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A previous inves t iga t ion  of the his tochemical  d is t r ibut ion  of succinic dehydro- 

gcnase in the  brain of the guinea pig showed considerable gradat ions  of in tens i ty  
and d is t r ibut ion  of enzymic  ac t iv i ty  among the areas of the cerebral cortex 

(FRIEDE 1960). These findings s t imula ted  an interest  in a more detai led com- 

parison of the cortical  cytoarchi tectonics  (RosE 1912, KRIEO 1946) wi th  chemo- 
architectonics.  Such an inves t iga t ion  was made possible by removing  the histo- 

chemical  s tain from the t issue and res ta ining the sections wi th  a cell stain. This 
technique  was used wi th  success for the demons t ra t ion  of enzymat ic  changes 

dur ing axonal  react ion of nerve  cells (FRIEDE 1959b). 

Material and Methods 
Succinic dehydrogenase was demonstrated in frozen sections from unfixed tissue, 60 micra 

thick. The tissue had to be cut at a temperature of - -  3 to - -  1 ~ C if Tetrazolpurpur was used, 
since controlled temperature during cutting prevents the formation of coarse crystals in the 
tissue (FRIEDE 1958). The sections were transferred from the knife for 2 hours at 38 o C into 
the incubation medium which contained equal parts of: sodium succinate 1%; 0.1 M phos- 
phate buffer; PH 7,8; and Tetrazolpurpur 0,25 %. The incubation was terminated by pouring 
the contents of the incubation containers (small weighing bottles) into 10% formalin. Sections 
were mounted with glycerin gelatin. Nitro BT (1 mg/ml, NACHLAS and coworkers 1957) 
proved more advantageous than Tetrazolpurpur because it required a less rigid control of the 
cutting temperature and was more sensitive. The restaining technique described below, 
however, required Tetrazolpurpur because of poor solubility of the formazan from Nitro BT. 
Otherwise both Tetrazolium derivatives showed identical results. This technique for SDA is 
so reliable that it permits photometrical measurements (F~IED~ 1960). 

Restaining technique: Photomicrographs were taken from sections stained for succinic 
dehydrogenase; the sections then were removed from the slides, dehydrated in alcohols and 
transferred into alcohol-ether at 380 C which dissolved the formazan within about 2 days. 
The bleached sections were transferred through alcohols back into water and stained with 
EINARSO:N'S chromalum-gallocyanin; after staining, they were dehydrated again and mounted 
with balsam. Photographs were taken from the fields from which the enzyme activity was 
recorded. An effort was made to obtain exactly identical fields of the histochemical reaction 
and the cell stain. The pictures were adjusted one upon another on an illuminated screen so 
that landmarks in various parts of the sections were centered upon each other. It  is possible, 
therefore, to obtain a cell-to-cell account of the enzyme localization. 

Results 

The funct iona l  significance of the gradat ions  of succinc dehydrogenase are 
be t te r  unders tood  by comparison wi th  the findings in a recent  compara t ive  
his tochemical  inves t iga t ion  of the brain s tem of the cat in which measurements  
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of SDA and eapillarization were proportional to each other in 64 representative 
nuclei. Moreover SDA, eytoehrome oxidase, T P N  and DPN diaphorase showed 
a close similarity of their histochemical patterns. The pat tern  of SDA, therefore, 
can be used as a parameter  of the general oxidative metabolic act ivi ty of a given 
region, which is int imately linked to function. 

A detailed description of the histochemieal distribution of suecinc dehydro- 
genase act ivi ty (SDA) in the individual cortical areas was previously published. 
The following provides an abstract  of the general chemoarchiteetonics of the 
isoeortex for orientation. 

SDA in the first or molecular layer is diffusely distr ibuted in the neuropiP; 
it  is stronger in the superficial part  of the layer than in its deep part.  The SDA 
of the molecular layer varies little among the areas of the isocortex. 

