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Summary. In 25 rhesus monkeys horseradish peroxidase was injected in 
different parts of the frontal cortex. The retrogradely labelled thalamic 
neurons formed longitudinal bands, some of which crossed the internal 
medullary lamina, and extended from one thalamic nucleus into another. On 
the basis of these findings the frontal cortex was subdivided into seven 
transverse cortical strips which receive afferents from seven longitudinal 
bands of thalamic neurons. The most rostral transverse strip receives 
afferents from the most medial thalamic band which is oriented vertically 
and extends through the most medial part of the MD into the medial 
pulvinar. Progressively more caudally located transverse strips receive 
afferents from progressively more laterally located thalamic bands which in 
part are situated in the VL and show an increasing tilt towards the 
horizontal. Moreover, those parts of the various bands which are situated 
along the dorsal and lateral margin of the thalamus project to the medial 
portions of the transverse cortical strips, i.e. along the medial margin of the 
frontal lobe, while the other parts situated ventromedially in the thalamus 
project to the lateral portions of these strips, i.e. along the lateral margin of 
the frontal lobe. 

These data provide an alternative view of the organization of the 
thalamus and suggest that this structure contains a matrix of longitudinal cell 
columns which in some cases extend across specific nuclear borders and may 
represent the basic thalamic building blocks in respect to the 
thalamo-cortical connexions. 
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Introduction 

The organization of thalamo-cortical connexions has been studied repeatedly 
since the pioneering efforts of Le Gros Clark (1935) and Walker (193 8a). These 
studies generally used the retrograde cell degeneration technique in order to 
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es tabl i sh  f rom which  tha lamic  cell  g roup  a cer ta in  cor t ica l  a r ea  rece ives  its 
afferents .  H o w e v e r ,  this t echn ique  has the  d r a w b a c k  tha t  the  r e t r o g r a d e  cell  
changes  af ter  ab l a t i on  of  d i f ferent  cor t ica l  a reas  m a y  vary  d e p e n d i n g  on  the  type  
of  connex ions  (Rose  and Wool sey ,  1958),  the  age of  the  animals  (Broda l ,  1940)  
and  the survival  p e r i o d  (Walke r ,  1938a) .  M o r e o v e r ,  a cons ide rab l e  a m o u n t  of  
cor t ica l  t issue mus t  be  r e m o v e d  in o r d e r  to ob ta in  p r o n o u n c e d  r e t r o g r a d e  
changes  in a c i r cumscr ibed  p o r t i o n  of  the  t ha l amus  ( W a l k e r ,  1938a) .  These  
d rawbacks  can be  o v e r c o m e  by  ut i l iz ing the  r e t r o g r a d e  axona l  t r anspo r t  of  
ho r se rad i sh  pe rox ida se  ( H R P )  (Kr i s t ensson  and Olsson,  1971; LaVa i l  and  
LaVai l ,  1972; K u y p e r s  et  al., 1974).  The re fo re ,  in a ser ies  of  rhesus  m o n k e y s  
H R P  was in j ec t ed  in d i f ferent  f ron ta l  cor t ica l  a reas  and the d i s t r ibu t ion  of  the  
r e t r o g r a d e l y  l abe l l ed  tha lamic  n e u r o n s  was s tudied.  

This s tudy forms  a par t  of  a l a rge r  e n d e a v o u r  a i m e d  at  c lar i fying the  
o rgan iza t ion  of  the  c e r e b e l l o - t h a l a m o - c o r t i c a l  connexions .  T h e  da ta  o b t a i n e d  in 
the  p r e sen t  s tudy are  expec t ed  to m a k e  it poss ib le  to d e t e r m i n e  the  u l t ima te  
cor t ica l  des t ina t ion  of  the  p r o j e c t i o n s  f rom the  var ious  ce rebe l l a r  nucle i  to the  
d i f fe ren t  par t s  of  the  tha lamus .  

Materials and Methods 

In 23 rhesus monkeys 6-25 closely spaced injections of 0.6 ~tl, of 10-30% horseradish peroxidase 
(HRP, Sigma VI) dissolved in distilled water, were made in circumscribed parts of the frontal cortex 
by means of a Hamilton syringe with a 22 gauge needle, which was introduced to a depth of + 21/2 
ram. In each penetration a total of 0.6 ~1 HRP was deposited over a period of 6 rain. In 13 of the 
animals the injections were made in one hemisphere. Since in these cases labelled thalamic neurons 
were present only ipsilaterally, in the remaining 10 animals injections were made in both 
hemispheres and the labelled neurons in the thalamus on either side were regarded to reflect only 
the injections in the ipsilateral hemisphere. 

After 3 days the animals were deeply anaesthetized with nembutal and perfused with 6% 
dextran and 0.1% sodium nitrite in 0.9% saline at 38~ followed by a mixture of 2.5% 
glutaraldehyde and 0.5% paraformaldehyde in 0.1M cacodylate buffer pH 7.2 at 20 ~ C. 
Subsequently the brains were removed from the skull and cut in three transverse blocks parallel to 
the stereotaxic plane. These blocks were kept in a solution of 30 % sucrose in 0.1% cacodylate buffer 
(pH 7.2) at 4~ for 1-3 days. They were then cut in 40 u transverse sections on a freezing 
microtome. The sections were incubated according to Graham and Karnovsky (1966), mounted, 
dehydrated and covered. Some sections were lightly counterstained with cresyl violet. The material 
was studied microscopically in darkfield and brightfield illumination (Kuypers et al., 1974). The 
location of the retrogradely labelled HRP-positive thalamic neurons was charted with the aid of an 
X-Y plotter linked by means of transducers to the microscope state. 

Results 

In  the  areas  su r round ing  the  cor t ica l  need l e  pe ne t r a t i ons  H R P - r e a c t i o n  
p roduc t s  were  a b u n d a n t  bo th  in the  cor tex  and  in the  i m m e d i a t e l y  under ly ing  
whi te  mat te r .  M o r e o v e r ,  H R P - p o s i t i v e  g ranu les  were  p r e s e n t  within cor t ica l  
neu rons  and  some  neu rons  were  s t a ined  evenly  b rown.  F r o m  the  in j ec t ed  cor tex  
and  the  i m m e d i a t e l y  under ly ing  whi te  m a t t e r  evenly  b r o w n  s ta ined  f ibers  
p r o c e e d e d  towards  the  in te rna l  capsule .  T h e  cor t ica l  a rea ,  a r o u n d  the  n e e d l e  
t racks ,  which was dense ly  p a c k e d  with  H R P - r e a c t i o n  p roduc t s  will be  r e f e r r e d  
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to as the HRP-positive cortical area and its maximum extent is indicated in solid 
black in Figures 1, 2 and 3. These areas were surrounded by a lighter brown 
staining zone which gradually faded into the surrounding tissue. 

In all cases groups of thalamic neurons contained HRP-positive granules. 
The cortical areas from where the enzyme had been transported retrogradely by 
these neurons were, however, difficult to delineate precisely. Yet a comparison 
of the distributions of the labelled neurons in the different cases strongly 
suggests that the enzyme was transported mainly from the HRP-positive cortical 
areas surrounding the needle penetrations (Bunt et al., 1974, 1975; Jones, 
1975) and probably also from damaged axons in the immediately underlying 
white matter (Kristensson and Olsson, 1974; Kuypers and Maisky, 1975). In the 
cases with injections in the lower one-third of the precentral and postcentral gyri 
(cf. cases B7, C4, D1) the underlying white matter contains not only thalamic 
fibres to the surface cortex but also fibres to the opercular cortex. The 
population of labelled neurons in these cases has therefore been regarded to 
comprise neurons obtaining the enzyme through the former type of fibres as well 
as neurons obtaining it through the latter. 

