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THE ACTION OF FORMALDEHYDE SOLUTIONS ON HUMAN BRAIN LIPIDS
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The action of formaldehyde solutions on
human brain lipids was investigated by extracting
and analysing the lipids from normal adult
human white matter preserved from 1 year to 24
years in formaldchyde solutions. The human
brains were kindly provided by Dr. F. C. Stam,
Valeriuskliniek, Amsterdam.

In this way the cffect of a prolonged formalde-
hyde exposure on several lipids could be as-
certained. In previous publications (4, 7) it was
stated that the action of formaldehyde on the
-lipids should be divided into a long (nore than 1
vear) and a short (less than a vear) fixation.
Formaldehyde reacts very fast with phosphati-
dylethanolamine _(pre bly with the —NH,

~group); morcover a marked formation of lyso-
phosphatidylethanolamine and Iysolecithin was
found after two weeks fixation. As unbuffered
formaldehyde solutions are acidic, part of the
degradation of lipids can be ascribed to slow
hydrolysis.

These results are not sufficient to enable us to
predict the effect of more prolonged fixation,
We chose human brains as substrate for the
following reasons. Mammalian nervous tissues
always possess a high lipid content, In many
institutes normal and pathological brains are
nearly always stored in unbuffered formaldehyde
solutions. Notwithstanding the fact that detailed
information on the effects on the lipid composition
by storage in formaldehyde solutions is lacking,
many histological, histochemical and  neuro-
chemical investigations are carried out on brain
specimens preserved for many years by formalde-
hyde. This concerns particularly brains in which
pathological conditions are expected, as this
material often is scarce. As the lipids arc a main
structural element of the myelin sheath the.
lipid composition of the adult normal braimtan
be expected to be more constant than that of
other organs.

MATERIALS AND METHODS

White matter: Picces of white matier weighing
ca. 15 grams from normal adult hwnan brains

™

were taken from the corpus cullosum and adjacent
white matter. Cure was taken not to include parts
of the nuclei of the brain stem or major blood
vessels. As this white matter consists mainly of
myelinated nervous fibers the composition of the
extracted lipids corresponds to » high degree 10
the lipid composition of the myelin sheath in the
central nervous system.

Extraction: The picces of brain were homoge.
nised after which the lipids were extracted by the
method of Folch et al. (5) with chloroform:meth.
anol 2:1 v/v, washing the extract with 0.1 A
KCl. Extracting fresh human brain we found it
advisable to boil the homogenised tissue for a few
minutes with methanol, after which the required
amount of chloroform was added.

After weighing the extracted Tipids as deseribed
before (4, 7) part of the lipids was dissolved in
isonmy! alcohol:benzene 1:1 v/v to u final coneen-
teation of 4% w/v. This solution was used for
quantitative paper chromat ographic analysis. An-
other part was dissolved in chloroform and used
for column chromatographic analysis.

Quantitative paper chromatography: A
quantitative paper chromatographic analysis was
carried out by applying fixed amounts of the
lipids dissolved in isonmyl aleohol:benzene to the
chromatographic paper. After chromatography the
location of the different spots was determined, the
chromatogram was cut in as many strips as spots
could be discerned, and the lipids were eluted
from the strips (4). In this investigation 11 spots
including the starting spot were cut as indieated
in figure 1 by the numbers 1-10 and 8. Each eluate
was evaporated to dryness after which the phos-
phorus content was determined, allowing the
amount of each lipid to be ealeulated.

Column chromatography: The lipids  dis-
solved in chloroforin were applied to a silicic acid
column and fractionated by elution with chloro-
form, chloroform-methanol mixtures, and meth-
anol as described elsewhere (4, 6). The first clution
fraction (with pure chloroform) contains quanti-
tatively the following lipids: cholesterol, choles-
terol esters, fatly acids, glycerides, and o small
fraction of hydrocarbons and pigments (1). The
total weight of this fraction is determined by
eviporaling the chioroform in a stream of nitrogen
and weighing the lipids obtained; the various
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Fia, 1. Chromatograms of total lipid extracts
from fresh and formaldehyde fixed human white
matter. 7' = fresh tissue. 1-24 = period of fixation
in years. Spot, 1 = neutral lipids and fatty acids;
2 = phosphatidic acid; 3 = phosphatidylethanol-
amine; 4 = phosphatidylserine; 5 = lecithin; 6 =
ysophosphatidylethanolamine; 7 = sphingomye-
lin; 8 = fysophosphutidyluerine; 9 = lysolecithin;
10 = phosphoinositides and sulphatides. 8§ =
starting spot. F = elution front. For the localisa-
tion of the cerebrosides see text. On all chromato-
grams 400 ug total lipid was applied to the starting
spot.

