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INTRODUCTION 

 

Functional categorization of thalamic nuclei based on excitatory input 

It is well-known since almost a hundred years that, with the only exception of the 

olfactory pathway, all specific sensory and motoric information reach the cortex exclusively 

with thalamic relay. However, even int he last decade, this area was considered to be a simple 

information-forwarding relay station that conveys messages from the periphery towards the 

cortex without  essential modifications. Cortical feedback to the thalamus functionate 

however not just as a gating mechanisms filtering some incoming informations and passing 

other, but it can produce specific activity patterns. 

Small terminals originating from the layer 6 pyramidal cells are present in each thalamic 

nucleus, but they exert only modulatory kind of effect. The slow depolarization induced by 

this modulatory effect can switch the relay cell activity into a more effective signal-detection 

mode. This makes the strictly topographic projection ideal to focally change the information 

processing mode of the thalamus, a mechanism suggested to play a role in the attention-

related monitoring of the visual field. Besides this modulatory input, however another kind of 

cortico-thalamic projection descends from the layer 5 giant pyramidal cells. These cortical 

neurons form giant terminalis with numerous synapses. These terminals functionate as so-

called driver input, inducing EPSPs with large amplitude and fast decay, and they can alone 

generate a burst of action potentials in the innervated relay cell. 

Based on these two kinds of cortical input thalamic nuclei can be divided into two groups: 

The so-called first order (FO) thalamic relays get only modulatory cortical feedback, while 

the higher order (HO) thalamic relays get driver cortical input as well. This kind of dichotomy 

found at the thalamic level can be observed in the case of each modalities. While FO nuclei 

convey information from the periphery towards the cortex, the HO thalamic nuclei contribute 

to the communication between different cortical areas, according to the theory of Sherman 

and Guillery. 

Interestingly, another categorization with a largely different reasoning results in quite 

similar groups of thalamic nuclei. The core-matrix theory of Edward Jones groups the nuclei 

based on two neurochemical markers. Larger-sized cells with parvalbumin (PV) 

immunopositivity are concentrated mainly in the FO thalamic nuclei in primates. These cells 

give rise to fibres with focal termination in the neocortex and their input from the periphery is 

also strongly topographic. Thus, these cells and their pathways most likely contribute to 

initiate or maintain local thalamocortical oscillations. The smaller-sized calbindin (CB) 

immunopositive cells forms a sparser matrix in the thalamus, but their ratio is highest in the 
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HO areas. They project to more than one cortical area and innervate the dendrites of layer 5 

cells with widespread subcortical and intracortical connections. Their peripheral input shows 

only loose topography. This matrix network, according to Jones, is able to synchronize the 

distal thalamocortical areas activated by the same sensory stimulus. This mechanism is 

suggested to play an essential role in the associative neural procedures (eg. binding) related 

with perception. 

The fact that the two kind of categorization lead virtually to the same two groups of 

nuclei, is due to the central role of connections with layer 5 and 6 in both theories. 

Interestingly, the two groups of thalamic areas are differentially innervated not just by layer 5 

excitatory fibres, but certain inhibitory inputs as well. 

 

The inhibitory innervation of the HO thalamus 

The anterior pretectum (APT), a nucleus in the caudal diencephalons, give rise to such 

extrareticular inhibitory fibres that innervate selectively the HO thalamic nuclei and avoid FO 

areas. These GABAergic giant terminals (F3 terminals) innervate preferentially the proximal 

dendrites of the relay cells forming several synapses on them. Our research group has shown 

that these axonendings are able to inhibite their postsynaptic target cells in vivo in an 

effective, GABAA-receptor mediated manner. Besides, they faithfully relay even high 

frequency burst activity inducing bursts of IPSPs. Thus, the APT is optimal to contribute to 

the fine timing of HO relay firing activity. The synchronizing effect of cortical oscillations on 

the APT cells has been described as well. This raise the idea that HO thalamic activity and 

cortical oscillations of high frequencies could be synchronized by this extrareticular 

inhibition. 

Interestingly, another diencephalic nucleus, the zona incerta (ZI) has been shown to 

express effective HO thalamus-selective inhibition. Thalamic projection of the ZI shows 

remarkable similarities regarding both its morphology, effect and its cortical control. 

