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STUDIES OF THE BLOOD-CEREBROSPINALFLUID BARRIER
TO CORTISOL IN THE DOG*

By NICHOLAS P. CHRISTY AND ROBERTA. FISHMANt

(From the Departments of Medicine and Neurology, Columbia University College of Physi-
cians and Surgeons, and the New York State Psychiatric Institute,

New York, N. Y.)

(Submitted for publication May 17, 1961; accepted July 27, 1961)

This study was undertaken to investigate the
entry of administered cortisol and one of its meta-
bolic products into the cerebrospinal fluid (CSF)
of dogs under a variety of conditions. Cortisol,'
one of the principal circulating adrenal cortical
steroids of man (1, 2) enters the CSF (3-5), but
little is known about the rate at which it passes
into the CSF or what factors regulate its passage.
Although the relationship of CSF to the extra-
cellular fluid of the brain is complex, it is generally
accepted that the two compartments are in equi-
librium, and that the blood-CSF and blood-brain
barriers do not differ qualitatively in their re-
spective permeability characteristics (6, 7). The
data of this study on the entry of cortisol into CSF
can therefore be considered relevant to the prob-
lem of penetration of cortisol into the brain. This
is of some clinical importance with respect to the
known effects of cortisol upon brain metabolism;
e.g., upon seizure threshold and emotional state
(8).

There are abundant data which show that the
rate of entry of many substances into the CSF is
determined by certain of their physical and chemi-
cal properties. These properties are solubility in
lipid solvents, binding to plasma protein, molecu-
lar size, and in the case of salts of weak acids and
bases, pK (6, 7, 9). Since neutral steroids have
no pK, and molecular size is not an important
determinant of rate of entry into the CSF except
with substances of very high molecular weight
(6. 7), only lipid solubility and binding to plasma

*Aided by grants from the National Institutes of
Health and the Dysautonomia Association.

t John and Mary R. Markle Scholar in Medical Science.
1 The following trivial names for steroids are used in

this paper: cortisol, lljS,17a,21-trihydroxy-4-pregnene-3,
20-dione, tetrahydrocortisone, 3a,17a,21-trihydroxy-preg-
nane-11,20-dione; tetrahydrocortisol, 3a,11#,17a,21-tetra-
hydroxy-pregnane-20-one; allo-tetrahydrocortisol, 3a,1lP,
17a,21 -tetrahydroxy-allopregnane-20-one.

protein (10, 11) would be expected to influence
the penetration of cortisol into the CSF. In gen-
eral, it can be stated that the more lipid-soluble
a substance is the more rapidly it enters the CSF,
and the less firmly bound it is to plasma protein
the higher will be the concentration ratio, CSF/
plasma, at equilibrium (6, 7). The purpose of this
investigation was to compare the entry into CSF of
free cortisol and the water-soluble glucuronides
that are important products of cortisol metabo-
lism. The data show that these steroids behave
like many other substances (6, 7) in that cortisol,
a lipid-soluble compound, penetrates readily into
CSF, whereas the water-soluble, lipid-insoluble
metabolites, tetrahydrocortisone and tetrahydro-
cortisol glucuronides, do not.

METHODSAND MATERIALS

Thirty-five experiments were carried out in 16 mon-
grel dogs ranging in weight from 9 to 22 kg. The ani-
mals were anesthetized with intravenously administered
pentobarbital sodium in a dose of 30 mg per kg body
weight. Sufficient additional sodium pentobarbital was
given intravenously during the experiments to maintain
a stable respiratory rate. Cisternal punctures were per-
formed with a 20-gauge spinal puncture needle which
was left in situ during each experiment. Whenever CSF
so obtained was bloody or xanthochromic, the experi-
ment was terminated and the results were discarded.

Clear CSF, in samples of 0.8 to 1.0 ml, were removed
at intervals and, in some instances when detailed chemi-
cal studies of the steroids in CSF were planned, amounts
as large as 15 ml were withdrawn by allowing the open
needle to drain for periods of 30 to 60 minutes. Speci-
mens of CSF were frozen within 1 hour after with-
drawal and kept at -20° C until analyzed for steroid
content.

Samples of blood (5 to 20 ml) were withdrawn in
heparinized syringes from occluded veins of fore- or
hindlegs. Plasma was quickly separated from cells and
stored at -200 C. In five instances urine specimens
were obtained by catheter from female dogs.