The experiments may be subdivided into four groups: A. cases with 
injections in the orbitofrontal cortex and the cortex of the most rostral portion 
of the frontal convexity; B. cases with injections in the periarcuate cortex, i.e. 
above, below and within the concavity of the arcuate sulcus; C. cases with 
injections in the precentral gyrus; and D. cases with injections in the postcentral 
and parietal areas. 

It had been assumed that after HRP injections in the different frontal areas, 
different specific thalamic nuclei would be labelled. Instead, longitudinal 
columns or bands of labelled neurons occurred which ran roughly parallel to the 
midline. In several cases these bands and columns crossed the intermedullary 
lamina along their rostro-caudal trajectory and extended from one nucleus into 
another. After injections in the rostral parts of the frontal lobe the bands and 
columns were located medially in the thalamus, while after progressively more 
caudal injections they were located progressively more laterally. 

Three-Dimensional Configuration of the Thalamic Nuclei 

In order to facilitate the description of the thalamic distribution of the columns 
and bands of labelled neurons, the three-dimensional configuration of the major 
thalamic nuclei in the rhesus monkey as described by Olszewski (1952) will be 
briefly outlined. 

The thalamus is wedge-shaped and tapers rostrally (Fig. 4). It is subdivided 
in a mediodorsal and a lateroventral compartment by the internal medullary 
lamina which in horizontal sections runs parallel to the lateral side of the 
thalamic wedge rather than parallel to the midline (Fig. 4). Ventrally the 
internal medullary lamina bends medially and becomes continuous across the 
midline with its counterpart on the other side. The medullary lamina reaches 
caudally only as far as the habenular nuclei (H) and in its caudal part is joined 
ventrally by the centre median-parafascicular complex (CM-Pf). 
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The mammillo-thalamic tract (TMT) passes through the rostral part of the 
internal medullary lamina. Caudal to this level the medullary lamina contains 
the intralaminar nuclei, i.e. rostrally the paracentral nucleus (PCN) and caudally 
the central lateral nucleus (CL). The mediodorsal nucleus (MD) which is located 
medial to the internal medullary lamina, is replaced rostrally by the anterior 
midline nuclei (Ce), i.e. the central densocellular nucleus (Cdc) as well as the 
central latocellular (Clc) nucleus, which dorsally adjoins the reuniens nucleus 
(RE). The elongated MD has its largest cross sectional dimension at mid- 
thalamic levels. Caudally, it tapers down to a small cell group which laterally 
adjoins the habenular complex (H) and meets caudally the anterior part of the 
medial pulvinar (Pro). 

The pulvinar belongs mainly to the lateroventral compartment, which is 
oriented from caudolateral to rostromedial, somewhat parallel to the lateral side 
of the thalamic wedge. Thus the rostral part of the lateroventral compartment is 
situated immediately rostral to the lateral expansion of the MD at midthalamic 
levels (Fig. 4). Therefore a line drawn from the rostral part of the lateroventral 
compartment caudally and roughly parallel to the midline passes across the 
internal medullary lamina into the MD. Some of the longitudinal columns of 
labelled neurons followed this very same trajectory. 

The rostral part of the lateroventral compartment comprises the ventral 
anterior nucleus (VA) which consists of a medial magnocellular part (VAmc) 
and a lateral parvocellular part (VApc). The caudal border of the VA is oriented 
from rostrolateral to caudomedial, roughly perpendicular to the lateral side of 
the thalamic wedge. In transverse sections the VA therefore appears to be 
replaced from laterally by the caudally adjoining ventrolateral complex (VL). 

The VL complex consists of several subnuclei. The oral part (VLo) is 
characterized by clusters of medium size darkly staining neurons. However, area 
X immediately lateral to the internal medullary lamina at this level contains 
relatively few neurons. The ventromedial part of the VL (VLm) at this level 
borders medially on the RE. The caudal part of the VL is regarded to comprise 
the dorsally located subnucleus caudalis (VLc) and the ventrally located oral 
part of the ventral posterolateral nucleus (VPLo). Both nuclei contain relatively 
large, uniformly scattered neurons but lack the additional smaller neurons of the 
caudal part of the VPL (VPLc). In part following Crouch (1934) and Walker 
(1938a) the ventrally located VPLo will be called the ventral intermediate 
nucleus (VIM). This nucleus has been grouped with the VLo and the VLc 
because all three were labelled retrogradely from the precentral gyrus, while the 
VPLc was labelled from the postcentral gyrus (cf. also Strick, 1976). The 
dorsally located VLc continues further caudally than the VIM and becomes 
situated on top of the VPLc where it borders caudally on the lateral posterior 
nucleus (LP). 

The ventral-posteriomedial nucleus (VPM) is located ventral and 
ventrolateral to the CM-Pf. When proceeding from the level of the Cm-Pf 
caudally, VPM, VPLc and LP are replaced from medially by the pulvinar (P) 
such that the VPM is replaced by the oral pulvinar (Po), the LP and the VPLc by 
the lateral pulvinar (P1) and the tail end of the MD by the medial pulvinar (Pm). 
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Fig. 1. Semidiagrammatic representation of the HRP-positive cortical areas (solid black and 0% ) 
and the distributions of the retrogradety labelled thalamic neurons (cases A1, A2, B1 and B3 o ~  ; 
A4 and B2 o% ) after injections in different parts of the rostrat portion of the frontal lobe 
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Distribution of Retrogradely Labelled Thalamic Neurons 

A. Injections in Orbitofrontal Cortex and Rostral Part of Frontal Convexity 

In the four cases of this group the longitudinal bands or columns of labelled 
neurons were located mainly in the medial part of the thalamus where they 
extended from the area of the anterior midline nuclei (Ce) and the medial part 
of the VA through the MD into the anterior part of the Pm (Fig. 1). 

In case A1, 25 deposits of HRP  were made in the orbitofrontal cortex by 
means of needle penetrations parallel to the cortical surface. HRP-react ion 
products were also present in the anterior putamen. Labelled thalamic neurons 
were present in the medial part of the anterior nucleus, especially the AM and 
AV as well as in the RE and the Ce, in particular the CDc (Fig. 1). The 
population of labelled neurons in the Cdc continued caudally as a vertical band 
throughout the most medial portion of the MD and along the lateral aspect of 
the habenular complex into the anterior part of the Pro. 

In case A2 with 15 injections in the cortex on the convexity of the rostral 
part of the frontal lobe and in the underlying white matter, the HRP-positive 
cortical area extended from the injection site into the most anterior parts of the 
orbitofrontal cortex, and the superior frontal gyrus on the medial surface of the 
hemisphere. The labelled thalamic neurons in this case also formed a somewhat 
sagittally oriented column which, however, was situated slightly more laterally 
than in case A1 and occupied a dorsal position especially in the MD (Fig. 1). 
Thus, a limited number of labelled neurons was present in the medial part of the 
VAmc. This population after crossing the internal medullary lamina increased in 
size and extended, through the dorsal part of the intermediate portion of the 
MD along the dorsolateral aspect of the habenular complex, into the anterior 
part of the Pro. In cases A3 and A4 with 12 injections more laterally, above and 
below the rostral part of the principal sulcus respectively, the longitudinal 
columns of labelled neurons behaved in roughly the same manner as in case A2 
but occupied a relatively more ventral portion in the VA and the MD (Fig. 1). 
This was especially obvious in case A4 with injections lateral to the principal 
sulcus. 

