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Fig. 3. Cross section through the geo-
thermal area. Hypocenters of earthquakes
are shown by rectangles. The vertical line
just left of seismometer site A represents
the well shown in Fig. 1.

fault directly under the best producing
wells in the Ahuachapan geothermal
area. Production wells in the future
might best be drilled to intercept this
fault. Such simple microearthquake
studies provide a powerful method of
mapping active faults and can, there-
fore, be of considerable practical and
economic importance in the location and
utilization of geothermal heat sources.

PETER L. WARD

Kraus H. Jacos
Lamont-Doherty Geological
Observatory of Columbia University,
Palisades, New York 10964
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Cerebrospinal Fluid Production by the Choroid

Plexus and Brain

Abstract. The production of cerebrospinal fluid and the transport of **Na from
the blood to the cerebrospinal fluid were studied simultaneously in normal and
choroid plexectomized rhesus monkeys. Choroid plexectomy reduced the produc-
tion of cerebrospinal fluid by an average of 33 to 40 percent and the rate of ap-
pearance of **Na in the cerebrospinal fluid and its final concentration were pro-
portionately reduced. In both normal and plexectomized animals, **Na levels were
found to be markedly greater in the gray matter surrounding the ventricles and in
the gray matter bordering the subarachnoid space. That sodium exchanges in
these two general areas of the brain may be linked to the formation of the cere-

brospinal fluid is discussed here.

Although numerous studies (I-3),
including the classical experiments of
Dandy and Blackfan (4, 5), have
pointed to the choroid plexuses as the
exclusive site of cerebrospinal fluid
(CSF) secretion, this view has not gone
unquestioned (6—8). Evidence has
been advanced, for example, that at
least a limited amount of CSF can be
formed extrachoroidally in the cerebral
ventricles (6), the aqueduct of Syl-
vius (7), and the subarachnoid space
(8). In a recent study, the production
of CSF after choroid plexectomy was
estimated to be far more substantial
than previously reported (9). On the
basis of studies on 76 choroid plex-
ectomized rhesus monkeys, these con-
clusions were reached: (i) The pro-
duction of CSF rostral to the fourth ven-
tricle (determined by ventriculo-aque-
ductal perfusion of the CSF with [14C]-
inulin) was reduced by only one-third
after choroid plexectomy; (ii) the com-
position of the CSF after choroid plex-
ectomy was unchanged; and (iii) the
surgical” obstruction of the choroid
plexectomized ventricles resulted in

‘acute and progressive hydrocephalus

that was only slightly less severe than

that occurring in nonplexectomized
ventricles with similar obstructions
9.

In this study, we have compared the
production of CSF and the transport of
24Na from the blood to the CSF in
normal and choroid plexectomized rhe-

sus monkeys. The animals ranged in
age between 1% to 2 years and varied
in weight between 2 and 3 kg. In six
animals, the choroid plexuses of both
lateral ventricles had been removed
3 to 9 months before the current ex-
periments [the technique of choroid
plexectomy and the histological conse-
quences of the procedure have been re-
ported elsewhere (9)]. Eleven animals
served as normal, nonplexectomized
controls. In all animals, the fourth
ventricle was obstructed with an inflat-
able balloon at the beginning of each
experiment (Fig. 1). A lateral ventri-
cle-to-lateral ventricle perfusion was
then arranged, in which a Harvard
pump apparatus with an inflow rate
of 0.191 ml/min was used. The ven-
tricular perfusate consisted of artificial
CSF to which the following tracers
were added: (i) 4C-labeled inulin (20
pe per 30 ml of perfusate); (ii) dex-
tran 2000 (15 mg per 30 ml of perfus-
ate), and (iii) 3H-labeled sucrose (15
uc per 30 ml of perfusate). Simulta-
neously, an intravenous infusion of
24Na (0.4 mc per experiment) was ad-
ministered so as to establish a steady-
state level of the isotope in the blood
(=3 to 8 percent variation from mean
counts per minute per microliter).
During each experiment, serial samples
of plasma and outflow perfusate were
taken at 15-minute intervals. Inflow
samples were obtained at the beginning
and end of each perfusion period, and
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duplicate 50-ul samples of inflow, out-
flow, and plasma were placed in liquid
scintillation counting vials. At the con-
clusion of the experiments, the animals
were killed with pentobarbital, and the
brains were rapidly removed and par-