The principal experimental procedure was the intra-
venous injection over a period of 30 seconds of cortisol

1997



NICHOLAS P. CHRISTY AND ROBERTA. FISHMAN

in the form of its water-soluble ester, the 21-hemisucci-
nate.2 The dose was 8 mg of cortisol (calculated as mil-
ligrams of the free steroid) per kg body weight. The
amount chosen was large 1) in a deliberate attempt to
achieve high, readily measurable concentrations of corti-
sol, 2) in order to approximate pharmacologic doses, and
3) in order to achieve high plasma concentrations of glu-
curonides of cortisol metabolites so as to afford the best
possible opportunity for these glucuronides to penetrate
the blood-CSF barrier. Samples of blood were then
drawn at 5 minutes, 30 minutes, and at 30- to 60-minute
intervals thereafter. In 6 animals this procedure was
carried out before and after 11 days of treatment with
intramuscular corticotropin, 40 IU per day.3 When cor-
tisol alcohol or one of its principal metabolites, tetra-
hydrocortisone, was inj ected, the steroid was dissolved
in small amounts (5 to 10 ml) of 95 per cent ethanol and
the solution was dissolved in 50 to 100 ml of isotonic
saline for rapid intravenous infusion.

In 4 animals additional experiments were done in or-
der to detect the specific steroids appearing in blood after
cortisol infusion. In these studies, cortisol (as the alco-
hol, not the 21-hemisuccinate) was administered as de-
scribed, and large volumes of blood were withdrawn
after 1 to 3 hours and the plasma separated and stored
at -200 C.

Determinations of 17-hydroxycorticosteroids (cortisol)
in plasma, CSF and urine were made by the Silber-
Porter technic (12) as modified in this laboratory (13)
and by Peterson, Karrer and Guerra (14). In all in-
stances optical densities of the cortisol-phenylhydrazine
reaction product were measured at several wave lengths.
To insure specificity in the cortisol determination, all
samples not showing an absorption maximum at 410 mjA
(the absorption maximum of cortisol in this reaction)
were discarded. Cortisol measured by this technic is
termed "free" steroid, in the sense that it is unconju-
gated-i.e., not in the form of metabolites reduced in the
A ring and conjugated at the 3 position with glucuronic
acid. To obtain information about the concentration of
such glucuronides, more detailed studies were done.
From large volumes of plasma, CSF, and urine, obtained
after administration of cortisol, "free" cortisol was par-
tially identified after ethyl acetate extraction, by paper
chromatography with an authentic cortisol standard in
Bush systems (15), by ultraviolet light absorption at 240
m/A, by reaction with blue tetrazolium, and measured by
the Silber-Porter reaction. For detection of the glu-
curonides of cortisol metabolites, the aqueous phase, after
ethyl acetate extraction for free cortisol, was subjected
to hydrolysis. In the case of plasma, protein was first
precipitated with large volumes of ethanol, the ethanol
was evaporated, the aqueous residue was then diluted
with distilled water, and the mixture hydrolyzed. For
plasma, CSF, and urine, the hydrolytic procedure was
the same. ,3-glucuronidase (beef liver) was added to
the aqueous phase in concentrations of 300 to 500 units

2 Courtesy of the Upjohn Co.
3 Courtesy of Organon, Inc.

per ml. The pH was kept at 4.5 to 5.0 with 0.1 sodium
acetate-acetic acid buffer. The mixture was incubated
for 48 to 120 hours at 37° C. Hydrolysates were then
extracted with ethyl acetate, and the steroids released
were chromatographically located and characterized, and
measured as above. Recovery of cortisol added to plasma,
CSF, and urine is quantitative (85 to 105 per cent).
With the hydrolytic procedure used, there is no inhibition
of the action of 8-glucuronidase upon steroid glutctiro-
nides by canine CSF (16).

RESULTS

1. Resting levels of cortisol in plasma and CSF
of dogs. Thirteen measurements in 11 anesthe-
tized dogs yielded an average value for plasma 17-
hydroxycorticosteroid concentration of 10 ug per
100 ml, a value in the same range as that reported
for dogs by Eik-Nes and Brizzee (Table I) (17).
The range of values was wide-0 to 33 ug per 100
ml. In the same 11 dogs, measurements carried
out on 1-ml samples of CSF revealed no detectable
cortisol. The validity of a virtually zero value
for cortisol in CSF was confirmed by attempts to
detect cortisol in CSF samples as large as 7 ml. a
volume in which the method is sensitive enough
to measure reliably concentrations of less than 1
jug per 100 ml. Chromatographic studies of simi-
lar volumes of CSF also failed to reveal the pres-
ence of cortisol.