In all these four cases some less strongly labelled neurons were also present 
in the intralaminar nuclei, especially in the rostral part of the PCN, while in 
addition a few labelled neurons occurred in the Pf. 

B. Injections in the Periarcuate Area 

The labelled neurons in each of the seven cases of this group also formed 
longitudinal columns, which, however, were located more laterally than in the 
cases of group A. These columns occupied together a slightly tilted broad 
longitudinal thalamic band which was oriented somewhat parallel to the midline 
(cf. cases of group A) and extended from the VA into the caudally adjoining 
paralaminar part of the VL and across the internal medullary lamina through the 
paralaminar MD into the anterior part of the Pm (Figs. 1, 2). Thus this band and 
its constituent columns when traced caudally seem to shift from lateral to medial 
in the thalamus. However,  this shift is more apparent than real because due to 
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the wedge-shape of the thalamus a longitudinally oriented cell column which 
extends roughly parallel to the midline inevitably becomes located further and 
further away from the lateral thalamic border  at progressively more caudal 
levels (Fig. 4). 

In five cases (B 1-B5) injections were made rostrally in the periarcuate area. 
In case B1 with 18 injections around the rostral tip of the upper limb of the 
arcuate sulcus the HRP-positive cortical area overlapped rostrally with that of 
case A2 and extended from the superior frontal gyrus on the medial surface of 
the hemisphere into the intermediate portion of the upper bank of the principal 
sulcus. The longitudinal column of labelled neurons was located dorsally, as in 
case A2, but relatively more laterally (Fig. 1). Thus in the rostral thalamus many 
labelled neurons were present in the VAmc and the medial parts of the VApc 
and some were present in the Ce. The population in the VA continued caudally 
roughly parallel to the midline into the dorsomedial parts of the VLo and the 
rostral VLc as well as into the dorsorostral part of area X. Along this trajectory 
the population gradually moved across the internal medullary lamina and 
continued through the MD into the Pm. While proceeding through the MD the 
population seemed to shift medially because due to the caudally increasing 
lateral expansion of the MD, the population extended from the lateral part of 
the MD at rostral levels into its intermediate part at more caudal levels (cf. case 
B1, Fig. 1). 

In case B2, 6 injections were made laterally in the periarcuate area, i.e. 
immediately rostral to the inferior limb of the arcuate sulcus. The column of the 
labelled neurons was located ventral to one in case B1 and slightly more 
medially. It extended (Fig. 1) from the ventromedial part of the VApc into the 
rostroventral part of area X and from there continued, across the internal 
medullary lamina, through the ventromedial  MD into the anterior part of the 
Pm. 

In case B3 with 25 injections in the arcuate gyrus (Fig. 1) the labelled 
neurons were most numerous at midthalamic levels where they tended to be 
concentrated in the area between the populations of cases B 1 and B2. Thus the 
longitudinal group of labelled neurons extended from the centrocaudal part of 
the VApc into the caudally adjoining dorsomedial parts of the VLo and the 
rostral VLc. Further caudally the population gradually moved across the 
internal medullary lamina and while increasing in size and density extended into 
the lateral paralaminar MD, while avoiding the ventral paralaminar MD, 
especially at caudal levels. Further caudally the population continued from the 
MD into the anterior part of the Pm (Fig. 1). In two additional cases (B4 and 
B5) with 12 and 15 injections in the arcuate gyrus above and below the caudal 
part of the principal sulcus respectively, the longitudinal groups of labelled 
neurons occupied roughly the same position as in case B3 but the one in case B4 
with the injections above the principal sulcus tended to be located slightly more 
dorsally than the one in case B5 with the injections below the sulcus. Further in 
these three cases (B3-B5)  as well as in the two preceding ones (B1 and B2) 
some labelled neurons also occurred in the intralaminar PCN and in the Pf. 

In two other cases (B6 and B7) 19 injections were made more caudally in the 
periarcuate area, i. e. in the caudal part of the area above the arcuate sulcus (B6) 
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Fig. 2. Semidiagrammatic representation of the HRP-positive cortical areas (solid black and o~ ) 
and the distributions of the retrogradely labelled thalamic neurons (cases B6, B7 and C1 l i l l  ; case 
D1 o~ ) after injections at the rostral border of the precentral gyrus and in the postcentral gyrus 
respectively. For comparison, the total thalamic area occupied by the labelled 'neurons after 
injections in the caudal parts of the precentral gyrus is shown on the right 
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and immediately caudal to the inferior limb of this sulcus (B7) respectively 
(Fig. 2). The longitudinal populations of labelled neurons were located the one 
(case B6) dorsal to the other (case B7). They were both situated more laterally 
than those in the previous cases and were located mainly in the lateroventral 
compartment from where they extended only caudally across the internal 
medullary lamina. Both populations also showed the apparent medial shift and 
extended from the lateral half of the VApc through the medial parts of the VLo, 
VIM and VLc into the caudal paralaminar MD and the anterior part of the Pm. 

In case B6 the HRP-positive cortical area extended from the superior frontal 
gyrus on the medial surface of the hemisphere into the upper bank of the arcuate 
sulcus. The dorsally situated longitudinal population of labelled neurons of this 
case was located lateral to the B1 population and extended (Fig. 2) from the 
dorsolateral part of the VApc into the dorsal and medial portions of the VLo 
and into area X. Caudal to area X the medial part of the population extended 
across the internal medullary lamina through the lateral paralaminar MD into 
the Pm, while the lateral part continued lateral to the internal medullary lamina 
into the dorsal and medial parts of the VLc (Fig. 2). 

In case B7 in which the HRP-positive cortical area extended from the caudal 
bank of the arcuate sulcus into the area of the inferior precentral dimple, the 
opercular white matter also contained an abundance of HRP-reaction products 
up to the upper border of the insula. The ventrally located longitudinal 
population of labelled neurons of this case was situated lateral to the B2 
population (Fig. 2) and extended from the ventrolateral caudal part of the VApc 
into the medial part of the VLo, lateral to area X. Further caudally the 
population increased in size and density and extended also into the ventral 
portion of area X and into the VLm. Caudal to this level the medial part of the 
population continued across the internal medullary lamina through the ventral 
paralaminar MD into the Pm. The lateral part, however, remained lateral to the 
internal medullary lamina and continued dorsal to the CM-Pf into the medial 
parts of the VIM and the VLc, and ventral to the CM-Pf mainly into the medial 
part of the VPM including the parvocellular VPMpc. In both cases (B6 and B7) 
some lightly labelled neurons were also present in the caudal part of the PCN 
and in the CL as well as in the Pf. 

C. Injections in the Precentral Gyrus 

In the first two cases (C1 and C2) of this group injections were made in the 
rostral part of the precentral gyrus but in the other cases in the caudal parts. In 
all the cases of this group the columns of labelled neurons were almost entirely 
restricted to the lateroventral compartment, but in the first two cases they were 
situated in its medial and dorsal parts, while in the other cases they were situated 
in its ventral and lateral parts. 