The connection between the APT and ZI has been not studied yet, so we cannot form a 

functional hypothesis regarding the question whether the two thalamic inhibitory pathways 

with extrareticular origin forms a functional unit. This question was examined in the first part 

of this study. 

Certain thalamic nuclei are innervated by inhibitory fibres with other origin than these two 

inhibitory nuclei. One of these is the projection with motor function, but innervating 

intralaminaris areas as well, rising from thesubstantia nigra pars reticulate (SNr) forming 

large inhibitory boutons. Furthermore, recently a glycinergic innervation was shown to be 

present selectively in the intralaminar thalamus. The origin of the latter pathway has not been 
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identified yet, but the course of the fibres indicate a brain stem source. This strong glycinergic 

projection is unique within the forebrain. In the second part of our study, we investigated 

whether these inhibitory pathways with extradiencephalic origin are organized similarly to the 

earlier described extrareticular inhibitory inputs. 
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AIMS 

The goal of this study is to find an answer to the question whether the thalamic 

inhibitory pathways with different extrareticular origin are organized in relation and in a 

homogeneous manner, and to form functional predictions about the possibly interrelated or 

similar function of these pathways. To do this, first we examine the the interrelation of the 

pathways rising from the two diencephalic inhibitory nuclei, and then we compare the 

anatomy of the two further component of extrareticular inhibition, the one with SNr origin, 

and the other with glycinergic phenotype. Our aims in details are the followings: 

1. Investigation of the interrelation between the extrareticular inhibitory pathways formed by 

the APT and the ZI: 

i.) We examine whether there is any correlation between the parvalbumin (PV) content and 

the target (thalamus or ZI) of the APT cells. Since PV immunopositivity has been shown 

to correlate with the firing pattern in the APT in vivo, answering this question will help us 

to better understand the organization and differences of the APT-thalamic and APT-ZI 

pathways. 

ii.) We observe whether the APT fibres project to the ventral, PV-positive band of the zona 

incerta (vZI). This region was shown to project to the thalamus. An APT projection to this 

sector would indicate the presence of an indirect APT-thalamic pathway through tha vZI. 

iii.) We investigate whether the same APT cells sends fibres to the thalamus and the ZI or, if 

not, the thalamus- and ZI-projecting populations are intermingled or separated. This 

would help us to predict how the two pathways are synchronized in function. 

iv.) We check whether the APT-ZI pathway is inhibitory (GABA-positive), excitatory 

(GABA-negative) or mixed. This is crucial to answer whether the two pathways effect the 

thalamus in a synergistic or an antagonistic manner. This question can be investigated at 

the level of the terminals and the cell bodies as well. In the former case GABA content 

can be examined, and the GAD (glutamine acid decarboxylase) mRNA localization in the 

latter case. GAD is kinase enzyme specific to the GABA. 

2. Observation and comparison of the two extradiencephalic inhibitory pathways 

i.) We investigate the innervation pattern of the SNr-originated and the glycinergic input. Is 

there a neurochemical marker with correlated distribution with one or both of these 

inputs? This would help us to better compare the two pathways innervation pattern. Most 

evident option would be calbindin (CB) because this is a common cellular marker in both 

ventromedial motor nucleus and intralaminar nuclei, and more importantly the ZI-

thalamic projection was earlier shown to selectively innervate the CB- positive regions.  

ii.) We determine the origin of the glycinergic input innervating the intralaminar thalamus. 
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iii.) Finally, we examine the ultrastructural featuers of the glycinergic input, namely the 

terminal morphology, the target-selectivity, the transmitter content to compare these 

parameters with those found in the case of earlier described extrareticular terminals.  
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MATERIALS AND METHODS  

 

We carried out anterograde and retrograde tract tracings to answer the above raisings. We 

used mostly pre- and postembedding immunocytochemistry and in situ hybridization. Male 

Wistar rats were used for the examination of both the APT efferents (n=16) and the 

nigrothalamic pathway (n=6). The glycinergic pathway was exmined in transgenic mice 

expressing eGFP inserted between the protein coding gene sequence of glycine transporter 2 

(GlyT2) and its promoter region (BAC-GlyT2/eGFP line) (n=13). Animals were treated 

according to the the etical guidelines of MTA KOKI confirmed by the Etic Comittee. 

