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A Major Direct GABAergic Pathway from 
Zona Incerta to Neocortex 

Retrograde fluorescent tracers were used to demonstrate a previously unknown but 
sizable direct y-aminobutyric acid (GABA)-containing neuronal pathway from the 
zona incerta to the neocortex in rats. This incertocortical pathway was found to project 
bilaterally to the entire neocortex and exhibited a rough corticotopic organization. 
Many of the zona incerta neurons projecting to the parietal and occipital cortices could 
also be immunohistochernically stained with antibodies to glutamic acid decarboxylase 
and GABA. Few of these neurons were immunoreactive to tyrosine hydroxylase 
antibodies, which identify dopamine-containing neurons. Injections in the frontal and 
entorhinal cortices labeled many neurons near or within the dopaminergic A13 
subdivision of the zona incerta. In addition, the incertocortical system was found to be 
significantly larger during early postnatal (2 to 3 weeks) development. The projection 
pattern of this newly discovered pathway resembles that of the monoaminergic and 
cholinergic systems, arising from the brainstem and forebrain, suggesting possible 
similarities of function. 

T HE DORSAL THALAMUS OF THE DI- 
encephalon was once considered to 
be the exclusive source of afferents to 

the neocortex. However, a number of direct 
nondiencephalic neocortical afferent systems 
have been described during the past two 
decades. These direct ascending systems in- 
clude the monoaminergic inputs from the 
locus ceruleus, the raphe nuclei, and ventral 
tegmental area in the brainstem ( I ) ,  and the 
cholinergic inputs from the basal forebrain 
area (2). One of the unique features of these 
transmitter-specific systems is their more 
diffise and bilateral projection pattern to all 
cortical areas as compared to the dorsal 
thalamic nuclei, which have very specific and 
ipsilateral connections to different neocorti- 
cal areas (3). These ascending systems are 
also known to be closely related to early 
cortical development and plasticity (4). 
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Although electrical stimulation in the 
general region of the ventral thalamus pro- 
duces arousal and cortical desynchronization 
(4, no study has yet demonstrated direct 
neocortical projections from any region of 
the ventral thalamus [such as zona incerta 
(ZI)I (6). 

We reuort here the existence of wide- 
spread projections from the ZI to the entire 
neocortex. These projections were discov- 
ered through the use of recently developed, 
very sensitive fluorescent retrograde tracers. 
Furthermore, in experiments that combined 
the retrograde tracing with immunohis- 
tochemical approaches, many of these incer- 
tocortical projecting neurons were found to 
stain positively for glutamic acid decarboxyl- 
ase (GAD) or y-aminobutyric acid (GABA). 

Our conclusions are based on a total of 60 
rats injected with fluorescent tracers either 
unilaterally or bilaterally into several cortical 
areas. The cortical projection pattern of ZI 
neurons was determined both in adult 
(n = 40) and young (2 weeks, n = 10; 3 
weeks, n = 10) rats. Small injections (0.5 to 
1 p1) of either rhodamine-coated micro- 
spheres (RCMs) or fluorescein-coated mi- 

crospheres (FCMs) or Fluoro-Gold were 
stereotaxically placed into the frontal (4  
cases), motor (8 cases), somatosensory (45 
cases), auditory (4  cases), entorhinal (4  cas- 
es), and visual (15 cases) cortices. After 
survival times of from 4 to 10 days, the rats 
were perfused with either 10% formalin or 
3.0% paraformaldehyde in 0.1 M phosphate 
buffer at p H  7.4. Brain sections (30 to 100 
km thick) were cut with a vibratome. Anti- 
bodies to the synthetic enzyme GAD and 
GABA were used as specific markers for 
GABAergic neurons. Antiserum to tyrosine 
hydroxylase (TH) was used as a marker for 
dopamine-containing neurons. Standard 
imrnunohistochemical methods, including 
fluorescence and the modified ABC tech- 
nique, were used for the identification of 
neurons containing dopamine and GAD or 
GABA (7). Combined retrograde fluores- 
cent tracers and immunohistochemical 
methods were also used on the same sections 
to elucidate the specific transmitter that 
might be contained in the incertocortical 
projections (8). An epifluorescent micro- 
scope (Nikon) was used to visualize the 
precise location of neurons with fluorescent 
retrograde tracers. 