2. Entry of infused cortisol into CSF. (Cortisol-
21-hemisuccinate, 8 mg per kg, was rapidly in-
jected intravenously in 18 experiments upon 14
anesthetized dogs. In 11 experiments, samples of
CSF were obtained 5 minutes after cortisol in-
jection, and in 3 instances detectable concentra-
tions of cortisol were found, indicating rapid entry
of the steroid into the CSF compartment (Table
I). In all but one experiment cortisol appeared in
the CSF 30 minutes after injection. Figure 1.
in a typical experiment, shows entry of cortisol
into the CSF 5 minutes after administration and a
rising concentration of cortisol in CSF, reaching
a maximum at 90 minutes, while the concentration
of plasma cortisol was falling. The figure also in-
dicates the high plasma cortisol concentration at 5
minutes. In the 10 dogs in which plasma cortisol
levels were determined at 5 minutes, the range of
concentrations was 447 to 1,440 ug per 100 ml.
(The wide range of values can be attributed in
part to errors of 30 to 60 seconds in obtaining the
5-minute sample.) These high values constitute
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TABLE I

Concentration of cortisol in plasma and CSFof 11 dogs after rapid intravenous injection of 8 mg
of steroid (cortisol 21-hemisuccinate) per kg body weight

17-Hydroxycorticosteroids (cortisol), pg %

Dog Minutes: 0 5 30 60 90 150 180 210 240

WN Plasma 0 535 275 171 158 81
CSF 0 21 44 26

TA Plasma 0 447 350 168 104
CSF 0 62 71 45

WH Plasma 0 1,350 353 159 61 42
CSF 0 0 48 42 15 0

BR Plasma 17 1,221 574 433 268 148
CSF 0 16 68 68 78 45

CH Plasma 0 816 534 299 210 150 109
CSF 0 0 20 52 61 42 22

ro Plasma 5 875 273 163 111 79
CSF 0 0 71 90 61 38 0

SH Plasma 33 1,030 505 296 230 141 94
CSF 0 4 61 85 71 40

DA 1) Plasma 21 880 382 244 173 88
CSF 0 0 54 65 73 43

2) Plasma 20 1,120 365 230 195 73
CSF 0 64 47 45 34

PY 1) Plasma 16 810 313 178 149 77
CSF 0 0 28 23 17

2) Plasma 9 822 376 230 144 78
CSF 0 11 32 31 38 23

LE Plasma 3 1,440 480 254 177 114
CSF 0 0 76 94 72 54

RA Plamsa 2 1,173 372 207 145 76
CSF 0 0 41 87 94 54

evidence that the injected material, cortisol hemi-
succinate, measured only to a limited extent by
the Silber-Porter reaction is rapidly hydrolyzed
in vivo to free cortisol which is measured by this
calorimetric test.4 The graph illustrates a con-

4 Cortisol-21-hemisuccinate, added in vitro to Addisonian
plasma with a zero level of cortisol, has a chromogenicity
at 410 myA in the Silber-Porter reaction equal to about
15% of the chromogenicity of free cortisol itself. There-
fore, if the steroid ester were incompletely hydrolyzed in
vivo, which cannot be excluded in the early (5-minute)
samples, the Silber-Porter technic would overestimate
plasma cortisol level to a small degree. For example,
if as much as 50%o of the ester were not hydrolyzed (and
it is unlikely that this much escapes hydrolysis), the con-
centration of free plasma cortisol would be overestimated
by 7.5% (0.50 X 0.15). If 20%o remained unhydrolyzed,
the overestimation would be 3%o (0.2 X 0.15). From 30
minutes on it seems unlikely that any of the steroid ester
remains unhydrolyzed. There are data indicating that
pharmacologic doses of cortisol hemisuccinate behave in

stant finding in all studies, namely that in short-
term studies (90 to 120 minutes in duration) with
a rapidly falling plasma cortisol concentration,
levels of cortisol in CSF never equaled those in
plasma. Maximal concentration of cortisol in
CSF was reached 60 to 90 minutes after infusion
of the steroid.

