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Forebrain  Telencephalon  Cerebral Cortex, Basal 
Ganglia, Hippocampus, … 

Diencephalon  Thalamus, Epithalamus, 
Ventral Thalamus, 
Hypothalamus, … 

Midbrain  Mesencephalon  Tectum,  
Tegmentum, Cerebral 
Peduncles, … 

Hindbrain  Metencephalon  Pons, Cerebellum, … 

Myelencephalon  Medulla Oblongata, … 



Scholarpedia: Models of 
Thalamocor(cal System  

Limbic Cortex 

Cartoon Model of Thalamocor(cal 
Connec(vity 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•  Thalamus: Past to Present 

•  Modern Tract Tracing 

Outline 



Bernhard von Gudden  Constan(ne von Monakow Franz Nissl 

Early Histology & Tract Tracing 



Thalamocor(cal Projec(ons of Cat Cortex 
von Monakow, 1895 

Constan(ne von Monakow 

Early Histology & Tract Tracing 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1938 



Rose & Woolsey, 1948 
52 rabbit hemispheres, 
36 cat hemispheres 

1‐1 rela(ons of 
the Thalamus 



Friedman & Murray, 1986 

…
 

Many‐to‐Many 
Rela(ons of the 

Thalamus 



Jones, 2001 

Specific vs Non‐Specific Connec(ons 

Matrix 
Cells 

Core 
Cells 



Jones, 2001 

Matrix 
Cells 

Core 
Cells 

Layer 5 
Layer 6 

Specific vs Non‐Specific Connec(ons 



Sherman & Guillery, 2002; Guillery & Sherman, 2002  

Driving vs Modula(ng Inputs 



Thalamus provides alterna(ve pathway for 
cor(cocor(cal communica(on 

Sherman & Guillery, 2002; Guillery & Sherman, 2002  



•  Every nucleus  mul(ple cor(cal fields 
– Many nuclei  mul(ple cor(cal lobes 

•  Every cor(cal field (except maybe areas 3, 1)  
mul(ple thalamic nuclei 

•  (mostly) Reciprocal connec(ons  

•  Every nucleus has subcor(cal afferents 
•  Connec(ons (mostly) ipsilateral 

•  Thalamic recep(ve field proper(es generally 
consistent with connec(ons 

The Modern View 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Modern Tract Tracing:  
Somatotopy / Motor Map 



Nelson et al. 1980 

SI: Primary Somatosensory Area 



Walker, 1934 

VPL vs VPM 

dorsal 

ventral 

medial lateral 



Mountcastle & Henneman, 1949, 1952 
Rose & Mountcastle 1952 

VPL vs VPM 

lateral  medial 

dorsal 

ventral 

VPM 

VPL 



anterior 

posterior 

medial  lateral  medial  lateral 

dorsal 

ventral 

VPM 

VPL 

VPM 

VPL 

Jones & Friedman, 1982 

VPL vs VPM 



Jones et al. 1979: 30 cynomoglus, 27 rhesus, 31 squirrel 

2 laminar‐like 
structure 

1 rod‐like structure 

BA 3b project to VPL, VPM in a 
topographic fashion 

Anterograde Amino Acid 

Anterograde Amino Acid 



3 “laminar”‐ like structure  2 laminar‐like structure 

Jones et al. 1979: 30 cynomoglus, 27 rhesus, 31 squirrel 

VPL projects to Areas 3, 1, 2 in a 
topographic fashion 

Retrograde HRP injec(on 
into area 1,2 

Retrograde HRP 
injec(on into area 3b 



Barbas & Pandya, 1987 

M1 / F1 / BA4: Primary Motor Cortex 
Limbic Cortex 



anterior 

M1 is innervated by mul(ple nuclei in a 
topographic fashion 

Fluorescent 
Retrograde 
Tracers into M1 

medial 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Stepniewska et al., 1994; 7 owl monkeys;  
Bidirec(onal WGA‐HRP; retrograde FRT 

M1 is reciprocally connected with  
mul(ple nuclei in a topographic fashion 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is 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connected 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mul(ple 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in a topographic fashion 



Matelli et al., 1989  Matelli & Luppino, 1996 

VLo, VPLo project to both F1 (M1) & F3 
(SMA) 

