD was performed 
according to a double-bridge modification (Ordronneau et al. 
1981) of the procedure described by Oertel et al. (1981a, b). The 
gerbil and rat brains were treated in the same manner. Sections 
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were first incubated overnight at 4 ~ C in a blocking medium [(0.1M 
D,L,-lysine + 10% normal rabbit serum (NRS)] in 0.05M Tris 
buffered saline (TBS), pH 7.6 and were then transferred to sheep 
anti-GAD serum (1:2000 in TBS + 1% NRS) for 18 to 24 h at 4~ 
After several washes in TBS, the sections were incubated in 
biotinylated rabbit anti-sheep immunoglobulin G followed by 
several buffer washes and then incubated in avidin-biotin HRP 
complex (ABC). The biotinylated antibody and ABC were 
supplied in kit form by Vector Laboratories (Burlingame, CA). 
After reincubation in both the biotinylated antibody and the ABC, 
the sections were incubated in a solution containing 0.6% 
diaminobenzidine hydrochloride and 0.02% hydrogen peroxide in 
TBS. After rinsing, mounting and drying, the reaction was 
intensified by exposing the sections to dilute (0.005%) osmium 
tetroxide or to osmium thiocarbohydrazide-osmium according to 
Willingham and Rutherford (1984). 

The number of GAD-positive somata and of GAD-recipient 
neurons (identified by the presence of puncta on somal surfaces), 
relative to the total number of Nissl-stained neurons in the 
adjacent sections, was determined in each of the pretectal and 
terminal accessory optic nuclei as illustrated in Figs. 1A-D. In 
addition, somal area and shape factor of the GAD-positive 
neurons were measured (Table 1). Nissl-stained somata were 
counted in a region of each of the nuclei delimited by a grid 
reticule and the GAD-positive and GAD-recipient neurons were 
counted in the same region of the adjacent GAD-immunoreacted 
sections. Virtually every neuron in the analyzed brain regions had 
GAD-positive puncta adjacent to its soma. The number ranged 
from one to 30. However, given this variation and the technical 
problems of accurately assessing the number of puncta, we have 
arbitrarily defined a GAD-recipient neuron as one having seven or 
more GAD-positive puncta on its somal surface. The numbers of 
GAD-positive and GAD-recipient neurons were counted bilat- 
erally in one 25 day old gerbil brain and in six adult gerbil brains, 
and the results are expressed as a percentage of the total number 
of Nissl-stained neurons. The area and shape measurements were 
performed by tracing the somata on a digitizing tablet connected to 
a Bioquant Morphometrics System supplied by R & M Biometrics 
(Nashville, TN). Shape factors were calculated by this system and 
were expressed as a fraction (4~ x Area/PerimeterZ). Defined in 
this manner, shape factor ranged between 0 and 1, with 1 
representing a perfect circle and factors less than 1 representing 
progressively greater degrees of ellipses (see Table 1). 