In the first two cases (C1 and C2) linear rows of seven to eight injections 
were made rostrally in the precentral gyrus, parallel to the central sulcus. The 
HRP-positive cortical areas overlapped rostrally with that of case B6. The 
longitudinal populations of labelled neurons correspondingly overlapped with 
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the lateral portion of the B6 population and showed the same apparent  medial 
shift. Thus in the rostral thalamus a limited group of labelled neurons was 
present  (Fig. 2) in the outer shell of the VApc  and continued through the 
caudally adjoining medial and intermediate parts of the VLo and the 
laterocaudal part  of area X into the medial to intermediate parts of the VIM and 
the adjoining dorsomedial  and dorsal parts of the VLc (Fig. 2). However, 
labelled neurons were lacking in the medial part  of area X and in a thin 
paralaminar  strip along the dorsal and medial margin of the VIM and VLc. In 
case C2 in which the row of injections continued into the lower one-third of the 
precentral  gyrus, the longitudinal population of labelled neurons extended 
ventromedially (Fig. 2) into the ventral  part  of the VApc,  the ventrocaudal part  
of area X and the VLm. A few sporadic labelled neurons also occurred caudally 
in the ventral paralaminar  MD and in the anterior part  of the Pm (cf. case B7). 
In both cases some lightly labelled neurons were present in the CL and a very 
few occurred medially in the CM. 

In the other cases of this group, with injections in different mediolateral  
parts of the caudal portion of the precentral  gyrus, tall vertically oriented 
longitudinal groups of labelled neurons occurred which after progressively more  
lateral injections in the precentral  gyrus were located progressively more  
medially in VL. These groups together constituted a thick longitudinal band 
(Fig. 2) which was strongly tilted towards the horizontal and occupied the 
ventral and lateral parts of the VLo, the lateral three-fourths of the VIM and the 
adjoining ventral and lateral parts of the VLc. 

In one case (C3) 18 injections were made in the lower one-third of the 
precentral  gyrus next to the central sulcus and the HRP-posi t ive  cortical area 
extended into its rostral bank. The vertically oriented group of labelled neurons 
(Fig. 3), which constituted the most  medial part  of the thick tilted band (see 
above) extended from the medial  part  of the VLo, lateral to area X, into the 
medial part  of the VIM and ventral to the CM into the dorsolateral part  of the 
VPM. 

In three cases (C5, C6 and C7) with 6, 6 and 14 injections respectively, in 
the precentral  gyrus immediately above the knee of the central sulcus the 
vertically oriented longitudinal group of labelled neurons extended through the 
intermediate segments of the VLo, the VIM and the ventral  part  of the VLc 
(case C5, Fig. 3). In three other cases (C8, C9 and C10) with 6, 8 and 11 
injections respectively at the level of the superior precentral  dimple, the 

Fig. 3. Semidiagrammatic representation of the HRP-positive cortical areas (solid black, ++ , o~169 ) 
and the distributions of the retrogradely labelled thalamic neurons (~o  , +% , o~ ) after 
injections in the caudal part of the precentral gyrus. First column on left shows the relatively more 
dorsal, ventral and rostral distribution of the labelled neurons in case C4 ( @o ) as compared to case 
C3 ( ~e  ). However, the CA neurons ( ~o ) occupied a different part of the VPM than the C3 
neurons ( o~ ). Second and third columns from left show the relatively more rostral and dorsal 
distributions of the labelled neurons in cases Cll and C17 ( o�9 ) as compared to cases C8 and C14 
( ~e  ). Column on right shows combined distributions of the labelled neurons in the central and 
peripheral parts of the thalamus in cases with injections along medial ( .'. ) and lateral (_=_) margin 
of the frontal lobe respectively 
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longitudinal groups of labelled neurons were distributed in roughly the same 
way as in the preceding three cases (case C8, Fig. 3) but occupied a slightly more 
lateral position. 

In three cases (C14, C15 and C16) with 18, 16 and 5 injections respectively 
in the upper portion of the caudal part of the precentral gyrus and the 
immediately underlying white matter  the longitudinal group of labelled neurons 
was located very laterally in the thalamus and extended from the lateral parts of 
the VLo into the lateral parts of the VIM and the ventrolateral portion of the 
VLc. However,  in cases C14 and C16 with injections in the cortex immediately 
adjoining the upper portion of the central sulcus, the group of labelled neurons 
continued caudally into the most lateral part of the VPLc (case C14, Fig. 3), 
while in case C15 without injections in this area no labelled neurons were 
present in the VPLc. In addition, in all cases with injections in the caudal part of 
the precentral gyrus many lightly labelled neurons were present in the caudal 
parts of the CL and some in the CM. 

In four other cases linear rows of injections were made which extended from 
the central sulcus rostrally. In cases C l l - C 1 3  these rows of 16 injections 
extended through the area of the superior precentral dimple towards the area 
above the caudal part of the arcuate sulcus, while in case C17 a longer linear row 
of injections was placed along the medial margin of the hemisphere, extending 
from the upper part of the precentral gyrus into the area above the upper limb of 
the arcuate sulcus (cases C l l  and C17, Fig. 3). In these cases longitudinal 
groups of labelled neurons were present in the intermediate and lateral parts of 
the VLo, the VIM and the ventral portion of the VLc, in the same way as in 
cases C8-C10 and in cases C14-C16 respectively. However,  in the present cases 
the groups of labelled neurons extended further rostrally into the lateral part of 
the VApc and further dorsally into the dorsal parts of the VLo and VLc (cases 
C l l  and C17, Fig. 3). Moreover,  especially in case C17 the population of 
labelled neurons extended from the dorsal parts of the VLo and the VLc across 
the internal medullary lamina into the dorsolateral paralaminar MD. 

In case C4, 8 injections were made around the inferior precentral dimple, 
i.e. more rostrally than in case C3, and an abundance of HRP-react ion products 
was present in the immediately underlying white matter. The distribution of the 
labelled neurons in this case (Fig. 3) resembled those in the above four cases 
such that in comparison to case C3 the group of labelled neurons in case C4 
extended more rostrally into the laterocaudal part of the VApc, more dorsally 
into the dorsal part of the VLo and more medially trough the most medial part 
of the VIM into the ventral paralaminar MD (Fig. 3). 

D. Postcentral and Parietal Injections 

In case D1, 10 injections were made in the rostral part of the postcentral gyrus. 
HRP-react ion products were also present in the caudal bank of the central 
sulcus along its entire length and in the opercular white matter. The vast 
majority of labelled neurons was situated more caudally than in the preceding 
cases and occurred in the VPI, the VPLc and in the lateral part of the VPM (case 
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D1, Fig. 2), while virtually none were present either in the most dorsolateral 
part of the rostral VPLc (cf. cases C14 and C16) or in the VL complex including 
the VIM. Some labelled neurons also occurred in the Po as well as in the 
suprageniculate nucleus and a very few were present in the PCN and the CL as 
well as in the CM-Pf. 

