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be resistant to compositional changes resulting from 
24, 48, and 72 hr of fasting. The incorporation of 
isotopes, however, was shown to va ry  in proport ion to 
the fasting state, changes in incorporation being sig- 
nificant. Faihlre  to demonstrate greater  compositional 
changes in the rest of the central nervous system, 
especially with respect to cholesterol, may be due to 
the fact that in the adult  central nervous system, the 
newly synthesized lipid is a small but  important  pro- 
portion of the total amount of lipid present. 

The above data, integrated with the idea that 
labeled cholesterol persists in the mammalian central 

,) nervous systenl for over a year (31,3,,38), seems to 
suggest a series of sterol compartments in brain 
tissues, eaeh with individual turnover  rates. The idea 
of several sterol compartments, each with a different 
metabolic rate, has been given support  by Davison and 
Dobbing (42), Pr i tehard  (43), and Radin (44). The 
size and relative importance of each compartment 
would vary  with age and physiological condition. 
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Cholesterol Turnover m the Central Nervous System 
HAROLD J. NICHOLAS, Institute of Medical Education and Research, St. Louis, Missouri 

Abstract 
Imnlature rat  brains were examined for a met- 

abolite of cholesterol whieh could conceivably 
form in the central nervous system as a result  
of cholesterol turnover.  A basic assmnption was 
made that an acidic product  would be formed, 
preferent ia l ly  by oxidative degradation of the 
eholesterol side chain. Chemical fractionation of 
brain tissue and thin-layer chromatography of an 
appropriate acidic fraction indieated the pres- 
ence of a monohydroxy steroidal acid(s) which 
remains to be positively identified. Pre l iminary  
tracer experiments did not clarify the origin of 
the unidentified metabolite. 

T H E  CLASSI(TAL WORK Of Waelseh, Sper ry  and Stov- 
anoff (1) twenty-five years ago set the foundation 

for our present basic knowledge of cholesterol metab- 
olism in the central nervous system (CNS).  Accord- 
ins  to this concept cholesterol biosynthesis occurs 
extensively in the inlmature brain and spinal cord, 
especially during the period of active myelination. 
The cholesterol content reaches a fixed level as the 
animal approaches matur i ty  and then remains essen- 
tialty undisturbed for the rest of the individual 's  life. 

Within the past eight years a new facet has been 
added to this concept, a facet which we believe gives 
considerable impetus to fu r the r  at tempts to extend 
our knowledge of brain and spinal cord cholesterol 
metabolism. Experiments  of varied nature  f rom see- 
eral laboratories have all supported the fact  that  the 
cholesterol concentration in the CNS remains an- 
changed as matur i ty  is reached, but cholesterol bio- 
synthesis can still take place in the adult. In other 
words the cholesterol already present may  be meta- 
bolically inert  but the capacity to synthesize the sterol 
still exists in the mature  CNS. Exac t ly  where in 
the CNS new sterol can be synthesized and deposited 
has not been determined, but  this lack of knowledge 
does not influence the basic premise. This new con- 
cept has been suggested by in vivo studies in which 
C14-1abeled precursors were given parenteral ly  (2-41, 
by intraeisternal (5) aud intracerebral  (6,7) injection, 
and by in vitro studies (8-10).  We believe the iso- 
lation of squalene from adult  brain (111 also sup- 
ports this concept. Why  else should squalene be pres- 
ent ill adult  nervous tissue? Unfor tunate ly  the most 
simple experiment to demonstrate the ability of adult  
nervous tissue to synthesize cholesterol, namely:  cho- 
lesterol biosynthesis in isolated tissue from C14-1a - 
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:FIG. 1. D e g r a d a t i o n  of the cholesterol  side chain  by  va r ious  
mammalian tissues. 

beled precursors, is not impressive. Only a small 
amount of precursor appears to be incorporated, and 
even in vivo under  the most favorable of circumstances 
the amount incorporated seems small. This apparent  
amount  is deceptive, however. Recently Kabara (12) 
has part ial ly clarified this problem by considering the 
brain cholesterol pool size of animals receiving C 14- 
labeled cholesterol precursors. On this basis older an- 
imals receiving glueose-U-C 14 incorporate as much or 
more radioactivity into brain cholesterol than do 
young animals. 