0

components of this fraction can be separated by
the column chromatogruphic method desecribed
by Barron et al. (1).

Quantitative determinations:

Phosphorus: Phosphorus was determined ac-
cording to Chen et al. (2).

Cholesterol: Cholesterol was determined by
weighing the digitonide precipitate according to
Schoenheimer ef al. (12) in the total lipid extracts
and in the first (pure chloroform) fraction of the
silicic acid columns,

Gulactose: Cerebrosides and sulphatides were de-
termined by their galactose content according to
Morris (10).

RESULTS

The analyses of the lipids extracted from pieces
of white matter from human brains preserved in
tolo during 1 year and 2, 3, 4, 6, 8, 12, 16, and 24
years in unbulffered formaldehyde solutions (pH
1.4-4.8) were compared with an identical analysis
of Tresh white matter. From ench year eategory
the piece of white matter was tnken from one
brain specimen. The data obtained can he repre-
sented as follows.,

After a very prolonged fixation n more or less
stationary situntion is reached. Several lipids are
completely converted into smaller breakdown

products, Some of these products retained their
lipid character, others are hydrophilic and could
1ot be detected in the lipid extract.

In the stightly a formuldehyde milieu we
can expect that e.g. lecithin is broken down via
lysolecithin to fatty acids and glycerylphosphoryl-
choline, As will be seen below we also found un
initial increase and subsequent decrease of phos-
phatidic acid. This indicates that the liberation
of the nitrogen buse und consequently the for-
mation of glycerophosphorie acid us one of the
water soluble products must be postulated.
Phosphatidylethunolamineand phosphatidylserine
will hehave in an analogous way. By this process
the amount of fatty acid will increase in the
extracted lipids. As the total asmount of extract-
able lipid must be slightly decreased by the loss
of small, water soluble, phosphorus containing
products, the increase in the amount of fatty
acids will appear even more pronounced. Also the
content of several other lipids that are not
attacked by formaldehyde fixation will uppear to
increase slightly. The loss of water soluble, phos-
phorus containing, breakdown products will be
reflected in the steadily diminishing phosphorus
content of the total lipid extracts.

Visually this process can be followed by ob-
serving the chromatograms of the total lipid
extructs as represented in figure 1.

Lecithin, phosphatidylethanolami , and phos-
phatidylserine disuppear from the chromatograms,
The corr ling lyso ¢ is, after an initial
incrense, also tend to disuppear. The cerebrosides,
which in our method of chromatography are nct
separated from phosphatidylethanolamine and
phosphatidylserine und are not broken down by
formaldehyde fixation become visible as two spots
staining with brilliant green after the brenkdown
of lecithin, phosphatidylethanolamine and phos-
phudtidylserine. Sphingomyelin and the sulpha-
tides do not show any decreuse.

The chunges in the lipid composition caused by
formaldehyde solutions were investigated quanti-
tatively by columm chromatography, phosphorus-,
guluctose-, and cholesterol determinations in the
lipid extracts and in the column fructions; and by
quantitative paper chromatography. For the
quantitative paper chromatography the chremato-
grams were divided into 11 strips indicated by the
numbers 1-10 and $ in figure 1. In each strip the
amount of phosphorus was determined. In many
cases several identical strips had to be combined
owing 1o the low phosphorus content of these
strips. The results of this anulysis nre represented
in table 1 as pg P per 4 mg total lipid after sub-
traction of the paper blanks, and in the figures
2-7.
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TABLE 1
ug Total P per § my Total Lipid as Determined by Quantitative Paper Chromalography

encountered in literature give in the case of fixed
tissues an unreliable basis of comparison.

Neutral lipids and fatty acids: By the term
“neutral lipids and fatty acids” we indicate the
lipids present in the first elution fraction (with
pure chloroform) of a silicic acid column. The
total amount of this fraction was determined by
weighing. In figure 2 the increase of this fraction
as 9% of the total lipid weight is shown. This in-
crease is due o an increase of the umount of fatty
acids derived from the breskdown of various
phospholipids. Curve 1 represents the percent-
ages actually found.