In case D2, 18 injections were made in the superior and the inferior parietal 
lobules. The area containing HRP-reaction products extended rostrally into the 
caudal part of the upper one-third of the postcentral gyrus, laterally into the 
banks of the posterior part of the intraparietal sulcus as well as the rostral bank 
of the upper part of the luneate sulcus and medially into the banks of the caudal 
part of the cingulate sulcus. Surprisingly enough, retrogradely labelled neurons 
were present not only in the caudal part of the thalamus but also in its rostral 
part. Caudally the bulk of the labelled neurons was distributed throughout the 
LP and the lateral part of the lateral pulvinar and some occurred also in the 
dorsal part of the VPLc and in the most caudal part of the VLc. Rostrally many 
labelled neurons were present in the rostral part of the PCN as well as in the 
adjoining VAmc. This latter population extended caudally into the ventral part 
of the MD and the adjoining medial part of the PCN and continued caudally in 
decreasing density up to level of the CM-Pf. 

Discussion 

The present findings demonstrate that HRP-injections in different frontal 
cortical areas result in the labelling of longitudinal columns of thalamic neurons. 
A comparison of the findings in cases A2 and A4; B1 and B6; C1, C5 and C8 
indicates that the vast majority of the labelled neurons of these columns must 
have transported the enzyme from the HRP-positive cortical areas and the 
immediately underlying white matter and therefore will be regarded to 
distribute fibres to these cortical areas. 

Cortical Strips and Thalamic Bands 

The various injection sites were chosen such that the resulting HRP-positive 
cortical areas could be combined into transverse cortical strips resembling the 
anatomical and functional subdivisions of the frontal lobe (yon Bonin and 
Bailey, 1947; Woolsey et al., 1950; Kuypers and Lawrence, 1967). In doing so 
the longitudinal columns of labelled neurons aggregate into rostrocaudally 
oriented band~ which occupy the VA, VL, MD and the anterior Pro. Due to the 
wedge-shape of the thalamus as seen in horizontal sections, many of these 
longitudinal bands display along their rostrocaudal trajectory an apparent 
medial shift away from the lateral thalamic border and in several cases cross the 
obliquely oriented internal medullary lamina. 

The most rostral transverse strip appears to receive afferents from the most 
medial thalamic band, while the progressively more caudal strips receive 
afferents from. progressively more lateral bands which display an increasing tilt 
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towards the horizontal. Thus the bands are distributed through a thalamic cross 
section as the ribs of a fan radiating from the area at the lower margin of the 
massa intermedia (Fig. 4). The central parts of these bands, i.e. those parts 
located ventromedially in the thalamus, appear to project to the lateral parts of 
the transverse cortical strips adjoining the lateral fissure, while the peripheral 
parts located dorsally, dorsolaterally and laterally in the thalamus appear to 
project to the medial parts of these strips adjoining the medial margin of the 
hemisphere (cf. combined distributions in cases A4, B2, B7 and in cases A2, B 1, 
C17; Fig. 2). The cortical areas supplied by the more medial bands also appear 
to receive projections from the interlaminar PCN and from the Pf, while those 
supplied by the more lateral bands receive projections from the CL and from the 
CM. 

The bands and columns in the different groups of cases show some 
mediolateral overlap which seems to reflect the rostrocaudal overlap between 
the HRP-positive cortical areas. When taking this into account, the present 
findings make it possible to distinguish seven transverse frontal cortical strips 
and longitudinal thalamic bands, the approximate positions of which are shown 
diagrammatically in Fig. 4. 

Strip 1 comprises the orbitofrontal cortex (case A1) and receives afferents 
mainly from the most medial band, passing through the paramedian part of the 
MD into the anterior Pm. Strip 2 comprises the cortex of the most rostral part of 
the frontal convexity (cases A2 to A4) and receives afferents from band 2, which 
extends from the medial part of VAmc, across the internal medullary lamina, 
through the medial to intermediate portion of the MD into the anterior part of 
the Pro. Strips 3, 4 and 5 (cases B1 to B7) comprise the periarcuate area and 
should be regarded to include the rostral precentral operculum (see case B7). 
This periarcuate area appears to receive afferents from a slightly tilted broad 
thalamic band which extends from the medial three-fourths of the VApc 
through the dorsal and medial parts of the rostral VLo, area X, as well as the 
VLm, across the medullary lamina into the paralaminar MD and the anterior 
part of the Pro. A portion of this broad band continues, however, lateral to the 
internal medullary lamina into the extreme dorsomedial part of the VLc and the 
medial part of the VPM. The findings in cases B1 and B2 versus those in B6 and 
B7 indicate that the rostral and the caudal parts of the periarcuate area, i.e. strip 
3 and strip 5, receive afferents from the medial and lateral parts of this broad 
thalamic band, i.e. from bands 3 and 5 respectively. The arcuate gyrus (cortical 
substrip i~) in the centre of this periarcuate area (cases B3 to B5) appears to 
receive afferents from a neuronal column (band 4) which is sandwiched between 
bands 3 and 5 and extends from the VApc, while increasing in size, mainly through 

Fig. 4. Diagrammatic approximation of the position of eight transverse cortical strips (see text) and 
the corresponding eight thalamic afferent bands. Note in cross sections (left) that progressively more 
caudal strips receive afferents from progressively more lateral bands which display an increasing tilt 
towards the horizontal. Note in horizontal sections (right) that the bands are oriented rostrocaudally 
and in some cases extend across the internal medullary lamina from one nucleus into another 
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the lateral paralaminar MD into the anterior part of the Pm. Strip 6 comprises 
the rostral part of the precentral gyrus (cf. cases B6, B7 and cases C1, C2, C4) as 
well as the adjoining opercular cortex (see case C4). This strip appears to 
receive afferents from the tilted band 6 which is located lateral to band 5 and 
extends from the caudolateral border of the VApc through the medial to 
intermediate parts of the VLo, probably including the caudal part of area X, into 
the medial to intermediate parts of the combined VIM and VLc and VPM. Strip 
7 (cases C3, C5, C6 to C10, C14 to C16) comprises the caudal part of the 
precentral gyrus and appears to receive afferents from a strongly tilted thick 
band (7) which occupies the ventral and lateral parts of the VLo, the VIM and 
the VLc as well as the dorsolateral part of the VPM. The upper part of this strip 
appears to receive afferents also from the lateral part of the VPLc (cases C14 
and C16). The postcentral strip 8, including the postcentral opercular cortex, 
appears .to receive afferents from the VPLc, the VPI and the lateral part of the 
VPM. 

Earlier studies have defined the organization of the thalamo-cortical 
projecti~)ns by outlining the cortical distribution area of the various specific 
thalamic nuclei. From this vantage point the present findings confirm and extend 
earlier observations. However, the present data also suggest that the population 
of thalamic neurons which project from a specific nucleus to a certain cortical 
area form part of a band or column of neurons which may extend from one 
nucleus into another. Both points will be dealt with in the following discussion. 

Labelling of Specific Thalamic Nuclei 

The distribution of labelled MD neurons after the various injections supports 
earlier conclusions (Walker, 1938a; Nauta, 1962; Akert, 1964; Tobias, 1975) 
concerning the organization of the MD projections to the frontal lobe. The VA, 
because the strong labelling of its neurons as compared to the CL (Jones and 
Leavitt, 1974) will be regarded as a specific thalamic nucleus. According to 
degeneration studies this nucleus projects to the areas rostral to the precentral 
gyrus (Le Gros Clark and Boggon, 1935; Chow and Pribram, 1956; Kruger and 
Porter, ~1958; Carmel, 1972) and possibly also to areas further rostrally (Le 
Gros Clark and Boggon, 1935; Carmel, 1972) in agreement with the present 
findings (e.g. case A2). The labelling of VA neurons from the parietal cortex 
(case D2) may correspond with findings in the cat (Mizuno et al., 1975). Earlier 
evidence for projections from area X and probably also from the VLc to the area 
immediately rostral to the precentral gyrus (Le Gros Clark and Boggon, 1935; 
Roberts and Akert, 1963; Strick, 1976) is supported by the present observations 
and the existence of such projections is reflected in the tilted position of band 5 
which extends from the ventromedial to the dorsolateral parts of the VL. 

