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A MAPPING OF OXIDATIVE ENZYMES
IN THE HUMAN BRAIN*

REINHARD L. FrRIEDE and LADONA M. FLEMING

Mental Health Research Institute
University of Michigan, Ann Arbor, Michigan

(Received 2 October 1961)

THis ARTICLE provides a quantitative mapping of the distribution of DPN-diaphorase
activity in the nuclei and regions of the human brain. Measurements in fibre tracts
were included although the article refers mainly to findings in grey matter; a detailed
account of the enzyme pattern in white matter was published previously (FRIEDE,

19615).
MATERIAL AND METHODS

Histochemical techniques. Six normal adult human brains from average post mortem material
were used. They were placed in neutral 109, formalin 3-9 hr after death and fixed at 5° for 2 days.
After 1-day fixation, the material was blocked into pieces 4-6 mm thick. Frozen sections were cut at
30 p, rinsed in H,O and incubated for 2 hr at 38° with frequent agitation. The method of FARBER,
STERNBERG and DunwAP (1956) was employed, using Nitro BT and tris buffer. Other techniques
such as that of SCARPELLI, HESs and PEARSE (1958) and other tetrazolium salts had been used with
identical results.? The pH of the incubation medium was always adjusted to 7-35. Sections from each
block were incubated in individual jars and the proportion of incubation media to tissue was approxi-
mately the same for each. The reaction was stopped by transferring the sections to 10%; neutral
formalin. Half of the scctions were mounted in glycerin gel; the others were dehydrated and mounted
in Permount. Random material was used for the demonstration of succinic dehydrogenase (NACHLASS
et al., 1957) and cytochrome oxidase (BURSTONE, 1958) in 60 ;2 unfixed sections.

Quantitative techniques. For quantitative DPN-diaphorase determinations large serics were used
from three normal human brains. They werc fixed and sectioned in thc same way as sections used
for histochemical studies. The incubation medium was the same except that the monotetrazolium
salt INT was substituted for Nitro BT because Nitro BT formazan is very insoluble. The final con-
centration of tetrazolium salt in the incubation medium was 0-23 mg/ml for both the histochemical
and quantitative studies. The sections were stored in chilled distilled H,O until all the sections from
one brain were cut. After all the sections were transferred to a beaker containing the buffer component
of the incubation medium, they were gently poured into the rest of the incubation medium in a 2 L
Erlenmeyer flask which was shaken constantly in an Eberbach shaker-water bath at 38° for 2 hr.
The reaction was stopped by transferring the entire contents of the flask into a large quantity of 109
formalin. The constant shaking increased the rate of the reaction and prevented uneven staining
due to folded tissue. To make an accurate comparison of the amount of INT reduced formazan in
all areas it was necessary completely to climinate even minute variations in the time and temperature
of fixation and incubation, in the degree of shaking and, particularly, in the proportion of tissue to
incubation medium. Thus, all the sections from onc brain were incubated in a single large quantity
(600 ml) of incubation medium. When this is done, it is a reliable method for showing patterns
within one specimen. It has been shown that the quantity of formazan formed is directly proportional
to the enzyme activity (SHELTON and RICE, 1957). If the method was to be applied to experimental
specimens, it was necessary to incubate sections from a control specimen in the same incubation bath
each time. A 3 x 2in. slide was covcred with parafilm and each section was temporarily mounted
on this to facilitate punching of small discs in the areas of interest. Sharpened stainless steel tubes,
1'l mm and 2:4 mm in diameter were used to cut the discs. The INT formazan of each disc was
extracted in 3 m] of 3:1 (v/v) ethanol-tetrachloroethylene (Eastman, Rochester, N.Y.). One drop of
1 N-HCI was added to each tube of extracted formazan, to ensure that the colour would be stable for

* This investigation was supported by U.S. Public Health Graat B3250.
t The reliabilityof these methods in formalin-fixed tissuc has been tested extensively by comparison
with assays in tissue homogenates; this data will be reportcd later.
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scveral hours. The colour density was read at 500 mu in a Beckman DU spectrophotometer and
compared with standards prepared by dissolving weighed amounts of INT formazan (Synthetical
Laboratories, Niles) in 3:1 cthanol tetrachlorethylenc. The absorption curve of both the com-
mercial INT formazan and that produced in the scctions had a peak at 500 my. Controls without
substrate were run for each area. The mean values obtained for all areas consistently ranged from 2-0
to 24 ug formazan. This was considered negligible and was not reported with the data. Control discs
of a specific area from two 15 x sections gave the same result as one dis¢ from a 30 x section. Thus,
the results were independent of section thickness up to 30 s.

The discs of the olivary and dentate nuclei were photographed before the formazan was extracted
from them. The photomicrographs were measured planimetrically to determine the proportion of
grey and white matter in each. By using this ratio and known values from adjacent discs of white
matter, the formazan per 0-0434 mm? was calculated for these nuclei.

RESULTS

Arrangement of data. Table | contains the results of about 2,400 measurements
made in three human brains, Since the data for a given nucleus were in the same order
in all the brains, the means refer to the collected data from all three brains; the
number of measurements for any given nucleus was about the same in each brain.
This pooling of data increased the standard deviation slightly but it provided an
average, typical pattern of enzyme gradations among nuclei. Measurements in the
nucleus anterior dorsalis thalami and the nucleus mammilaris were listed separately
for case No. 2 because the data in these areas differed from those of cases Nos. 1 and 3.