Why  the adult  CNS should maintain the capacity 
to synthesize cholesterol while the sterol level re- 
mains unchanged is a question of possible import. 
One guess is that  this capacity remains in order to 
replace a minute amount of sterol lost in a slow but 
contined turnover  which has not been detected as yet. 
Informat ion has been presented by Davison (13) sug- 
gesting that  cholesterol " turnover"  is more rapid in 
some areas of the brain than others, but  neither the 
nature  of the turnover  mechanism nor the specific 
areas have been defined, except to indicate that  mye- 
lin constituents tu rn  over less rapidly than the same 
constituents in other areas (29) of the CNS. 

We should like to introduce a new aspect into the 
overall problem of CNS cholesterol metabolism by 
posing the question: Does any cholesterol degrada- 
tion (or loss) ever occur in the CNS either by removal 
of cholesterol as such or by conversion to another  
compound wi th  subsequent elimination of this com- 
pound from the area undergoing metabolism? The 
term " turnover"  implies a synthetic phase (anabo- 
lism) as well as a degradative phase (catabolism). 
In  regard to the CNS the only information bearing 
on this problem is a number of observations that  loss 
of cholesterol from the brain to the general circula- 
tion occurs in the degenerative diseases (14) and 
following experimental  disturbances in cerebral cir- 
culation (15). 

We have approached this problem--admit ted ly  
specula t ive--by assuming that  if some degree of cho- 
lesterol degradation occurs in the brain, it will ulti- 
mately result  in formation of a product  with part ial  
degradation of the side chain (Fig. 1). Cholesterol 
as a precursor  of the steroid hormones is cleaved to 

~ t t e r ( o n l y )  of rabbit brain 

Ha ~ /  ",b,/ OH 

7-~- hydroxyc  ho les te ro l  

OH 

Horse and human brain 

H 
2 4 p -  h y d r o x , y c h o | e s t e r o l  

FIG. 2. Oxygena ted  cholesterol  de r iva t ives  i so la ted  f rom 
brain.  

isoeaproic acid and pregnenoloue. Since this reaction 
is limited to certain endocrine tissues, this type or 
extent of degradation seems most improbable. In the 
formation of the bile acids, cholesterol is oxidized at 
one of the terminal side chain methyl groups with 
the formation of a cholestanoie acid (16) and more 
extensively by  the removal of a propionyl  residue (17) 
leaving the characteristic bile acid side chain. Un- 
for tunate ly  these reactions, which have only been 
studied in liver tissue, must be preceded by hydrox- 
ylations of the sterol nucleus at  positions -7 and -12. 
Now it would seem most unlikely that  brain tissue 
would contain a 12-hydroxylase enzymatic mechanism, 
but  a 7-hydroxylase system appears to be present 
(Fig. 2). Both 7-hydroxyeholesterol (18) and 24- 
hydroxyeholesterol (19) have been isolated from brain 
tissue. We have utilized these findings as an impetus 
for  fu r the r  investigation since both the -7 and -24 
positions are key ones for  cholesterol side chain deg- 
radation. 7-Ketocholesterol and 25-hydroxycholesterol 
have also been isolated from central nervous tissue 
(20), but  the 25-hydroxy derivative appears to be 
an ar t i fact  resulting from oxidating dur ing the iso- 
lation procedure. "Oxida t ion  p ro d u c t s "  with double 

Freshly Excised Whole BraJn 

j Saponlfy 4hrs.under reflux 
in 15°~0 KOH in 50°to ethanol 

Extract thoroughly with petroleum ether 

/ .i 
Petroleum Ether line Fraction 

CI4"cholesterot (discard) - -  Acidify to pH 1 
total c.p.m.: t,953t0E0 lextract thoroughly 

~ h Petroleum Mher 

f "Petroleum ether: 
ta*al c.p.m.:232,000 

Aqueous residue 
Extract with 

~ thyl ether 

Ethyl Ether - - - ~  ~'~Aqu eous 
total c.p.m.: t, 174, 050 Discard 

FIO. 3. F r a c t i o n a t l o n  of r a t  b r a i n  t i ssue  fo r  i so la t ion  of  
' ' ac id ic  cholesterol  metabot i tes .  ' ' 
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FI(L 4. Chromatography of C~4-]abeled ether-soluble acids 
from rat brains. 

bonds in r ing B have been repor ted present  in brain 
t i ssue(2])  but  these appear  less germane to our prob- 
lem because of their  lack of ident i ty 

Following is a description of some experiments  per-  
formed with the objective of finding an "ac id ic  deg- 
radat ion p r o d u c t "  of cholesterol in the brain. We 
hope it is evident that  this search has been made with 
little precedent  with which to work, despite exten- 
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Fro. 5. Chromatography of ether-soluble rat  brain acids on 

a reversed phase partition column. The column was hydro- 
phobic SuperCel, the stationary phase 1:1 chloroform-heptane, 
the mobile phase 80% methanol. Upper curve: free acids; 
lower curve: methyl esters. 

sive studies that  have been conducted on this problem 
with liver. Your at tention in this regard is directed 
to some interest ing comments on possible "ex t r ahe -  
patic cholesterol t u r n o v e r "  tha t  were made in asso- 
ciation with a review on bile acid metabolism (22). 