 

Anterograde tract tracings 

Phaseolus vulgaris leucoagglutine (PHAL) or biotine-dextran amine (BDA 10000) was 

injected into the APT (n=10) or the SNr (n=9). The animals were anaesthetized with 

equithesine (cloralhidrate, nembutal, 0.3 ml/100 g), and their head fixed in a stereotaxic 

device. Injections were made iontophoreticely using glass capillary based on the coordinates 

in the brain atlas of Paxinos and Watson. After 5-7 day surviving, animals were perfused 

through the heart using two paraforme-aldehide containing fixatives with a lower and a higher 

pH. Fixatives contained 0,5% glutare aldehide in the cases when postembeddin GABA 

reaction was planed to be carried out. After the fixated tissue was removed from the skull, 50-

60 µm thick coronal slices were cut. The injection sites in the APT were confirmed by the 

visualization of PV, the cellular marker of this nucleus. Primary antibody was reacted with 

Alexa-conjugated secondary antibody for fluorescent microscopy. Terminal labeling was 

exmined using light microscope. The tracer and different cellular markers were visualized  

with diaminobenzidine (DAB) and nickel-intensified DAB reactions. Beside the visualization 

of the tracer, PV-staining was carried out in the case of the pretecto-incertal fibres, while CB 

immunostaining in the case of nigrothalamic fibres. For the electronmicroscopic examination 

of the terminals, the tracer was visualized with preembedding silver-intensified gold labeling. 

The tissue was dehydrated, embedded, and ultrathin (60 nm) slices were cut. Some of these 

were then reacted with GABA antibody using the postembedding immunogold method. 

Electronmikcroscopic observations were done with a HITACHI 7100 and a JEOL JEM1011 

electronmicroscope, electronmicrographs were captured with a Megaview and a CANTEGA 

or Veleta digital camera. The diameters of the terminals and postsynaptic elements were 

measured using AnalySIS software. 
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Retrograde tract tracings 

Fluorogold (FG) or BDA 3000 retrograde tracers were injected into the HO thalamus 

(n=8) and the ZI (n=5). The two nuclei were injected within the same hemisphere in 5 cases. 

In these cases, the two injections were made using different tracers because this allowed us to 

examine the ratio of double-projecting neurons. Animals were anaesthetized using a mixture 

of kethamine and xylazine. Injections were made iontoforeticely, using the coordinated 

yielded from the atlas of Paxinos and Watson. After 3-4 days of survival animals were 

perfused through the heart. The position of the injection sites was confirmed by CB-staining 

within the thalamus and PV-staining within the ZI, using Alexa-conjugated secunders for 

fluorescent microscopy. The borders of APT were determined using PV-staining too. The Po-

projecting and ZI-projecting APT cells were visualized with double fluorescent 

immunostaining. In one animal, we carried out triple immunostaining visualizing the neuronal 

nuclei beside FG and BDA in order to determine how many of all APT cells were labeled 

retrogradely. Sections examined with fluorescent microscopy were covered with Vectashield, 

and examined with a Zeiss Axioscope. Fluorescent photomicrographs were captured using an 

Olympus digital camera. To visualize the projecting cells producing GAD, we combined in 

situ hybridization and immunocytochemistry. GAD 67 RNA proba labeled with digoxigenine 

were produced in the laboratory of István Katona. The tissue was  reacted with the yielded 

antisense RNA, and visualized using NBT-BCIP cromogene. 

 

Observation of the glycinergic input 

The phenotype of the mice from the transgenic (BAC-GlyT2/eGFP) line was determined a 

few days (max 4) after their birth. The GlyT2 was earlier shown to be a reliable marker of the 

glicine containing terminals, but the antibody raised against it visualize only the boutons and 

axons. The transgenic animals used here, however, express eGFP in the glycinergic cell 

bodies and so both glycinergic axons and somas can be identified. 

The distribution of the glycinergic terminals within the intralaminar thalamus was 

examined using fluorescent CB immunostaining. The ultrastructure of the terminals was 

characterized (n=3) after the silver-intensified gold-labeling of the eGFP and postembedding 

immunogold GABA reaction. Several terminals were completely photographed based on the 

serial sections, and some of these boutons were reconstructed in 3 dimensions as well with the 

help of Reconstruct
TM

. 

