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GANGLIOSIDE, ANALYSES IN SERIAL SECTIONS OF BRATN

AND IN ISOLATED NEURONES

There is now considerable evidence to support the specific
neuronal localization of gangliosides. The distribution of gangliosides
in subcellular fractions from adult and developing rat brain shows that
gangliosides are concentrated in nerve-ending particles and dendritic
membrane fractions. The ganglioside concentration in mature white matter
is one-sixth to one-tenth that of grey matter. However, the gangliosides
in white matter do not appear to be a part of myelin but a constituent of
the axonal space or axoplasm,

To clarify further ganglioside localization in brain, total
ganglioside content in 2L p serial cryostat sections through Lorente de Nots
area CA2 of the ox hippocampus and folia of the ox cerebellum has been
analysed by a fluorometric method for N-acetylneuraminic acid. A purified
unfractionated ox ganglioside preparation was used as s standard. Sections
were cut parallel to the layers of area CA2 of the hippocampus from the
ventricular surface through to the stratum granulare of the fascia dentata.
Each section was freeze-dried and weighed on a quartz fibre microbalance
before extraction and analysis. Sections perpendicular to the layers and
immediately adjacent to the tissue blocks were stained with edsin—methylene
blue for comparison of histoloéy with the cryostat sections used for analysis.

The results obtained for the hippocampus showed that the highest
concentration of gangliosides were found in the stratum pyramidalis,
stratum radiatum and stratum granulare. A striking feature of the
ganglioside distribution was the wide variations in content even in

adjacent sections. This was found particularly in the stratum radiatum.



Separate analyses of the ox hippocampus showed good agreement of general
distribution but exact correspondence of ganglioside content atvany particular
level in the tissue blocks could not be made.

Sections through a folium of the ox cerebellum also showed wide
differences in ganglioside content. The highest ganglioside levels were
found in the molecular and granular layers. These results suggest that
gangliosides are not uniformly distributed in neurones but occur in local
ﬁoncentrations which may represent variations in concentration of synaptic
endings on cell bodies and dendrites.

To show clearly that the wide differences in ganglioside content
even in adjacent sections was related to the cytoarchitecture of the vissue,

a series of sections were cut through area CA2 of the ox hippocampus perpen-
dicular to the layers. A marked reduction of the differences in ganglioside
content of adjacent sections was found.

To obtain direct evidence that gaggliosides are located specifically
in neurones, neurones and glial clumps were isolated from the Deiters?! nucleus
of the ox by methods essentially similar to those of Hydén. Gangliosides
were found in the isolated neufones and also in the neuropil immediately
surrounding the neuronal cell body. When neurones and clumps of the
surrounding glia were examined together, much lower ganglioside contents
were found which indicated that gangliosides are not only in the neuronal
and dendritic membrane, but also in axon terminals.

Finally, in the Appendix the results of ganglioside analysis of

the brain and spleen of a case of Late Infantile Systemic Lipidosis are

presented.



The following abbreviations are used throughout the text:

NANA
GABA
rf
DABA
NAD
NADP
M

N-acetylneuraminic acid

gamma-aminobutyric acid

retardation factor

3,5~-diaminobenzoic acid

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate

molar (mole/liter)

The following abbreviations are used in diagramatic representation of

polymers or seguences:
gle
gal
galliAc
NANA
NGNA

glucose

galactose
N-acetylgalactosamine
N-acetylneuraminic acid

N—-glycolylneuraminic acid



Chapter I

REVIEW OF THE CHEMISTRY AND

FUNCTION OF GANGLIOSIDES

1. Introduction

In 1939 Klenk (104) isolated a complex water soluble lipid from
the brain of a child with neuronal lipid storage. This lipid had distinctly
acid properties, and was found to give a characteristic purple colour with
Bials? orcinol reagent. It was called "gangliosid" because it was thought
to occur only in neurones. The chemistry of gangliosides has advanced
considerably since Klenk?s discovery of "substance X". Molecular structures
were assigned to the ganglioside preparations on the erroneous assumption ‘
that they represented a relatively pure single substance. However, recent
chromatographic techniques have shown that gangliosides consist of a mixture
of components.

In the earlier literature the definition of the term M"ganglioside”
was largely dependent on the techniques of isolation and purification used
in its preparation from the original tissue. These substances have been
called strandin (47, 48, 50), mﬁcolipids (190, 191), aminoglycolipids (13,
14, 15), and polygéngliosides (109). The common feature of these ganglioside
preparations was that they were water soluble acidic lipids which contained,
besides N-acetylneuraminic acid (NANA), N-acetylgalactosamine, glucose,
galactose and sphingosine fatty acid amide (ceramide). Tt is characteristic
of ganglioside preparations that they are not only water soluble but also
are non-dialyzable through cellophane membranes which readily permit‘

diffusion of substances with molecular weights of 10,000 or below.



There are at present two concepts regarding the structures of
gangliosides in water solutions. Bogoch (13), has postulated that a high
molecular weight polymer of approximately 250,000 as determined in the
ultracentrifuge, exists in aqueous solutions with a repeating unit composed
of fatty acid,sphingosine, glucose, galactose, N-acetylgalactosamine. and
NANA. Most other workers (47, 239, 191, 112, 85, 54) have interpreted these
results on the basis of a micellar rather than a polymer concept of
ganglioside solutions. Molecular weights of 180,000 to 250,000 or more have
been measured for gangliosides in aqueous solutions, (47, 239, 191), from
which it has been concluded that gangliosides aggregate in aqueous media to
form micelles as a result of the presence of both hydrophobic and hydrophilic
groups in the molecules. This has been confirmed by the decrease in size of
ganglioside units observed in non-aqueous or only partly aqueous solutions
which is attributed to the dissociation of the micelles into individual
molecules or small groups of molecules. For example, Klenk, Gielen and
Padberg, (112) found for one preparation a molecular weight of about 1500
in dimethyl-formamide solution. Howard and Burton (85) found that the
molecular weight of their beta-ganglioside as measured by vapour pressure
depression in a number of different solvents was equivalent to 1665,
corresponding to a structure containing the basic ganglioside structure
and two NANA residues.

Gammack (54) using surface tension measurements found that the
critical micellar concentration, that is the concentration at which the
ganglioside molecules do not form micelles, was around 0.015%. Howard

and Burton (85) obtained comparable results using vapour pressure



depression measurements. Whatever their original state within the tissue,
the evidence is rather compelling that gangliosides as obtained by the usual
extraction and fractionation procedures are monomers, with the capacity of
forming micellar aggregates.

Chemical knowledge of the ganglioside monomeric forms has developed
rapidly in recent years (130, 198, 228, 207, 162, 121, 255, 68, 21, 28).
All gangliosides contain a sphingosine base in an amide linkage to a fatty
acid, with various oligosaccharide chains glycosidicaly linked to the
pPrimary hydroxyl of the sphingosine. Stanacev and Chargaff (210, 211) found
that the principal bases in gangliosides were sphingosine (2-amino-4-
octadecene-1,3-diol) and icosisphingosine (2-amino-4-eicosene-1,3-diol).
They found that bovine brain gangliosides contained 50% sphingosine, 46.5%
icosisphingosine and 3.5% of the dihydrosphingosine. Rosenberg and Stern
(193) have recently reported lcosisphingosine to be absent in fetal brain
gangliosides but it appears rapidly during development. Svennerholm (231)
also found that sph;ngosine is predominant in fetal gangliosides but, with
increasing age, icosisphingosine increases and constitutes about 60-70% of
the total sphingosines in senile brain gangliosides. Sambasivarao and
McCluer (200) studied the gangliosides of several mammalian species and
found both bases present in all cases. There is some doubt about the general
distribution of icosisphingosine in different species as Klenk and Gielen
(110) found none in human brain. It is not present in other sphingolipids
of the brain or in gangliosides outside the central nervous system.