The border between the first and the second layer is indicated by  an increase 
of SDA in the latter. The second, third, and fourth layers histochemically are 
not demarcated from each other and form one homogeneous band which is 
termed "upper  cellular layers" in the following. These layers form a zone of 
diffuse act ivi ty in the neuropil in which very few periearya are discernible. The 
pericarya of the major i ty  of the cells contain less SDA than the surrounding 
neuropil; they are not discernible from the neuropil even in thinner sections 
or if a shorter incubation period is used. The SDA of the upper cellular layers 
varies considerably among the cortical areas; it is lowest in the insular and lower 
temporal  cortex, somewhat tfigher in the precentral and the parietal cortex and 
is highest in the postcentral, the occipital and the auditory cortex. These grada- 
tions have been established densitometrically (Table). 

The fifth and sixth layers are sharply demarcated from the upper cellular 
layers and, in the following, are termed "deep cellular layers". Their histochemical 
pat tern differs from tha t  of the upper cellular layers: the SDA in the pericarya 
prevails over the mild or weak SDA in the neuropil. The nerve cells of the fifth 
layer usually show a stronger SDA than those of the sixth layer and are bet ter  
discernible from the neuropil. The enzymic act ivi ty of the deep cellular layers 
varies little among areas of the isoeortex but  the fifth layer is very thick in the 
frontal cortex. 

Many of the chemoarehiteetonie differences among eytoarchitectonic areas 
of the isocortex result from gradations of enzymic activi ty in the neuropil which 
behaves like an individual tissue structure. There is no sharp boundary of 
the neuro pil of individual cortical areas, so that  most of the transitions are gradual 
and do not permit  sharp separation of areas as by  drawing a line. 

The allocortieal areas show a greater variabi l i ty of patterns but  all of them 
show stronger SDA in the molecular layer than  is found in the isoeortex. Particu- 
larly the pyriforme cortex (area 51) shows stronger SDA in its molecular layer 
than  in any of its deeper layers. Other regions show specific patterns such as the 
tr i laminate pat tern of the retrolimbic cortex (area 29) or the specific ehemo- 
architectonics of the hippocampus and the bulbus olfactorius but  these patterns 
are too diversified to be described in detail in this article. 

1 The term neuropil is used to define the diffusely distributed enzyme activity outside 
of the pericarya; delicate dendrite ramifications obviously bear most of the enzymic activity 
found in the neuropfl. For a more detailed discussion of the term neuropil see FmED~. (1960). 



484 REINHARD L.  FRIEDE:  

Table. Mean values of densitometric measurements of succinic dehydroge~ase activity in 
various cortical areas, expressed as a percentage of the intensity measured in the putamen. 

(FRIEDE, J. Neurochem., ,~,158) 

Regio frontalis 

Regio postcentralis 
area 1--3--5 

Auditory area 41 

Regio parietalis 
area 7 

Molecular  
l a y e r  1 

32 

35 

36 

Regio occipitalis 35 
area 17 and 18 

Inferior temporal 35 
and insular cortex 

5O 

Cor t i ca l  l aye r s  

Area parorbitalis 
area 8 

Regio cingularis 
area 23 

Area retrolimbica 
area 29 

Area parasubicularis 
area 49 

71 47 
(upper) (lower) 

U p p e r  
ce l lu la r  
l a y e r  2 

to  4 

50 

104 

97 

60 

93 

46 

66 

Deep ce l lu lar  l aye r s  

l a y e r  5 l a y e r  6 

47 31 

53 34 

43--50--43 27 
sublaminae 

60--52 36 
sublaminae 

37 33 

35 34 

80 47 
~- gradual transition of the 

cellular layers -~ 

75 45 61 37 
(fourth) 

125 51 
<-merged second to layer--> 

B o u n d a r y  
of co r t ex  

a n d  w h i t e  
matter 

not sharp 

sharp 

W h i t e  
m a t t e r  

10 

10 

sharp 

scharp 10 

sharp 10 

sharp 

not sharp 

sharp 

not sharp 

not sharp 

Area prepiriformis 87 43 not sharp 
area 51 ~- merged cellular layers --> 

Tuber olfactorius 71 32 transition 
area 51 <-- merged cellular layers -> into nucl. 

amygdalae I 
Subiculum 114 23 75 sharp 11 

fiber layer ~- merged cellular layers-> 

I n  the  following, the  resul ts  of a compar ison  of cy toarchi tec tonics  and  chemo- 
archi tec tonics  of several  r ep resen ta t ive  cor t ica l  areas  are described.  I t  mus t  be 
emphas ized  t h a t  the  accompany ing  sets of p ic tures  demons t ra te  exac t ly  ident ica l  
fields. 