Retrograde WGA‐HRP 

Retrograde WGA‐HRP 
medial  lateral 



•  Every nucleus  mul(ple cor(cal fields 
– VLo, VPLo  M1, SMA 

•  Every cor(cal field (except maybe areas 3, 1)  
mul(ple thalamic nuclei 
– M1  VLo, VPLo, CL, CM 

•  (mostly) Reciprocal connec(ons  

•  Somatotopy consistent with connec(ons 

The Modern View 



Modern Tract Tracing:  
Medial Pulvinar has reciprocal connec(ons with  
Prefrontal, Cingulate, Temporal & Parietal Cor(ces 



Medial Pulvinar 

Plm 

Pla 

LP 

MGad 

LGN 

MGv 

SG 
VPLp 

Plm  Pll 

Pli 

Plm 
Pla 

Pli 

LP 

Pll 

LGN 

SG  Po 

VPLp MD 

LD 

CL 

CL 

CL 
LP 

Pla 

R 

Po 
Lim 

SG 

MGad  Pg 

LGN 

VPLp 

Medial Pulvinar 

medial  lateral 



Modern Tract Tracing:  
Medial Pulvinar has reciprocal connec(ons with  

Prefrontal Cortex 



Barbas et al. 1991, 9 monkeys,  

Medial Pulvinar projects to LPFC 

Retrograde HRP 

Retrograde HRP Area 46 FEF 



Area 32 

Barbas et al. 1991, 9 monkeys,  

Medial Pulvinar projects to OPFC & MPFC 

Retrograde HRP 

Retrograde HRP 
Area 11 



medial 

lateral 

Illinsky et al. 1985.  
9 Rhesus Monkeys 

Fluorescent  
Retrograde  
Tracers 

Fluorescent  
Retrograde  
Tracers 

LPFC  OPFC; Thalamic Stains Lateral  
Medial 



Romanski et al. 1997; 15 rhesus.   Retrograde: black Circles; Anterograde: Gray Patches 

Lateral Medial Pulvinar reciprocally connected to LPFC, OPFC 
Medial Medial Pulvinar reciprocally connected to MPFC, OPFC  

Bidirec(onal WGA‐HRP into 
lateral medial Pulvinar 

Bidirec(onal WGA‐HRP into 
medial medial Pulvinar 



Modern Tract Tracing:  
Medial Pulvinar has reciprocal connec(ons with  

Posterior Cingulate, Retrosplenial Cortex & 
Parahippocampal Cortex 



Baleydier & Mauguiere. 1985 
3 baboons, 2 Macaque 

Anterograde Amino Acid into medial Pulvinar 

Parahippocampal gyrus:  
terminals in layer III, IV and I 

Efferent 
Fibers 

Area 23 

Retrosplenial Area 

Medial Pulvinar projects to PCC, Rsp, 
TH, TF 



Baleydier & Mauguiere. 1985 
3 baboons, 2 Macaque 

PCC projects to medial Pulvinar 
Anterograde Amino Acid into PCC 

Silver grains in medial Pulvinar 



Baleydier & Mauguiere. 1985 
3 baboons, 2 Macaque 

Rsp, Pre‐subiculum project to medial 
Pulvinar 

Retrograde HRP into medial Pulvinar 



Vogt et al. 1987. 15 Rhesus 

Retrograde HRP 

Medial Pulvinar projects to PCC 



Yeterian & Pandya. 1988. 13 Rhesus 

Anterograde Amino Acid 

Area 23 projects to medial Pulvinar  



Yeterian & Pandya. 1988. 13 Rhesus 

Parahippocampal TF projects to medial 
Pulvinar  

Anterograde Amino Acid 



Yeterian & Pandya. 1988. 13 Rhesus 

Parahippocampal TH projects to 
medial Pulvinar  

Anterograde Amino Acid 



Modern Tract Tracing:  
Medial Pulvinar has reciprocal connec(ons with  

Temporal Pole & Superior Temporal Gyrus 



Markowitsch et al. 1985.  
6 rhesus, 2 squirrel monkeys, 2 marmosets 

Medial Pulvinar projects to Temporal Pole 

Retrograde HRP 



Temporal Pole projects to medial Pulvinar 

Anterograde  
Amino Acid 

Pandya et al. 1994; 15 rhesus 



Yeterian & Pandya 1991. 16 Rhesus. Yeterian & Pandya 1989. 11 Rhesus. 