Results 

The present  immunocy tochemica l  study uses sheep 
an t i -GAD serum (Oerte l  et al. 1981a, b) to examine 
the distribution of  G A B A e r g i c  neurons  and termi- 
nals within visual relay nuclei of  the mesodience-  
phalic junction.  The  distr ibution of  GAD-positive 
somata within single sections is p lo t ted  in Figs. 1 A - D  
for thalamic,  pretectal  and midbrain  nuclei at four  
representat ive brain levels f rom an adult  gerbil brain. 
This pat tern  of  distr ibution is typical of  what  has 
been seen in all the rodent  brains studied. A l though  
GAD-pos i t ive  somata  are located in all nuclei,  the 
greatest  concentra t ions  of  these neurons  are found  
within the nucleus of  the optic tract (NOT) ,  the 
dorsal (DTN)  and lateral (LTN) terminal  accessory 
optic nuclei,  and the  ventral  (MTNv)  and dorsal 
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Fig. 1A-D. The density and distribution of GAD- 
immunoreactive neurons in the nucleus of the optic 
tract and the terminal accessory optic nuclei, as well as 
in other thalamic, pretectal and midbrain nuclei, have 
been charted on the left side in each of the four 
transverse sections from an adult gerbil brain (each dot 
= two GAD-positive cells). The density and distribu- 
tion of GAD-recipient neurons (neurons that show 
seven or more puncta on their somal surfaces) are 
mapped for the nucleus of the optic tract and the 
terminal accessory optic nuclei on the right side in each 
of the sections (each dot = two GAD-recipient cells). 
Note that GAD-recipient neurons have not been map- 
ped for other nuclei. Each of the transverse sections 
(A-D) is composed of half sections of brain which have 
been connected at the midline 
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Fig. 2. A shows the GAD-positive 
neurons in the rostral portion of the 
nucleus of the optic tract (NOT) in a 
transverse section of an adult gerbil 
brain. The arrangement of some of 
the GAD-positive neurons in rows 
between fiber bundles of the optic 
tract is apparent. The insert at the 
lower right in A is from the rectangu- 
lar area. This insert demonstrates 
several intensely stained GAD-posi- 
tive neurons (arrows). B shows the 
GAD-positive neurons in a trans- 
verse section through the caudal part 
of the NOT and the dorsal terminal 
accessory optic nucleus (DTN) of the 
same gerbil brain as A. As with the 
rostral NOT (A), large, intensely 
stained NOT neurons are present. 
The heavy GAD staining of the 
DTN (neurons and puncta) is evi- 
dent 

( M T N d )  subdiv is ions  of  the  m e d i a l  t e rmina l  acces- 
sory opt ic  nucleus .  A n o t h e r  r e l a t ed  p o p u l a t i o n  of  
G A D - p o s i t i v e  neu rons  is found  wi th in  the  in ters t i t ia l  
nucleus of  the  pos t e r i o r  f ibers  of  the  supe r io r  fas- 
ciculus ( inSFp) .  

The  d i s t r ibu t ion  and  dens i ty  of  GAD-recipient 
neurons in the  nucleus  of  the  opt ic  t rac t  and  the  
t e rmina l  accessory  opt ic  nucle i  a re  also i l lus t ra ted  in 

Figs.  l A D .  A g a i n ,  the  d i s t r ibu t ion  p a t t e r n  serves  as 
a m o d e l  for  all of  the  r o d e n t  bra ins .  T h e  t e r m  " G A D -  
rec ip ien t"  deno t e s  the  p r e s e n c e  of  seven  o r  m o r e  
G A D - p o s i t i v e  punc t a  ( axon  t e rmina l s )  on  each  
soma.  These  p lo t t ings  (Figs.  1 A - D )  d e m o n s t r a t e  tha t  
many  neurons  in these  v isual  r e l ay  nucle i  r ece ive  
re la t ive ly  h e a v y  G A B A e r g i c  input .  E a c h  of  these  
visual  re lay  nucle i  is d i scussed  ind iv idua l ly  be low.  
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Fig. 3. A illustrates GAD-positive neurons within nuclei of the ventral midbrain tegmenttun in a transverse section of an adult gerbil brain. 
GAD-positive neurons are seen in the dorsal and ventral subdivisions of the medial terminal accessory optic nucleus (MTNd, MTNv) and 
in the interstitial nucleus of the posterior fibers of the superior fasciculus (inSFp). GAD-positive neurons are also present in the pars 
compacta and pars reticulata of the substantia nigra. The rectangular areas in (A) show details of the MTN (B) and in SFp (C). Arrows in B 
and C depict representative GAD-positive neurons, and GAD-positive puncta in B are seen to cover the somata of GAD-positive neurons 
and to outline GAD-negative neurons 



GAD-positive somata 

1. Nucleus of the optic tract (NOT). All five recog- 
nized pretectal nude• of rodents (Scalia 1972) contain 
GAD-positive neurons, but the greatest density 
occurs within the NOT (Figs. 1A-D) where approxi- 
mately 27% of the neurons are GAD-positive (see 
Table 1). In the rostral NOT, the GAD-positive 
neurons are distributed rather evenly throughout the 
nucleus (Figs. 1A and 2A) with many being tightly 
clustered into rows between bundles of optic tract 
axons (Figs. 2A). In the caudal NOT, GAD-positive 
neurons are present only in the deeper part of the 
nucleus (Figs. 1B-D and 2B). 