The VLo, VIM (VPLo). VLc and VPM projections to the precentr'al gyrus as 
demonstrated in the present material have been reported earlier (Walker, 
1938a, 1938b; Chow and Pribram, 1956; Kruger and Porter, 1958; Roberts and 
Akert, 1963; Dekker et al., 1975; Strick, 1976). These projections parallel the 
reciprocal precentral projections to several of these nuclei (Sakai, 1967; Petras, 



Thalamo-Frontal Connexions in Monkey 315 

Fig. 5. Composite darkfield photomicrograph of the VA in case B] (cf. Fig. 1) with injections 
around the rostral end of the upper limb of the arcuate sulcus. Note presence of labelled neurons in 
VAmc and in VApc 
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1969; Kfinzle, 1976). The almost exclusive labelling of VPLc and VPM and VPI 
after postcentral injections is in keeping with earlier findings (Strick, 1976) and 
supports the contention that the VB complex, and apparently especially its 
caudal part (VPLc), projects mainly to areas 3, 1 and 2 (Jones and Powell, 1970; 
Burton and Jones, 1976). This is also in keeping with the fact that the reciprocal 
postcentral fibres are distributed to these same nuclei; VPLc, VPM and VPI 
(Sakai, 1967; Jones and Powell, 1970; DeVito and Simmons, 1976). Labelling 
of neurons laterally in VPLc after injections in the rostral bank of the upper end 
of the central sulcus (cases C14 and C16) probably reflects the presence of area 
3a in the deep part of the rostral bank at this level (Powell and Mountcastle, 
1959). 

The existence of VPM projections to the postcentral gyms, the lower 
one-third of the precentral gyrus (area 3) and the precentral operculum 
(Walker, 1938a; Roberts and Akert, 1963; Burton and Jones, 1976) is 
compatible with the labelling of the VPM after precentral and postcentral 
injections (cases C3 and D1) and is in keeping with the existence of projections 
from the lower one-third of the precentral and the postcentral gyrus to the VPM 
(Sakai~ 1967; Kfinzle, 1976). The labelling of VPMpc neurons in case B7 
probably resulted from the deposition of enzyme in the white matter close to the 
insular border (cf. Burton and Jones, 1976). The present findings also confirm 
the existence of Pm projections to the rostral frontal cortex (Trojanowski and 
Jacobson, 1974; Bos and Benevento, 1975). 

The projections from the central and peripheral parts of the thalamic bands 
tothelateral and medialparts of thefrontal lobe respectively (Fig.3) provide a 
framework for the earlier conclusions that the neurons projecting to the frontal 
operculum and the insula are located around the CM-Pf (Roberts and Akert, 
1963) while the neurons dorsally in the MD project to the medial parts of the 
frontal lobe (Walker, 1938a; Akert, 1964). The labelling of neurons in the 
lateral paralaminar MD after arcuate gyrus injections, i.e. in the middle 
one-third of the mediolateral extent of the periarcuate area (cases B3, B4, B5) 
also conforms to this principle because the lateral paralaminar MD is located in 
the intermediate one-third of the broad periarcuate thalamic band (bands 3, 4 
and 5). The pronounced tilt of band 7 (Fig. 4) converts its central-peripheral 
subdivision into a medial-lateral one, which explains the earlier findings that the 
medial, intermediate and lateral segments of the VL, including the VPLo, 
project to the precentral face, arm and leg areas respectively (Le Gros and 
Boggon, 1935; Walker, 1938a; Strick, 1976) 

The findings of a limited CM and Pf projection to the precentral gyrus and 
the more rostral, frontal areas respectively support earlier observations 
(Bowsher, 1966; Dekker et al., 1975; Strick, 1976). These projections parallel 
the pronounced reciprocal projections from these areas to the CM-Pf (Petras, 
1964; Kuypers, 1966; Kuypers and Lawrence, 1967; DeVito, 1969). The 
findings of PCN and CL projections to the rostral and caudal parts of the frontal 
lobe respectively resemble earlier degeneration findings in cat (Murray, 1966; 
Macchi et al., 1970) and HRP findings in the monkey (Dekker et al., 1975; 
Strick, 1976). However, the PCN was found to project also to the parietal cortex 
(case D2). 
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Longitudinal Columns of Labelled Neurons 

One of the unexpected findings of the present study was the fact that some of the 
longitudinal groups of labelled neurons extended from one nucleus into another. 
For example, after rostral frontal injections these groups of neurons extended 
from the medial part of the VA, across the internal medullary lamina, through 
the MD into the Pm (cf. cases A2 and B 1; Fig. 1). Moreover, after injections in 
the caudal part of the area above the arcuate sulcus (case B6, Fig. 2) the group 
of neurons extended from the lateral part of the VA through the paralaminar 
VL and the caudal paralaminar MD into the Pm. These findings obtain some 
support from earlier data which may be interpreted to suggest overlap in the 
VA, MD and Pm projections to the rostral part of the frontal lobe (Le Gros 
Clark and Boggon, 1935; Carmel, 1972; Tanaka, 1973; Trojanowski and 
Jacobson, 1974; Bos and Benevento, 1975) and overlap in the VA, area X and 
VLc projections to the cortex above the arcuate sulcus (Le Gros Clark and 
Boggon, 1935; Chow and Pribram, 1956; Roberts and Akert, 1963; Akert, 
1964; Carmel, 1972). The findings are also reminiscent of the fact that in 
monkey, chimpanzee and man, after frontal lesions retrograde degeneration 
may occur in the rostrolateral MD in combination with the medial part of the 
VA (Walker, 1938b; Freeman and Watts, 1947) and in the VL in combination 
with the lateral part of the VA (Walker, 1938b; Freeman and Watts, 1947; 
Meyer et al., 1947). 

In view of the present findings the thalamus seems to contain a hidden 
matrix of longitudinal cell columns which may represent the basic thalamic 
building blocks in respect to the specific thalamo-cortical connexions. Some of 
these columns would extend across the internal medullary lamina and traverse 
specific nuclear borders (Fig. 4). Such a matrix would imply that afferents to two 
different nuclei located in different parts of the thalamus may ultimately 
converge on the same cortical area. 

The existence of such a matrix is supported by the fact that several fibre 
systems seem to follow its pattern. For example the intrathalamic trajectories of 
the thalamo-cortical and the cortico-thalamic fibres to and from the rostral part 
of the frontal lobe display a similar rostrocaudal orientation as the longitudinal 
columns projecting to these cortical areas (Scheibel and Scheibel, 1966, 1967) 
and these trajectories apparently involve the MD together with the VA 
(Showers, 1958; DeVito and Smith, 1964; Astruc, 1971; Tobias, 1975; Tanaka, 
1976). The trajectories of the descending intrathalamic fibres (Carmel, 1972) 
from the VA across the internal medullary lamina into the MD and of the 
ascending CM fibres through the internal medullary lamina and the VA to the 
putamen (Mehler, 1966) also seem to conform to the matrix. 