In 1939 Klenk (104) demonstrated that stearic acid is the major
fatty acid of brain gangliosides. More recently Klenk and Gielen (110)
reported quantitative data for beef brain gangliosides in which the C18

fatty acid made up 94% of the total fatty acids. Other workers (231, 239,



300, 199, 101) have found that 80-90% of the fatty acids in brain gangliosides
are stearic with minor amounts of palmitic and arachidic. Two striking
features of the fatty acids of brain gangliosides are that there are no
unsaturated fatty acids and no hydroxy fatty acids.

The nomenclature for the individual monomeric forms is generally
based on the carbohydrate portion of the molecule. Bonding positions between
the units of the oligosaccharide chain are usually studied by two well
established techniques of carbohydrate chemistry: periodate oxidation and
permethylation. The former has been widely used because of its mildness and
specificity. In general, however, the earlier applications of permethylation
to gangliosides were not very fruitful; part of the difficulty lying in the
reaction itself and part in the fact that mixtures of gangliosides rather
than pure compounds were studied. Due to improved methods of separation the
lattef problem has been greatly reduced. In recent years, much progress has
been made with both the permethylation and periodate oxidation techniques
(118, 119, 130). Whereas most. workers determine the carbohydrate structure
from the saccharides split off from the ceramide moiety, Svennerholm (224)
has instead determined the carbohydrate sequence by analyzing the different

ceramide~saccharides isolated from partial acid hydrolysis of the ma jor

normal brain gangliosides.

2. Methods of Extraction and Purification of Gangliosides

Gangliosides are extracted from tissue in combination with other
lipid classes. A variety of organic solvents have been employed, the
chloroform:methanol (2:1) system of Folch, et al (51) is used most
commonly. However, when gangliosides are the only subject of investigation,

many minor modifications of the original method have been used. Folch,



et al (47, L48) extracted all the tissue lipids with chloroform:methanol

2:1 (v/v) and from this extract the gangliosides were partitioned into an
aqueous upper phase. The gangliosides isolated by this technique are
slightly contaminated with polar lipids (228, 219). Booth (17) initially
treated acetone-dried brain tissue with chloroform:methanol (1:1 v/v) to
improve the yield of gangliosides: however, Svennerholm (227) found that
chloroform:methanol 1:1 still resulted in incomplete extraction of the more
polar gangliosides and recommended the extraétion with a chloroform:methanol
mixture having at least a 67% methanol. Suzuki (213) concluded from his
study of the thin layer pattern of gangliosides that when a study is concerned
only with gangliosides, double extraction (chloroform:methanol 2:1 v/v and
then 1:2 v/v) or a single extraction with a chloroformemethanol mixture with
higher than 60% methanol, followed by partition without salt, would insure
maximal extraction of all gangliosides. Sugzuki (213) also concluded that
when the amount of tissue is limited and the analysis for dther lipids,
including proteolipids, has to be carried out on the same sample as in a
cerebral biopsy, the original procedure of Folch, Lees, Sloane-Stanley (51)
is an excellent compromise. This is particularly true in view of the fact
that this method does not alter significantly the final ganglioside pattern
from that obtained by the more complete extraction procedure,

Thus far the discussion of the composition and structure of
gangliosides has avoided the problem of whether these substances as found
in brain tissue are devoid of attached protein or peptide. Saifer (198)
produced the results of an amino acid composition of normal and Tay-Sach?ts
peptide-strandin, as obtained by automatic analysis with the ion exchange
chromatographic system of Moore and Stein. Generally speaking his results

resemble the amino acid analysis of the mucolipids by Rosenberg and



Chargaff (192) and also confirm the finding that in Tay-Sach's brain
ganglioside there are only traces of amino acids present., Svennerholm (228)
has suggested that ganglioside in their micellar form could act as protecting
colloids for other lipids or water soluble compounds of lower molecular
weight, such as amino acids and peptides. As another approach to this
problem, Bernheimer and van Heyningen (9) have found that amino acids are
not present in gangliosides extracted from acetone dehydrated brain. These
findings were also confirmed by Gammack (54), Svennerholm (222) and Booth
(17). The material of Folch and Lees (50) contained 18% amino acids.
Klenk's (106) original procedures for isolation of brain gangliosides were
based on a selective extracgion by hot organic solvents. This kind of
treatment would tend to denature any protein or peptide moiety associated
with glycolipid, which would account for the fact that his preparations,
after strong acid hydrolysis yleld little or no amino acids. Many workers
have used hot chloroform-methanol extraction of gangliosides from brain
tissue whereas other investigators have favoured milder extraction conditions
during which the temperature of the solvents was kept at or below room
temperature as was originally proposed by Foleh (47). The latter procedure
almost invariably reveals the presence of a peptide moiety as an integral
part of the ganglioside preparations which upon acid hydrolysis yield a
variety of alpha amino acids.

A very important finding with respect to the extractibility of
gangliosides is that of Spence and Wolfe (208), in which they demonstrated
that after 30 minutes of extraction with chlorofofm:methanol (2:1) at 6000,
only 30% of the gangliosides from the tissue were removed if the monovalent

cations had been previously removed by dialysis of the tissue. Restoration
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of the ions to the tissue resulted in a recovery of 80% of the glycolipid
NANA. The mechanism underlying the failure to extract gangliosides from ion
deficient tissue is not known. Perhaps the removal of cations from the
carboxyl group of the N-acetylneuraminic acid allows the gangliosides to
strongly associate with basic proteins. It is interesting to note that the
quantity of gangliosides extractible from tissue slices kept in cold or
under anoxic conditions decreases markedly (151, 152). Tt has been
postulated that this is due to a migration of the basic proteins (259), It
is possible that the potassium or other cation changes in the slices could
be accounted for in part by a loss of ganglioside extractibility.

Trams and Lauter (239) extracted gangliosides from fresh brain
tissue by homogenizing with tétrahydrofuran containing phosphate buffer.
Lipids were removed by ether extraction, and ionic substances including
proteins, were removed by the passage of the aqueous phase through a mixed
bed ion exchange column. The "crude™" gangliosidé preparation was further
purified by precipitation as the barium salt and then regenerated with
sulfuric acid followed by dialysis and rotary evaporation at room temperature.
The yields appear to be somewhat low by this method particularly for the
trisialoganglioside (258). Kuhn and Wiegandt (121) have extracted ganglio-
sides from the brain tissue with phosphate buffer and phenol, but it is not
possible to calculate the yields from the data (228),

There is still much to be desired in the clean separation of the
individual ganglioside types. Column chromatograrhy has been used for the
separation of gangliosides from other liplds as well as the separation into
individual ganglioside types. An isolation method which gives nearly
quantitative recovery of gangliosides under mild conditions was introduced

by Svennerholm (219). A total lipid extract is applied to a cellulose
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power column and the bulk of the lipids other than gangliosides are eluted
with chloroform containing small amounts of alcohol and water. Th
sides are retained on the column and can be eluted with alcohol and water
enriched solvents. This method was later applied to the quantitative
isolation of brain gangliosides (196, 197) and recently for the isolation
of trisialogangliosides (258). A still better separation of the gangliosides
into mono, di and trisialogangliosides was obtained on paper‘roll columns
with propanol water mixtures, Svennerholm (227). Other investigators have
used different methods to purify the crude ganglioside preparations obtained
eitﬁer by the method of Klenk or Folch. Silicic acid column chromatography
has been employed by Svennerholm to remove other lipid components from
gangliosides. Kuhn and Wiegandt obtained pure fractions by using both
silica gel and cellulose powder columns, the latter being eluted with
butanol -pyridine-~water. Penick, Meisler and McCluer (163) have used silicic
acid_(Anasil S) to obtain nine different gangliosides in quite pure form.
When the purified gangliosides are spotted on thin layer chromatography in
fouf solvent systems each runs as a single spot.