As we have seen the yield of total lipid suffered
a loss due to the formation of water soluble,
phosphorus  containing, breskdown produets.
When we correct the determined values repre-
gented in curve 1 for this loss we urrive at curve 2,

Formaldehyde Fization in Years
Spot gl .
o prcton Fresh |, 2 3 1 6 ] 12 1 u
tissue
1 Neutral lipids — —_ — — — —_ — - — —_
and fatty acids
2 Phosphatidic acid 0.3 3.9 3.0} 1.4] 10| 09] 0.7 02| — —
~— 3 | Phosphatidy!- 6.8 3.4 1.7 1.4] LO| 06} 0.4 — — —
ethanolumine
4 | Phosphatidylserine 10.7] 6.3 3.0 25| 1.7 0.8] 06} — — —
5 | Lecithin 27.0|14.4| 85} 42| 25| 1.6| 1.0, — — —
6 | Lysophospha- — 3.9| 20| 14| 06| 03] 04| — — —
tidylethanolamine
7 Sphingomyelin 120 | 13.6 | 11.6 | 11.8 | 11.3 | 12.6 | 12.2 | 12.7 | 13.0 | 12.)
8 { Lysophosphatidylserine — 22! 5.2 6.1 48| 3.4 3.4 3.0 24| 28
9 | Lysolecithin — 4.1 7.0 9.0} 9.2 7.7 6.2| 6.1 | 3.3 2.4
10 | Phosphoinositides 52| 52| 5.5] 60| 65| 58] 52| 6.2 65| 6.1
S Starting spot 0.1} 03] 04| 0.4 04] 03} 04| 03| 05] 0.2
g total P per 4 mg total | 62.1 | 55.3 | 47.9 | 43.2 1 39.0 | 34.0 [ 30.5 } 27.5 25.7 | 23.6
lipid
For the corresponding chromatograms see figure 1. — = no detectable amount of phosphorus.
Total amount of lipid extracted: The total sl *
lipid contents of our different specimens varied 1
between 12 and 16%, from the wet weights. No .
relation between the total lipid content and du- . e B
ration of fixation was found. The fluctuations must 40 2
be ascribed to different water contents or to indi-
vidual variations. Even a prolonged fixation hy
formaldehyde did not result in an appreciable 30
decrease of the total amount of extractable lipid.
Owing to these fluctuations the comparison of the
lipid extracts must be based on the analysis of the 20 time in years
lipid composition per gram extructed lipid. De- R . . )
terminations of lipids per gram tissue as often 01234 6 B 2 16 24

Fi. 2, Increase of the fraction containing the
neutral lipids and the fatty acids a3 §¢ of the total
lipid weight. For 1 and 2 see text.

B The diminution of several phospholipids repre-
gented in tuble 1 enables us to calculate the amount
of fatty acids (assuming a mean mol. weight of 273
per fatty acid) liberated by the breskdown of
these lipids, and hence 1he increase to be expected
in the first clution fraction (assuming a near
constant percentage of this fraction in fresh white
matter). By this calculation we also arrive at
curve 2, A.

Cholesterol: The cholesterol content showed a
slight increase of 20.8Y, in fresh white matter to
23.4%, after 24 years of fixation. This increase must
be ascribed to the loss of water soluble products
indicated ahove. Our conclusions are in agreement
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with Raodnight’s (11) that the cholesterol content
renaing wailected by storage in formuldehyde
solutions.

Cerebrosides and sulphatides: The mnount
of cerebrosides and sulphatides showed an incrense
from 35.59, in fresh white matter to 38.69, after
24 yenrs of fixation. We conclude on the same
grounds as wus the case with the cholesterol con-
tent that these lipids remain substantially intact
during formaldehyde storage.

That the cercbrosides occur in chromatograms
of fresh tissues on the place of the spots 3 and 4
(figure 1) can be demonstrated by chromatogruphy
of fresh total lipid extracts on silicic acid impreg-
nated paper (7) impregnated with uranyl nitrate.
In that case all phospholipids remain close to the
starting spot, while the cerebrosides retain their
normal Ry values and remain visible as two spots
staining with brilliant green.

The sulphatides are located in the elongated
spots in region 10 (figure 1). They stain intensely
with brilliant green,

Phospholipids: The breakdown of muny
phospholipids is shown in the decrease of the
phosphorus content of the total lipid extracts as
illustruted in figure 3. The slope of this curve
indicates that this process is nearly completed
after 16 years of storage.

Lecithin and lysolecithin: The fate of these
compounds i3 illustrated in figure 4. It is re-
murkable that no lecithin can be demonstrated
after 12 years of storage, whereas a small amount
of lysolecithin is present even after a fixation of
21 years.

ug P
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—
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104
time in years
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01234 €6 12 16 24
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=

Phosphorus content of the total lipid ex-
tracts as wg P per 4 mg lipid.
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ume n years

F16. 4. ug P of lecithin, lysolecithin and sphingo-
nmyelin in 4 mg total lipid. Curve 1 = lecithin;
curve 2 = lysolecithin; curve 3 was ealeulated from
the relative increase cuused by the loss of water
soluble components assuming a constant sphingo-
myelin content corresponding with 11,8 ug sphin-

gomyelin P per 4 mg total lipid. ] = sphingo-
myelin phosphorus contents determined.

o] wof 8-

61 64

44 4

21 24

1 \ 2
01234 6 8 12 01234 6 8 |’2
time in years

F16. 5. ug P of phosphatidylethanolamine (curve
1) and lyso;l)hosphatidylethanolamine (curve 2) in
4 mg total lipid.