The rate of disappearance of cortisol was rapid.
In the 18 experiments the range of plasma "half-
time" was 40 to 93 minutes, with an average of
64 minutes. In six animals the rate of disappear-
ance from plasma of cortisol was calculated in
terms of the slope obtained by the method of least
squares. This calculation was done in only those

general like free cortisol, both in terms of metabolic fate
and absolute values of plasma cortisol attained (18). As
will be seen (Section 3 below), the same distribution be-
tween plasma and CSF is found with cortisol-21-hemi-
succinate as with free cortisol.
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FIG. 1. PLASMAAND CSF CONCENTRATIONSOF CORTI-
SOL IN DOGBR (SEE TABLE I) AFTER RAPID INTRAVENOUS
INJECTION OF CORTISOL 21-HEMISUCCINATE, 8 MGPER KG.
Concentration in plasma is high 5 minutes after injection
and the steroid is detectable in CSF at that time.

instances in which there was a sufficient number
of determinations for adequate mathematical analy-
sis (Table II). The decrease in plasma cortisol
level averaged 47.3 per cent per hour, with a
range of 40.2 to 53.7. This rate of disappearance

TABLE II

Rate of disappearancelof cortisol after administration of
cortisol 21-hemisuccinate from plasma of 6 dogs before

and after corticotropin',administration for 11 days *

Rate of cortisol
disappearance

Before After
Dog corticotropin corticotropin

%decrease/hr
TA 40.2 40.8
BR 50.0 45.6
CH 45.5 34.3
TO 42.4 48.9
LE 50.5 57.3
RA 53.7 50.2

Mean 47.3 46.7
SD 5.22 7.98

* The data are derived from calculation of the slope of
the straight line describing the logarithmic decrement of
plasma cortisol concentration. Slope is calculated by the
method of least squares. The disappearance rates are
essentially the same before and after corticotropin (p >
0.50).

is considerably more rapid than that found in
normal human subjects (27 per cent per hour)
(18) or "half-time" of 138 minutes (19).

3. The steady state distribution of cortisol be-
tween plasma and CSF. A constant infusion of
cortisol 21-hemisuccinate, 300 mg, was given in
1,500 ml 5 per cent D/W over a 9-hour period to
a 15 kg dog after a priming dose of 22.5 mg.
Samples of plasma and CSF were obtained after
4 hours and maintained for the succeeding 5 hours.
Cortisol concentration in plasma during this
equilibrium state was 200 Pg per 100 ml; in CSF,
40 fg per 100 ml. The distribution ratio CSF/
plasma of 0.2 is not corrected for protein-binding
of the steroid (10, 11) nor for the differences in
water content of the two compartments.

A second steady state experiment in another ani-
mal was done with cortisol alcohol. At equilib-
rium the concentration ratio, CSF/plasma of
cortisol (53/211 pug per 100 ml) was 0.25. The
similarity of the CSF/plasma ratios in the two
studies is interpreted to signify that the steroid
hemisuccinate behaves physiologically like the free
steroid.

4. Identification and measurement of steroid
entering the CSF. In this series of experiments
an attempt was made to learn whether or not cer-
tain water-soluble metabolites of cortisol, the
A-ring reduced, 3-glucuronides, entered the CSF
after cortisol injection. These metabolic prod-
ucts are among the chief urinary steroids recovered
in urine after administration of cortisol (20).
Accordingly, these reduced steroids were sought
in blood and urine as well as in CSF (see Methods).
Fourteen experiments were carried out in this
effort to find tetrahydrocortisone or tetrahydro-
cortisol in CSF. In five instances measurements
for tetrahydrocortisol glucuronide were made in
serial small samples (1 ml) of CSF after cortisol
hemisuccinate injection, at times when CSF levels
of free cortisol were elevated. In no case was
tetrahydrocortisol glucuronide found. In nine fur-
ther studies after cortisol injection, the detailed
measurements were made in blood and urine to
ascertain that plasma concentrations of tetrahydro-
cortisol glucuronide were high enough to allow
passage into the CSF. After injection of cortisol
alcohol, the steroid was recovered from .all the
fluids investigated; 200 mg of cortisol was given
intravenously, and blood was collected during the
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period, 30 to 100 minutes after injection, while
CSFwas being drained through an indwelling cis-
ternal needle. In a representative experiment the
plasma level of free cortisol was 1,040 ug per 100
ml, while the level in CSF was 183. Glucuronide
content, measured as Silber-Porter reactive ma-
terial after glucuronidase hydrolysis, was 219 pAg
per 100 ml in plasma-a high value-while none
was detectable in CSF.