The same seems to apply to the distribution areas of the cerebellar and 
fastigial fibres. The former area which occupies most laterally the VLc and the 
caudolateral part of the MD tapers down rostrally to the lateral part of the VA, 
while the latter area which occupies most caudally the ventral part of the VLc 
tapers down rostrally through the VIM and the caudal part of area X to the 
lateral part of the VLo (Kievit and Kuypers, 1972). 
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Fig. 6 
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Assuming the existence of such a thalamic matrix it is, however, surprising 
that only few studies (Le Gros Clark and Boggon, 1935; Tanaka, 1973) 
reported columns of retrograde degeneration extending across nuclear borders 
after frontal lesions. This may be due to the fact that the thalamus has generally 
been studied in transverse sections and strong emphasis has been placed on 
midthalamic levels (Akert, 1964). It may also be due to the fact that only the 
MD segment of the prefrontal thalamic band shows severe degeneration since 
the retrograde changes in the VA generally are less pronounced than in the MD 
(Walker, 1938a; Powell, 1952) and those in the anterior part of the Pm 
apparently only occur after combining frontal lesions with rostral temporal 
lesions (Chow, 1950). However, it may also be argued that the longitudinal 
distribution of labelled neurons across nuclear borders does not represent a 
thalamic organization but reflects the rather large size of the HRP-positive areas 
comprising parts of the presumably distinct projection areas of the different 
specific nuclei. Yet, the fact that columns of labelled neurons extending through 
several nuclei also occurred after restricted injections (cases B2, C4) and that 
such columns show a systematic shift through the nuclei after injections in 
adjacent cortical areas (cf. cases A2, B1, B6, C2, C14 and A4, B2, C4, C3) 
strongly favour the existence of a columnar arrangement. 

Acknowledgements. The authors are grateful to Dr. D. Hopkins for reading the manuscript, to 
Mr. E. Dalm for his surgical assistance, to Mrs. C. Byker-Biemond and Mr. J. P. M. Schoelitsz for 
their very dedicated histological help, to Miss A. M.B. Wessels for typing the manuscript and 
especially to Mr. W. van den Oudenalder for his invaluable help with the photography. The authors 
also thank Drs. S. Jacobson and J. Trojanowski for the use of some of their material prepared during 
their stay in Rotterdam. 

This study was in part supported by Grant No 13-31-12 of FUNGO-ZWO (Dutch Foundation 
for Fundamental Research in Medicine) and by an interdepartmental Dutch Government Grant. 
J. Kievit held a FUNGO-ZWO fellowship. A preliminary report of the present findings has been 
published in Brain Res. 85, 261-266 (1975). 

References 

Akert, K.: Comparative anatomy of frontal cortex and thalamofrontal connections. In: The Frontal 
Granular Cortex and Behaviour (eds. J.M. Warren and K. Akert). New York: McGraw-Hill 
1964 

Astruc, J.: Corticofugal connections of area 8 (frontal eye field) in Macaca mulatta. Brain Res. 33, 
241-256 (1971) 

Bonin, G. von, Bailey, P.: The Neocortex of Macaca Mulatta, pp. 136. Urbana, Ill.: University of 
Illinois Press 1947 

Bos, J., Benevento, L.A.: Projections of the medial pulvinar to orbital cortex and frontal eye fields 
in rhesus monkey (Macaca mulatta). Exp. Neurol. 49, 487-496 (1975) 

Fig. 6. Composite darkfield photomicrograph (A) shows the labelled neurons in caudal part of MD 
in case B 1 (cf. Fig. 1) with injections around the rostral end of the upper limb of arcuate sulcus and 
(B) shows the labelled neurons in the lateral part of MD, in CL, and in the medial part of VL in case 
B6 (cf. Fig. 2) with injections in caudal part of the area above arcuate sulcus 



320 J. Kievit and H. G. J. M. Kuypers 

Bowsher, D.: Some afferent and efferent connections of the parafascicular-center median complex. 
In: The Thalamus (eds. D.P. Purpura and M.D. Yahr), pp. 99-108. New York: Columbia 
University Press 1966 

Brodal, A.: Modification of Gudden method for study of cerebral localization. Arch. Neurol. 
Psychiat. Chicago 43, 46-58 (1940) 

Bunt, A.H., Hendrickson, A.E., Lund, J.S., Lund, R.D., Fuchs, A.F.: Monkey retinal ganglion 
cells: Morphometric analysis and tracing of axonal projection, with a consideration of peroxidase 
technique. J. comp. Neurol. 164, 265-286 (1975) 

Bunt, A.H., Lund, R.D., Lund, J.S.: Retrograde axonal transport of horseradish peroxidase by 
banglion cells of albino rat retina. Brain Res. 73, 215-228 (1974) 

Burton, H., Jones, E. G.: The posterior thalamic region and its cortical projection in new world and 
old world monkeys. J. comp. Neurol. 168, 249-302 (1976) 

Carmel, P.W.: Efferent projections of the ventral anterior nucleus of the thalamus in the monkey. 
Amer. J. Anat. 128, 159-184 (1972) 

Chow, K.L.: A retrograde cell degeneration study of the cortical projection field of the pulvinar in 
the monkey. J. comp. Neurol. 93, 315-340 (1950) 

Chow, K.L., Pribram, K.H.: Cortical projection of the thalamic ventrolateral nuclear group in 
monkeys. J. comp. Neurol. 104, 57-75 (1956) 

Clark, W.E. Le Gros, Boggon, R.H.: The thalamic connexions of the parietal and frontal lobes of 
the brain in the monkey. Phil. Trans. B 224, 313-359 (1935) 

Crouch, R.L.: The nuclear configuration of the thalamus of Macacus rhesus. J. comp. Neurol. 59, 
451-485 (1934) 

Dekker, J.J., Kievit, J., Jacobson, S., Kuypers, H.G.J.M.: Retrograde axonal transport of 
horseradish peroxidase in the forebrain of the rat, cat and rhesus monkey. In: Prospectives in 
Neurobiology. Golgi Centennial Symposium (ed. M. Santini), pp. 201-208. New York: Raven 
Press 1975 

DeVito, J.L.: Projections from the cerebral cortex to intralaminar nuclei in monkey. J. comp. 
Neurol. 136, 193-202 (1969) 

DeVito, J. L., Simmons, D. M.: Some connections of the posterior thalamus in monkey. Exp. Neurol. 
51, 347-362 (1976) 

DeVito, J. L., Smith, O. A. Jr.: Subcortical projections of the prefrontal lobe of the monkey. J. comp. 
Neurol. 123, 413424  (1964) 

Freeman, W., Watts, J. W.: Retrograde degeneration of the thalamus following prefrontal lobotomy. 
J. comp. Neurol. 86, 65-93 (1947) 

Graham, R. C., Karnovsky, M.J.: The early stages of absorption of injected horseradish peroxidase 
in the proximal tubules of the mouse kidney: Ultrastructural cytochemistry by a new technique. 
J. Histochem. Cytochem. 14, 291-302 (1966) 

Jones, E.G.: Possible determinants of the degree of retrograde neuronal labelling with horseradish 
peroxidase. Brain Res. 85, 249-253 (1975) 

Jones, E.G., Leavitt, R.Y.: Retrograde axonal transport and the demonstration of non-specific 
projections to the cerebral cortex and striatum from thalamic intralaminar nuclei in the rat, cat 
and monkey. J. comp. Neurol. 154, 349-378 (1974) 

Jones, E.G., Powell, T. P.S.: Connexions of the somatic sensory cortex of the rhesus monkey. III. 
Thalamic connexions. Brain 93, 37-56 (1970) 

Kievit, J., Kuypers, H. G. J. M.: Fastigial cerebellar projections to the ventrolateral nucleus of the 
thalamus and the organization of the descending pathways. In: Corticothalamic Projections and 
Sensorimotor Activities (eds. T. Frigyesi, E. Rinvik and M.D. Yahr), pp. 91-114. New York: 
Raven Press 1972 

Kristensson, K., Olsson, Y.: Retrograde axonal transport of protein. Brain Res. 29, 363-365 (1971) 
Kristensson, K., Olsson, Y.: Retrograde transport of horseradish peroxidase in transected axons. 