Sphingomyelin: No breakdown of sphingo-
myelin could be detected. The slight increase in
concentration shown in figure 4 can be explained
by the loss of water soluble breakdown produets
from lecithin, phosphatidylethanolamine and
phosphatidylserine.

Phosphatidyletl 1 and lysopl
phatidylet! tamine: These I is react
very fast with formaldehyde (4). Clearly the
initinl reaction concerns only the reaction of
the —NH, group with formaldehyde (4). The
further slow breakdown illustrated in figure 5 is
comparable with that of lecithin and phospha-
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tidylserine. According to Davison ef al. (3) the
plasmalogen phosphatidylethanolamine is first
attacked.

Phosphatidylserine and lysophosphatidyl-
serine: Phosphatidylserine also is completely
broken down; see figure 6. The formation of u lyso
compound analogous to lysolecithin and lyso-
phosphatidylethanolamine can be expected. In
accordance with data given by Muarinetti (9) we
jdentified spot 8 in our chromatograms as lyso-
phosphatidylserine. In the chromatogram of a
fresh nervous tissue extract spol 8 cannot be
detected.

Phosphatidic acid: The phosphorus content
of the elongated spot £ shows u sharp increase in
the first year (figure 7). According to Hilbscher
et al. (8) this compound can be identified as
phosphatidic acid. The small amount formed must
also be derived from lecithin, phosphatidyl-

Mg P

\\,\ time in years

01234 6 B 12 1B 24

F16. 6. g P of phosphatidylserine (curve 1) and
lyst:rhosphntidylserine (curve 2) in 4 mg total
hpid.

ng P
34 .
24

}
14 o

.
. time in years

01234 6 8 12 16 24

F16.7. ug P of phosphatidic acidin4 ing total lipid,

ethanolamine and phosphatidylserine. Clenrly the
breukdown of these lipids in scidie formaldehyde
solutions follows two pathways: one by the for-
mation of lyso compounds; the other by the
liberation of the nitrogen base, phosphatidic aeid
being formed. The decrease of the phosphatidic
acid fraction mukexs the presence of o small amount.
of lysophosphatidie acid probable. Chromato-
graphically we expect this compound on the same
place as the lecithin spot; however as yet we have
been unuble ta detect this substance.

Phosphoinositides: The amount of phospho-
inositides us determined by the phosphorus con-
tent of the spot 10 region (monophosphoinositides,
diphosphoinositides, and sulphatides) remains un-
affected (see table 1).

DISCUSSION

Storage in formaldehyde solutions has o marked
influence on the composition of brain lipids.
All our results and experiences indicate that even
after prolonged (unbuffered) formaldehyde fix-
ation all lipids or parts of lipids remain ex-
tractuble with chloroform:methanol 2:1 v/v.
Several lipids are completely broken down,
while the amount of others remuins unaffeeted.
The contents of the unaffected lipids can be
determined with a reliable precision after pro-
longed storage in formaldehyde solutions.

In performing and evaluating histochemical
renctions for fatty materials on formaldehyde
fixed tigsues extreme caution should be taken,
These reactions should only be performed after
a detailed analysis of the lipid extract. The
alterations in the composition of tissue lipid can
influence the result of histological staining
methods on tissue components containing u high
lipid content.

The breakdown of phospholipids due to a slow
hydrolysis in the mildly acidic formaldehyde
solution leads to the expectation that glycerides
are, at least partly, converted in fatty acids and
glyeerol; the influence of formaldehyde on adipose
tissues should be investigated.

SUMMARY

The composition of the lipids extracted from
fresh normal human brain and from  brains
preserved up to 24 years in unbuffered formalde-
hyde solutions was analysed quantitatively using
column and paper chromatography, followed by
various determinations.

The amounts of cholesterol, cerebrosides,
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sulphiagides, phosphoinositides and sphitgomyelin
remain unaffected,

Lecithin, phosphatidylethanolamine and phos-
phatidylserine  are  broken  down  to  the
corresponding  Iyso  compounds,  fatty  acids,
phosphatidie acid and probably Ivsophosphatidie
acid. The lyso compounds are further broken
down by the liberation of the second fatty acid.
By this process the fatty acid content is markedly
incrensed. ‘The total lipid content  deereases
slightly by the formation of water soluble phos-
phoryl compounds. Consequently the phosphorus
content of the total lipid extract suffers marked
diminution.

Histochemical reactions on lipids in formalde-
hyde stored tissucs should preferably be per-
formed in combination with an analysis of the
lipid extract.
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