Medial Pulvinar is reciprocally 
connected to dorsal STS 

Anterograde Amino Acid Retrograde HRP 



Baleydier & Mauguiere. 1985 
3 baboons, 2 Macaque 

Medial Pulvinar projects to dorsal STS 

Silver grains in dorsal STS 



Modern Tract Tracing:  
Medial Pulvinar has reciprocal connec(ons with  

Inferior Parietal Cortex 



Schmahmann & Pandya. 1990. 12 rhesus.  

Medial Pulvinar projects to Opt 
Retrograde WGA‐HRP 

medial  lateral 



Schmahmann & Pandya. 1990. 12 rhesus 

Medial Pulvinar projects to PFG 
Retrograde WGA‐HRP 

medial  lateral 



Schmahmann & Pandya. 1990. 12 rhesus 

Medial Pulvinar at most weak 
projec(on to PF 

Retrograde WGA‐HRP 

medial  lateral 



Schmahmann & Pandya. 1990. 12 rhesus 

Medial Pulvinar at most weak 
projec(on to Superior Parietal Lobe 

Retrograde WGA‐HRP 

medial  lateral 



Retrograde: Black Circles 
Anterograde: Gray Patches Bidirec(onal WGA‐HRP 

Bidirec(onal WGA‐HRP 

Medial Pulvinar is reciprocally 
connected with dorsal STS, PCC, Area 7  

Romanski et al. 1997. 15 rhesus 



Medial Pulvinar 

Preuss & Goldman‐Rakic, 1991 



•  Many nuclei  mul(ple cor(cal lobes 
– Medial Pulvinar  Prefrontal, Cingulate, Parietal, 
Temporal 

•  Every cor(cal field (except maybe areas 3, 1)  
mul(ple thalamic nuclei 

•  (mostly) Reciprocal connec(ons  

The Modern View 



•  Every nucleus  mul(ple cor(cal fields 
– Many nuclei  mul(ple cor(cal lobes 

•  Every cor(cal field (except maybe areas 3, 1)  
mul(ple thalamic nuclei 

•  (mostly) Reciprocal connec(ons  

•  Every nucleus has subcor(cal inputs 
•  Connec(ons (mostly) ipsilateral 

•  Thalamic recep(ve field proper(es generally 
consistent with connec(ons 

The Modern View 



•  Every nucleus  mul(ple cor(cal fields 
– Many nuclei  mul(ple cor(cal lobes 

•  Every cor(cal field (except maybe areas 3, 1)  
mul(ple thalamic nuclei 

•  (mostly) Reciprocal connec(ons  

•  Every nucleus has subcor(cal inputs 
•  Connec(ons (mostly) ipsilateral 

•  Thalamic recep(ve field proper(es generally 
consistent with connec(ons 

The Modern View 



Matrix vs Core Cells 

Jones, 2001 

Frontal Sec(ons 
(a), (d), (f): Calbindin 
(b), (e), (g): Parvalbumin 
(c): cytochrome oxidase 

Ventral 

MG 

(a) 

(d)  (f) 

(b) 

(e)  (e) 

(c) 



Matrix vs Core Cells 
•  Subcor(cal Inputs 

•  Oscilla(ons 
–  Relay nucleus / Intra‐cor(cal  Cor(cal layer III, IV  
–  Cor(cal layer VI  relay nucleus 
–  Cor(cal layer V  diffuse projec(ons to other thalamic 
nuclei with Calbindin‐posi(ve cells 

Jones, 2001 



First‐order vs Higher‐order 

•  Overlap with Jones’ matrix‐core framework 
•  First‐order relay: sensory  cortex 

•  Higher‐order relay: cortex  cortex 
– Layer VI inputs to thalamus are modulators  
– Layer V inputs to thalamus are drivers 
• Well localized in thalamus and not diffuse (contrary to 
Jones) 