Data previously obtained in a mapping of the cat brain (Friepg, 1961c) are
included in Table 1 to facilitate comparison; they refer to densitometric measurements
of the succinic dehydrogenase reaction in tissue sections and to counts of the capillariz-
ation of nuclei in the medulla oblongata of the cat; for further information, the
histochemical atlas should be consulted.

The typical cytological details of enzyme distribution in the nuclei of the human
brain are described in Table 2. Particular attention is focussed on the gradations of
enzymic activity in the perikarya and the neuropil, and on the sharpness of the borders

TABLE 1. DISTRIBUTION OF DPN-DIAPHORASE IN THE BRAIN

Human brain Cat brain
Distribution Succinic Cavillarizati
of DPN-diaphorase dehydrogenase aptiarization
1eg Forma- Densitometric x/22:5 mm
Nucleus* zan/0-0434 mm? extinction capillaries/mm?

tissue units tissue

Medulla spinalis (cervical)

Columna ventralis 33-.. 4
Columna lateralis 35 -5
Dorsomedial cell groups 305 =3
Nucl. tractus spinalis trigemini  38:2 |- 6
Nucl. gracilis (caudal part) 22-5 - 3
Tissue surrounding the canalis  24-5 == 3
centralis
Ventral tracts 150 = 3
Lateral tracts 16:0 + 2
Dorsal tracts 120 -1

* Anatomical names according to Orszewski and BaxTer (1954).
g
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TABLE 1 (cont’d)
Human brain Cat brain
Distribution Succinic apillarizati
of DPN-diaphorase dehydrogenase Capillarization
ug Forma- Densitometric x/22:5 mm
Nucleus zan/0-0434 mm?3 extinction capillaries/mm3
tissue units tissue
Mcdulla oblongata
Nucl. gracilis 30 -4 )
Nucl. guncatus medialis 29 .- 4 } 3325 32 12
Nucl. cuneatus lateralis 44 L. 5 43 -7 46 | 4
Nucl. tractus desc. n. trigemini
(a) gencral region 31 1- 8
(b) confined nucleus 39 -5 34 +3 3213
Nucl. n. hypoglossi 43 £5 46 .+ 6 49 15
Nucl. tractus solitarii 28 .. 4 16 =3 26 +
Nucl. reticularis 3045 {gg _l!: ; ‘;’g j: %
Nucl. reticularis lateralis 34 -6 41 - 8* 41 4- 2
Nucl. olivaris 57 +9 5317 52 210
Nucl. vestibularis medialis 43 -+ 4 45 =S 44 43
Nucl. vestibularis lateralis 33 .- 4 25 -4 35 +3
Tuberculum acousticum 47 - 6 37 6 52 -3
Nucl. prepositus hypoglossi 37+8 354 35+3
Nucl. cochlearis 44 366 434 3
Nucl. arcuatus 5126
Nucl. centralis medialis 42 -4
Tractus pyramidalis 13 -2 8.2 16 + 2
Corpus restiforme 14 -2
Cerebellum
Stratum moleculare 33 -5
Stratum granulare 32 4+ 7
Cortex (total) 3447
Nucl. fastigii 46 + 1
Nucl. dentatus 55 4+ 8
Substantia alba 17 .2
Pons
Nucl. reticularis 25 + 4 38 t- 5* 32 12
Nucl. n. abducentis 345
Griscum centrale 23 .+ 7 335 31 =5
Nucl. supragenualis 2245
Nucl. coeruleus 19 =1 21 .+ S 28 4-2
Nucl. vestibularis superior 26 -:- 3 32 4- 5* 344+6
Nucl. vestibularis lateralis
pars dorsalis ’ 344+ 5
Nucl. n. trigemini motorius 399
Nucl. n. trigemini sensibilis 314 11
Nucl. parabrachialis 22 =3
Nucl. parolivaris and nucl. 42 17 | 59 4 6* |56 £3
olivaris superior - {59 4 2* 153 i3
Nucl. reticularis Bechterew
(reticular part) 38+ 3

* Slightly higher densiometric data are marked by asterisk wherever it is felt that the spectrophoto-
metric data include adjacent tissue with a weaker reaction.
t Anatomical names according to OLszZEwsKI and BAXTER (1954).
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TABLE | (cont’d)

Human brain Cat brain
Distribution Succinic Cavillarizati
of DPN-diaphorase dehydrogenase apillarization
ug Forma- Densitometric x/22-5 mm
Nucleus* zan/0-:0434 mm?® extinction capillaries/mm3
tissue units tissue

Pons (cont.)
Nucl. reticularis Bechterew

(compact parts) 48 5 45 8 48 =4
Nucl. pontis (reticular part) 38 =2
Nucl. pontis (compact part) 47 ' 3 41 10 46 1 5
Pyramidal tract 14 -3 8 22 16 +2
Brachia pontis 13 =2
Brachium conjunctivum 1412

Midbrain (colliculus inferior)

Colliculus posterior (caudal 51 =3 66 . 8* 51 %3
part)
Colliculus posterior (cranial
part) 37 3
Intercollicular region 30+3
Griseum centrale (dorsal
portion) 323 26 - 4 26 =3
Griseum centrale (ventral
portion) 17 .2 19 ¢ 3 20 -2
Arca cuneiforme 23 -2 20 -+ 4 26 -2
Nucl. trochlearis 43 4+ 2 58 — 7* 43 + 4
Nucl. parabrachialis 25 --4 30 © 6 28 13
Lemniscus lateralis 11 + 2
Tractus pyramidalis 15=3 8§ =2 16 22