 Retrograde (FG, n=5) and anterograde (PHAL, n=3) tract tracings were carried out as 

described in the previous chapter, but in this case the terminals were examined with confocal 

microscopy as well. 
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RESULTS 

 

The projecting cells of the APT: retrograde tract tracings 

Parvalbumin content 

To examine whether the APT cells projecting to the thalamus and to the ZI form 

homogenous populations, we performed retrograde injections which targeted primarily the 

HO somatosensory posterior thalamic nucleus (Po), but occasionally reached the visual HO 

nuclei as well. The question of homogeneity was investigated by quantifying the PV positivity 

of the cells, since our research group has earlier described that this is in close relation with the 

firing activity of the APT cells. Fast bursting cells are strongly, tonic cells are weakly PV-

positive, while slow rhythmic cells are PV-negative. After the double-fluorescent 

visualization, we found that neither thalamus-projectin (n=3 animals, n=447 cells), nor ZI-

projecting (n=3 animals, n=420 cells) APT cells form homogeneous population. All the three 

cell type were present in both projecting population. In both case the PV-negative cells were 

represented in highest ratio. Our next aim was to quantify the APT cells projecting both to the 

thalamus and to the ZI. A large double-projecting cell population would play important role in 

the synchronization of the two pathways. 

 

Double projecting cells 

To examine the double projecting cells, we injected the Po and ZI within the same 

hemisphere (n=5). After the double fluorescent visualization we found less than 3% double 

projecting neurons (n=3 animals, n=833 cells). The almost purely thalamus-projecting and 

purely ZI-projecting cell populations were, though, entirely intermingled within the area of 

the APT. A low ratio of colocalization can be the result of the too little number of the 

retrogradely labeled cells too. In one case, thus, we examined how many of all APT neuron 

were labeled retrogradely by either tracer. Using NeuN staining this ratio was more than 50%. 

Based on this result, it is unlikely that the small number of double projecting cells is due to 

the low ratio of retrogradely labeled neurons. 

This result means that the APT cells form two segregated pathways. It raises the question 

whether these pathways are similar to each other in their transmitter content. The APT-

thalamic projection was earlier shown to be mostly GABAergic. The inhibitory component of 

the APT-ZI projection was examined first at the level of the cell bodies. 
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The GABAergic phenotype of ZI-projecting cells 

To quantify GABAergic ZI-projecting neurons, in situ hybridization and 

immunocytochemistry was combined after retrograde tract tracing. Only 9% of the ZI-

projecting cells (n=2 animals, n=1883 cells) were GAD 67-positive. The GABAergic and 

non-GABAergic cells intermingled with each other within the APT. Our result shows the 

presence of both excitatory and inhibitory component, but the ratio of GABAergic neurons is 

surprisingly low in comparison with the APT-thalamic pathway. The presence of a mostly 

excitatory pathway to the ZI indicate an indirect inhibitory effect on the thalamus. This is 

true, however, only if the APT innervates the thalamus-projecting region of the ZI. This 

region was earlier described to be the vetral, PV-positive band of the ZI. To reveal whether 

the APT project to this narrow band, we carried out anterograde tract tracing. 

 

The terminals of the pretecto-incertal pathway: anterograde tract tracings 

The innervation pattern of the projection 

BDA (n=5) and PHAL (n=5) injections made in different parts of the APT resulted in all 

cases a dense terminal labeling in the ventral part of the ipsilateral ZI. Only loose topography 

was present. There was a tendency, though, toward the anterograde labeling of lateral (visual) 

sector of the ZI after rostral (visual) APT injections, and the labeling of rather central 

(somatosensory) and medial (motor) vZI regions after more ventral and caudal APT 

injections. 

The double visualization of the tracer and PV together (n=5) demonstrated that the dense 

zone of the terminal labeling is always within the PV-positive band of the vZI, not exceeding 

its borders neither in antero-posterior nor in dorsoventral direction. As described above, this is 

the ZI region projecting to the thalamus. This indicate the existence of an indirect APT-ZI-

thalamic pathway. At the level of the cell bodies, the APT cells giving rise to this indirect 

pathway, were shown to be mostly excitatory in the previous chapter. To find out the ratio of 

the inhibitory component at the level of the axon terminals, we carried out electron 

microscopic experiments in the vZI. 