Thin layer chrbmatography has served ag fhe fundamental criteria
of heterogeneity of ganglioside preparations and as a guide for the
isolation of the various molecular .species. The total number of different
gangliosides reported has now exceeded thirteen and it has become apparent
that any single thin layer chromatographic system is not sufficient to
distinguish or characterize all the various molecular species.

The thin layer chromatographic mobilities of nine human brain
ganglioside preparations were studied in four commé%ly used solvent systems
by Penick, et al, (163). These solvent systems were: chloroformimethanol:

water (60:35:8, v/v/v); chloroform:methanol:2.5N ammonium hydroxide
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(60:35:8, v/v/v); N-propanol-water (7:3 v/v) and N-propanol:concentrated
ammonium hydroxide:water (6:2:1, v/v/v). They found that no thin layer
chromatographic system is sufficient to clearly separate all of the
components in a mixed ganglioside preparation but they found the chloroform-
methanol-amﬁonium hydroxide system had the greatest resolving power as did
Wherrett, Lowden and Wolfe (254). The data of Johnson and McCluer (96)

and Penick, Meisler and McCluer (163) are in complete agreement with those
published by Svennerholm (227) except for differences in nomenclature used
and for the fact that Svennerholm's ganglioside preparation yielded only

six fractions in sufficient quantities for analysis of their composition.
The complex situation with respect to the heterogeneity of ganglioside
preparations in chromatographic systems has been somewhat clarified as a
result of recent publications by Johnson and McCluer (96); Svennerholm (182),
Ledeen (130); Kuhn and Wiegandt (121); Penick, Meisler and McCluer (163)

and Wiegandt (255).

Almost all workers until 1963 routinely used ascending thin layer
chromatography to ;eparate the brain gangliosides. Korey and Gonatas in
1963 (115) described a descending thin layer chromatographic system which
was able to separate the gangliosides into seven components. To separate
the gangliosides other workers such as Jatzkewitz (94, 95) have applied
the technique of two successive solvents in which chloroform-methanol-water
was followed by N-propanol-aqueous ammonia. Ledeen (130), in order to
separate the gangliosides even more, has used double length silica gel
plates (ZQ x 40 cm.) with chloroform:methanol:2.5 Normal ammonia as the
solvent. He used two successive ascending runs of approximately seven
hours each, with an hour's drying period in between.

The gangliosides can be visualized on thin layer chromatographic

plates by spraying with specific reagents for sialic acid, such as orcinol,

resorcinol (227, 253), or p-dimethylaminobenzaldehyde in hydrochloric acid
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(121), The ganglicside plates can also be sprayed with a general lipid
spray reagent such as bromothymolblue before, and perchloric acidmolyhbdate
(247) after the specifié sialic acid reagent. Charring after spraying
with 50% sulphuric acid is equally sensitive, but it does not differentiate
sialic acid containing lipid from other classes.

The wide applicationiof gas liquid chromatography to the identi-
fication of the fatty acid methyl esters and the aldehyde forms of the
long chain bases i.e., sphingosine and icosisphingosine has already been
mentioned. Qualitative identification of carbohydrate however, following
acid hydrolysis, is usually accomplished by paper chromatography. Recently,
gas liquid chromatography has come to be recognized as a powerful tool in
this area. The work of Sweeley and co-workers (233, 234) has shown the
trimethylsilyl ethers to be highly suitable derivatives for both qualitative
and quantitative determinations. Feldman and Feldman (44) applied this to
identify the gangliosides found in lens. Penick and McCluer (162) claim
an accuracy of 5-67% in the determinations of glucose and galactose using
the trimethylsilyl ethers in the gas liquid chromatography . Paper chromato-
graphy has been used by some workers (25, 54, 242) but has been found to be
generally unsatisfactory. |

The Craig counter current distribution apparatus has been used
by Svennerholm (222); Meltzer (153) for the isolation and separation of
gangliosides. Results of the investigation by Meltzer who employed a
three-phase counter current distribution technique indicated that strandin

may consist of from 8-15 components depending on its degree of purity.
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3. Classificat;on of Gangliosides

The evidence is rather compelling that gangliosides as obtrined
by the usual extraction and fractionation procedures are monomers. A
large number of discrete structures have been isolated and charecterized,
including four major ganglioéides (Table I) and in a larger group of minor
components from normal brain (Table 2). As the number continues to grow
with new discoveries, the problem of single designation becomes increasingly
confused. 1In Table I and 2 the designations by the different authors have
been listed with each structural component that has been reported. Each
investigator has been inclined to introduce his own system, and there are
now at least eight currently in use in the literature and two authors at
least have introduced two separate forms of symbol designation. There is
a need for an international agreement on nomenclature to clarify the mount-
ing confusion as new ganglioside types are found. The notation system of
Korey and Gonatas (115) will be used in this thesis because of its
simplicity and because a descending thin layer system has been used to
separate gangliosides which is similar to that of Korey and Gonatas (115)
and Suzuki (212, 213, 214, 215). Where another name or symbol has been
used, the equivalent ganglioside, if it is known, from the Korey and Gonatas
(115) system will be included in brackets.

Kuhn, Wiegandt and Egge (123) designated the four crystalline

gangliosides isolated from beef brain as Gy Gy, Gy and Gy, (GA’ G,, G, and

3’ "2
G1 of Korey and Gonatas respectively) in order of decreasing rf values on

both paper and thin layer chromatograms. These four major gangliosides of
normal brain are shown in Table I. They differ only in respect to the
number and attachment sites of the NANA groups. The monosialo compound

(G4) is postulated as the basic structure unit for all four compounds.
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MAJOR GANGLIOSIDES OF BRAIN

NOMENCLATURE

1. Major monosialoganglioside
Sialylhexosaminyltrihexosylceramide
Ceramide-sialo-ganglio-N-tetrahexoside

ant!

6

GM1
1-G

REFERENCES

Penick, et al, 1966.
Wiegandt, 1966.
Wiegandt, 1966.

Kuhn & Wiegandt, 1964.
Svennerholm, 1964.
Johnson & McCluer, 1964.
Tettamanti, et al, 1964,
Klenk & Gielen, 1963.
Penick, et al, 1966,
Korey & Gonatas, 1964.

Ceramide (l=—1)Glc(4=—1 ,/S)Gal (41 ,/S)GalNAc (3—1 ,/S)Gal

(3—2)NANA

2. Disialoganglioside I
Disialylhexosaminyltrihexosylceramide I
Ceramide-disialo-ganglio-N-tetrahexoside
Gayr2a
611 GanT1l
GDla
2G
1b
Bl

Penick, et al, 1966.

Wiegandt, 1966.

Wiegandt, 1966.

Kuhn & Wiegandt, 1964, 1963.
Svennerholm, 1964,

Johnson & McCluer, 1964,

Tettamanti, et al, 1964,
Kuhn & Wiegandt, 1964, 1963.
Penick, et al, 1966.

Korey & Gonatas, 1963.

Ceramide(bh——l)Glc(44-—178)Ga1(44h—1ya)GalNAc(3<—-lva)Gfl

(3=—2)NANA

(3— 2)NANA
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TABLE I (Cont'd)

NOMENCLATURE REFERENCES
3. Disialoganglioside IX

Disialylhexosaminyltrihexosylceramide II  Penick, et al, 1966.

Gopyp2b  Wiegandt, 1966.
Gy Kuhn & Wiegandt, 1964, 1963.
GD1Lb

Svennerholm, 1964.