Colliculus superior (lamina

supcrficialis) 43 -3 64 - 11* 50 -9
Colliculus superior (laminae

profundae) 354 4 36 1 3342
Regio S 314
Griseum centrale

(dorsolateral portion) 32 56 42 .. 5 29 4.3
Griscum centrale

(ventromedial portion) C27 -4
Dorsal crest (Nucl. dorsalis) 23 2
Pretectal arca 30 -3
Nucl. n. oculomotorii 51=+2 58 — 7* 43 + 4
Nucl. ruber

(pars magnocellularis) 25 23
Nucl. ruber

(transitional part) 313
Nucl. ruber

(pars parvocellularis) 42 7 43 5 38 -3
Nucl. niger 26 =2 19 =3 302
Pedunculi cerebri 15---0 8§ L2 16 +2

* Slightly higher densiometric data are marked by asterisk wherever it is felt that the spectrophoto-
metric data include adjacent tissue with a weaker reaction.
T Anatomical names according to Orszewskr and BaxTer (1954).
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TABLE 1 (cont’d)

Human brain Human brain

Distribution
of DPN-diaphorase

Distribution
of DPN-diaphorase

ug Forma-

n#g Forma-
Nucleust zan/0-0434 mm3 Nucleust zan/0-0434 mm?3
tissue tissue
Diencephalon (thalamus)

Nucl. anterior (dorsalis) Midline-nuclear group

Cases 1 & 3 45 4 deep transition into hypothala-

Case 2 36 +2 mus 29+ 4
Nucl. lateralis pars anterior 34 -6
Nucl. lateralis pars dorsalis 42 45 Nucl. posterior 37 4: 4
Nucl. lateralis pars ventralis 31 =7 Pulvinar 39+ 4
Nucl. arcuatus 45 .4 Nucl. geniculatus medialis 44 - S
Nucl. dorsomedialis 4 4+ 5 Nucl. geniculatus lateralis 52 £ 11
Anterior midline nuclei 45 +3 Capsula interna 19 =3
Centre median 32 .- 4 Tract. mammillo-thalamicus 20 -2
Midline-nuclear group Tractus opticus 14 4.1

(dorsal portion) 32.-3

Diencephalon (subthalamic centres)

Tuber cinereum (medial) 30 =6 Optic radiation 15+2
Tuber cinercum (lateral) 30 -t 4 Nugl. subthalamicus 37 k3
Tuber cinereum (supraoptic) 35 -4 Zona incerta 24 + 1
Nucl. mammillaris medialis Peduncular zone of nucl. inter-

Cases 1 & 3 56 =8 calatus (see Fig. 15) 203

Case 2 385

Basal telencephalic centres
Nucl. caudatus (caput) 38+3 Ansa lenticularis 13+3
Putamen 4] -3 Claustrum 25 ¢+ 3
Pallidum externum 3N +5 Amygdala (ventral nuclei) 21 £2
Pallidum internum 27 =5 Amygdala (dorsal nuclei) 29 2
Capula interna 16 =- 3
Precentral motor cortex
Laminac II-1V 39 +-4 Substantia alba 1534
Laminae V-VI 3344
Frontal pole
Laminae II-1V 46'5 -k 3 Substantia alba 16 - 2
Laminae V-VI 40 -7
Parietal cortex
Laminae 1I-1V 40 1 4 Substantia alba 16 + 1
Laminae V-VI 3745 Insular cortex (general) 34 L3
Occipital cortex

Laminae 1I-11I 4 4+ 6 Laminae V-VI 39 -7
Laminae IV 53+ 10 Substantia alba 16 +2

* Anatomical names according to OLSZEWSKI and BAXTER (1954).
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TABLE 1 (cont’d)

Human brain Human brain
Distribution Distribution
of DPN-diaphorasc of DPN-diaphorase
n1g Forma- (g Forma-
Nucleust zan/0-0434 mm? Nucleus® zan/0-0434 mm?
tissue tissue

Temporal cortex

Laminae IT TV 3523 Substantia alba 16 : 2
Laminae V-VI 34 .3

Deep temporal cortex

Laminae 11-1V 37 - 4 Ammonshorn 42 =
Laminae V -VI 35+2 Fascia dentata 43 5
Substantia alba 15 .2

t Anatomical names according to OLSZEwsKI and BAXTER (1954).

Correlation cocfficients for the data in Table 1.

A. Correlation of DPN-diaphorase (man) and succinic dehydrogenase (cat): 0-863.
B. Corrclation of DPN-diaphorase (man) and capillarization (cat): 0-932.
C. Correlation of succinic dehydrogenase (cat) and capillarization (cat): 0-879.

of nuclei. Some of the measurements from Table 1 are repeated in Table 2 to facilitate
comparison of general gradations and cytological pattern.

A scries of photomicrographs (Figs. [-19) shows the typical patterns of enzyme
distribution. Since most of the information concerning them is included in Tables |
and 2, the following text is limited to certain general conclusions.

A comparison of densitometric and spectrophotometric formazan measurements

The data from the cat brain studies have been included in this paper for comparison
of the enzyme patterns in the two species as well as for comparison of the technical
reliability of the densitometric and spectrophotometric measurements. The almost
identical data obtained by tissuc densitometry and by the spectrophotometric measure-
ment of extracted formazan showed that both methods, handled with nccessary
caution, were reliable and exact for the demonstration of enzyme patterns in the brain.
Microscopic densitometry permitted one to focus a small nucleus more closely. The
spectrophotometric data provided a general average of the region, sometimes including
adjacent tissue with a weaker reaction. Slightly higher densitometric data were
marked by an asterisk wherever we felt that the spectrophotometric data included some
adjacent tissue with a weaker reaction. The densitometric readings were slightly
lower in comparison with the spectrophotometric data in all regions with very weak
reaction, particularly in white matter.*

* Data obtained since the submittance of this paper (using both assays and histochemical measure-
ments) indicated that the proportion of gray and white matter was truly greater for succinic dehydro-
genase than for DPN-diaphorase.
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There has been some recent discussion as to the specificity of various tetrazolium
salts. The densitometric data on the cat refer to sections stained with Nitro BT while
the spectrophotometric data refer to INT. The nearly identical results do not indicate
any significant differences among these tetrazolium salts.