 

The GABA content and ultrastructural features of the pretecto-incertal terminals 

only in 60,5% of the APT terminals within the ZI (n=3 animals, n=75 terminals) were 

GABA-negative, a ratio lower than that resulted by the in situ hybridization experiments. 

Thus the ratio of GABA-positivity was remarkable (38,2%) at the level of the terminals. In 

the case of 1 bouton, GABA positivity could not be unequivocally determined. GABA-

negative and GABA-positive terminals were intermingled with each other within the 
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examined areas. Occasionally, GABA-positive and GABA-negative APT terminals 

innervated the same postsynaptic element. The two kinds of terminals showed very similar 

feauters. They had small diameter (1,1-1.2 µm), and they innervated randomly thin and thick 

dendrites (average diameter of the postsynaptic element 0.9 µm, SD 0.37 µm; minimum-

maximum: 0.3-2.0 µm). They rarely formed synapses on somata, and mostly innervated only 

one target element. The number of synapses on the examined portion of the terminals were 

usually small (1-2), but it often exceeded 1 (for excitatory terminals in 51%, for inhibitory 

28%). We found extremely large (around 1 µm long) synapses relatively frequently. 

Thus, the investigation of the pretecto-incertal pathway revealed a significant GABAerg 

component at the level of the terminals, despite the small ratio found among the projecting 

cells. 

 

To summarize our results about the relation of the APT, ZI and thalamus, we can 

conclude regarding the inhibitory thalamic pathways with diencephalic extrareticular origin, 

that, although their similar, rather homogeneous morphology and effect was earlier described 

within the thalamus, the PV content of the projecting cells indicates rather heterogeneous 

pathways. The incerto-thalamis and pretecto-thalamic pathways originate from two 

intermingled APT cell populations. The incerto-thalamic projection contains both excitatory 

and inhibitory components. The results indicate the interrelated organization of the 

diencephalic pathways. 

In the following part of the study, we examined whether the extradiencephalic 

(nigrothalamic and glycinergic) inhibitory pathways show similar organization to the APT-

thalamic and ZI-thalamic projections. The selective innervation of the CB-positive thalamic 

areas by the incerto-thalamic input has been described in an earlier study of our group. We 

investigated this question first in the case of the nigro-thalamic projection. 

 

The innervation pattern of the nigrothalamic pathway 

We investigated the innervation pattern with anterograde tract tracing from the SNr (n=9). 

Confirming literature, we found dual nigrothalamic projection: Both the ventromedial nucleus 

and the intralaminar nuclei contained dense terminal regions. In both thalamic area, the SNr 

terminals localized almost exclusively within the CB-positive zones, and in many cases the 

terminals contacted CB positive neurons. The pattern of innervation is thus very similar to 

that of  inerto-thalamic pathway.  

The ultrastructure of the nigrothalamic terminals was also very similar to that described 

earlier in the case of APT and ZI boutons. 



 12 

These results reflect the similarities of nigrothalamic projection to the other extrareticular 

inhibitory systems, both at the light and the electron microscopic level. As the last step of our 

comparative study, we investigated the anatomical properties of the poorly understood 

glycinergic innervation. 

 

The glycinergic input of the thalamus 

The innervation pattern and the origin of the glycinergic input 

The innervation pattern of the glycinergic projection was examined in transgenic mice 

expressing eGFP associated with GlyT2. The spatial distribution of eGFP terminals (or 

“glycinergic terminals) (n=13) showed concentrations in the intralaminar thalamus, 

confirming literature. In contrast with the literature, no dense terminal region was found in th 

nucleus reuniens. It’s worth to note that we found a very similar pattern of terminals in wild 

type rats after GlyT2 immunostaining. In the thalamus of the transgenic mice, we compared 

the distribution of the glicinergic terminals with that of the CB-positive cells (n=2 animals). 

The pattern of innervation was again very similar to the incerto-thalamic projection. Namely 

we found that terminals were always within the CB-positive regions. The only exception was 

the posterior parafascicular nucleus in which, interestingly, we found the completely inverse 

distribution of the two markers. 

To reveal the origin of the glycinergic input, we made retrograde injections in the 

intralaminar thalamus (n=5). Within the diencephalons, only the ZI contained both projecting 

cells and eGFP-positive cells, but even in this case there were no double positive neurons. 