The apparent failure of steroid glucuronides to
enter CSF was further studied. In four dogs
steroids were isolated from blood, CSF, and urine
by paper chromatography (see Methods). In all
instances cortisol was identified in the three fluids
after steroid injection (100 to 300 mg of free cor-
tisol in two instances, of cortisol 21-hemisuccinate
in the remaining two). Tetrahydrocortisol glu-
curonide was identified in blood and urine, never
in the CSF. [It is of considerable interest from
the point of view of steroid metabolism that no
tetrahydrocortisone was recovered after cortisol
injection. It appears that this represents a spe-
cies difference between dog and man; in man,
cortisol is metabolized to tetrahydrocortisol, allo-
tetrahydrocortisol, and tetrahydrocortisone (21).]
Pooled serial blood samples from the four ani-
mals showed an average value for free cortisol
after chromatography of 180 jug per 100 ml. The
mean value of plasma tetrahydrocortisol after hy-
drolysis and chromatography was 70 ug per 100
ml. The two steroids were also indentified in
large quantities in the urine. In the 4-hour urine
aliquot it was possible to recover 12.5 mg of con-
jugated tetrahydrocortisol, 7.7 mg of free cortisol.
Chromatographic analysis of many large samples
of CSF yielded an average cortisol value for the
four dogs of 109 Mug per 100 ml. These studies
failed to reveal even trace amounts of tetrahydro-
cortisol after glucuronidase hydrolysis.

The data indicate that cortisol is metabolized
to a reduced steroid which is conjugated with
glucuronic acid, but that this metabolite, tetra-
hydrocortisol glucuronide, does not detectably
enter the CSF, although present in plasma in
high concentration.

5. Entry into CSF of tetrahydrocortisone, an
A-ring-reduced, unconjugated metabolite of cor-
tisol. The possibility existed that some property
of tetrahydrocortisol other than its existence in
plasma as a water-soluble conjugate of glucuronic
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FIG. 2. PLASMAAND CSF CONCENTRATIONSOF TETRA-
HYDROCORTISONEIN DOG BL AFTER RAPID INTRAVENOUS
INJECTION OF TETRAHYDROCORTISONE,8 MGPER RG. Con-
centration of steroid in CSF at 5 and 30 minutes is higher
than concentration attained after comparable doses of
cortisol (see text). Rate of tetrahydrocortisone disap-
pearance from plasma is nearly twice as rapid as that
of cortisol (rate of decrease of plasma level, 74% per
hour, or plasma "half-time," 35 minutes).

acid was responsible for its exclusion from CSF.
A closely related compound, free tetrahydrocor-
tisone,5 8 mg per kg body weight, was given in-
travenously over 30 seconds to two dogs. The
free steroid entered the CSF rapidly, as is shown
in Figure 2 and Table III. In the experiment il-
lustrated, concentration of 17-hydroxycorticoster-
oid in CSF at 5 minutes was 66 Mug per 100 ml
(Table III). These concentrations of steroid in
CSF were higher than those attained in any of
13 experiments with cortisol at the 5-minute point
(Table I). After cortisol injection, concentrations
of the steroid in CSF at 5 minutes ranged from 0
to 16 Mug per 100 ml in the face of concentrations in

5 Provided through the courtesy of Merck and Co.
Tetrahydrocortisone was used instead of tetrahydrocor-
tisol because the latter steroid was not readily available
in large quantifies. Since tetrahydrocortisone and tetra-
hydrocortisol behave alike physiologically (22), it is
reasonable to assume that they are interchangeable for
the purpose of this experiment.
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TABLE III

Concentration of tetrahydrocortisone in plasma and CSF of
Dogs BL and DA after rapid intravenous injection of 8

mg of steroid per kg body weight *

I)og Minutes:

BL Plasma
CSF I

D)A Plasma
CSF

5

1,090
82

955
66

1 7-Hydroxycorticosteroids
(tetrahydrocortisone), jug %

30 60 90 120 150 180

412 166 130 62 8
133 133 87 51 27

391 219 125 77 65
48 46 43 29 26

240

0

0

* The data showlthe entry of large amounts of tetrahydrocortisone
into the CSF5 minutes after injection of the steroid.