tially frozen in liquid nitrogen. Coronal -

sections were made, and 1-mm blocks
of tissue running perpendicularly from
the wall of the lateral ventricles to the
surface of the brain were taken. All
tissue and fluid samples were digested
by pipetting 0.5 ml of NCS (Amersham-
Searle) into the sample vials. The vials
were then incubated in a water bath for
8 to 12 hours at 40°C. When digestion
was completed, 18 ml of Liquifluor
(New England Nuclear) was added to
each vial and the 2¢Na activity was im-
mediately determined in a high energy—
open window of a liquid scintillation
spectrometer. After the 2¢Na had de-
cayed to background levels (10 to 14
days), the samples were recounted by
liquid scintillation spectroscopy with
the conventional double label method
for separating 1*C and 3H activity. Ap-
propriate decay (2¢Na) and quench
(14C and 3H) corrections were applied,
and all data were subsequently calcu-
lated as counts per minute per micro-
liter (fluid samples) or counts per min-
ute per milligram (tissue samples).

In ventricular perfusion experiments,
the CSF production rates are deter-
mined by measuring the dilution of a
large, inert marker material (such as
[**Clinulin or blue dextran) between
the inflow and outflow sites. The equa-
tion for this calculation is

Ve="Vs (%_1) 1)

in which Vg is the CSF production
rate ; Vy, the perfusion rate; C, con-
centration of the marker in the inflow;
and C,, concentration of the .marker
in the outflow (10, 11). In the current
experiments, the average CSF produc-
tion of the lateral ventricles, third ven-
tricle, and aqueduct of Sylvius in the
normal, nonplexectomized group was
19.2 pl/min = 2.2 (standard devia-
tion). In the plexectomized group, the
production rate was 13.3 ul/min *=2.7.
This represented an overall decrease in
CSF production of 31 percent following
choroid plexectomy. If it can be as-
sumed that the choroid plexus of the
third ventricle produces CSF in pro-
portion to its size and weight [9 per-
cent of the combined weight of the
plexuses from the lateral and third
ventricles (9)], then no more than 33
to 40 percent of the newly formed CSF
in the nonplexectomized perfused sys-
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Fig. 1. Ventricular perfusion system.

tem could be accounted for by the
choroid plexuses.

The rate of appearance of intra-
venous 2¢Na in the CSF, and the CSF
concentration curves of the isotope in
the plexectomized and nonplexecto-
mized groups during the 3-hour infusion
interval, are shown in Fig. 2. In gen-
eral, the transport of 2¢Na from the
blood to the CSF was slightly delayed
in the plexectomized group and the
outflow concentration curves of the
isotope were consistently lower. The
ratios of 2¢Na outflow to plasma at the
end of each 3-hour perfusion averaged
0.102 in the control group and 0.062
in the plexectomized group.

Figure 3 illustrates the intracerebral
distribution of 24Na at the conclusion
of each experiment. The amount of
tracer sodium was markedly greater
around the cerebral ventricles (the
zone of periventricular gray matter)

Nonplexectomized group

Cesr
Cawo

Plexectomized group

§ = SD means

I 1 1 Il

1 1
30 €0 90 120 150 180
Time (minutes)

Fig. 2. Concentration curves #Na in CSF
during 3-hour steady-state intravenous in-
fusion of *Na. The production of CSF
for the nonplexectomized group was 19.2
ul/min (= 2.2, standard deviation); for
the plexectomized group, 13.3 ul/min
(#+=2.7). C is concentration.

and adjacent to the cerebral subarach-
noid space (the zone of cortical gray
matter). In general, there was no dif-
ference in the intracerebral distribution
of 24N in the plexectomized and non-
plexectomized groups (this suggests
that cerebral capillary permeability 3
to 9 months after choroid plexectomy
was essentially normal). Of particular
interest was the finding that the counts
of 2¢Na per milligram of tissue in the
periventricular gray matter were invar-
iably higher than the counts of 24¢Na
per microliter of CSF (one and a half
to two times higher). Provided that the
endogernous sodium spaces in the mon-
key approximate those in the rabbit
[104 percent for the CSF, 35 percent
for the brain (3)], then it would appear
that the effective concentration of 2¢Na
in the periventricular tissue was five to
six times greater than that in the CSF.