Whereas the thalamocortical connections 
revealed in these studies were consistent 
with those previously reported in the litera- 
ture, the presence of large numbers of retro- 
gradely labeled neurons in the ZI was unex- 
pected. For example, after dyes were inject- 
ed into the primary somatosensory cortex 
(SI), retrogradely labeled neurons were 
found in the ventroposterior nucleus (VP), 
the posterior nuclear complex (PO), the 
centrolateral nucleus (CL), the posterior 
division of the hypothalamic nuclei (HP), 
(Fig. 1, A to D), and the ventromedial 
thalamic nucleus (VM) . However, the most 
intriguing finding was that many cells in the 
dorsolateral region of ZI were labeled (Fig. 
1, B and C). In addition, a few scattered 
labeled neurons were found in the contralat- 
eral ZI and bilaterally in the posterior region 
of the hypothalamus [as had been previously 
reported (9 ) ] .  Injections of tracers into the 
primary visual cortex (VI) produced fewer 
retrogradely labeled neurons in ZI than after 
SI injections, and these were primarily locat- 
ed in the ventrolateral subregions of the ZI, 
and the hypothalamus (Fig. 1, D to F). 
Although injections of different colored ret- 
rograde tracers placed in the SI and VI 
cortices yielded two separable clusters of 
labeled cells in the ZI, a significant overlap 
between these clusters was observed. More- 
over, several double-labeled neurons were 
identified in this overlap zone. After injec- 
tions into the entorhinal-temporal cortical 
areas, labeled neurons were found forming a 
dense cluster, centered medially around the 
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Fig. 1. Fluorescence micrographs of retmpdely 
labeled neurons in the diencephalon a k a  injcc- 
tions of RCMs into (A to C) the somatosamry 
cortex and Fluoro-Gold into (D to F) the occipi- 
tal visual cortex. NOU the RCM-labdd newom 
located in the docsolateral subregion of (A) the ZI 
and (8) the posterior division of the hypothalam- 
ic nucleus. (C) A high-power fluorescence micro- 
graph shows numerous labeled cortical projecting 
neurons in the ZI. The star in (C) marks the same 
blood vessel as shown in (B). (D) Numerous 
reuogradely labeled neurons were found in the 
dorsal thalarnic nuclei, such as the lateral posterior 
(LP) and the dotsolateral geniculatc nudeus 
(DLG) afm injections of Fluoro-Gold into the 
visual corta. (E) Dense labeling was found in the 
extreme l a d  subdivision of ZI. (F) High-power 
micrograph shows the clustering of reuogradely 
labeled cells in the ZI. PO, posterior nudeus; 
VPM, ventropsterior media nudeus, RT, reticu- 
lar nudeus of the thalamus; ZI, zona inccrta; CP, 
cerebral pedunde; HP, posterior division of the 
hypothalamic nudeus; MT, d o t h a l a m i c  
tract; CL, Cintrolateral nudeus; VLG, ventrolat 
nudeus. Scale bar, 1 mm for (A), (B), (D) and (E 

A13 doparnine cell group area of ZI, located 
ventral to the mamillothalamic tract. Injec- 
tions centered in the dorsomedial fiontal 
cortex (receiving inputs fiom the medial 
dorsal thalamic nucleus) produced a duster 
of reaogradely labeled neurons in the A13 
area. Moreover, injections placed in the 
motor cortex produced a distribution of 
labeled cells resembling that after SI injec- 
tions. Therefore, a rough corticotopic orga- 
nization of the incermcortical projections 
was observed (Fig. 2A). 

None of the injected material reached 
either the underlying white matter or the 
adjacent smctures such as the basal ganglia 
and the hippocampus. This was verified by 
the lack of thalamic labeling that would be 
expected if the tracers had spread to these 
regions (10). Moreover, the same overall 
pattern of the incerrocortical projections 
was consistently found, irrespective of the 
types of dyes being used. 