3G Johnson & McCluer, 1964.
IIIb Tettamanti, et al, 1964.
HG-4

Penick, et al, 1966.
GE Korey & Gonatas, 1963.
Geramide(bﬁ‘—l)cﬂc(a*kﬂlpADGa1(4<w—lv@)GalNAc(3-—1y6)Gal

(3=—2)NANA (8=—2)NANA

4. Trisialoganglioside I

Trisialylhexosaminyltrihexosylceramide I  Penick, et_al, 1966,
Ceramide~-disialo-sialo-ganglio-N~

tetrahexoside Wiegandt, 1966.
GGNT3 Wiegandt, 1966,
GIV ’ Kuhﬁ & Wiegandt, 1964, 1963.
GT1 Svennerholm, 1964.
4~G Johnson & McCluer, 1964.
HG-5 Penick, et al, 1966,
IIle Tettamanti, et al, 1964,
G1 Korey & Gonatas, 1963,

Ceramide(L4-1)Glc(4<—-l73)Gal(4<-1ye)GalNAc(3<~—lya)Gal(34—~2)NANA

(3=—2)NANA (8 ~—2)NANA



17

TABLE 2
MINOR GANGLIOSIDES OF BRAIN
NOMENCLATURE REFERENCES

1. Tay-Sach's ganglioside

Sialylhexosaminyldihexosylceramide Penick, et al, 1966.
Ceramide-siaio-ganglio—N~trihexoside Wiegandt, 1966,

GGNTrlll Wiegandt, 1966.

Gy s GGNTrll Kuhn & Wiegandt, 1964, 1963,
M2 Svennerholm, 1964.

'™ Johnson & McCluer, 1964,
HG-D Penick, et al, 1966.

Al ' Klenk & Gielen, 1963.

Gy Korey & Gonatas, 1963,

Ceramide(1¢h~1)G1c(4-~lye)Ga1(4-h~196)Ga1NAc

(3-~—2)NANA

2. Hematoside ‘
Sialyldihexosylceramide Penick, et al, 1966.
Ceramlide~sialo-lactoside Wiegandt, 1966.
Cractl Wiegandt, 1966,
Cract Kuhn & Wiegandt, 1964,
GM3 Svennerholm, 1964.
G6 Suzuki, 1964, 1965.
HG-C Penick, et al, 1966.
Gg Korey & Gonatas, 1963.

Ceramide(1~——1)Glc(4-&—176)Ga1(3-—-2)NANA
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NOMENCLATURE

Disialyldihexosylceramide

Ceramidg-disialo-lactoside

18

REFERENCES

Penick, et al, 1966.

Wiegandt, 1966,

Gract2 Wiegandt, 1966,

HG-la Penick, et al, 1966.
clLact Kuhn & Wiegandt, 1964.
- Gq, Ledeen, 1966.

Ceramide (1=—1)Glc(4=—1)Gal (3<—2)NANA(8=—2)NANA

4. Second Trisialoganglioside
Trisialylhexosaminyltrihoxosylceramide II Penick, et al, 1966.
HG-6 Penick, et al, 1966.

Gp Korey & Gonatas, 1963.
Structure undetermined.

5. Tetrasialoganglioside
GV Kuhn & Wiegandt, 1964, 1963.
IVb Tettamanti, et al, 1964,
Structure undetermined.

6. Tetrahexosedisialoganglioside Tettamanti, et al, 1964,
IVa Tettamanti, et al, 1964.
Structure undetermined.

7. Disialylhexosaminyldihexosylceramide Penick, et al, 1966,

Ceramide-N~triose-di-NANA

cl

Spence, 1966,

GNTrII Kuhn & Wiegandt, 1964, 1963,
Ceramide (l~—1)Glc(4~—1)Gal (4=—1)GalNAc

(3-—2)NANA (8~— 2)NANA ?

Other NANA location not known .



TABLE 2 (Cont'd)

NOMENCLATURE

8. Disialyltrihexosylceramide
D
Ceramide(l=—1)Gal(3=—1)Gal (3~—1)Gal
Location of the two NANA's unknown.
9. Sialylhexosylceramide

Ggal
Ceramide (1=—1)Gal (3 ~—2)NANA

10. Three fast running gangliosides of unknown
HG-A

HG-B

HG-E

REFERENCES

Penick, et al, 1966.

Klenk & Gielen, 1963.

Penick, et al, 1966.

Kuhn & Wiegandt, 1964.

structure.
Penick, et al, 1966,
Penick, et al, 1966,

Penick, et al, 1966,

19
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The two major disialogangliosides (G2, G3) contain this unit plus an
additional NANA attached to the terminal galactose in one case and to the
first NANA (refer to Table I) in the other. So far only D;galactpse has
been found to be directly attached to the sialic acid in gangliosides (228).
Brain gangliosides were at first generally considered to be complex glyco-
lipids or aminoglycolipids of uniform chemical composition. Svennerholm
(219) was the first to separate human gangliosides into two fractions with
different carbohydrate composition by chromatography on cellulose. Further
confirmation of the correctness of these structures for various human brain
ganglioside fractions is furnished by the studies of the hydrolytic products
formed during acid or enzymatic, i.e. neuraminidase (sialidase) action.

The relationship between the products formed from the various normal ganglio-~

side components when acted upon by sialidase was first postulated by Kuhn,

et al (123, 120, 121) as follows:
G sialidase G sialidase G gialidase e
3 4 2 1
Sialic acid in brain gangliosides is attached to the two main positions:
C-3 of galactose and C-8 of another sialic acid. Other attachment sites
have been suggested (228, 198, 97, 85) but the evidence for these is not
yet as convincing.‘

A phenomena which originally stimulated the search for different
linkages was the repeated observation that treatmént of total bréin
gangliosides with neuraminidase splits off approximately half the sialic
acid. The resistance of the remainder was thought possibly due to a
different bond type. Kuhn and Wiegandt (120) were the first to present
evidence showing that the reason that neuraminidase acts differently on

Tay-Sach's ganglioside and hematoside was due to steric factors. Tay-Sach's
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ganglioside (see Table 2) has one NANA residue which is resistant to
neuraminidase but the "hematoside" (see Table 2) derived from it by select-
ive removal of the terminal N-acetylgalactosamine was qulte susceptible to

the enzyme. Part of the reason for the resistance to neuraminidase appears

to be the presence of a large grouping at the four axial hydroxyl of galactose
which hindersbthe approach of the enzyme to the adjacent NANA bond (132).

A list of the minor brain gangliosides so far reported in the
literature together with the nomenclature and symbols used ig presented in
Table 2.,

Generally speaking, the major gangliosides make up approximately
90% of the total brain gangliosides so that by definition a minor ganglio-
side would include any ganglioside in the remaining 10%. By far the most
work has been done on the Tay-Sach's ganglioside (G5) which was the ganglio-
side originally isolated by Klenk from the brain of a child with Tay-Sach's
disease. Essentially the Tay-Sach's ganglioside (GS) has the same structure
as the major monosialoganglioside except that the terminal galactose which
1s attached to the N-acetylgalactosamine is not present (224, 131). The
second most studied minor ganglioside is more commonly known as hematoside
<G6) and has been called by Kuhn, et al (119), G-lactose, and by Svennerholm,
et al, GM, (227). Penick and McCluer (163) call it HG-C. This ganglioside
makes up less than 1% of the total brain ganglioside sialic acid and is
found generally speaking to be much more plentiful outside the central

nervous system.

The other trisialogangiioside (GO) described by Penick and McCluer

(163), may have two sialic acids attached to the terminal galaétose, and

one to the central galactose but this has not been established. Kuhn and



22

Wiegandt (121) described a still more complex ganglioside containing four
molecules of NANA which on mild acid hydrolysis converts to the trisialo-
ganglioside but there is little information available and it may be a
second trisialoganglioside. On the other hand, Tettamanti (238) described
a ganglioside isolated from pig brain which on molar ratios appears to be

a tetrasialoganglioside and they bhelieved it to be identical with that
described by Kuhn and Wiegandt (121). Kuhn and Wiegandt (122) have
isolated another ganglioside related to the Tay-Sach's type, but possess-
ing an additional sialic acid. The location of the additional NANA was not
determined.

In the Korey and Gonatas (L15) system it is thought that the GSa
is the same as hematoside with an additional NANA (130). Klenk and Gieland
(109) have also isolated a trigalacto-disialoganglioside which showed
wnusual lability of its sialic acid bonds.