plasma comparable with those found after tetrahy-
drocortisone injection. In the two experiments
the rate of disappearance of tetrahydrocortisone
was rapid, plasma "half-time" being 35 and 39

inutes. Calculated from the slope derived by the
method of least squares, decrease in plasma level
was 74 per cent per hour, compared with a mean

decrease of 47.3 per cent per hour for cortisol
(Table II). Free tetrahydrocortisone and tetra-
hydrocortisone glucuronide were identified in
plasma and urine, only free tetrahydrocortisone in
the CSF. The more rapid rate of disappearance
of tetrahydrocortisone than of cortisol (23), and
the virtual absence of conversion of tetrahydro-
cortisone to tetrahydrocortisol in the dog, are

findings in agreement with those made in human
subljects (24).

6. The effect of adrenocorticotropin upon the
permeability of the blood-CSF barrier to corti-
sol. This section summarizes the results of de-
termination of cortisol clearance rate and entry
into CSF before and after 11-day courses of cor-

ticotropin in six dogs. ACTHadministration had
no effect upon the rate of clearance of cortisol
from plasma. Table II shows that the slope of
the line describing cortisol disappearance rate is
unchanged after 11 days of corticotropin. The
rate of cortisol disappearance in the control stud-
ies averaged 47.3 per cent per hour; the average

after ACTHadministration was 46.7 per cent per

hour, p > 0.5.
Analysis of ratios of CSF/plasma concentra-

tions of cortisol at 30, 60, 90 and 150 minutes
showed no significant difference between the con-

trol and experimental values. This schedule of
corticotropin administration therefore does not
appear to alter the permeability of the blood-CSF
membranes with regard to cortisol.

Comparison of the disappearance rates and
cortisol entry into CSF at different. times (i.e.,
11 days apart) seems a valid procedure in view
of a control study in which three dogs received
standard cortisol-21-hemisuccinate infusions be-
fore and after periods of 11 days during which
no ACTHwas given. None of the indices changed
significantly during this time.

DISCUSSION

The data show that free cortisol enters the CSF
rapidly in the dog after intravenous injections of
large amounts of the steroid. The failure to de-
tect cortisol in CSF of the "resting" dog is in
agreement with the data Abelson, Baron and
Toakley obtained from human subjects (4).
They reported low cortisol concentrations in hu-
man CSF (0.2 to 0.4 ug per 100 ml) in the rest-
ing state, using very large volumes of CSF for
chromatographic isolation and quantitation of cor-
tisol (4). Sandberg, Eik-Nes, Nelson and Tyler
(3) found no detectable cortisol in small samples
of "resting" CSF in man, except for ten instances
of central nervous system disease in which the
permeability of the blood-CSF barrier is pre-
sumably altered (acute poliomyelitis, pneumococ-
cal meningitis, cerebral vascular accidents). In
man, Abelson, Baron and Toakley (4) and Cranny
and Kelley (5) have demonstrated the rapid entry
of cortisol into CSF after administration of corti-
sol or cortisone, and Cranny and Kelley presented
evidence suggesting that the amount of cortisol
entering the CSF is increased by the presence of
meningeal infection (5). The single observation
of Hellman and associates (25) that cortisol-4-C14
could not be found in human CSF 8 hours after
administration of the steroid can probably be as-
cribed to the fact that the CSF level after 8 hours
would be expected to be exceedingly low.

The data of the present report also show that
after injection of cortisol in the dog. only free
cortisol, not its reduced glucuronide conjugates,
enters the CSF in measurable quantities over pe-
riods of 30 to 210 minutes. The rate of entry of
steroid, as of other substances (6, 7, 9). into the
CSF is dependent upon several factors. Among
these are the permeability characteristics of the
complex membranes which constitute the blood-
CSF "barrier." These include the membranes
of the cerebral capillary endothelium, the pia-glial

200-2



THE BLOOD-CEREBROSPINALFLUID BARRIER TO CORTISOL

complex, the cerebral astroglia, choroid plexus,
and the ependymal and arachnoidal surfaces (6, 7).
The blood-CSF barrier serves to stabilize the
composition of the CSF and the extracellular
fluid of the brain, and contributes to the main-
tenance of a constant internal environment for
the central nervous system.