As large as this projection is, it is remark- 
able that the incertocortical ascending sys- 
tem has not been previously reported. One 
possible explanation lies in the recent find- 
ing that the RCM, FCM, and Fluoro-Gold 
tracers are more sensitive than other retro- 
grade tracers, such as horseradish peroxidase 
(HRP) (1 1). This difference in sensitivity 
was verified here in experiments with wheat 
germ agglutinin (WGA)-HRP as a tracer. 
Retrogradely labeled neurons in the ZI were 
identified only in cases where massive 
WGA-HRP corti cal injections were made 
(12). It also appears that this incertocortical 
pathway does not result from a transneu- 
ronal transport of fluorescent dyes. First, the 
fluorescent tracers that we used are not 
known to be transneuronal(13). The results 
were independent of the survival time. Fi- 
nally, no other conceivable transneuronal 

d geniculatc nudcus, and W, ventroposterio~ 
i); 50 (un for (C) and (F). 

,'/Po/ / I /  

O F 
AIE 

Flg. 2. A mmmary 6gure illustrates the corticoto- 
pic organization of the W projection to the 
cerebral cortex. The symbols represent the dative 
density of neurons r e t q p k l y  labeled by differ- 
ent cortical injections sites. s, somatosenwry; V, 
visual, F, frond, AIE, auditory and entorhinal 
cortices; and OT, optic tract. The hat& area 
identifies the mamillodularnic tract. The dopa- 
minergic A13 area is located ventral to the mamil- 
lothalamic tract. 

labeling (for instance, in retina or mgeminal 
nudei) was observed. 

To determine which neurotransmitter 
may be contained in this incemcortical sys- 
tem, we combined immunohistochemical 
staining for GAD, GAB& and TH antibod- 
ies with retrograde labeling. Numerous GA- 
BAergic neurons were identified in the later- 
al segment of the ZI (Fig. 3), and many of 
these were observed to be also labeled with 
beads of retrogradely transported RCMs 
(Fig. 3, A and B, open arrows). In contrast, 
few double-labeled neurons were found in 
the dopaminergic A13 subregion of ZI, 
when injections were made in SI and VI 
cortices. After these injections, neurons in 
the A13 region were typically found to 
contain either RCMs or TH, but not both, 

Fig. 3. Bright-field and tluorescencc micrographs 
of ZI neurons mrogradely labeled with RCMs 
afm cortical injections and i m m u n o ~ e m i c a l  
staining for (A and B) GAD or (C) TH. Bright- 
field micrographs (A) and (B) show immunohis- 
tochemically labeled neurons for GAD antibodies 
in the lateral region of ZI. The open arrows 
points to rraogradely labeled neurons with 
RCMs that are also stained with antibodies for 
GAD. Solid arrows p i n t  to neurons only stained 
for GAD (A' and Sf). RCMs (as indicated by 
open arrows) are visible in the cytoplasm of 
GAD-positive neurons. (C and C') The same 
section of the dopamine A13 group in the medial 
ZI. The open arrow points to an RCM retro- 
gradely labeled neuron located adjacent to several 
TH-positive neurons (solid arrows). The star 
marks the same blood vesxl in panels (C and C'). 
Scale bar, 30 p.m. 

even though these subgroups of cells over- 
lapped each other (Fig. 3C). Nevertheless, 
injections centered in the dorsomedial fkon- 
tal and in the entorhinal cortices did pro- 
duce a duster of retrogradely labeled neu- 
rons centered in the A13 area. This finding 
strengthens the possibility that dopaminer- 
gic neurons in the A13 region of the ZI may 
project to resmcted areas of the cortex. In 
fact, there have been repom that GABAer- 
gic neurons in the ZI may also contain 
dopamine (14). Furthermore, since not all 
retrogradely labeled neurons were GAD or 
GABA immunoreactive, we cannot exdude 
the presence of other n-mitters or 
modulators in those projecting neurons. For 
instance, somatostatin has been reported to 
be coladizd with GABA in neurons of 
other regions of the central nervous system. 
Thus, they may also be colocalizcd in the 
lateral subregion of the ZI as well (15). 