Comparison of cat and human medulla oblongata

An atlas of the distribution of four oxidative enzymes (succinic dehydrogenase,
cytochrome oxidase, DPN- and TPN-diaphorase) in the cat brain stem has been
published (FRIEDE, 1961c). The densitometric measurements of succinic dehydro-
genasc reported in this atlas are included in Table 1. Comparing the pattern of
succinic dehydrogenase in the cat brain with that of DPN-diaphorase in human brain,
one was struck by their similarity. The general gradations among nuclei were identical
for both species; even detailed gradations within certain nuclei were alike. For
example, the portions of the reticular formation which project to the cerebellum
(nucl. reticularis paramedianus, nucl. reticularis lateralis, and nucl. reticularis tegmenti
of Bechterew) showed markedly stronger enzymic activity than that of the rest of the
reticular formation (compare Figs. 2, 3 and 9). Furthermore, the detailed gradations
of enzymic activity in the central grey substance were identical in both species:
Enzymic activity decreased from the pons to the caudal part of the aqueduct. At the
level of the inferior colliculus there was stronger enzymic activity in the dorsal part
than in the ventral part of the central gray matter, the latter showing exceptionally
weak activity. At the level of the superior colliculus, enzymic activity increased, being
strongest in the dorsal-latcral portions. The measurements in the cat cervical cord -
and cerebellum did not match the human data. This is difficult to interpret without
further investigation.

Measurements in the human brain were made only for DPN-diaphorase. Random
sections were studied for succinic dehydrogenase and cytochrome oxidase. These
enzymes showed the same distribution as DPN-diaphorase. Such observations and
the data from the cat brain provide evidence that the patterns of several oxidative
enzymes and of capillarization are identical, evidently indicating normal gradations
of the oxidative metabolism among nuclei.

Comparison of the diencephalon of man and guinea pig

The enzyme pattern of the medulla oblongata did not seem to change among the
species studied. However, in the thalamus there were marked differences between man
and guinea pig. The present mapping of DPN-diaphorase and random material on
succinic dehydrogenase and cytochrome oxidase in man was compared with the
distribution of succinic dchydrogenase (FRIEDE, 1961a) and DPN-diaphorase in
the guinea pig.

Gradations among thalamic nuclei were much less accentuated in man than in the
guinea pig, where the individual nuclei formed quite contrasting patterns. However,
considerable gradations of enzymic activity were obscrved within certain human
thalamic nuclei, such as the ventral and lateral nuclei and the pulvinar. These were
characterized by irregular bizarre patches of strong enzymic activity. These patterns
were too diversified to permit one to distinguish the typical findings from individual
variations. Two areas showing distinct species differences, presumably phylogenetic,
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Fi1G. 1.— Cervical cord approximately at the level of C.1.
FiG. 2.—Medulla oblongata caudal to the fourth ventricle (the ventral portion of the
section was deleted because of its identity with Fig. 3).
Consult Table 2 for a detailed description of the nuclei labelled. Both figures demon-
strate DPN-diaphorase activity in 30 s sections. 186
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FiG. 3.—-Medulla oblongata level of the hypoglossal nucleus. Consult Table 2 for a
detailed description of the nuclei labelled. The figure demonstrates DPN-diaphorase
activity in 30 u sections
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FiG. 4—Medulla oblongata; level of the vestibular nuclei. Consult Table 2 for a
detailed description of the nuclei labelled. The figure demonstrates DPN-diaphorase
activity in 30 u section.



FIG. 5. Pons, caudal portion. Consult Table 2 for a detailed description of the nuclei
labelled. The figure demonstrates DPN-diaphorase activity in 30 y section,



187

Oxidative enzymes in human brain

‘sLe|no(al onewoy Sutpunoa
-Ims oyl yum spusyq pdoinan

‘ndormau oy ur uonovar Suong

"uo19BAI JUOMS YA S[]32 JO UOH)
-nqustp oy Aq a[qeysinunsicr
‘uonoess Juomns v £q paul]
-INO A1 3SAY) SLIB[NDIIAI “[onuU
ay3 03 jidoanau Jo sagpLiq 1enonay

‘1sjonu juadelpe
Yam 3urpuaiq 10 uonIsuBs} SNy

‘Ke
-1paw SBMONAI OIRWIO) Ojul
uomisueny ‘Ajeide| s1opioq dieyg

ewonsod 'y pue 1deA ‘siop
‘Jonu ym qidoansu jo Surpusig

“IIRYI[OS “30EN

‘[onu ay) yum spudlq pdosnon
‘Jidoinau

Jo vare pojeaujop Ajdieyg
ndonau ay3 ur

uonoedsr Suons Aq pauyasp siaplog

‘idommau a3 ur uonoear uons
ayy £q pauysp [jam seuepunog

“(¢ “S14) ndoanau oY) ur uondRAI Yeam fuondw
-31 Suoxis SunSBIIUOD ® MOUS SIILIPUSP 110U} PUB S[{9D JAIIN