In  the experiments  to be described either sodium 
acetate-l-C 14 or -2-C 14 was injected in t raper i toneal ly  
into immature  rats. A basic assumption was made 
that  cholesterol in the brain  would become labeled 
under  these circumstances (23), be metabolized (de- 
graded)  to some extent  within a given period, and 
thereby permit  identification of a labeled degradat ion 
product.  Without  any  precise knowledge of what  we 
were looking for, of pool sizes or of degradation,  
some of our assumptions may  be open to misinterpa-  
tation. They have provided, however, a s ta r t ing  place 
for  more detailed study. Tissues for  examination were 
removed f rom decapitated rats, careful ly  washed and 
then saponified (Fig.  3). The alkaline mixtures  were 
f ract ionated as indicated on this figure. The counts 
shown for  the various fract ions show the distribution 
of C 14 in crude brain f ract ions in a typica l  experi- 
ment.  Cholesterol was removed by thorough extrac- 
tion with petroleum ether. The alkaline solution was 
then acidified and extracted thoroughly with petrol- 
eum ether to remove f a t t y  acids. The aqueous phase 
remaining was extracted with ethyl ether. This frac-  
tion yielded mater ia l  which we shall re fer  to as "e ther-  
soluble brain ac ids ,"  believed to contain the expected 
degradat ion products.  In  model experiments  litho- 
cholic and deoxyeholic acids were recovered in large 
pa r t  in this f ract ion by similar fractionation.  

In  order to gain some idea of the nature  of this 
acidic f ract ion two 22-day-old rats  were each injected 
with 20 ~e of sodium acetate-2-C 14. Brains  and livers, 
respectively, were combined af ter  3 days and frac-  
t ionated to obtain brain and l iver acids as described. 
Each fraction, weighing about 50 rag, was chromat-  
ographed on 8 g Celite 545 columns p repared  as de- 
scribed by Matschiner et al. (24). The s ta t ionary 
phase was 70% acetic acid, the mobile phase was 
Skellysolve B with increasing volumes of benzene. 
Fract ions  (5 ml) were collected with an automatic  
f ract ion collector. When chromatographcd in this 
manner  most of the counts were found in fract ions 
1 to 10, which fract ions correspond (as near ly  as we 
can determine) to fract ions 0-1 of the St. Louis Uni- 
vers i ty  Biochemistry Group (24) and contain mono- 
hydroxycholanic acids (for  bile, at least) .  Wi th  both 
l iver and brain  a small percentage of counts repre-  
senting more polar  mater ia l  are evident in fract ions 
eluted by increasing amounts of benzene; these have 
not yet  been investigated. 

An  addit ional  batch of labeled brain  acids was chro- 
matographed  in this manner ,  giving the curve shown 
in Fig. 4. To provide addit ional  assurance that  f rac-  
t ionation was thorough, combined mater ia l  represented 
on this curve by fract ions 1 to 10 were dis tr ibuted 
between 5% K O H  and ethyl ether, and the acids were 
recovered f rom alkali. These were subjected to chro- 
m a t o g r a p h y  on a reversed phase column prepared  
according to Ray  et al. (25) (Fig. 5). Here  the col- 
umn  consisted of 4.5 g of hydrophobic SuperCel,  with 
the s ta t ionary  phase 1:1 chloroform :heptane and the 
mobile phase 80% methanol ;  10 ml f ract ions were 
collected. The C I4 content of the ehromatogra.phed 
fract ions are shown here as the uppe r  curve. Frac-  
tions 1 to 10 again represent  the area in which mono- 
hydroxycholanic acids occur. Fract ions  1 to 10 f rom 
this curve were combined and again dis t r ibuted be- 
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FIG. 6. Thin-layer chromatograph of methyl ester peak 
(fractions 1 to 5) from Figure 5. Silica gel G wt~s the 
support, with the developing solvent (ascending) benzene- 
acetone 93:7. Plate sprayed with ohosphomolybdic acid and 
heated for  visualization of spots. (Solvent front ,  not  visible, 
a t  the r ight.)  