What is the physiological significance of 
this GABAergic incertal pathway to cortex? 
Recent preliminary evidence indicates an 
increase-of spon&eous activity and en- 
larged receptive fields of the barrel cortical 
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neurons after chemical lesions of this region 
of the v e n d  thalamus (16). our d t s  
diracely support the idea that ZI may pro- 
vide inhibitory influences upon cortical neu- 
rons. 

The W is located in the ventral thalamus 
and matures earlier than the dorsal *US 
(1 7). Sincc cholinergic, monoarninergic, and 
GABAagic systems are known to iduence 
cortical development and plasticity (4), we 
investigated possible dcvdopmcntal dErcts 
on theecom&tion baween tht W and the 
sensory nmrtex .  Fluomamt dyes were 
injected into the SI and VI cortices o f 2  and 
3-week-old rats. The mmpade labcling 
Dattcminthe ZIofthestanimalswas 
&pmi with equivalent arptriments in 
n o d  adults. The gaxral region of the W 
was dtfinad in young and adult animals with 
tpchrome oxidasc (Fig. 4 4 .  The number 
of cells labeled in LOO-pan-thick sections 
through the ZI, hllowing comparable small 
injections of RCMs in the baml fields of SI 
(Fig. 4, B and C), was significantly higher 
h r  2-weekold (331 +- 49) and 3-wetk-old 

na. 4. (A) --Po- d the 

animal. Note the diversity of staining within thc 
?Xandinparticulvtheintensestainingofthc 
VP. Abbmiaticms as in Figs. 1 and 2; MI', 
mvniUothalvnic tract. (B) Low-power fluores- 
cent miaognph showing mxogradely W 
neurons in the dicncephalon of a tweek-old rat 
after RCM injections placed in the b a d  fields of 
SI. Note the extensive labcling in the dordatad 
region ofthe ZI. (C) High-POWQ micrograph of 
the extensive l a m  in the donolateral subre- 
gion of ZI from the same animal as in (B). Scale 
bar, 1 mm for (A) and (B); 50 pm fbr (C). 

(242.7 a 23) rats re- to adults 
(112.662 18.4) (18). This greater labding 
of ZI in young animals (Fi. 4, B and C) 
was tbuod in every case studied. Thus, a 
dense projection from the ZI to the neocor- 
tat ispresent during a critical puiod for 
manvation of d c a l  circuits. 

In summary, W, the %lnhown zone," 
appears to give rise to a major cortical 
projecting systan. Since the ZI is known to 
receive major inputs from the antex, the 
dorsal column nudei the triganhil nuclear 
complex, and the intermediate and deep 
laym ofthe superior coIliculus (19), it may 
provide an imponant link between ascend- 
kg sensory &d motor systems and the 
cerebral cortcx. In addition to the naxorta, 
the W also projects to a variety of brainstem 
s t r u m  and the basal ganglia (20). In 
particular, GABAcrgic neurons in the ven- 
trolatcral subregion of W projcct direcdy to 
the superior coiIiculus (21). ConccivabIy, 
single %I neurons may collataalize to pro- 
vide GABAcrgic inputs to both ncocortex 
and brainsMn stnrcturrs. Such widclv diver- 
gent projection pattcm is consistent with 
the notion that the ZI of the v d  thala- 
mus may fiuMion in a gutcraUy similar 
fashion to the monoaminergic system of 
the brainstan and the cholincrgic system of 
the basal fixbrain. 
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Attentional Modulation of Neural Processing of 
Shape, Color, and Velocity in Humans 

Positron emission tomography (PET) was used to measure changes in regional 
cerebral blood flow of normal subjects, while they were discriminating Werent 
attributes (shape, color, and velocity) of the same set of visual stimuli. Psychophysical 
evidence indicated that the sensitivity for discriminating subtle stimulus changes was 
higher when subjects focused attention on one attribute than when they divided 
attention among several attributes. Correspondingly, attention enhanced the activity 
of Werent regions of extrastriate visual cortex that appear to be specialized for 
processing information related to the selected attribute. 

P EOPLE CAN RESPOND TO ONLY A 

small amount of the sensory informa- 
tion present at any moment. Selec- 

tion of information is necessary to ease the 
computational problems introduced by the 
enormous number of signals present at the 
sensory surfaces and to ensure that people 
respond to stimuli that are relevant to their 
goals. 