Table 3 gives the structures of the gangliosides that have heen
found outside the central nervous system and the source from which they
have been found. Gangliosides have also been isolated from spleen (107)
and from red blood cell stroma (260, 107). Whether the types of ganglio-
sides found in the nervous system also occur in these sources cannot yet
be determined. Xlenk (107) obtained evidence for the occurrence of a
ceramide-dihexsoside-sialic acid in the stroma of canine and equine
erythrocytes (112). In the human spleen Svennerholm (225,226) saw that
the predominant ganglioside had the same composition as the ganglioside in
erythrocytes. He also has found that when the concentration of ganglio-
sides is expressed in percentage of total lipids or glycolipids, placenta
contains more gangliosides than all other organs. This ganglioside (G6)

found in placenta was the same as that found in the spleen. Gangliosides
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TABLE 3

GANGLIOSIDES OUTSIDE THE GENTRAL

NERVOUS_SYSTEM

1.

Ceramide(l~-1)Gle (4=—--1)Gal (3=— 2)NANA

Source: Erythrocytes, canine ' Klenk & Haer, 1960.
Handa & Yamakawa, 1964.

Spleen, human Svennerholm, 1964.

Placenta, human. Svemmerholm, 1963.

2.

Ceramide(l=—1)Glc (4~ 1)Gal (3= 2)NGNA

N~glycolyl containing ganglioside.

Source: Erythrocytes, equine ' Klenk & Padberg, 1962,

Yamakawa & Suzuki, 1951.
Handa & Yamakawa, 1964.

3.
Ceramide (l=— 1)Glc(4~—1)Gal (3-=+—2)NGNA(8-+—2)NGNA

Di=-glycolyl containing hematoside. Handa & Handa, 1965.
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have also been isolated from lung (53) and from the human lens by Feldman
and Feldman (44). The ganglioside of human lens was found to be very
similar to the ganglioside found in the spleen (Gé)‘ Gangliosides outside
the central nervous system appear to be characterized by longer chain fatty
acids. Lignoceric acid comprises about 75% in hematoside from horse
erythrocyte (112), while that from canine erythrocytes contain C24 fatty
acids. The species of gangliosides from horse erythrocytes containg
N-glycolylneuraminic acid while those from canine erythrocytes and human
spleen (70) contain N-acetylneuraminic acid (226, 230). Handa and Handa
found that the hematoside isolated from cat erythrocytes contained two

residues of N-glycolylneuraminic acid (69).

4. Methods Used to Determine Gangliosides

Elemental analyses are of limited value, as large admixtures of
other glycolipids, will give only small deviations of the analytical results.
Nitrogen determination can be valuable in the analyses of sphingosine in
sphingolipids, but in gangliosides the nitrogen content is of small signifit-~
cance because the nitrogen can be derived from sphingosine, sialic acid,
galactosamine and nitrogenous impurities (228). Gangliosides have been
estimated by the quantitative analyses of one or more of their carbohydrate
constituents. Of these the most logical choices are hexosamine, i.e.,
N-acetylgalactogsamine and the sialic acid N-acetylneuraminic acid.

Bial's orcinal reaction was the earliest method used for the
estimation of gangliosides (128, 250). Klenk (103, 104, 105) used the
same method when he determined that subjects with Nieman-Pick's and Tay -~
Sach's disease had increased amounts of glycolipid of this type in the

brain. Using Bial's orcinol reagent, Klenk and Langerbeins (106) developed



a method for the qﬁantitative determination of sialic acids which has been
modified by several workers (137, 221, 154). The molar extinction coefficient
of the orcinol reaction has been reported to be 4,340 (251) and 5,895 (221).
The discrepancy between the two figures is probably due to the difference
in purity of the NANA preparation.

In 1957 Svennerholm (221) replaced the orcinol with resorcinol.
He found that the molar extinction coefficient when calculated on the amyl
alcohol phase was 9,500. He, therefore, stated that the sensitivity of the
new method was 50% greater than that of the orcinol method. The reproduc~
ibility and specificity of the reaction was further increased by the
extraction of the coloured material into butylacetate-butanol instead of
amyl aleohol used in the original method (154), but there was no increase
in the molar extinctioncoefficient. Warren (251) reported that the molar
extinction coefficient of the xesorcinol reaction of Svennerholm with
N-acetylneuraminic acid was ounly 4,700.

Recently, Suzuki (212) has devised a method using Svennerholm's
resorcinol technique with the modifications of Miettinen and Takki-
Luukkainen (154) to determine sialic acid directly from silica gel removed
from thin layer plates. In each instance, duplicate determinations of
sialic acid content of the ganglioside mixtures were carried out to check
the sialic acid recovery and in almost all instances it was between 96 and
100%. This is a fast and simple procedure to perform and applicable to
very small samples of brain tissue.

In 1959 Warren (251) described the thiobarbituric acid assay as
reproducible, sensitive, Eﬁolar extinction coefficient of 57,000 for

N-acetylneuraminic acid (251) and 70,700 (32] and considerably more specific
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than the other methods. The thiobarbituratic acid method and alkali-
Ehrlich methods (3) only measure unbound sialic acid. The molar extinction
coefficient of the alkali-Ehrlich method is however, only 7,700 (3). Hence
by carrying out the assay on hydrolyzed and unhydrolyzed samples, the levels
of free, bound and total slalic acid in biological materials can be deter-
mined. The sialic acid content of gangliosides is usually determined by
hydrolyzing the gangliosides with 0.1 normal sulfuric acid for two hours

at 80° along with a standard ganglioside, and then by extrapolation
determining the amount of ganglioside present in the unknown sample. The
method has the disadvantage that when the individual ganglioside monomers
are being determined for the sialic acid content the amount of sialic acid
released from the different monomers is quite variable as has been mentioned
previously. Whereas the orcinol and resorcinol reactions determine the
total amount of sialic acid whether in the bound or free form.

Dische in 1930 (39) described the diphenylamine reaction for
sialic acid. The molar extinction coefficient was reported to be 4,040 by
Werner and Odin (252) and the same by Warren (251). Svennerholm (228) was
unable to make the direct Ehrlich reaction to react stoichiometrically with
the lipid bound sialic acid. Whereas Warren (251) found that the direct
Ehrlich reagent gave a molar extinction coefficient of 2.030 for N-acetyl -
neuraminic acid.

In 1964 Hess and Rolde (79) reported the development of a new
fluorometric technique for the measurement of sialic acid in ganglioside.
Since fluorometric methods usually possess a seusitivity 100-1000 fold that
of spectrophotometric methods, it was possible now to measure the ganglio-
side content of samples containing less than 0.3 micrograms of sialic acid
which is the limit of the colorometric reactions. The application of this
technique to the analysis of gangliosides in small tissue sections of

brain is the main topic of this thesis. The N-acetylneuraminic acid of
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brain gangliosides is a 9-carbon alpha-keto acid, and such compounds readily
undergo decarboxylation on treatment with hot mineral acids (252, 79).

The desoxy-sugars and in geﬁeral aldehyaes of the type R-CHZ-CHO will react
with 3,5-diaminobenzoic acid when heated in mineral acids to yield highly
fluorescent quinaldines (see Fig. 1). The method is based on the reaction
of the sialic acid with the 3,5-diaminobenzoic acid in hot dilute HCL to
yield a product with an intense green fluorescence. Bound and free sialic
acids react equally as in the resorcinol reaction. Ox brain gangliosides

of grey and white matter and whole rat brains were analyzed by the fluoro-
metric technique and by microadaptions of the resorcinol HC1 and thiobarbitu~-
ric acid procedures (79). The three methods agreed closely as was also
found by Booth (18).