Sherman & Guillery, 2002 ; Guillery & Sherman, 2002 



Factors Influencing Our Understanding 
of the Thalamus 

•  Methodologies 
– Staining 
– Tract Tracing 

•  Our understanding of 
Cortex 

Jones, 2007 modifica(on of Olszewski (1952) atlas of 
Rhesus monkey pulvinar nuclei, using staining for 
cytochrome oxidase, acetylcholinesterase, Calbindin, 
Parvalbumin, 29 kDa Calre(nin, CAMKII‐α , CAT 301, 
SMI32 (etc) for Old and New World Monkeys   



Dorsal Lateral Geniculate Nucleus 

6 layers: magnocellular (1, 2), parvocellular (3‐6) 
Re(na, SC, Brain Stem Re(cular  LGNd 

SG 

MGpd 

LGN 

Pla 

LP 

R Plm 

VPLp 

Po 

MD 

LD 

CL 

CL 

CL 
LP 

Pla 

R 

Po 
Lim 

SG 

MGad  Pg 

LGN 

VPLp 

VPLp  R Plm 
Pla 

Po 
SG 

LP 

Pll 

LGN 

Pli 



Re(na  LGNd  

Layers 1, 4, 6 from contralateral eye. Layer 2, 3, 5 from ipsilateral.  In 
anterior part of nucleus, layers 4, 6 and 3, 5 fuse 
Leo LGNd receive projec(ons from right visual field from both eyes 
Right LGNd receives projec(ons from leo visual field from both eyes   

Erwin et al. 1999 
Sanderson & Sherman 1971 



Visual Field Representa(on LGN 

Malpeli et al. 1996 

eccentricity  polar angle  

Wandelt et al., 2007 

Observe different folding of LGNd in 
humans and rhesus 



V1 + LGNd 

Yukie & Iwai, 1981; HRP,  
16 rhesus, 3 Japanese monkeys (macaca fuscata) 



Prestriate + LGNd 

Yukie & Iwai, 1981; HRP,  
16 rhesus, 3 Japanese monkeys (macaca fuscata) 



V1 + LGNd 

Lin & Kaas, 1977; TAA 
10 owl monkeys 



Area 18 + LGNd 

Lin & Kaas, 1977; TAA 
10 owl monkeys 



MT + LGNd 

Lin & Kaas, 1977; TAA 
10 owl monkeys 



Dorsal Lateral Geniculate Nucleus 

Preuss & Goldman‐Rakic, 1991 

LGNd: V1 + sparse 
connec(ons with 
Area 18, 19, MT 



Auditory Cortex 

Hackeq et al. 1998 

Hackeq et al. 2001 



Medial Geniculate Nuclei 

Human: A 
(acetylchoinesterase), B 
(Thionin) 

Ti( Monkey (Thionin):  
C(anterior), D(posterior) 

1mm 

Pli 

MGad 

MGmc  MGv 

MGpd 

MGv 

MGad 

MGmc 

MGv 

MGad MGmc 

Central nucleus  (inferior colliculus)  MGv  
Pericentral, external nuclei (inferior colliculus)  MGd 
Definitely inferior & deep layers superior SC; Maybe: 
medial lemniscal, spinothalamic, ves(bular  MGmc  

MGmc  amygdala, striatum 



Molinari et al. 1995 
24 Macaca fuscata 
HRP, FRT 

Core 

Belt 

Belt 

MGv  
MGad 
MGpd 
MGmc 



Hackeq et al. 1994; FRT 
3 macaca mulaqa, 3 macaca nemestrina 

Parabelt + MGpd, 
MGad, MGmc, SG‐

lim, Plm 



Medial Geniculate Nuclei 

Hackeq et al. 2001 

MGv: Auditory core, sparsely with belt 
MGd: Auditory belt, parabelt, sparse with core 
MGmc: Auditory cortex and surrounding areas 
MG: sparse reports of connec(ons in insula and superior 
temporal areas 



Substan(a Nigra, Globus 
Pallidus, Cerebellar 

projec(ons to thalamus 

Jones, 2007 



Somatotopy in 
Cerebellothalamocor(cal 

pathway 

Asanuma et al. 1983 Dum & Strick, 2003 



Matelli et al., 1989;  
12 macaca fascicularis  
& macaca nemestrina; FRT 



Middleton & Strick, 
2001; 12 cebus 
monkeys, FRT, HSV1 