Glycinergic projecting cells were exclusively localized within the brain stem, but in this 

region, 10% of all projecting cells were eGFP-positive. Most projecting cells were found in 

the superior colliculus and in the tegmental area, but these cells contained rarely eGFP. The 

eGFP-positive projecting cells were localized in highest number and density within the oral 

and caudal pontine nuclei (PnO-PnC). More than half of the double-positive brain stem cells 

were found in these pontine nuclei, but only in the ipsilateral hemisphere. 

To examine the glycinergic component of thalamic terminals originating from this area, 

we made anterograde injections in the PnO-PnC (n=3). In the ipsilateral hemisphere, almost 

half of the counted terminals (n=770) were eGFP-positive, while this ratio was less than 10% 

(n=181) in the contralateral side. This confirms that an ipsilateral pathway rises from the 

PnO-PnC to the intralaminar thalamus. Next, we examined the ultrastructural features of the 

glycinerg terminals. 
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The ultrastructural properties of the glycinergic terminals 

Our electron microscopic observations demonstrated that the eGFP-positive terminals 

were all GABA-positive (n=3 animals, n=68 boutons). A significant proportion of these 

terminals showed large size (maximum 3.9 µm), and formed numerous synapses (maximum 

14) on the proximal dendrites. The reconstruction of these terminals in 3 dimension revealed 

that they were very similar to the APT and SNr originated boutons. However, they showed a 

larger morphological heterogeneity. Many of the glycinergic boutons were small, forming few 

synapses on distal dendrites. Alltogether, the glycinergic boutons showed highly preferential 

innervation of proximal dendrites as it was demonstrated by the comparison with the random 

dendritic diameter distribution (Square Khi, homogeneity test, p<0,001). We frequently found 

eGFP-positive terminals forming synapses on the branch point of the dendrites. Although the 

small terminals were similar in size to the GABAergic terminals originating from the reticular 

thalamic nucleus, but the latter form frequently synapses on more than one postsynaptic 

element, while the glycinergic terminals innervated always 1 dendrite, similarly to other 

inhibitory terminals with extrareticular origin. Our results indicate thus that the glycinergic 

terminals are similar to the APT, ZI and SNr terminals, but show a larger heterogeneity. 
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DISCUSSION 

 

As our results demonstrate, thalamic extrareticular inhibitory pathways originating from 

substantially different brain areas show essential similarities in innervation pattern, GABA-

content, terminal-morphology and target-selectivity. Besides their similarity, in the case of the 

APT and ZI, our results suggest also synchronized, interrelated functioning. However the 

extrareticular inhibitory pathways are not homogeneous, since three kinds of cell types, 

presumably with different firing activity, project form the Apt to the thalamus, and the F3 

terminals formed by the pontine nuclei contain glycine, in contrast with the other pathways. 

 

The inhibitory pathways of the thalamus with diencephalic extrareticular origin 

form a coherent, but complex, heterogeneous system 

Our anterograde tract tracing results demonstrate that the APT fibres teminate exactly in 

the same ZI region that project to the thalamus. This indicates a disynaptic, APT-ZI-thalamic 

pathway beside the direct APT-thalamic projection. These two kinds of effect are presumably 

need to be synchronized in time and space. Our retrograde tracing experiments, however, 

showed that no large double projecting population is present in the APT. Such a few cells are 

unlikely to play a synchronizing role. Most of the APT cells, on the other hand, give rise to 

densely branching recurrent local collaterals which form terminals in focal areas of the APT. 

Since we found that the two projecting populations are largely intermingled within the APT, 

these collaterals are presumably able to synchronize the activity of the two populations: Cells 

projecting to the ZI are likely to activate many close thalamus-projecting cells and vica versa. 

This would lead to a synergistic inhibitory or disinhibitory effect. Thus, The intermingled 

projecting cell populations suggest the synchronized function of the two extrareticular 

inhibitory pathways. 

On the basis of the heterogeneity found in the PV content, we can presume that both the 

cells giving rise to the direct pathway and thos forming the indirect one, are heterogeneous in 

their firing pattern as well. The PV-negative cells, being represented in highest number in 

both projecting populations, presumably mostly express slow rhythmic firing pattern 

according to our earlier study. The firing pattern of these cells is strictly correlated with the 

cortical oscillations. As a result, the cortical rhythmic activities are likely to exert a 

synchronizing effect selectively on the MR thalamus via the direct and indirect pathways 

rising from the APT. Our research group has described recently, that cortical input is able to 

synchronize the ZI cellular activity in a direct manner as well. Though the APT, however, as 

the results of the present study demonstrate, a direct cortico-incertal effect presumably exist 
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too, bith via the inhibitory and the excitatory components. This network is very similar to the 

basal ganglia system, in which the subthalamic nucleus under strong cortical control send 

different direct and indirect pathways to the SNr, the other extrareticular inhibitory nucleus. 