The GAD-positive neurons, like all NOT 
neurons, are multipolar and have elliptical to round 
shapes with an overall shape factor of 0.71 (Table 1). 
On the other hand, the GAD-positive neurons of the 
NOT are smaller (mean area: 65.9 ~tm 2) than the total 
NOT cell population (84.3 ~tm 2) (Table 1; Fig. 4). 
Thus, the GAD-positive neurons of the NOT are 
22% smaller than the total NOT cell population. This 
value is in agreement with comparable measurements 
of GAD-positive neurons in the NOT of the opos- 
sum, rabbit (Penny et al. 1984) and cat (Weber and 
Chen 1984). 

2. Dorsal and lateral terminal accessory optic nuclei 
(DTN & LTN). As with the rat (Hayhow et al. 1960), 
the gerbil has a small, but discrete DTN which is 
located at the surface of the pretectum between the 
superior colliculus and the medial geniculate nucleus 
(Fig. 1A). Approximately 28% of the DTN neurons 
are GAD-positive. Their somal area averages 46.6 
~tm 2 compared with an average of 58.3 ~tm 2 for the 
total population of DTN neurons (Table 1; Fig. 4). 
The GAD-positive neurons are multipolar, elliptical 
to round in shape, and more spherical than the total 
population of DTN neurons (see Table 1). 

The LTN of the gerbil and rat is small. It lies 
dorsal to the cerebral peduncle, ventral to the medial 
geniculate nucleus, and lateral to the peripenduncu- 
lar nucleus (Figs. 1B, D). About 21% of the LTN 
neurons are GAD-positive, and these have an aver- 
age somal area which is smaller (45.7 ~tm 2) than the 
total cell population (58.7 ~tm 2) (Table 1; Fig. 4). The 
GAD-positive neurons of the LTN are also more 
spherical than the total LTN neuron population 
(Table 1). 

3. Medial terminal accessory optic nucleus (MTN). 
This nucleus lies medial to the substantia nigra and 
cerebral peduncle and lateral to the nuclei of the 
ventral tegmental area of Tsai (1925) (Figs. 1B-D.) It 
is divisible into a ventral (MTNv) and a dorsal 
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Table 1. A summary  is provided below of the  average areas and 
shape factors for neurons  as measured  in Nissl sections (total 
neurons) and immunoreact ive  sections (GAD-posi t ive  neurons)  in 
the NOT and terminal  accessory optic nuclei of the gerbil. The  
shape factor index is diagrammatically represented above. The  
percentage of GAD-posi t ive  neurons  is given at the right for each 
nucleus or nuclear subdivision 

Nucleus Areas Shape factors % 

Total GAD- Total GAD- GAD- 
neurons positive neurons positive positive 

neurons neurons neurons 1 

NOT 84.3 + 28.8 t 65.9 ~ 25.4 *t 0.71 0.71 27% 
inSFp 62.1 + 23.0 47.7 --_ 18.7" 0.53 0.58 28% 
MTNd 64.9 + 30.9 51.3 • 31.6" 0.69 0.73* 28% 
MTNv 61.1 • 24.8 43.9 • 13.4" 0.72 0.78* 30% 
DTN 58.3 _+ 22.8 46.6 ~ 14.1" 0.69 0.77* 28% 
LTN 58.7 _+ 16.18 45.7 • 9.9* 0.75 0.83* 21% 

* GAD-Posi t ive neurons  are significantly different (P < 0.05) in 
area or in shape factor f rom the total neuron  populat ion 
t The neurons of the  N O T  (both Nissl and GAD-posi t ive  neurons)  
are larger (P _< 0.05) than  corresponding samples f rom the other 
visual relay nuclei 
1 The percentages of  GAD-posi t ive  neurons  were obtained by 
counting equivalent regions of each nucleus or nuclear subdivision 
in adjacent Nissl and GAD-s ta ined  sections 