Most methods of determining gangliosides, as has been shown above,
have been colorometric. The NANA residue, most characteristic of this lipid
class, has been the subject of most of these analytical procedures. In 1965
Kishimoto and Radin (101) described a new method for the determination of
brain gangliosides measuring stearic acld, the chief fatty acid of ganglio-~-
sides, in brain extracted by the Folch procedure. The method depends on the
simple composition of ganglioside fatty acids. The values obtained with
this technique agree well with the values obtained with the colorometric

techniques by Lowden and Wolfe (14l) and James and Fotherby (93).

5. Location of Gangliosides

There have been three surveys of the ganglioside content of the
different regions of the central nervous system (141, 214, 127)., Lowden
and Wolfe (141) measured the amount of glycolipid N-acetylneuraminic acid

extracted with chloroform:methanol (2:1) in the differvent regions of the



FIGURE 1

Scheme proposed for chemical reaction of 3,5~-diaminobenzoic acid
reaction with N-acetylneuraminic acid to form quinaldine derivative.
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nervous system. Generally the results indicated that gangliosides are
restricted to the regions of brain containing neurones. The values are
high in the cerebral cortex, cerebellum, caudate nucleus and thalamus,
while they are low in the centrum semiovale, corpus callosum and optic
tracts. Gangliosides were not found in the optic or sciatic nerves or in
the sympathetic chain. The presence of gangliosides in all layers of the
cerebral cortex and the demonstration of greater amounts in the superficial
layers suggested that the gangliosides may be concentrated in dendritic
processes (141).

Suzuki (214) and Landolt, Hess and Thalheimer (127) found that
the regional distribution of glycolipid NANA is in good agreement with the
data found by Lowden and Wolfe (141). Suzuki found the various anatomical
regions of the human brain revealed significantly different ganglioside
patterns which are laterally symmetrical and consistent from one brain to
another. As compared to the frontal region, the uncal area contains a
higher amount of less polar gangliosides, whereas the visual and cerebellar
cortices are much richer in trisialoganglioside. The thalamus and caudate
nucleus show contrasting patterns in that the pattern of the thalamus is
more polar than that of the other basal ganglia. Suzuki suggested in view
of all the findings discussed and the preliminary observation that signifi-
cant pattern differences existed among various animal species, that it was
extremely important that animal species, age and the area of the brain, are
specified whenever an analysis of ganglioside pattern is carried out.

The distribution of gangliosides in the different regions of the
central nervous system strongly suggests that gangliosides are located

specifically in the neurones of the central nervous system; either in the
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cell bodies or dendrites, or both. It has been found (142) that the histo-
logical demonstration of the loss of neurones without a corresponding loss
of glial cells was associated with a decrease in the amount of gangliosides
that could be extracted from the cerebral cortex in pathological conditions,
such as hypoxia and hypoglycemia. The absence of gangliosides from glial
tumors as reported by Lowden and Wolfe (141) and Svennerholm (222), also
support the neuronal localization. No antibodies to ganglioside were found
in the sera from rabbits immunized with optic or sciatic nerve but were
demonstrated in rabbits immunized with ganglioside extracts from cerebral
cortex (205).

Svennerholm (229) found that the ganglioside patterns on thin
layer chromatography of the sixteen’fetal brains analyzed had a similar
pattern to that in the cerebral cortex of a normal adult. All of the material
was obtained by caesarean section. However, in all the brains of premature
and full term babies born by normal delivery, the ganglioside pattern showed
a big difference from that of the fetuses. The trisialo and disialoganglio-
side were markedly diminished. It was clear that Gy is the predominant
ganglioside of new born human brains. Most workers have found a linear
increase in the total gangliosides extracted from rat brains between the
day zero to 20 days (176, 93, 193, 194). Suzuki (214), however, found

striking changes in the pattern on thin layer chromatography of G, and G

1 3’

that is, the trisialoganglioside and the faster moving disialoganglioside

respectively. At birth, the molar ratio of Gl and G3 is one.

undergoes a rapild decline up until the 18th and 20th day and then gradually

However, Gl

increases to the adult level in rat brain. Conversely, G, increases

3
rapidly until 18 days and then comes down to adult level. Thus, a clearly

inverse relationship between G1 and G3 exists. It is well known that the
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total dendritic surface area increases between 10 and 20 days, the bgsal
dendrites especially markedly increasing in the 10 to 20 day old period.
Cell bodies stay about the same. These parameters were measured in rabbit
brain cortex (152). From the foregoing facts, it is possible that gross
analyses of the tetal gangliosides are hiding individual differences in the
monomers occurring in regional and distributional studies. There may be
anatomical structures which contain only gangliosides of certain types and
the rapid increase in G3 found in the developing rat brain by Suzuki
represents the proliferation of certain very specific anatomical structures
in the central nervous system.

Spence and Wolfe (209) found that a subcellular fraction enriched
in ganglioside could be isolated from new born rat brains. On an electron
microscopic examination this fraction consists-almost entirely of membrane
elements, possibly derived from the plasma membrane or the smooth surface
of the endoplasmic reticulum. The results supported the hypothesis that
gangliosides are localized in the neuronal membrane elements. Burton,
Howard, Baer and Balfour (27) suggested a functional role for gangliosides
in the transport of acetyl choline from the synaptic vesicles through the
pre~-synaptic membrane because gangliosides and bound acetyl choline are
higher in the grey matter than in the white, and also the subcellular
distribution of these two compounds appears to be parallel in rat brain.
Norton and Autilio (158) suggested that the very small amounts of ganglio-

sides found in their purified myelin fractions was due to contamination.

6. Possible Functions of Gangliosides in Brain

Gangliosides do not affect impulse transmission in the profused
superior cervical ganglion of the cat, and injected intravenously, do not

alter blood pressure in cats (16). Also, North and Dorrey (157) found all
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preparations of gangliosides injected into experimental animals intravenously
had no detectable ill affects.

McIlwain and co-workers (151) have found that the response to the
electrical stimulation of cerebral slices was abolished when the tissues
were kept in a cold media or when a basic protein, such as protamine, was
added to the medium without cold incubation. Gangliosides were foun& to
be extremely potent in blocking the inhibition of response produced by cold
incubation or by added basic protein. The work of Wolfe and McIlwain (259)
suggested that when cerebral slices were kept in the cold, nuclear histones
migrated to the subcellular membranes which contained the gangliogides.
McIlwain (151, 152) has suggested that these properties support a picture
of ion transport in which the gangliosides are membrane constituents but
are not mobile carriers, constituting rather a hydrophilic path for cationic
movement through the lipid membrane. Protamine could inhibit cation trans-
port in such a pore by combining with the acidic group at its mouth.

Many amino acids and other agents applied iontophoretically to
cerebral and spinal motor neurones depolarize them (117). Hillman and
Hyden (82) found that a ganglioside preparation had the effect of increasing
cellular polarization of isolated neurones as it did in cerebral slices (80).
The values obtained of the membrane potentials at room temperature then fell
within the range found at 37° in cells identified by antidromic stimulation
as pyramidal motor neurones.

In the central nervous system, membranes of adjacent cells in
mammalian cerebral cortex remain at least 200 angstroms apart. It has been
suggested that there is an outer coating or gap substance (45) which occurs
as an envelope some 100 to 200 angstroms in thickness beyond the lipid

membrane. In neurones, mucopolysaccharides or mucoproteins are among the
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substances proposed as present beyond their outer surfaces. It is possible
gangliosides are part of or connected to the gap substance. Hence it has
been suggested by McIlwain on the basis of the work mentioned above that
the gangliosides are involved in selective cation transport across cell
membranes (151).

| The regional distribution of gangliosides in the central nervous
system closely parallels that of gama-aminobutyric acid (GABA). Both
gangliosides and GABA occur only in very small amounts or not at all in
peripheral nerve, sympathetic chain, optic nerve, pineal gland, corpus
callosum and white matter in general. That gangliosides specifically
combine with tetanus toxin has been amply substantiated (241, 242).
Physiological studies show that the action of this toxin is at inhibitory
synapses in the cerebral cortex and in the spinal cord (40, 22). So that
there is a certain amount of evidence to suggest as Lowden and Wolfe have
done in 1964 (141), that gangliosides might be specific membrane components

involved in synaptic inhibition in the central nervous system.