(g ‘¢ 's31) snueipawered suemonal ‘Puu
ayy A1asod sajquuasay  frdoinau asusp ayy ut uodeas suong

*(¢ “81.4) rdonau ay} ur uonoeal
Neam SSALIPUIP JIOY} PURB S{[D AY; Ul UOIORAT SUOMS AISA

(¢ *S1q) satpoq 199 ay ur ospe Ajqeqoid pue doinsu
2yl ur uondeal Jaguons © AQ paysindunsip s snapnu sy

-pdoanau oy u1 uonoear paINgLISIP
Apsnyip “yaed [erpsur oyl ul uey) poysmunsip s{ad 1oma |

‘(p S14) nidoanau Ie[nomnal 3y} UL GOLIdEAL Yeom
¢sopapuop Juop aoyy pue s[[a0 a81e] 3y ur uondeaI Suosys 13

‘(- "sS13) nidoansu snosusfowoy 1oyy £4q paysing
-unsip [jom aie snopnu [eutds ay3 jo esounied sied ay)
1O SUOISUI)XD [RIURID 9], “d[qeysin3unsip s[]25 ou jsowie
yim doansu renSour JeyYmdWOS Yl Ul UONIEII ASnI(]

*(€ S13) s190 9A30U U1 pUNOJ st UONIEAI Suolss ¥ a1aym ‘ued
Te[njsoudeur ayy ur 1deoxs ‘sjqeysmFunsip d1e |30 ou
‘iidoInau ay3 noySnoayy uondeal Yeam panquusip Apsnyiqg

(g “$13) Ananoe apy[ aaey
speo paywawdig iidomoau Suiuaazajur ur uonoeal Yeom ay)
07 ISBJIUOD UY ‘SINIPUIP JI9Y}) PUL SUCINIU UF UO1IEII SU0NS
(¢ "319) s1qeysimdunsip

S|[95 3AJ5U SWOS Yl UONDEII YBdm panquusip Appsnyiq
‘idoanau ay) ur uondEs1

198uons Aq paysiSunsip 1nq ‘[1x 01 repuns uianed owlzug
‘(¢ "S11) idoanou aenonar oYy ur a|qeysing

-UIISIP 21® SAJLIPUIP S[[20 I0JOW Y} Ul uonoeds uons KA

(p.1uosy—e1e3uo[qo e[npajn

s]19d Ul
Suong

Suong

S[[30 Ut
Suong

Suong
wnipay

wnIpaN

¢ 0g

wnipap

Juong

¢3¢

snniquie "[oNN

(sie10)e|
suRINONRI PNN)
sijeuWdLIqNS “[DON
SLIE[N]]9D
-oyedid suremonss N

snueipsweled
siIRnONal “PNN

siesare] sied

sifeipaws s1ed
ISLIR[NONAI "[ONN]

wad ‘u
SIJUOPUIISAP SNJOBIY “[ONN

TLIEJI[0S SNJORIL “[INN

13eA sifes1op "oNN
SNJR[RIINUT NN
1RNIoY PN

1ssoj§odAy ‘u ‘ponN

(pquod) ‘7 318V]



INHARD I.. FRIEDE and LADoNA M. FLEMING

R

188

“($S6T) HALXVE PUE INSMIZSTQ 01 SUIPIOIIL SIWEU [RIIUOIRUY

*Ae13 [e13uao ayy pue sna[dNU 18]
~NQIISIA [RIS1R] S} OIUT SUOTHSUBIL

“19[onu juaselpe ay} jo sow
OJUI UOT)ISUBI} SAMOYS SNa[ONU SIYL
"sI[eId)e] SLIR[NQIISIA “Jonu oY)

yam sioproq dieys 1ssofSodLy
snysodaxd “onu ay3 ojur uonisuel ],

"s1api0q dreyg

‘s1opsoq dreyg

“StjeIpaw

SLIB[NQIISIA [onU pue Is50[3
-od£y -ponu yim spusjq rdosnan

“daeys A1op

‘sarrepunoq dieys £1sp
‘1 jo
SPISINO PAISIILIS S SWOS
‘iidoInau a3y ulgpA 218 S[19d
ayy jo ysow ‘ssopioq dreys Liap

(s 813) uonoe

-21 Suons £q paysinJunsip aie s[[e0 M9§ © A[uo ‘aIjonns
Lyoed, sem3a1nr ue pue uonoesr wmipsw yum ndoinan

‘(% "S14) uonoe

-o1 3eam e yum idornau Ljueos pue 9N St JISYL ‘SAIIP
-usp Suo] 12y} Ul pue S[[20 SII Ul uondear Suoss K1ap

*3[qeySINSUNISIP 2L S|[93 JAIIU M3J {SIORI) 2IqY
Surpuassap oyl udomIaq paronress st [idoInsu remonar ayg

‘(4 '819) uondear Suons e £q a[quidosip st uonemdod
112> ay) jo uondely e Auo ‘nidonau ayy ur uonoear ssnyg

ndomau ay) ur vonorar Ajueds pue S[PO ul

uonoear uons e smoys Jake; dsap oy -o|qisiA ale s[[ed ou
pue ‘ridoinau ay} ur uonoeal ssnyip v smoys 1ake] 1addn sy

‘(¥ “314) .parenodoy, pue Ayuess si pdomau
Yl {SOJLIPUIP MIOYS JIBY) puE S[[33 SY) Ul UONdEd Juong

“( "S1.4) uonoeax Suons € Aq PaIBIISUOWIP IB S[[9D
2y} Jo swos A[uo ‘[idounau ay) ur UOTIOBOI WINIPSUL O) NI