(MTNd) subdivision on the basis of anatomical 
(Giolli et al. 1968; Gregory and Giolli 1985) and 
electrophysiological data (Hamasaki and Marg 1962; 
Hill and Marg 1963). GAD-positive somata are 
found in both nuclear subdivisions (Fig. 1B-D and 
3A) in about equal proportions (MTNv: 28.5%; 
MTNd: 30.5%). 
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Fig. 4. The distribution of somal area of neurons of the nucleus of 
the optic tract (NOT), dorsal and lateral terminal accessory optic 
nuclei (DTN, LTN), dorsal and ventral subdivisions of the medial 
terminal accessory optic nucleus (MTNv, MTNd), and the intersti- 
tial nucleus of the posterior fibers of the superior fasciculus 
(inSFp) is provided in separate histograms. Abscissae indicate the 
somal area for the GAD-positive neurons (filled) and the total 
neuron population (open) from gerbil brains. Ordinates plot the 
number of neurons analyzed. A summary of these calculations is 
given in Table 1 

Golgi studies have revealed that the majority of 
the MTN neurons are small with somata that are 
bipolar or multipolar in shape (Giolli et al. 1968; 
Gregory and Giolli 1985). GAD-posit ive somata fall 
equally into these two shape categories, yet hey have 
smaller areas than the total cell population (Table 1). 
For example, the mean somal area of GAD-posit ive 
neurons in the MTNv is 43.9 ~m 2 which contrasts 
with an average of 61.1 ~m 2 for the total MTNv cell 
population (Table 1; Fig. 4). The neuronal size in the 
MTNd is somewhat greater than in the MTNv, and a 
few large multipolar GAD-posit ive soma (ca 130 
~m 2) are among the largest neurons found in the 
MTNv. The shape factor of the GAD-posit ive 
neurons of the MTNv and the MTNd are virtually 
equal, and on the average they are more  rounded 
than the total population of neurons (see Table 1). 

4. Interstitial nucleus of the posterior fibers of the 
superior fasciculus (inSFp). The inSFp consists of 
visually-related nerve cells which are intercalated 
within the fibers of the posterior bundle of the 
superior fasciculus (Hayhow et al. 1960; Giolli et al. 
1984, 1985). We have analyzed this neuron popula- 
tion, as located on the ventral surface of the cerebral 
peduncle, in one of the gerbil brain series and have 
found that it contains a relatively large population 
(28%) of GAD-posit ive somata (Figs. 1B and 3C). 
The average somal area of 47.7 9m 2 is significantly 
smaller than that for the total nuclear population of 
the inSFp (62.1 ~m 2) (Table 1; Fig. 4). These mean 
values and the frequency of the cell sizes are compar- 
able to the neighboring MTNv (Table 1). In terms of 
cell shape, the GAD-posit ive inSFp neurons are 
predominantly flattened with an average shape-fac- 
tor value of 0.58. This is in contrast to the shape of 
the GAD-positive neurons in the contiguous regions 
of the MTNd and MTNv which are' more rounded 
with shape factors of 0.73 to 0.78. 

GAD-positive puncta (axon terminals) 

The present immunocytochemical technique labels 
not only neuronal somata but also other profiles 
which have been determined from electron microsco- 
pic studies to be the axon terminals (puncta) of 
GABAergic  neurons (see Discussion). For technical 
reasons we have defined a "GAD-recipient  neuron" 
as one which shows seven or more puncta on its 
soma. Of extreme importance to the present analysis 
is the fact that GAD-recipient  neurons are found in 
high density in the visual relay nuclei (Figs 1A-D).  In 
fact, about fifty-seven percent of the N O T  neurons, 
and between 48-56% of the neurons of the terminal 
accessory optic nuclei and the inSFp, have seven or 
more puncta on their somal surfaces. The GAD-  
recipient neurons are evenly distributed throughout  
most of the NOT and in all of the terminal accessory 
optic nuclei and inSFp, as is the case for the GAD-  
positive neurons. This study has not permitted the 
analysis of possible GAD-posit ive puncta contacting 
the distal dendrities of neurons of the NOT and 
terminal accessory optic nuclei. However ,  puncta are 
seen which appear unassociated with somal surfaces 
and which may, at least in part,  represent a system of 
GAD-positive, axo-dendritic contacts. 