35

Chapter II

QUANTITATIVE HISTOCHEMISTRY OF THE

CENTRAIL NERVOUS SYSTEM

The founder of quantitative histochemistry, Linderstrgm-Lang (136),
said in 1939, "The elements of this procedure (quantitative histochemistry)
are the removel of small pieces of tissue or cells with known size and well
defined histological structure, and the investigation of these pieces by
means of well known chemical methods modified for the specific purpose of
estimating small amounts of chemical compounds in small amounts of material.
In 1951 Holter and Linderstrgm-Lang (84) reviewed all the microchemical
methods and their application to tissues apd cells. Recent reviews of this
new and exciting approach to the study of the central nervous system
chemistry include Hyden (86), Krivdnek (116), Robins (180), Sidman (206),
Pope (170) and Lowry (145). The methods used in correlating chemical
composition with the histological structure of the central nervous system
fall into four main groups (167). TFirstly, there is the classical micro-
scopic histochemistry which has been reviewed by Sidman (206), in which
the histological sections are prepared in such a way that the substance
for analysis reacts with the chemical agent used, producing a stain whose
activity can be studied by means of the microscope. Histochemistry
produced preparations accurately defined histologically but their quanti-
tative analysis is hindered by diffusion and other artifacts. Secondly,
there are histophysical techniques which apply physical methods for
quantitative analysis in preparations similar to those used in histo-
chemistry. The most importan£ of these techniques are ultra-violet

microscopy and absorption histospectroscopy developed by Caspersson for
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quantitative analysis of proteins and nucleic acids. The method is based
on measuring absorption at those wave lengths characteristic to a given
substance in situ in histological preparations. Thirdly, there is cyto-
chemistry of subcellular particles which are separated and collected by
high speed centrifugation methods. Finally, there are the methods of

quantitative histochemistry with their application to the central nervous

system.

1. The Laboratory of Lowry

Lowry in 1953 (144) followed the general approach of Linderstrgm-
Lang (136) and Holter (84) in describing quantitative histochemical approaches
to analysing different structures of the central nervous system. The
tissue 1is quick frozen to keep ice crystals as small as possible, and then
sectioned on a microtome inside a box held at a temperature of -20° centi-
grade or so. The sections are next dried at ~40° centigrade under vacuum.
One of the advantages to using the frozen dried material is that substrates
or soluble materials do not diffuse after drying and even biologically
unstable substrates, such as ATP, are not affected by feasbnable periods of
exposure to room temperature. The tissue slices during the freeze~-drying
are placed in holders which are made of drilled aluminum blocks sandwiched
between glass slides. Although the freeze-dried tissue has not been

stained or inbedded, it is possible, working under a microscope, to dissect

out even parts of the cells such as nuclei.

—

The dissecting tools are of simple construction and some of these
will be described more fully in the next chapter. The knives used to
trim away the cytoplasm of single nerve cells in order to isolate nuclei

from freeze-dried tissue are usually made of splinters of razor blades.
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In order to determine the sample size, three methods have been
,suggestéd by Lowry (146, 144). These are protein content, the dry weight,
or £he sample volume. In 1953 Lowry (l44) described a "fishpole" balance
which was a modification of the original quartz torsion balance described
by Lowry in 1944 (143). The balances used are made of fine quartz fibres.
The smallest made to date is capable of weighing one red blood cell with
an accuracy of 10% (145). The sample is loaded onto the tip of the fibre
with a fine hair point, and the displacement is read through a micrometer
ocular of a microscope or cathetometer. A wide field microscope is used
to supervise the loading. At that time (1953) (144), it was suggested
that to decrease static electrical effects a thin film of platinum should
be placed on the inside of the glass tubing, and also ten to twenty gama
of radium salt, suitably painted on a small piece of metal, should be
placed inside. Since that time it has been found that the platinizing of
the inside of the tube is unnecessary. The question arises whether the
exceedingly porous tissue may not be so hygroscopic as to give a falsely
high dry weight when weighed in room air. To check this point, Lowry (l44)
used freeze-drled brain sections weighed on a fishpole balance mounted in
a vacuum desicator. After determining the weight in vacuo, air of vary-
ing deg:ees of humidity was admitted and the new weight measured. The
samples reached each new weight within a few minutes and there was no
subsequent drift. Hence, although frozen freeze-dried sections weighed

in room air tend to absorb moisture and gases of the air, the increment in
weight 1s consistent, and by making suitable allowance the true dry weight
may be estimated to within two or three percent. Under the usual labora-
tory conditions, a 6% correction is appropriate. For a particular fish-

pole balance the useful range is not very great, so therefore, a series
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of balances are needed. Tor samples weighing 0.1 micrograms or more, a pan
of very thin glass'is needed to hold the sample. Smaller samples will stick
to the fibre tip without a pan. For a given fibre the sensitivity increases
as the cube of the length, but there is a critical length beyond which
sagging due to the weight of the fibre itself becomes excessive. Paradoxi-
cally, for fibres used at their critical lengths, the sensitivity varies
inversely as the cube of the length. One way of estimating the critical
length 1s to make the fibre long enough so that without any load the

weight of the fibre itself will bend the tip a distance equal to about one-
third of the fibre length (145).

Lowry (145) has described a new technique developed recently in
order to measure substrates of reactions. It became necessary at the early
stages of the analysis to work with volumes which were too small for regular
micro test tubes. It was found possible to greatly reduce the scale of
operations by working with minute droplets under oil in small holes drilled
in a block of teflon. As many procedures as are necessary, including a
cycling step, can be carried out in the original oil well by adding
éuccessive reagents at the proper time. Finally, the sample is easily
transferred to a regular fluorometer tube and the fluorescence measured.

Lowry has chosen fluorometry as his method of chemical analysis
because of its general applicability and high sensitivity. Almost every
substance in living cells can be caused to either oxidize NADH or NADPH,
or reduce NAD™ or NADP". The reason that the pyridine nucleotides have
been so useful as analytical tools is that NADPH and NADH are naturally
fluorescent and NADPT and NAD* can be made highly fluorescent with strong
alkali. The way these chemical properties may be put to use is illustrated

by the following example of a two enzyme system:
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hexokinase
glucose + ATP Y glucose~6~P + ADP

glucose-6~P + NADP+ + glucoge-6-P - 6-P-gluconate -+ NADPH
dehydrogenase

These two reactions can usually be combined into a single analytical
step, and the NADPH formed becomes a measure of either the glucose, ATP, or
hexokinase, depending upon which one of those components is omitted.

In the cycling process NADP' serves as a catalyst for a two-enzyme
system. The reagent contains ammonia, alpha-ketoglutarate, and the enzyme
glutamic dehydrogenase; which quickly oxidizes the NADPH to NADP+ and forms
glutamate. The reagent also contains glucose-6-P and its dehydrogenase,

which quickly reduces the NADP" back to NADPH and forms 6-P-gluconate.

glutamic "
NADPH + alpha-ketoglutarate + NH4 5 8lutamate + NADP
dehydrogenase
glucose-6-P
NADPH + 6-P-gluconate _ glucose-6-P + Nappt
dehydrogenase

Enough of each of the two enzymes 1is added so that each molecule
of NADPH goes sround the cycle as many as 10,000 times in 30 minutes.
Therefore, for every NADP+ molecule, 10,000 molecules of each product are
formed. At this time the enzymes are inactivated with heat, and one of the
producté, 6-P-gluconate, is measured by adding 6-P-gluconate dehydrogenase
and an excess of new NADP'

The overall resﬁlt is that for each original molecule of NADPH
there are now 10,000 molecules. If this is .still not enough, any remain-
ing excess of the added NADP+ is destroyed as before with alkali and the
NADPH is cycled with new reagent. This can result in another 10,000-fold
multiplication., With double cycling, the sensitivity, at least in principle,

1s sufficient to measure one molecule of any enzyme of moderate turnover.
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When dealing with small quantities of tissue and reagents it is
necessary to introduce a number of modifications. So-called comnstriction
pipettes are used. The lumen is narrowed to 0.1-0.2 mm. and this holds
back the meniscus of the titrated liquid by surface tension, thus defining

the volume. Calibration is either gravimetric (volumes over 20 pl) or

colorimetric.