tween alkali and ethyl ether, and the acids were re- 
covered from the alkaline fraction. By this time it  
was felt  that  the alkaline fract ion was quite free of 
neutral  material, and was also found to be free of 
organic phosphorus (26). Finally,  this combined acid 
fraction was methylated and rechromatographed on 
hydrophobic Hyflo SuperCel column as previously 
described. Considerable loss in C ~4 act ivi ty is indi- 
cated (lower curve, Fig. 5), with a peak in the area 
in which methyl esters of monohydroxyeholanic acids 
are recovered. This combined ester peak was chro- 
matographed on silica gel G thin-layer plates, with 
the developing solvent benzene :acetone 93:7 (Fig. 6). 
When sprayed with phosphomolybdic acid and heated, 
several spots appeared, as indicated. The large spot 
shown between 7a-hydroxyeholanie acid and 3a-hy- 
droxycholanie acid (lithocholic acid) was eluted from 
other plates before spraying with the detecting agent 
and examined by infrared spectroscopy. Absorption 
peaks were found at 3,333 em -1 (hydroxyl  band) and 
at 1,748 em ~, indicating the presence of a methyl  
ester. This gave us some additional assurance that  
we were working with a earboxylie acid. Absorption 
in the region 1,667-1.161 era: -~ also suggested the pres- 
ence of unsaturation,  which had been indicated by 
fair ly  intense fluorescence under  ultraviolet  light. 
Two crude methytated acid fractions obtained as pre- 
viously described were chromatographed in a similar 
manner  on thin-layer plates (Fig. 7) but  stained with 
10% antimony pentaehloride in chloroform, which is 
more specific for  steroids. F rom top to bottom the 
spots are : 

3a-hydroxycholanic  ( l i thocholic)  acid ~ 3f~-hydroxycholanlc ac id->  
U n k n o w n  2 0 - 1 4 0  ~> U n k n o w n  2 0 - ~ 4 4  -~ 3-ketocholanic acid -> 
3~-hydroxy-&Z-cholenic ac id-~  7a-hydroxycholanic  acid ~ 12a- 
hydroxychola.nic ac id-~  cholesterol 

(~1t acids as %~e methyl  esters)  

The ringed areas are spots which are visible under  
ultraviolet light without staining. The nearest approx- 
imation of an unknown spot, both in color and posi- 
tion, is the second spot from the bottom in Unknown 
20-140, and has the polar i ty  of 3fl-hydroxyeholanic 
acid. I t  will be noted that  at least seven compounds 
are indicated in Unknown 20-140. 

Because of the low radioactive content of methy- 
lated preparations,  which may indicate that  the ra- 
tionale for  our turnover  concept is incorrect, i t  was 
decided to t ry  a different approach. 

A 250 mg sample of ether-soluble acids was ob- 
tained from the brains of eleven ]3-day-old rats which 
had received a total of 1 mc of aeetate-l-C ~4 intra-  
peritoneally, followed by dilution, pr ior  to saponi- 
fication, with 91 nonradioactive rat  brains of the same 
age. The crude fract ion was chromatographed on a 
reversed phase column prepared according to Norman 
and Palmer (27). The eohunn consisted of 30 g of 
hydrophobic SuperCel ; the stat ionary phase was chlo- 

FIG. 7. Thin-layer chromatograph of ether-soluble ra t  brain 
acid methyl esters and controls. Experimental  conditions the 
same as for Figure 6 but  visualization of spots was made 
by spraying with 10% SbCI~ in CItCI.~ followed by heating. 
(Solvent front,  not visible, a t  the right.)  

roform :heptane 45:5 and the moving phase was meth- 
anol :water 180:120. When fractions of 10ml obtained 
from this column were t i t rated with 0.02n NaOtI,  
two peaks were obtained (Fig. 8), very  similar to a 
curve obtained by Norman and Palmer in studying 
the metabolism of lithoeholic acid, which appeared in 
their column in a second peak corresponding to our 
fractions 20 and 24. 0n ly  traces of radioactivity were 
found in the fractions shown here, with the greatest 
amount - -a  total of somewhat more than 1000 c p m ~  
in fractions 20 to 24. Combined material  from these 
two peaks were obtained (Fig. 8), very  similar to a 
gel G plates developed with the system tr imethylpen- 
tane 50, ethyl acetate 10, acetic acid 0.25 (27). This 
is a Xerox copy (Fig. 9) of a plate sprayed with 