Postcentral cortex (Figs. 1 and  2) 

The  pos tcen t r a l  cor tex  of the  guinea  pig  (and the  rat)  is charac ter ized  b y  a 
s egmen ta t ion  of the  neuropi l  of the  upper  cellular layers  (par t icu la r ly  the  t h i r d  
and  four th  layers),  which is specific for th is  region. The dense cell popu la t ion  
of the  upper  cellular  layers  is no t  discernible  f rom the  diffusely d i s t r i bu t ed  
SDA in the  neuropi l  and  ne i the r  is the  dense cell l amina  in the  superf ic ial  pa r t  
of the  second layer  ref lected b y  enzymic  d i s t r ibu t ion .  The segmenta t ion  of 
the  t h i r d  and  four th  layers  is found only  in the  pos tcen t ra l  cor tex  bu t  no t  in  the  
a u d i t o r y  or  the  v isua l  cor tex which otherwise are ve ry  s imilar .  

I f  r es ta ined  sections are searched for a cytological  p e n d a n t  to  th is  segmenta t ion ,  
a cons is ten t  inverse  re la t ionsh ip  is found be tween ce l ldens i ty  and  enzymic  ac t iv i ty .  
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The zones of very strong SDA are identical with areas with fewer cells; the 
zones of weak SDA between them show a dense packing of pericarya (Figs. 1 

Fig .  1. Cy toa r eh i t e c ton i c s  a n d  chemoareh i t ee ton i e s  of t he  p o s t e e n t r a l  r e g i o n  of t he  g u i n e a  p ig ;  r i g h t  
a n d  lef t  p i c t u r e  show e x a c t l y  i d e n t i c a l  f ie lds .  The  a r rows  i n d i c a t e  t h a t  t he  h i s t oehemiea l  s e g m e n t a t i o n  

of t he  t h i r d  a n d  f o u r t h  l a y e r s  is  re f lec ted  b y  inve r se  changes  of t he  cel l  d e n s i t y  

and 2). This inverse gradient is interpreted by comparison with the cytological 
distribution of SDA in the cerebellar granular cells. The pericarya of these cells 
contain little SDA while their synaptic glomerula cerebellaria show strong 
SDA (FRIED~ 1960) due to a shifting of metabolic activity from the pericaryon 
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into the terminal ramifications of dendrites. An identical shift is characteristic 
for the fourth layer of the cerebral cortex, where the aggregations of pericarya 

F i g .  2. T r a n s i t i o n  zone  b e t w e e n  p o s t c e n t r a l  a n d  p a r i e t a l  c o r t e x ;  n o t e  t h e  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  
e~lzymie  a c t i v i t y  a n d  cel l  d e n s i t y  i n  t h e  r i g h t  a n d  l e f t  s ide  of  t h e  p i c t u r e s  a s  i n d i c a t e d  b y  a r r o w s  

show less SDA than the zones of neuropil with rich dendrite ramifications. Nerve 
cells with very little SDA in their pericarya were frequently found in the upper 
cortical layers in a previous investigation studying isolated cells (FRIEDE 1960). 

The shifting of SDA into the dendrites explains the difficulties which one encoun- 
ters in delineating histochemically the fourth layer. The deep part  of the fourth layer 
is very rich in pericarya and thus shows weak SDA; it is barely discernible, the- 
refore, from the fifth layer which is characterized by mild SDA in its neuropil. 
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The major i ty  of the large pyramidal  cells of the fifth layer show strong SDA 
in their  pcricarya which contrasts with the weak SDA in the intervening neuropil. 

Fig .  3. P r e c e n t r a l  co r t ex  (of. t ex t )  

The cells of the sixth layer show less SDA than those of the fifth layer; there are 
also gradations among individual cells. 
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Although the density of glial cells in the white mat ter  exceeds that  in the 
molecular layer, SDA is almost absent in white mat ter  but is mild in the molecular 

Fig. 4. Lower  t empora l  cor tex;  note  the prevalence  of enzymic  ac t i v i t y  in the large p y r a m i d a l  cells 
of the f if th l ayer  which is typ ica l  for this  region 

layer; this indicates little contribution of glial cells to the enzymic activi ty of the 
neuropil. 