‘(¢ “814) ‘uonoeas Suons £19A © moys s[[93 dwosg
‘uo3oedI uons pamqusip Ajsnodudsdowoy e yim ndomany

(¢ “$) (snuod wnasug oy

$9[quIasa snaponu s1y) [Idornau ay3 ur UonIEAI PIINGLI
-sip Aesnyip pur Suoais ‘s[jod ay) ur uondear Suons AIsp

‘pidonau Juusaisiur oYy ur uonow
-a1 panqunsip A[snosud3owoy pue Suons ‘aqeysm3un
-SIp AJIED]D 9IB Yoy SIIPOQ [99 3y} ul uondear Suons KI9A

(P, 1102)y—e1e3U0[qO B[INPIN

(2]
+

14

¥ T €€

wnpsp

vT ey

9 -- Ly
S99 ul
Suong

8~ LE

§6 -1 LS

(mara1y0g)
Jorradns stie[ngnsas ‘N

(s1110QD)
SI[eIaje] SLIR[NQIISOA [ONN

SI[epnes SIIe[ngnsaA [InN

SI[BIPOW SLIB[NQIISIA “[ONN]

Wnd1SNOde WNNdIaqN L
SITEI[YI0I "[onN]

155013
-odAy snusodaxd ‘[onN
SI[2I0 SI[BSIOp
pUE SI[EPNED SI[ESIOP
snuerpawered ‘poN

snjendIe ‘[onN

sureatjosed
‘[oNu pue SLIBAIO “[ONN

sslrepunog

ehreyiag-ndoinan uonnquisiq

onssn W $¢40-0
12d uezewniog S

+ST2NN

(p.auod) ¢ a14v]L



189

Oxidative enzymes in human brain

s1apioq dieyg
‘stremonar ‘ponu yum rdomou
Jo suonisuel], “JoLradns sireaio
‘U ay) yum sioproq dieys A1ap

‘s1op10q dieys
"pauyap
1154 Aj[enpiAtpur aIe yorym
ndoinou  jo sisnp  jo uon
-£J0138e ue se savadde snapnu oy

‘pareuryap (o st nidoanau sy,

‘s1aproq daeys K1ap

“IapBW AYM
Surpunouns oy £q pauyoep Ldieys

"UoNOBaI
Suons ynm nrdonsu JemonaI ‘asusp € Yum pudq s9)Ipusp
JI5Y} SS|[90 SAIOU PAZIS-WMIPSUI 9y} Ul UOTOEdl Suols AISA

“(§ "S1d) "sejpunq
a1qy £q pajeropzad st yomym nidornau snosusowoy ayy
ur uonoedl Suoals ‘S0 JOjoW Sy ul uondear Juons AI1IA

(S “S19) *jonu [eurwABiY JOJOW Y} SIQUIISIY

*31qIUIAOSIP JOU
aIe S[[90 2AIN s1dsnp JenSorn ut padueire s idoinsu
sy ‘uonoeas Suons e yim nidornasu snosudSowoy “pedwo)

*2I03x9] Jg[nonal B sey yoym jidomau
2y3 U1 uondral Suons £S[190 1030w Y3 Ul UORILAI Fuols KI9A

suod

(9 “31) s1ed
1gmueid sy Jo eAreyiad oy ul uondraI ou JSOUIY “ELIE]
-[993192 Bewo]d ondeuds ayy w uonoeol Juons A[2AIsSI0XT

*(9 *813) onssn [ey3 SuruoaIur
ay} ur uonowal yeam ‘vhievitad ayy ur uonowas Juons A1ap

*(9 *813) uonoear Suons Aq paurno
are s[190 sluryIng Jo saUpusp 331w "SALIPUIP JO JIOMISU
s1eonp ' smoys romod ySiy ‘uonoeal panquusip Apsnyqa

*(¢ *31y) idomau sy ojur
o3lo1d sayrpusp nayy sy jrdornau ay3 Jo apisNo parenmyis
oIe S[[90 Auel "9[QIUIDSIP aIe SIJLIPUSP AuBW YdIYM Ul
ndoanau oy3 ur uonoear Juons ‘syEd ur uonsear Juons KA

‘(L “311) ndomau
31 KIoA S1 9I9Y) S0UIS ‘PIjRIISUOUAP A[1BI[O dIE JONE] 3
¢so)LIpudp 9y ojur I8J SUIPUSIXD ‘S[]2d AU} UI UONdEaI Juong

win|[9q2I13)

Suong
S 1 ve

T 1g

LTTE

Suong

I 9%

sirediounid
Jousadns sueATO "[OON

si[e1or] "U "onN

sjusdNpqe oNN

sijedpurid
SI[IQISUaS TUNWSF1I} “U “[ONN

sniojow
rwediy “u PN

arenuesd wnjeng

s199 afurying

alpmasow Wnjells

1X91102 JB[[2qQ3I13)

SNIBIUIP PN

SILLIOJI[OqUId puE
snsoqo[3 ‘usnsey ‘[onN

(p.uod) 7 3a1av],



REINHARD L. FRrieDE and LaADoNA M. FLEMING

190

“(PS6I) ¥ALXVE PUR INSMIZST() O} SUIPIOIIE SIWEU [EIWOIRUY

*s]{92 3y} jo uonng
-stp 2y) Aq AJuo pauyap sisplog
‘1apnu
juase{pe Aurtu ojul suonisuely,
‘wnandnfuod
wniydelq a3yl Jo sapunq 21qy
oy} usamiaq spuarxd [idoanau oy