Discussion 

Glutamic acid decarboxylase (GAD) ,  the synthetiz- 
ing enzyme for the inhibitory neurotransmitter  
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GABA, is localized within a large number of neurons 
in the nucleus of the optic tract (NOT), and within 
each of the nuclear components of the accessory 
optic system (i.e. the DTN, LTN, MTNv/d and 
inSFp). The comparatively high concentration of 
GAD-positive somata (21-30%) distinguishes each 
of these visual relay nuclei from adjacent thalamic, 
pretectal and midbrain tegmental nuclei. Further- 
more, the GAD-positive neurons in each nucleus are 
more spherical and statistically smaller than the 
GAD-negative neurons present. 

These five visual relay nuclei contain unusally 
high proportions (about 50%) of GAD-recipient 
neurons compared to adjacent pretectal and mid- 
brain tegmental nuclei. In the present study, we have 
defined a GAD-recipient neuron as one which has 
seven or more puncta surrounding the soma. It is 
likely that these neurons are GAD-recipient because 
most puncta adjacent to somata in other brain 
regions have been shown to form axosomatic 
synapses in electron microscopic studies (see Ribak 
et al. 1981). Although a small proportion of these 
puncta identified with the light microscope could also 
be profiles of GAD-positive somata and/or dendrites, 
many are probably synaptic axon terminals. The 
criterion of seven puncta per soma is quite arbitrary, 
particularly given the fact that virtually all neurons in 
these visual relay nuclei contain at least one puncta. 
The choice of seven puncta per soma provides a 
working definition for the term "GAD-recipient 
neuron" and in practice should be interpreted as 
designating a neuron which receives a strong (versus 
a weak) GABAergic input onto its soma. 

The question can be asked as to whether the 
GAD-positive neurons of the NOT and terminal 
accessory optic nuclei are all local circuit neurons or 
if some are, in fact, projection neurons. We can only 
speculate on this issue, and we point to several 
observations which suggest that the GAD-positive 
neurons may fulfill both roles. The classic local 
circuit neuron (Golgi type II cell) has a small soma 
and an axon that terminates in the vicinity of the cell 
body of origin. Ram6n y Cajal (1911) recognized this 
from studies of Golgi impregnated sections, and 
more recent investigations have shown that many 
small neurons in the brain are GABAergic and act to 
inhibit cells they contact (see Ribak 1978; Ribak et 
al. 1981; Vaughn et al. 1981; Oertel et al. 1982; Wu 
et al. 1982). The present data, in agreement with 
other findings (Penny et al. 1984; Weber and Chen 
1984), conform to these generally accepted conclu- 
sions by showing that GABAergic neurons within 
each of these visual relay nuclei are statistically 
smaller than the remaining population. It should be 
noted, however, that there is a major difference in 

the size of the GABAergic neurons between the 
NOT and the related terminal accessory optic nuclei. 
The GAD-positive neurons of the NOT are signifi- 
cantly larger than those in the accessory optic nuclei 
(Table 1; Fig. 4). This finding is probably due to the 
fact that the general population of neurons in the 
NOT is, on the average, larger than that in the 
accessory optic nuclei. Given the observation that 
between 21% and 30% of the total neurons in the 
NOT and terminal accessory optic nuclei are GAD- 
positive and the findings that about 75% of the rat 
MTN neurons project to the NOT (Blanks et al. 
1982) while a similar percentage of the rat and rabbit 
NOT neurons project to brain stem nuclei (Takeda 
and Maekawa 1976; Holstege and Collewijn 1982; 
Robertson, personal communication), it is likely that 
some of the neurons of these visual/oculomotor- 
related nuclei are projection neurons. Furthermore, 
Ottersen and Storm-Mathisen (1984) have demon- 
strated with an antiserum to GABA that a majority 
of NOT neurons are GABAergic and that many 
GABAergic fibers course among the fibers of the 
brachium of the superior colliculus and the posterior 
commissure. It is, therefore, likely that some of the 
GABAergic NOT neurons project upon somata of 
preoculomotor and precerebellar brain stem nuclei. 