Although many studies have investigated 
visual attention to spatial location ( I ) ,  atten- 
tion can be focused along several other 
dimensions (or attributes). People can at- 
tend to, or "look for," a specific kind of 
visual information (for example, a red hat 
worn by a friend in a crowd). Attending to 
an attribute improves accuracy on visual 
detection or discrimination tasks, particular- 
ly under conditions of near-threshold dis- 
criminability (2). 

Attending to a visual attribute, such as its 
color, might be expected to modulate neuro- 
nal activity in brain areas that are specialized 
for processing that attribute. Such feature- 
specific changes have been reported for col- 
or and orientation in monkey V4 (3) ,  an 

area in the occipitotemporal system that is 
critical for object recognition (4). Both be- 
havioral and electrophysiological analyses 
also indicate that these modulations are 
stronger during difficult discriminations (5) .  

Selective changes in neural activity may 
occur in areas of the visual cortex other than 
V4 and apply to attributes other than color 
and orientation (for example, velocity) (6). 
Cueing subjects to different dimensions 
(color, shape, or velocity) might therefore 
modulate different regions of extrastriate 
visual cortex, each specialized for processing 
a particular dimension. We tested this hy- 
pothesis in normal subjects with PET by 
measuring changes in local blood flow (BF), 
which correlate with changes in neuronal 
activity (7). PET enabled us to monitor 
activity simultaneously from several brain 
regions, and therefore determine the effect 
of attending to different stimulus dimen- 
sions on multiple extrastriate visual regions. 

We developed a psychophysical task to 
study the influence of visual attention on the 
discrimination of subtle stimulus changes in 
the shape, color, or velocity of a visual 
stimulus. We then measured BF changes 

. while subjects were performing the task. A 
Department of Neurolofy and Neurological Surgety and 
the McDonneU Center or H~gher  Brain Studies, Wash- same-different paradigm was used. On each 
ington University School of Medicine, St. Louis, MO trial, subjects ha t ed  a small spot and were 
63110. presented with two 400-ms stimulus frames, 
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(Fig. 1). The stimulus frame was a spatially 
random distribution of small bars identical 
in color and shape, moving horizontally as a 
coherent sheet either to the left or to the 
right. The direction of motion was constant 
within a trial but was randomly shifted 
across trials. The shape, color, and velocity 
of all elements might independently change 
between the first and the second frame. The 
subject's task was to compare the first stimu- 
lus frame with the second, and report (by a 
key-press) if the two frames were same or 
different for a particular dimension, speci- 
fied at the beginning of each experimental 
block. Stimulus changes were close to 
threshold as assessed for each subject in a 
separate psychophysical session (8). 

In three blocks of trials subjects discrimi- 
nated a stimulus change of either shape, 
color, or velocity (selective attention) (9). 
Half the trials were "different" and con- 
tained a change in the specified dimension, 
and half the trials were the "same." Same 
and different trials also contained (in equal 
proportions) stimulus changes in zero, one, 
or two of the unspecified or irrelevant di- 
mensions. For instance, during same or dif- 
ferent trials in a color block, velocity and 
shape might stay constant in both frames, 
velocity might change, shape might change, 
or both velocity and shape might change. In 
a fourth block, subjects detected changes in 
any attribute, dividing attention across di- 
mensions (divided attention). In this case 
none of the stimulus dimensions varied in 
half of the trials (same trials) and changes in 
only one dimension (that is in color, shape, 

Frame 1 Frame 2 Key-press interval 

Fig. 1. The size of each element was either 
0.8" x 0.8" of visual angle or the just noticeable 
difference obtained by modifying the length and 
width. Colors were either red or green, or the 
respective just noticeable difference in hue ob- 
tained by, respectively, adding a small amount of 
green or red. Velocity was either 18 degrees per 
second or the just noticeable difference obtained 
by increasing the velocity. Background luminance 
was 0.18 foot lamberts (ft-L). The luminance for 
a single element was about 3.4 ft-L in the red 
range, and 10.2 ft-L in the green range. 
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