4.2 

3.b 

0 10 20  30 40 

Fraction Number 

]~TIG. S. Reversed phase par t i t ion chromatography of crude 
ether-soluble ra t  bra in  acids. The column contained hydro- 
0hobic SuperCel ; the stat ionary phase was chloroform • 
hep tane  45:5, and the  moving  phase  was methanoP.water ,  
180:120. 
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~ractionS 6 [O 12 of Fcacti~ns 20 to 2t  of 
FIG 8 cbromatographed FIG, 8 chromatog~ep~ed ~ "  "" 
in ~riplicate in tri~caCe 

F r o .  9. T h i n - l a y e r  c h r o m a t o g r a p h  o f  t h e  e t h e r - s o l u b l e  r a t  
b r a i n  a c i d s .  T h e  s u p p o r t i n g  l a y e r  w a s  s i l i c a  g e l  G ,  t h e  
d e v e l o p i n g  s o l v e n t  ( a s c e n d i n g )  w a s  t r i m e t h y l p e n t a n e : e t h y l  
a c e t a t e  1 0 : a c e t i c  a c i d  5 0 : 1 0 : 0 . 2 5 ,  a n d  v i s u a l i z a t i o n  o f  t h e  
s p o t s  w a s  m a d e  b y  s p r a y i n g  w i t h  p h o s p h o m o l y b d i c  a c i d  
f o l l o w e d  b y  h e a t i n g .  

T I I E  J O U R N A L  OF T H E  A M E R I C A N  O I L  C I I E M I S T S '  S O C I E T Y  

phosphymolybdic acid and heated. At  least six com- 
pounds are shown in fractions 20 to 24. In  an addi- 
tional chromatograph prepared  in the same manner  
but sprayed with ant imony pentaehloride (Fig.  10) 
and heated, the following spots were obtained. F rom 
top to bottom they are :  

3a-hydroxyeholanic acid ~ 3B-hydroxycholanic acid -~ 3-ketocholanic 
acid-~ 3~-hydroxy-A~-eholenic acid ~ 6~-hydroxycholanie acid--> 
12a-hydroxycholanic  acid-+ cholanic acid ~ Unknown 2 0 - 1 6 0  
Fract ions  20~24--) 6a-hydroxycholanic acid 

The ringed areas again indicate spots which are vis- 
ible under  ul traviolet  light. As can be seen we have 
not sat isfactori ly separated the control spots, and 
in polar i ty  and staining to at least three of the spots 
they are shown here only to i l lustrate the s imilar i ty  
in the unknown brain  acid nlixture. Again, one of 
the spots in unknown fract ions 20 to 24 has the po- 
lar i ty  and stains in a manner  similar to 3fl-hydrox- 
ycholauic acid. 

Some pre l iminary  evidence has been presented sup- 
por t ing  the conclusion that  a steroid with a carboxyl 
group is present  in ra t  brain tissue. Our  data  do 
not permit  specific identification of any of the com- 
pounds indicated. By  inference the carboxyl group  
should be on the (cholesterol) side chain. I t  is hoped 
that  with a wider selection of reference compounds 
and a greater  amount  of material  for  examination,  
positive identification of one or more of the compounds 
m the brain acidic f ract ion can be identified. Our  
C TM studies have not pernli t ted us to relate the uniden- 
tified metabolites to cholesterol turnover ,  and this 
must  be an area for fu ture  work. In  another  investi- 
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FIG. 10. T h i n - l a y e r  c h r o m a t o g r a p t ~  o f  e t h e r - s o l u b l e  r a t  b r a i n  
a c i d s  ( f r e e )  w i t h  c o n t r o l  s p o t s .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  
w e r e  t h e  s a m e  a s  f o r  F i g u r e  9 b u t  t h e  s p o t s  w e r e  v i s u a l i z e d  
b y  s p r a y i n g  w i t h  1 0 %  SbCI.~ i n  C H C L  f o l l o w e d  b y  h e a t i n g .  
( S o l v e n t  f r o n t ,  n o t  v i s i b l e ,  a t  t h e  r i g h t . )  

gation (28) it was shown tha t  cholic acid is markedly  
demyel inat ing in vivo. The probabi l i ty  of this sub- 
stance being formed in nervous tissue by  degradat ion 
of cholesterol seems biochenlieally remote. I f  less po- 
lar degradat ion products  such as we have indicated 
iu the present  work were formed, however, they too 
could have miId demyel inat ing propert ies  which would 
make them formidable and insidious agents if pro- 
dueed in excess in specific areas of the central  ner-  
vous system in certain diseases. We feel this possi- 
bili ty alone makes fu r the r  investigation well worth 
while. 
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