Finally, what can be said about the role of GABA 
in the functional interaction of these visual relay 
nuclei? It is difficult to explain the functional signifi- 
cance of the larger number of interconnections 
between the NOT and terminal accessory optic 
nuclei. Anatomical studies by Weber and Harting 
(1980) in tree shrew and by Holstege and Collewijn 
(1982) in rabbit have shown a major NOT projection 
to the MTN. In parallel, there is a strong reciprocal 
projection from the MTN to the NOT (Berson and 
Graybiel 1980; Blanks et al. 1982). The latter projec- 
tion is probably responsible for the inhibition of 
visual information through the retino-NOT- 
olivocerebellar pathway following electrical stimula- 
tion of the MTN (Maekawa and Simpson 1972, 
1973). The relatively large number of GAD-positive 
MTN neurons and "GAD-recipient NOT neurons" 
suggests that this inhibition is mediated by GABA. 
Such inhibition may be based on one or both of the 
following circuits: 1) GABAergic projection neurons 
of the MTN terminate on the output neurons of the 
NOT, or 2) GABAergic local circuit neurons of the 
NOT are activated as a result of an excitatory input 
from the MTN to provide feedforward inhibition. 
Either mechanism would produce a greater tuning of 
the well described speed- and direction-selective 
properties of the NOT and the related accessory 
optic nuclear neurons (see Simpson et al. 1979) as has 
been postulated for the functional role of the reci- 
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procal  connec t ions  be tween  these  nucle i  (Blanks  et 
al. 1982; Hols tege  and  Col lewi jn  1982; Gioll i  et al. 
1984, 1985). 

Abbreviations to figures 

A 
CP 
DK 
DMN 
DTN 
HITr 
IGL 
INC 
inSFp 
LGNd 
LGNv 
LP 
LTN 
MB 
MGN 
ML 
MTNd 

Cerebral aqueduct 
Posterior commissure 
Nucleus of Darkschewitsch 
Deep mesencephalic nucleus 
Dorsal terminal nucleus, accessory optic system 
Habenulointerpeduncular tract 
Intergeniculate leaflet 
Interstitial nucleus of Cajal 
Interstitial nucleus, superior fasciculus, posterior fibers 
Dorsal lateral geniculate nucleus 
Ventral posterior nucleus 
Lateral posterior nucleus 
Lateral terminal nucleus, accessory optic system 
Mammillary body 
Medial geniculate nucleus 
Medial lemniscus 
Medial terminal nucleus, dorsal subdivision, 
accessory optic system 

MTNv Medial terminal nucleus, ventral subdivision, 
accessory optic system 

NOT Nucleus of the optic tract 
NPC Nucleus of posterior commissure 
OT Optic tract 
PA Anterior pretectal nucleus 
PAG Periaqueductal gray 
pbp Nucleus parabrachialis pigmentosus 
pC Cerebral peduncle 
PM Medial pretectal nucleus 
pn Nucleus paranigralis 
PO Pretectal olivary nucleus 
pp Posterior pretectal nucleus 
PPN Peripeduncular nucleus 
RNm Magnocellular division, red nucleus 
RNp Parvocellular division, red nucleus 
SC Superior colliculus 
SGP Stratum griseum profundus, superior colliculus 
SGS Stratum griseum superficiale, superior colliculus 
SGM Stratum griseum medium, superior colliculus 
SNc Substantia nigra, pars compacta 
SNr Substantia nigra, pars reticulata 
SO Stratum opticum, superior colliculus 
VB Ventrobasal complex 
ZI Zona incerta 
3N Oculomotor nerve, root fibers 
3V Third ventricle 

Acknowledgements. We wish to thank Ms. Lynn V. Kubasek for 
art illustration and Ms. Natalie M. Sepion for typing the manu- 
script. We are indebted to Dr. W.H. Oertel for providing the 
sheep anti-GAD serum and to Drs. R.T. Robertson and Y. 
Torigoe for their helpful discussion of the data. 