‘pdoanau
ay3 Jo uoneaursp dieys £1op

‘uondedl w3uons sy Aq uonew
-10J IB[NJ1I31 343 JO 1531 9Y) W)
pajeaurfap Ajdaeys st jidoansu sy,

-dreys jou siapiog

‘anssyy juaoelpe
241 OJUl PIdRI} 3G UBD SNUPUI

‘(01 *$14) pdoanau a3 ut Kjesnyip
PAANQUISIP UOIDBSI WMPaW ‘S[[20 dYy} Ul uoidear Suong

(01 *6 "s310)
ajqeysmSunsip sy ou ‘pdoansu oy u1 uonoear yeam asngid

(6 “S14) aiqeysinunsip a1e s[[30 ON "2i01
-onns | Ayoed, | e sey yoga ‘pdondu sy ur uonseas asngicl

(8 "314) spuod
wmnastig ay) jo suoidor Suowe uoneliea st oxdyy idoinau
snodusFowoy ‘asuap ayl pue s[j3d 3u3 Yroq ut uonosear Juonsg

‘uondwal 135uons e sey pue Pedwod
azow s1 snuod wnasud ayy jo nidoansu sy snuerpswered
SLIB[NOIIAT “[9NU Sy} O1 Je[IWIS INJXd) JL[NI91 B SEY YdIym
pdoinsu syy ur sqeysiNunsip are SANIPUIP Auvpy “SUIE]
-no1391 (90U Juddoe(pe oyl ueyl uonoesI 13§uons Adunsip
v sey [1doInsu syl $SIIPOQ [[20 Y} Ul UOIOEBII JUOLIS AISA

(6 “d1d) (stje1ale] pue syerpaur
sied) -e1e3U0]qo B]JDPAW Y} Ul S8 UONNQLIISIP JWAZUD Swes

‘(s 814) -parensuowap Apood are sojupusp
ayy ‘pdoindu soreds tuonowrar Suons B Ym S[[3d punoy

‘(s "314) snajonu
syl 103 oyioads sl SOIIPUIP 119y} PUB S} Y3 JO JuUdW
-s3uewre sy 1nq ‘wnpijed sy) $H{QUIISIT S[[3D UL UONOLAX
syl -pdonau ayl ur uONdESI OU JSOWY  "IAYI0 Yded 0}
orieied Asrewixosdde uni yosym ssyapuasp Suoj 119y3 pue
s|[20 waIofisny ay3 ul uonoeas Juons £19a Jo wianed anbiun

(p,1u02) —suod

s|190 W
Suong

(a2}
-
~
-T

¢ 8y

v ST
s|[93 ul
Suong

(siop
“dns sijenjuas ‘ponu)
sires[ydonexdns ‘oN

(suod) srenyusd wnasun

sijeyseiqered ‘fanN

snuod wnasuo

Mmazanyoag
SLIB[NONAI "[onu)
siwsojorfided ‘[onN

snuod sirenonas ‘PN
safeprozadey; ‘[onN
(strearjored

‘1onu) syeIsye]
1ouadns suBAIO “[OON

ssuepunog

ehaeuad-pdomaN uonnginsiq

oSS W $E€40-0
1od uzzeuuoq 31

+STRPNN

(p,quod) 7 a18v]y



Cortex u:c_{‘-ebej_].i

FiG. 6. -High power enlargement of the cerebellar cortex (compare Fig. 7 for reference).
FiG. 7.—Cercbellar nuclei.
FiG. 8. —Pontine grey.
Consult Table 2 for a detailed description of the nuclei labelled. All figures demonstrate
DPN-diaphorase activity in 30 s sections.



Nuel.

parabrachialis

FiG. 9.- Pons; level of the oral portion of the fourth ventricle.
F1G. 10.—Velum medullare anterius; level of the caudal orifice of the aqueduct.
Consult Table 2 for a detailed description of the nuclei labelled. Both figures demon-
strate DPN-diaphorase activity in 30 u sections.



S e ——
G lseum

centrale

F1G. 11.— Midbrain; level of the upper colliculi. Consult Table 2 for a detailed descrip-
tion of the nuclei labelled. The figure demonstrates DPN-diaphorase activity in 30 s
section,
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F16. 14.—Thalamus, middle portion. Consult Table 2 for a detailed description of the
nuclei labelled. The figure demonstrates DPN-diaphorase activity in 30 s section.
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Midline

ouclel B

Ventriculus III

Tuber
cinereum

intercalatus

FIC.15

F1G. 15. ~Thalamus and hypothalamus, anterior portion.
FiG. 16.—Cercbral cortex; border between arca 17 and 18.
Fi1i. 17.—High power enlargement of the olfactory bulb.
FiG. 18. —Survey of the layers of the cornu ammonis and the fascia dentata.
F1G. 19.- High power enlargement of the fascia dentata.
Consult Table 2 for a detailed description of the nuclei labelled. All figures demonstrate
DPN-diaphorasc activity in 30 u sections,
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were the centre median and the dorso-medial nucleus. As the histochemical sections
clearly demonstrated (Fig. 14), the human brain showed a well defined centre median
with low enzyme activity appearing as a ‘punched out’ arca; this pattern was not
observed in the guinea pig. The human dorso-medial nucleus had relatively strong
enzyme activity in contrast to the weak activity of the homologous region in the guinea
pig. This was in accordance with the findings for the fronto-polar cortex which like-
wise had strong activity in man and weak activity in the guinea pig. The extra thalamic
diencephalic centres had similar enzyme patterns in both species, such as the weak
activity in the hypothalamus, or the contrasting differentiation of the corpus sub-
thalamicum (strong reaction) from the substantia nigra (weak reaction).