Large blood vessels are discernible mainly by their lumen which produces an 
empty  space in the tissue; capillaries are not discernible. Enzymic activity 
does not change with the distance from the vascular wall. 
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Precentral cortex (Fig. 3) 

The precentral cortex is discernible from the postcentral cortex by weaker 
SDA in the upper cellular layers and by the thicker fifth layer which shows 
widely scattered pyramidal cells. The cytological boundary of the first and 
second layer is scarcely reflected by SDA; most of the small pyramidal cells 
of the third layer are not discernible from the neuropil. The large pyramidal 
cells in the fifth layer can be identified by SDA. 

Insular and lower temporal cortex (Fig. 4) 

These areas show lowest SDA of the isoeortex and are not discernible from 
each other. In spite of the weak reaction of the neuropil, only a few of the cells 
of the second and third layers are discernible. The majority of them contains 
less SDA, or SDA equal to that  in the neuropil. I t  is typical for the temporal 
cortex that  the pyramidal cells of the fifth layer show strongest SDA of all the 
cortical layers. 

Two areas of the allocortex are described in the following because of their 
interesting enzyme patterns. 

Area retrosplenalis or area 29 (Fig. 5) 

The thick molecular layer shows a gradation of very strong SDA in its upper 
part and weak SDA in its deep part, but no cytological pendant to this gradation 
is found in the restained sections. The dense cell population of the adjacent upper 
layers seems, in this area, to be reflected by stronger SDA; however, zones of 
greatest cell density do not always coincide with zones of strongest enzyme 
activity and, comparing the layers among each other, there is absolutely no 
correlation of SDA and cell density. 

Area pyri/ormis or area 51 (Figs. 6 and 7) 

The area pyriformis shows a conspicuous prevalence of SDA in the molecular 
layer. The gradation of SDA within this layer is not clearly reflected by the 
glial density. The compact lamina of nerve cells bordering the molecular layer 
is almost indiscernible by SDA and can be localized only by the absence of SDA 
in the cell's nuclei. The deeper part of this lamina shows less cells but  equal, if 
not stronger, SDA. The circular light spots in Fig. 6 are artefacts which appear 
in old sections; this section, for example, was photographed and restained after 
two and one-half years' storage, which demonstrates the stability and the absence 
of diffusion in the preparations. 

The tuberculum olfactorius shows weakest SDA among the parts of the area 51 ; 
Fig. 7 shows its transition into the amygdaloid nucleus. The area with mild, 
diffusely distributed SDA in the top of the picture is the basal amygdaloid 
nucleus, delineated by a narrow fiber lamina without SDA. The region between 
this fiber lamina and the cortex represents the cortical amygdaloid nucleus 
(see BRo])~  1957, JOHNSON 1957), which histochemically lacks sharp boundaries 
with the pyriforme cortex. The large cell group in the left lower part  of the 
picture is not discernible by SDA, contrary of the cells in the middle part of the 
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Fig. 5. Rctrosplenia l  cor tex (area 29) exhibi t ing its typica l  t r i l amina te  pa t t e rn  of enzyme 
dis t r ibut ion 

Fig. 6. Pyrifomnc cor tex (area 51). Enzymic  ac t iv i ty  prevai ls  in the molecular  layer  and is re la t ively  
weak in the cell layers  
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Fig.  7. T r a n s i t i o n  zone of t he  nuc leus  a m y g 4 a l a e  (top) a n 4  the  t u b e r e u l u m  a c u s t i c u m ;  for  iden t i -  
f i c a t i o n  of t he  i n 4 i v i d u a l  s t r u c t u r e s  see the  t e x t  

Z. Zel l forseh. ,  Bd .  52 33 
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picture, which are readily identified in both photographs; this demonstrates the 
conspicuous individual variations of enzymic activity in the pericarya of certain 
regions. 

D i s c u s s i o n  

Considerable criticism of the principles of cytoarchitectonic cortical mapping 
arose following the investigation of LASHLEY and CLARK (1946), in which two 
investigators, working independently from each other with the same material, 
obtained different mappings of cortical areas. Therefore, the implications at 
which one arrives studying the chemical architectonics of the cerebral cortex 
shah be outlined shortly. 