References 

Berson DM, Graybiel AM (1980) Some cortical and subcortical 
fiber projections to the accessory optic nuclei in the cat. 
Neuroscience 5:2203-2217 

Blanks RHI, Giolli RA, Pham SV (1982) Projections of the medial 
terminal nucleus of the accessory optic system upon pretectal 
nuclei in the pigmented rat. Exp Brain Res 48:228-237 

Fitzpatrick D, Penny GR, Schmechel DE (1984) Ghitamic acid 
decarboxylase-immunoreactive neurons and terminals in the 
lateral geniculate nucleus of the cat. J Neurosci 4:1809-1829 

Giolli RA, Blanks RHI, Torigoe Y (1984) Pretectal and brain stem 
projections of the medial terminal nucleus of the accessory 
optic system of the rabbit and rat as studied by anterograde 
and retrograde neuronal tracing methods. J Comp Neurol 
227:228-251 

Giolli RA, Blanks RH1, Torigoe Y, Williams DD (1985) Projec- 
tions of medial terminal accessory optic nucleus, ventral 
tegmental nuclei, and substantia nigra of rabbit and rat as 
studied by retrograde axonal transport of horseradish peroxi- 
dase. J Comp Neurol 232:99-116 

Giolli RA, Braithwaite JR, Streeter TI" (1968) Golgi study of the 
nucleus of the transpeduncular tract in the rabbit. J Comp 
Neurol 133:30%328 

Gregory KM, Giolli RA (1985) The dendritic architecture of the 
medial terminal nucleus of the accessory optic system in rat, 
rabbit, and cat. Exp Brain Res 60:501-508 

Hayhow WR, Webb C, Jervie A (1960) The accessory optic fiber 
system in the rat. J Comp Neurol 115:187-215 

Hendrickson AE, Ogren MP, Vaughn JE, Barber RP, Wu J-Y 
(1983) Light and electron microscopic immunocytochemical 
localization of glutamic acid decarboxylase in monkey genicu- 
late complex: evidence for GABAergic neurons and synapses. 
J Neurosci 3:1245-1262 

Hoffmann, K-P, Behrend K, Schoppmann A (1976) A direct 
afferent visual pathway from the nucleus of the optic tract to 
the inferior olive in the cat. Brain Res 115:150-153 

Holstege G, Collewijn H (1982) The efferent connections of the 
nucleus of the optic tract and the superior colliculus in the 
rabbit. J Comp Neurol 209:13%175 

Maekawa K, Simpson JI (1972) Climbing fiber activation of 
Purkinje cells in the flocculus by impulses transferred through. 
the visual pathway. Brain Res 39:245-251 

Maekawa K, Simpson JI (1973) Climbing fiber responses evoked 
in the vestibulo-cerebellum of rabbit from visual system. J 
Neurophysiol 36:649-666 

McDonald JK, Speciale SG, Parnavelas JG (1981) The develop- 
ment of glutamic acid decarboxylase in the visual cortex and 
the dorsal lateral geniculate nucleus of the rat. Brain Res 217: 
364-367 

Montero VM, Singer W (1984) Ultrastructure and synaptic 
relations of neural elements containing glutamic acid decar- 
boxylase (GAD) in the pregeniculate nucleus of the cat: A 
light and electron microscopic immunocytochemical study. 
Exp Brain Res 56:115-125 

Oertel WH, Mugnaini E, Schmechel DE, Tappaz ML, Kopin IJ 
(1982) The immunocytochemical demonstration of gamma- 
aminobutyric acid-ergic neurons methods and application. In: 
Chan-Palay V, and Palay SL (eds) Cytochemical methods in 
neuroanatomy. Alan R Liss, New York, pp 297-329 

Oertel WH, Schmechel DE, Mugnaini E, Tappaz ML, Kopin IJ 
(1981a) Immunocytochemical localization of glutamate decar- 
boxylase in rat cerebellum with a new antiserum. Neuro- 
science 6:2715-2735 

Oertel WH, Schmechel DE, Weise VK, Ransom DH, Tappaz 
ML, Krutzsch HC, Kopin IJ (1981b) Comparison of cysteine 
sulphinic acid decarboxylase isoenzymes and glutamic acid 
decarboxylase in rat liver and brain. Neuroscience 6: 
2701-2714 

Ohara PT, Lieberman AR, Hunt SP, Wu J-Y (1983) Neural 
elements containing glutamic acid decarboxylase (GAD) in 
the dorsal lateral geniculate nucleus of the rat; immuno- 