Some theory predict, that in this kind of network, the feedforward competition of activity 

patterns produced by the direct and indirect pathways occurs. Thus, the thalamic inhibitory 

network formed by the APT and ZI presumably makes the complex fine-tuning of 

thalamocortical synchronization possible. The role of ZI in oscillative is proved by human 

studies too. In patients with Parkinson syndrome, stimulation of ZI significantly reduces the 

pathological tremor activity that is the result of aberrant neural oscillations. 

 

The extradiencephalic thalamic inhibitory pathways show similar organization with 

each other and with the other extrareticular pathways studied earlier  

The innervation pattern is strongly related to the CB neurons distribution 

Both the nigrothalamic and the glycinergic terminals were shown in this study to 

innervate almost exclusively the CB-rich thalamic regions. The same result was earlier 

described in the case of the incerto-thalamic projection. The core-matrix theory regard CB-

cells in the thalamus as having crucial role in the synchronization of high frequency local 

oscillations occurring in distant thalamocortical areas. These CB cells innervating the layer 5  

cortical neurons show high density in the same thalamic areas which are innervated by the 

layer 5 neurons, namely in the HO thalamus. The function of the layer 5 cells, having 

widespread intracortical and subcortical connections, in the synchronization of distant cortical 

oscillations has been described. These cortical connections of the CB-cells are probably 

related to the fact, that the impairments of HO thalamus lead to such cognitive symptomps as 

binding deficits, sensory neglect syndrome, persistent vegetative state or minimal conscious 

state. The characterized extrareticular inhibitory pathways innervating selectively these areas, 

are likely to be related to these pathological symptomps. Aberrant extent of inhibition (or 

reduced excitation) in the intralaminar thalamus is responsible for the minimal conscious 

state, since the artificial excitation of this area could improve abilities of patients after years 

of  this syndrome. It’s not without significance here that the main source of the glycinergic 

inhibitory input is the PnO that has been earlier demonstrated to strongly influence the 

maintainance of the conscious state. 

 

The similarity of the terminals 

All the four extrareticular pathways showed remarkably similar terminal morphology and 

target selectivity. The synapses on one terminal are localized so closely to each other, that the 



 16 

diffusion of the GABA transmitter between them (spill over) is possible. This might be the 

basis of the fact, that these F3 terminals show only slight activity depression during high 

frequency stimulation. This was shown earlier in the case of the APT terminals, and is true in 

the case of the glycinergic terminals as well, according to our preliminary data. Moreover, the 

F3 terminals, when stimulated at high frequency, are able to respond with a high frequency 

IPSP burst. This reasoning indicate, that these axonendings are optimal to exert effective and 

precisely timed inhibition even at fast cortical oscillations characterizing the awake state. 

 

Similarity in the input from the layer 5 

All of the nuclei giving rise to extrareticular thalamic inhibitory pathways are likely to be 

under the control of the layer 5 pyramidal cells. The APT, ZI and the PnO, identified in the 

present study, are directly innervated by these cortical neurons, and the cells of these 3 

inhibitory areas are show synchron activity with the cortical oscillations. Although no direct 

synchronization to the cortex was shown in the case of SNr, but this can be due to the fact, 

that this nucleus has no cortical input at all, and cortical effect might reach it with latency, 

through an indirect pathway. The primary input areas to the SNr, however, the subthalamic 

nucleus and the striatum are innervated and strongly affected by layer 5 cells.  

The layer 5 neuron with widespread connections in the brain are considered to be 

important in the synchronization of distant thalamocortical oscillations, and so in the 

perceptual binding of sensory stimulus featuers. Thus, the extrareticular inhibitory pathways 

are likely to play a role in this mechanism.  

As a final consequence, these complex thalamic inhibitory pathways or networks showing 

many similarities despite their different origin presumably play crucial role in the associative 

neural procedures. 
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