The entry of cortisol into the CSF, and the ex-
clusion from the CSF of water-soluble steroid
glucuronides are findings in agreement with those
made in the case of other natural and synthetic
compounds (6). It appears that a major factor,
perhaps the chief factor that determines the dif-
ference in penetration into the CSF between free
cortisol and tetrahydrocortisone, on the one hand,
and tetrahydrocortisol glucuronide and tetrahy-
drocortisone glucuronide on the other, is the high
degree of lipid-solubility of the free (or undissoci-
ated) form and the negligible lipid solubility of the
polar, dissociable glucuronide. Since no steroid
glucuronide entered the CSF when plasma con-
centrations were far above the physiologic range,
it is hardly conceivable that they cross the blood-
CSF barrier at the lower concentrations obtaining
under physiologic conditions.

The influence of lipid-solubility upon the rate
and degree of entry into CSF (steady state CSF/
plasma ratio) of such foreign substances as sul-
fonamides and barbiturates is marked: the greater
the lipid-solubility of the particular substance, the
greater is its penetration into the CSF (6). To
date, no such orderly arrangement can be made in
the case of the free steroids as a group, because
only cortisol has been studied extensively.

In addition to lipid-solubility, molecular size
might be supposed to influence entry of com-
pounds into CSF (6, 26). However, the rela-
tively small difference in molecular weight between
cortisol (mol wet 360) and tetrahydrocortisol glu-
curonide (mol wt 540) is considered to be of neg-
ligible importance in view of the rapid entry of
molecules as large as serum albumin into the
CSF (27).

The pK of a compound plays a role in the degree
and rate of its entry into CSF: pK influences the
plasma-CSF distribution of salts of weak acids and
bases (9). The normally lower pH of CSF as
compared with that of plasma does not influence
the distribution of non-ionized substances such
as free steroid hormones. The pH gradient would

tend to favor the exclusion of weak acids such as
the glucuronides of steroids (9). There are no
available data concerning the pK of steroid glu-
curonides; one would expect it to approximate that
of glucuronic acid itself.

The degree to which a substance is bound to
protein is also of great importance in determining
its distribution (steady state ratio) between plasma
and CSF. This is true of calcium, bilirubin and
many drugs (6). The observed steady state ra-
tio (CSF/plasma) of cortisol of approximately
0.2 may be considered a consequence of binding
of cortisol to plasma protein. There is disagree-
ment in the literature concerning the precise quan-
tity of cortisol that is physiologically bound to pro-
tein in man. The estimates range from 72 to 94 per
cent bound to protein at 370 C, the per cent bound
being in part dependent upon the plasma concen-
tration of cortisol (11, 22, 28-30). There is also
disagreement about the degree of cortisol binding
to plasma protein in the dog. Daughaday found
little evidence of corticosteroid-binding-globulin
activity in canine plasma, and ascribed most of
the 60 to 75 per cent binding observed to albumin
(30). Slaunwhite and Sandberg found that only
8 to 40 per cent of added cortisol was bound by
dog plasma (11), but Florini and Buyske re-
ported that cortisol binding to plasma in the dog
is similar to that in man-i.e., 60 to 90 per cent
over a wide range of concentrations (31). The
present study provides no data which resolve these
differences. However, the observed steady state
ratio of 0.2 (CSF/plasma) is compatible with the
estimate that 20 per cent of cortisol is unbound,
and available for entry from plasma into CSF.6

A transfer rate constant (9) for cortisol was
not derived, because almost all of the data were
obtained after a single, rapid intravenous injec-
tion of cortisol rather than with maintenance of
a constant plasma level. This experimental de-
sign was chosen primarily to obtain information
regarding the disappearance of cortisol from

6The data are comparable with those obtained by Up-
ton and Bondy who studied cortisol binding to plasma
protein in human subjects (32). Over a wide range of
high concentrations of cortisol in human plasma, these
workers found that about 15% of the steroid was ultra-
centrifugable, i.e., that 85%o was tightly bound to plasma
protein (presumably to the globulin fraction), and 15%
was bound only loosely (perhaps to albumin) (10, 32).
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plasma which could not be readily obtained from
steady state experiments.

The data show clearly that free tetrahydrocorti-
sone disappears from plasma and enters CSFmore
rapidly than does free cortisol. This difference
may be explained in part by the fact that less tetra-
hydrocortisone than cortisol is bound to plasma
protein (33). At present, data concerning tetra-
hydrocortisone binding to plasma protein have
been reported only in man (33), and it may not be
permissible to assume a similar difference in bind-
ing of the two steroids in dog plasma. However,
no other physical or chemical property appears to
account so well for the differences noted, the lipid
solubilities and molecular weights of the two ster-
oids being nearly identical.