203 

histochemical studies by light and electron microscopy. 
Neuroscience 8:189-211 

Ordronneau P, Lindstrom PBM, Petrusz P (1981) Four labeled 
antibody bridge techniques: a comparison. J Histochem 
Cytochem 29:1397-1404 

Ottersen OP, Storm-Mathisen J (1984) GABA-containing neurons 
in the thalamus and pretectum of the rodent. Anat Embryol 
170:197-207 

Penny GR, Conley M, Schmechel DE, Diamond IT (1984) The 
distribution of glutamic acid decarboxylase immunoreactivity 
in the diencephalon of the oppossum and rabbit. J Comp 
Neurol 228:38-56 

Ram6n y Cajal S (1911) Histologie du syst~me nerveux de 
l'homme et des vert6br6s. Maloine, Paris, Vol 2 

Ribak CE (1978) Aspinous and sparsely-spinous stellate neurons 
in the visual cortex of rats contain glutamic acid decarboxyl- 
ase. J Neurocytol 7:461-478 

Ribak CE, Vaughn JE, Barber RP (1981) Immunocytochemical 
localization of GABAergic neurone at the electron microsco- 
pical level. I-Iistochem J 13:555-582 

Robertson RT (1983) Efferents of the pretectal complex: Separate 
populations of neurons project to lateral thalamus and 
inferior olive. Brain Res 258:91-95 

Scalia F (1972) The termination of retinal axons in the pretectal 
region of mammals. J Comp Neurol 145:223-257 

Simpson JI, Soodak RE, Hess R (1979) The accessory optic system 
and its relation to the vestibulocerebellum. In: Granit R, 
Pompeiano O (eds) Reflex control of posture and movement. 
Elsevier/North-Holland, Amsterdam (Progress in Brain 
Research, Vol 50), pp 715-724 

Somogyi P, Freund TF, Wu J-Y, Smith AD (1983) The section- 
Golgi impregnation procedure. Immunocytochemical demon- 
stration of glutamate decarboxylase in Golgi impregnated 
neurons and in their afferent synaptic boutons in the visual 
cortex in the cat. Neuroscience 10:261-294 

Sterling P, Davis TL (1980) Neurons in the cat lateral geniculate 
nucleus that concentrate exogenous 3H-,/-aminobutyric acid 
(GABA). J Comp Neurol 192:737-749 

Takeda T, Maekawa K (1976) The origin of the pretecto-olivary 
tract. A study using the horseradish peroxidase method. Brain 
Res 117:319-325 

Terasawa K, Otani K, Yamada J (1979) Descending pathways of 
the nucleus of the optic tract in the rat. Brain Res 173: 
405-417 

Tsai C (1925) The optic tracts and centers of the opossum, 
Didelphis virginiana. J Comp Neurol 39:173-216 

Vaughn JE, Barber RP, Ribak CE, Houser CR (1981) Methods 
for the immunocytochemical localization of proteins and 
peptides involved in neurotransmission. In: Johnson, JE Jr 
(ed) Current trends in morphological techniques. CRC Press, 
Boca Raton, FL, Vol 3, pp 33-70 

Weber JT, Chert I-li (1984) GAD immunoreactivity in the 
pretectal complex of the cat. Soc. Neurosci Abstr 10:576 

Weber JT, Harting JK (1980) The efferent projections of the 
pretectal complex: An autoradiographic and horseradish 
peroxidase analysis. Brain Res 184:1-28 

Willingham MC, Rutherford AV (1984) The use of osmium- 
thiocarbohydrazideosmium (OTO) and ferrocyanide-reduced 
osmium methods to enhance membrane contrast and preser- 
vation in cultured cells. J Histochem Cytochem 32:445-460 

Wu J-Y, Lin CT, Brandon C, Chan TS, Mohler H, Richards JG 
(1982) Regulation and immunocytochemical characterization 
of glutamic acid decarboxylase. In: Chan-Palay V, Palay SL 
(eds) Cytochemical methods in neuroanatomy. Alan R Liss, 
New York, pp 279-296 

Received May 20, 1985 / Accepted June 28, 1985 