Time relationships between transport and induction of chromatolysis. Brain Res. 79, 101-109 
(1974) 

Kruger, L., Porter, P.: A behavioural study of the functions of the Rolandic cortex in the monkey. J. 
comp. Neurol. 109, 439478  (1958) 

Ktinzle, H.: Thalamic projections from the precentral motor cortex in Macaca fascicularis. Brain 
Res. 105, 253-267 (1976) 



Thalamo-Frontal Connexions in Monkey 321 

Kuypers, H. G. J.M.: Centremedian. Comments on W.R. Mehler, Centremedian nucleus of Luys. 
In: The Thalamus (eds. D.P. Purpura and M.D. Yahr), pp. 109-127. New York: Columbia 
University Press 1966 

Kuypers, H. G. J. M., Kievit, J., Groen-Klevant, A.C.: Retrograde axonal transport of horseradish 
peroxidase in rat's forebrain. Brain Res. 67, 211-218 (1974) 

Kuypers, H. G. J. M., Lawrence, D.G.: Cortical projections to the red nucleus and the brain stem in 
the rhesus monkey. Brain Res. 4, 151-188 (1967) 

Kuypers, H. G.J.M., Maisky, V.A.: Retrograde axonal transport of horseradish peroxidase from 
spinal cord to brain stem cell groups in the cat. Neurosc. Lett. 1, 9-14 (1975) 

LaVail, J.H., LaVail, M.M.: Retrograde axonal transport in the central nervous system. Science 
176, 1416-1417 (1972) 

Macchi, G., Quattrini, A., Chinzari, P., Capocchi, G.: Valutazione quantitativa della perdite 
cellulari nei nuclei intralaminari del talamo dopo lesioni corticali et sottocorticali. Boll. Soc. ital. 
Biol. sper. 46, 218-221 (1970) 

Mehler, W.R.: Further notes on the center median nucleus of Luys. In: The Thalamus (eds. D.P. 
Purpura and M.D. Yahr), pp. 109-122. New York: Columbia University Press 1966 

Meyer, A., Beck, E., McLardy, T.: Prefrontal leucotomy: A neuroanatomical report. Brain 70, 
18-49 (1947) 

Mizuno, N., Konishi, A., Sato, M., Kawagucbi, S., Yamamoto, T., Kawamura, S., Yamawaki, M.: 
Thalamic afferents to the rostral portions of the middle suprasylvian gyrus in the cat. Exp. 
Neurol. 48, 79-87 (1975) 

Murray, M.: Degeneration of some intralaminar thalamic nuclei after cortical removals in the cat. J. 
comp. Neurol. 127, 341-368 (1966) 

Nauta, W. J. H.: Neural associations of the amygdaloid complex in the monkey. Brain 85, 505-520 
(1962) 

Olszewski, J.: The Thalamus of the Macaca Mulatta, an Atlas for Use with the Stereotaxic 
Instrument. Basel, New York: S. Karger 1952 

Petras, J.M.: Some fiber connections of the precentral cortex (areas 4 and 6) with the diencephalon 
in the monkey (Macaca mulatta). Anat. Rec. 148, 322 (1964) 

Petras, J.M.: Some efferent connections of the motor and somatosensory cortex of simian primates 
and felid, canid and procyonid carnivores. Ann. N.Y. Acad. Sci. 167, 469-505 (1969) 

Powell, T.P.S.: Residual neurons in the human thalamus following hemidecortication. Brain 75, 
571-583 (1952) 

Powell, T.P.S., Mountcastle, V.B.: The cytoarchitecture of the postcentral gyrus of the monkey 
Macaca mulatta. Johns Hopk. Hosp. Bull. 105, 108-131 (1959) 

Roberts, T.S., Akert, K.: Insular and opercular cortex and its thalamic projections in Macaca 
mulatta. Schweiz. Arch. Neurol. Psychiat. 92, 1-43 (1963) 

Rose, J.E., Woolsey, C.N.: Cortical connections and functional organization of the thalamic 
auditory system of the cat. In: Biological and Biochemical Bases of Behaviour (eds. H.F. Harlow 
and C.N. Woolsey), pp. 127-150. Madison, Wisc.: University of Wisconsin Press 1958 

Sakai, S.: Some observations on the corticothalamic fiber connections in the monkey. Proc. Jap. 
Acad. 43, 822-826 (1967) 

Scheibel, M.E., Scheibel, A.B.: The organization of the ventral anterior nucleus of the thalamus. A 
Golgi study. Brain Res. 1, 250-268 (1966) 

Scheibel, M.E., Scheibel, A.B.: Structural organization of nonspecific thalamic nuclei and their 
projection toward cortex. Brain Res. 6, 60-94 (1967) 

Showers, M.J.C.: Correlation of the medial thalamic nuclear activity with cortical and subcortical 
neuronal arcs. J. comp. Neurol, 109, 261-315 (1958) 

Strick, P.L.: Anatomical analysis of ventrolateral thalamic input to primate motor cortex. J. 
Neurophysiol. 39, 1020-1031 (1976) 

Tanaka, D.: Effects of selective prefrontal decortication on escape behaviour in the monkey. Brain 
Res. 53, 161-173 (1973) 

Tanaka, D. Jr.: Thalamic projections of the dorsomedial prefrontal cortex in the rhesus monkey 
(Macaca mulatta). Brain Res. 110, 21-38 (1976) 

Tobias, T.J.: Afferents to prefrontal cortex from the thalamie mediodorsal nucleus in the rhesus 
monkey. Brain Res. 83, 191-212 (1975) 



322 J. Kievit and H. G. J. M. Kuypers 

Trojanowski, J.Q., Jacobson, S.: Medial pulvinar afferents to frontal eye fields in rhesus monkey 
demonstrated by horseradish peroxidase. Brain Res. 80, 3 9 5 4  11 (1974) 

Walker, A.E.: The Primate Thalamus. Chicago, Ill.: University of Chicago Press 1938a 
Walker, A.E.: The thalamus of the chimpanzee. IV. Thalamic projections to the cerebral cortex. J. 

Anat. (Lond.) 73, 37-93 (1938b) 
Woolsey, C.N., Settlage, P.H., Meyer, D.R., Spencer, W., Hamuy, P., Travis, A.M.: Patterns of 

localization in the precentral and "supplementary" motor areas and their relation to the concept 
of a premotor area. Res. Publ. Ass. nerv. ment. Dis. 30, 238-264 (1950) 

Received February 17, 1977 