The high levels of cortisol observed in CSF
after injection of large amounts of the steroid are
considered to approximate the "diffusible" frac-
tion of the steroid in the plasma. The high con-
centrations of hormone in the CSF achieved by
parenteral administration lead to the conclusion
that intrathecal administration of steroids is un-
necessary. If one assumes that cortisol is distrib-
uted like other lipid-soluble substances, then the
concentration of the steroid at equilibrium would
be higher in brain than in either CSF or plasma
(6). In any disease process that is associated with
an increased concentration of protein in the CSF,
reflecting a change in the permeability character-
istics of the blood-CSF membranes, one would
anticipate that concentrations of cortisol in CSF
after oral or intravenous administration would be
considerably higher than those observed under the
relatively normal conditions of the studies here
reported.

The data of the present study appear to show
that intramuscular administration of ACTH for
11 days does not enhance the penetration of cor-
tisol into the CSF. The same dosage schedule
of ACTHhas also been shown to bring about no
change in the exchange of sodium (Na24) between
plasma and CSF (34). The absence of an al-
tered rate of cortisol clearance, from plasma after
ACTHadministration is a finding in accord with
certain earlier studies, but not in agreement with
others. Berliner, Keller and Dougherty (35)
demonstrated in mice that pretreatment with cor-
ticotropin did not prolong the plasma half-time
of injected cortisol. Wallace, Leilop, Carter and

Lyons (36) found no decrease in rate of cortisol
disappearance from plasma in human subjects
treated with intramuscularly administered ACTH
for long periods. In contrast, Kuipers, Ely and
Kelley (37) observed a modest prolongation of
plasma half-time of infused cortisol after the acute
intravenous injection of corticotropin. Dougherty
and Berliner (38) reported similar findings in
mice, and DeMoor, Hendrikx and Hinnekens re-
ported a delay in disappearance of cortisol from
plasma in normal and Addisonian human subjects
immediately after ACTH administration (39).
Berliner and co-workers have attempted to ex-
plain such a prolongation of plasma half-time of
cortisol by their reported observations of inhibi-
tion by ACTHof hepatic conjugation of metabo-
lites of this steroid with glucuronic acid in rats and
mice, an "extra-adrenal effect" of ACTH (35).
This hypothesis remains to be proved. In the
meantime, the differences in results may be best
accounted for by differences in route and chronic-
ity of ACTHadministration.

SUMMARY

1. The resting concentration of cortisol in cere-
brospinal fluid (CSF) is less than 1 pg per 100 ml
in the anesthetized dog.

2. After intravenous injection of cortisol or cor-
tisol-21-hemisuccinate, the steroid enters the CSF
rapidly, appearing within 5 to 30 minutes.

3. In a single experiment prolonged infusion
of cortisol-21-hemisuccinate resulted by the fourth
hour in the attainment of a steady state ratio,
CSF/plasma, of 0.2. This can be interpreted as
reflecting an 80 per cent binding of cortisol to
plasma protein.

4. After cortisol or cortisol-21-hemisuccinate in-
jection, only free (unconjugated) steroid, not the
glucuronides of cortisol metabolites, appears in
CSF, although a conjugated metabolic product,
tetrahydrocortisol glucuronide, is found in high
concentration in plasma and urine. These find-
ings are in accord with those concerning most
drugs and natural products; i.e., that nonpolar,
water-insoluble substances enter CSF from blood
more readily than do polar, water-soluble com-
pounds.

5. Another metabolic product of cortisol, tetra-
hydrocortisone, freely enters the CSF, but tetra-
hydrocortisone glucuronide does not. The more

2004



THE BLOOD-CEREBROSPINALFLUID BARRIER TO CORTISOL

rapid entry into CSF of tetrahydrocortisone than
of cortisol may be explained by the lesser degree
of binding to plasma protein of the former steroid.

6. In the dog, cortisol appears to be metabolized
to tetrahydrocortisol only, not to tetrahydrocorti-
sol, allo-tetrahydrocortisol, and tetrahydrocorti-
sone, as in man.

7. Administration of corticotropin for 11 days
to 6 dogs did not enhance the entry of adminis-
tered cortisol into the CSF, nor did it alter the
rate of clearance of cortisol from plasma.
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