These observations indicate a tendency of caudo-cranial differentiation of the
chemo-architecture of the brain. The human thalamus resembled only general outlines
of the guinea pig pattern, while the patterns in the medulla oblongata were alike.

Cerebral isocortex. The enzyme patterns in the areas of human isocortex were
similar to each other in principle but showed minor variations in the individual areas.
The upper four layers showed diffusely distributed enzyme activity in the neuropil, in
which only a few perikarya of pyramidal cells were distinguishable by stronger
enzymic activity. There was an increasc of enzyme activity from the first, or molecular,
layer toward the sccond and third layers. The fifth and sixth layers showed a decrease
of enzyme activity in the neuropil; many, but not all of the pyramidal cells exhibited
strong activity in their perikarya and the proximal dendrites; there were considerable
gradations of activity among individual pyramidal cells. This general pattern varied
among the cortical areas as to the thickness of the layers, the number of perikarya
with strong enzymic activity and a finer gradient of activity in the neuropil. However,
the present large cortical material revealed such an abundance of minor differences
among specimens and regions that it was difficult to distinguish the typical features of
an area from individual variations. The visual cortex (Area 17) and the postcentral
region were characterized by a thin lamina of very strong enzyme activity in the fourth
layer; this lamina terminated sharply at the borders of the optic arca (Fig. 16), while
it showed smoother transitions in the postcentral region. Spectrophotometric
measurements of formazan revealed the typical gradations among regions as found
in the guinea pig cortex (FRIEDL, 1960); however, the differences among areas were
less accentuated in man than in the guinea pig. For both species, gradations among
cortical areas were characteristic in the IInd to IVth layers; the temporal cortex
showed weakest enzyme activity, having less than the frontal and the parietal cortex,
while highest activity was in the occipital and postcentral cortex. The strong enzymic
activity in the fronto-polar region was in contrast to the findings of weak activity in
the guineca pig.

The gradations of succinic dehydrogenase activity in the upper cortical layers of
the guinca pig were parallcled by similar gradations among the thalamic nuclei which
project to these regions. This correlation was not as clear-cut in the human brain,
since gradations of enzymic activity were less accentuated both in the thalamus and
the cortex. The high activity in the fronto-polar cortex was reflected by high activity
in the dorso-medial thalamic nucleus, which projects to the fronto-polar cortex.

Allocortex. The pyramidal cells of the fascia dentata (lamina pyramidalis) showed
little DPN-diaphorase activity, thus appearing as a light stripe (Figs. 18 and 19).
Strong activity was found in the adjacent molecular layer (lamina molecularis) which
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was sharply divided into a deep sublamina with weaker activity and an upper sub-
lamina with stronger activity (Fig. 19). The ammonshorn (Fig. 18) showed a band of
diffuse enzymic activity in the neuropil and relatively little in the perikarya of the
pyramidal cells, except those in Sommer’s sector, which showed some activity.

The olfactory bulb (Fig. 17) showed very strong activity in the synaptic glomerula
olfactoria, and somewhat weaker activity in the outer plexiforme layer; little reaction
was seen in perikarya. This pattern was identical with that in the guinea pig.

DISCUSSION

The present article is mainly of fact-finding nature; the volume and variety of data
supplied renders it difficult to provide an adequate discussion. Several implications
of chemo-architecture have been discussed in preceding articles on the guinea pig
brain (FRIEDE, 1960; 19614, c). The present discussion, thercfore, is limited to a few
general comments.

The purpose of knowledge of chemo-architecture is to help achieve the ultimate
goal of understanding all metabolic phases in all regions of the brain. The dimensions
of this task limit one either to complete mappings of the distribution of a few enzymes
in the entire brain or to broader studies of a spectrum of enzymes in a selected region.
Both approaches supplement each other and contribute toward the same goal.

The present data show almost identical patterns of the distribution of DPN-
diaphorase, succinic dehydrogenase, and capillarization in the medulla oblongata
even though the data were derived from different species and by different techniques.
Random material and previous studies indicate a similar distribution of cytochrome
oxidase and TPN-diaphorase. This substantiates the assumption that the patterns
described demonstrate general gradations of tissue oxidation and energy metabolism,
including particularly the citric acid cycle. With this baseline available, one can go
on to compare in detail the patterns of enzymes involved in more specific metabolic
phases such as the glucose-shunt, or the transmitter-substances.

Even at the present state of knowledge one can benefit from the application of
these data to problems of neuropathology. A mapping of the deposition of lipofuscin
in the nuclei in the aging human brain showed its extent to be proportional to the
normal regional gradations of oxidative enzymic activity (FRIEDE, 1961d). This was
considered as an indication that the deposition of lipofuscin, or ‘wear-and-tear
pigment’, was proportional to the regional ‘wear and tear’, that is, the intensity of the
oxidative energy metabolism.

SUMMARY

This article provides a detailed mapping of the distribution of DPN-diaphorase
in the human brain with histochemical enzyme techniques. Measurements of the
gradations of the histochemical reactions were made by spectrophotometric measure-
ment of the formazan formed. The mapping includes measurements in about 135
regions, a description of the cytological enzyme patterns, and 19 photomicrographs.
Comparison with previous data from the cat brain reveals a striking similarity between
the distribution of DPN-diaphorase in the human medulla oblongata and of succinic
dehydrogenase and capillarization in the cat. The enzyme patterns described evidently
reflect general gradations of oxidative energy metabolism.

A tendency towards caudo-cranial differentiation of the chemical architecture of
the brain is noted, thalamus and cerebral cortex being the most variable regions.
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