The main regions of the cerebral cortex are clearly discernible by differences in 
enzymic distribution. The transitions among these regions, however, are very 
gradual, even at places where the histochemical patterns are so different as 
between the pre- and the postcentral cortex. The sharp delineation of cortical 
areas by drawing a line is not supported histochemically. Most of the differences 
among areas are established bygradations of enzymic activity in the neuropil which 
has no sharp boundaries. The gradual changes in the neuropil also do not permit 
a more detailed areal subdivision of the cortex. There is, for example, a gradual 
increase of SDA in the upper cellular layers from the frontal pole to the precentral 
region which can be measured photometrically; however, there is nowhere a 
boundary along this line which would permit discernment of a frontopolar from 
a precentral area. Measurements of such gradations introduce a simple means to 
express the cortical architectonics quantitatively. 

An observation which seems of basic importance for the understanding of the 
functional organization of the cortex is the shifting of enzymic activity in either 
dendrites or pericaryon. The fourth layer, for example, shows little enzymic 
activity in the pericarya but much in the neuropil, which, to a large part, is 
formed by dendrite ramifications. The fifth layer, on the other hand, shows 
enzymic activity prevailing in the pericarya. A complete and detailed mapping 
of SDA in the guinea pig's brain has shown that  these cytological patterns are 
consistent and typical for certain nuclei (F~IED]~ 1959a). The cells maximal 
metabolic activity, therefore, can be shifted either towards the dendrites or 
towards the pericaryon and one may discern cells with dendritic and with somatic 
enzyme supply. 

Which cytological parameters could reflect these intracellular biochemical 
patterns ? I t  appears that  the shifting of enzymic activity from the pericaryon 
into the neuropil is accompanied by a similar shift of cytoplasm as expressed by 
the size relationship of nucleus and pericaryon (Kern-Plasmarelation). Laminae 
in which enzymic activity prevails in the neuropil show nerve cells with little 
cytoplasm (granular cells) while laminae in which enzymic activity prevails in 
cell bodies show large pericarya. Measurements by BAuN (1951) give a relationship 
between nucleus and pericaryon of: 1.74, 2.35, 3.24, in upper layers : deep layers : 
giant pyramidal cells of the horse's cortex. 

The comparison of enzymic activity and glial cell density in the white matter  
and the molecular layer implies that  glial cells contribute little of the enzymic 
activity of the neuropil. Glial cells, however, should not be disregarded completely, 
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since cell counts  in  o ther  regions imp l i ed  some q u a n t i t a t i v e  re la t ionsh ip  of gl ia l  
cell dens i ty  and  enzymic  a c t i v i t y  in  the  neuropi l  (FI~IE])E 1960). 

Summary 
The h is tochemica l  d i s t r i bu t ion  of succinic dehydrogenase  in  the  guinea  pig 's  

cerebral  cor tex  is compared  wi th  the  cy toarch i tec ton ies  in  r e s t a ined  sect ions.  
The  cy toa rch i t ec ton ic  subd iv i s ion  of the  cor tex  is para l le led  b y  g rada t ions  of 
enzymic  a c t i v i t y  which can be s u b s t a n t i a t e d  b y  dens i tomet r i c  measurements .  
The  t yp i ca l  h i s toehemica l  pa t t e rn s  of several  r ep resen ta t ive  regions are  descr ibed.  
The h i s tochemica l  p a t t e r n  of succinic  dehydrogenase  m a y  be r ega rded  as a 
p a r a m e t e r  of the  genera l  ox ida t ive  metabo l i c  ra te  of a region.  

A more  de ta i l ed  compar i son  of chemoarchi tec tonics  and  cy toarch i tec ton ics  
shows t h a t  there  is no corre la t ion  of cell dens i ty  and  enzymic  a c t i v i t y  since the  
nerve  cell 's m a x i m a l  enzyme supp ly  can be found  e i ther  in  the  pe r i ea ryon  or in  
the  dendr i tes .  These  p a t t e r n s  of enzymic  d i s t r i b u t i o n  are t y p i c a l  for  t h e v a r i o u s  
l aminae  of the  cortex.  
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