2. The Laboratory of Pope

For some years in Pope's laboratory (166, 167, 168, 169, 170, 172,
173, 175) the principles and methods of quantitative histochemistry have
been used for studies on the chemical pathology of the nervous system. A
particular effort has been made to describe the biochemical architecture of
rat and human cerebral cortex, primarily because of its intrinsic neuro-
logical importance and the implications of its function for behaviour.

The overall purpose of the work is to build up a body of information which
| would be helpful in assessing the possible metabolic or structural altera-
tions of human cortex in certain nervous and mental diseases. A biochemical
analysis at successive intra-cortical levels has provided quantitative
information on the cortical chemoarchitectonics, and has provided a basis
for the correlation between the chemical constituents analysed, and the
characteristic stratification of its anatomical components.

In Pope's (166, 167) technique the brain is extracted after
decapitation, frozen with dry ice and then warmed to -12° centigrade.
Cylindrical pieces of cortex, usually somotosensory are taken, two milli-
meters in diameter and two millimeters high, from which sections 20 microns
thick are prepared in a cryostat at -12° centigrade, cut in direction from
pia to white matter. The first section is reserved for histological study

by the Nissl method (structural control of chemical analyses). The second
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section is used to analyse enzymatic activity. The third section is used
as either an analytical control, or for parallel analyses of other enzyme

activities. The fourth section is used for analysis of dry matter or

proteins.

3. The Laboratories of Hyden and Edstrdm

Hyden (86, 87, 88) in Gothenburg uses a stainless stéel thread,
15 or 18 microns in diameter and sharpened to approximately two microns, to
lifﬁ out nerve cells from the lateral vestibular nucleus (Deitef's) of the
rabbit. Sections are prepared from an animal, usually rabbits, sacrificed
by air embolism. Single cells are isolated by hand under a binocular
microscope at a magnification of around 60 to 100 times. Usually a very
small amount of methylene blue in the isotonic sucrose solution is applied »
to the cut surface for some seconds. The stain is taken up by the synapses,
which are seen as a finely dotted border around the area occupied by the
unstained nerve cell. The cell is removed before it takes up the dye, and
transferred to a substrate or to the sucrose solution, where it is freed
from the adhering glia by gentle manipulation. The oligodendrocytes closely
surrounding the nerve cell will easily come off in the sucrose and adhere
to each other, and the collection of glial cells may assume a spherical
form. It can be easily trimmed to approximately the same volume as that
of the nerve cell to which it belongs. The collection of glial cells is
freed from parts of axons or dendrites. More will be sald about contamina-
tion of glial clumps in later chapters. Nerve cells and glia isolated in
this way are not vitally damaged, as it has been shown by Hyden that it is

possible to culture them in his laboratory for periods up to three months.
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The dry weight or the protein content of a cell is determined by
means of x-ray microspeétography at 8-12 A°, 1In this wave length region
the x-ray absorption is proportional Fo the amount of carbon, nitrogen and
oxygen. The specimen, which can be fresh or dry nerve cells or samples of
glia, is exposed on aluminum foil together with a reference system having
the same wave length dependence as that of the biologicgl material., A
scanning and recording microphotometer is used to evaluate the x-radiograms.
The instrument divides each cell into a maximum of 12,000 areas each of
which is %pz, and gives each area a figure from 0 to 99 depending on its
absorption. The instrument also gives the integrated figure of all values
recorded, that is the dry weight,ofgthe whole cell, dendrites included.

This method of isolation has now been extended to isolate fresh
membranes from the nerve cell (33). In this technique about 10 nerve cells
are rapidly isolated and placed on a glass slide in sucrose solution. A
longitudinal cut is made with a stainless steel knife 20 to 30 microns
long, along one of the dendrites of the nerve. The flaps of the cells are
folded back, and the cell contents are removed partly mechanically and
partly by directing a jet of solution onto it from a micro pipette.

Hillman and Hyden (82) have stﬁdied the physiological status of
igolated neurones of Deiter's nucleus of the rabbit. They have been able
to demonstrate resting potentials of 39 millivolts at 23° centigrade or
room temperature. These cells are studied at room temperature because
first, at this temperature, they had membrane potentials which could be
reversibly and significantly changed; second, they did not stick to glass
at 37° centigrade and so penetration was very difficult; third, a satis-
factory system to prevent the medium around them from evaporating as

they were warmed from 23° centigrade to 37° centigrade was not achieved;
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fourth, they appeared swollen at 37° centigrade. A ganglioside preparation
had the effect of increasing the cellular polarization as it did in cerebral
slices (8l). The values of the membrane potentials at 23° centigrade then
fell within the range found at 37° centigrade in cells identified by
anﬁidromic stimulation as pyramidal motor neurones.

Edstrom (42, 43) described a method for the determination of RNA
in ppg amounts. After reacting ribonuclease with the isolated cells or
glial samples, the cells are extracted to remove the RNA. The extracted
RNA is dried on a glass slide and then dissolved in a microdrop of glycerol-
containing buffer. This microdrop, 100-200 microns in diameter, is
optically homogeneous and contains all the RNA present in the original
sample. It is photographed at 2600 A®, together with a reference system.,
The extinction at this wave length is evaluated photometically. By this
method, amounts of RNA down to 20 pug can be determined with an accuracy
of +5%.

Using the microelectrophoretic method of Edstrdm (42, 43), it is
possible to determine the composition of the RNA., After extracting the RNA
from the sample it is hydrolysed with HCL. The purines and pyrimidines
are then determined electrophoretically, using a microscopic cellulose
fibre. The fibre is photographed at 2600 A°, and the variation of optical
density along it is recorded with a microphotometer. From the recorded

curves the purine and pyrimidine bases can be estimated as percentage of

the total.

4. Brain Regions Studied

For the study of the biochemical properties of various types of,
or parts of cells (axons, dendrites, somas) it is necessary to select a

portion of the central nervous system which has a characteristic
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laminated architecture. The cerebral cortex, Ammon's horn, cerebellar

cortex, and the retina all meet these requirements. The biochemical
characteristics of these various layers may be attributed to those elements
which form the greatest part of each particular layer. The structures are
reasonably easy to isolate and histological controls can be easily made.

It must be remembered, however, that these preparations are not histologically

homogeneous, and that the various layers do not contain one type of element

only.

A. Cerebral Cortex

Pope and Hess (173, 172, 71, 74, 75, 76, 77, 78) have chosen this
region because the details of its neuronal fine structure and the composi-
tion of its axonal and dendritic plexuses have been exhaustively determined
by Lorente de NS (139). Therefore, it is easier to establish correlations
between the distribution of biochemical substances and histological
composition,

Five main layers in the somotosensory cortex may be distinguished:
(1) the plexiform layer, containing a network of tangential myelinated
fibres; (2) a layer of the so-called small pyramidal cells; (3) the layer
of medium pyramidal cells; (4) stellate or granulare cells; (5) the layer
of large pyramidal cells in which the three sublayers can be distinguished
according to the density of the cells. A systematic study of enzymatic
activity and enzyme distribution in various layers of the cerebral cortex
(somotosensory cortex of rats and man), both normal and pathological
aspects, is being carried out by Pope, et al (167, 170).

Hess and Pope (76, 172, 173) have determined the distribution of
cytochrome oxidase activity within the architectonic layers 