In view of the foregoing observations,
it is apparent that the production of
CSF is not abolished in the rhesus mon-
key 3 to 9 months after choroid plex-
ectomy. Indeed, in the current experi-
ments, the production of CSF in the
chambers rostral to the fourth ventricle
was reduced to about two-thirds of the
normal rate. This does not necessarily
mean that in the normal nonplexecto-
mized animal more than 60 percent of
the CSF is formed at extrachoroidal
sites. Such a high production of extra-
choroidal fluid might be unique to the
plexectomized model (that is, secre-
tion induced by choroid plexectomy).
On the other hand, there is evidence
that the CSF formed by the plexecto-
mized ventricular system is in no way
different from normal (9, 12). This
indicates, at least, that sites other than
the choroid plexus can elaborate a fluid
whose composition of water, electro-
lytes, and protein is similar to that of
normal CSF. Regardless of its origin,
the production of extrachoroidal fluid
may be important clinically. It is well
known, for example, that cauterization
or removal of the choroid plexuses is
rarely a curative treatment for hydro-
cephalus. The data reported here in-
dicate that a continued production of
CSF from extrachoroidal sites may ex-
plain some of these failures.

It is interesting to examine the differ-
ences in 24Na transport in the plexec-
tomized and nonplexectomized animals
(Fig. 2). In both groups of animals, the
intravenously infused 24¢Na entered the
CSF rapidly and reached significant
concentrations during the 3-hour infu-
sion interval. In the plexectomized an-
imals, however, the tracer sodium en-
tered the CSF slightly later and never
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Fig. 3. Distribution of *Na in the brain
and CSF at conclusion of 3-hour steady-
state intravenous infusion of *Na. The
radioactivity is given in counts per minute
per milligram of tissue (or counts per
minute per microliter of CSF or plasma).
No corrections have been made for dif-

ferences in vascular volume, capillary
density, or endogenous sodium spaces in
the various areas of the brain. The counts
from all experiments have been averaged.
There was no difference in the intracere-
bral distribution of *Na in the plexecto-
mized and nonplexectomized groups.

reached the same concentrations as in
the control animals. A comparison of
the entry of 2¢Na into the ventricular
fluid and the rate of CSF secretion can
be made by using a simple mathematical
description of the system. If it is as-
sumed that 24Na enters the ventricular
fluid only in the secreted CSF (that is,
no diffusional or molecular transport of
labeled sodium occurs between ven-
tricular fluid and blood or brain, or
both) and that the concentration of
the 2¢Na in the secreted CSF water
equals that in the plasma water, then
the rate of change of the amount of
tracer sodium in the perfused ventricu-
lar system is given by the following
equation:

‘;’l’ti = Ve N, — ( Vi 4 1‘/1) No (2)
where N is the amount of labeled so-
dium; ¢, time; N, concentration of
labeled sodium in the plasma (and
secreted CSF); and N,, concentration
of labeled sodium in the outflow. When
the amount of 2¢Na reaches a steady-
state in the ventricular system (dn/dt
=0), Eq. 2 can be reduced and rear-
ranged to

VF —_ No
Vit Ve | N ®)
Substituting the values for the secre-

tion and perfusion rates from this study
into Eq. 3, the calculated tracer sodium
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ratio (Ny/N,) would be 19.2/(191 +
19.2) = 0.0915 for the normal animals
and 13.3/(191 + 13.3) = 0.065 for the
plexectomized animals. The experiment-
al averages for the ratio of 24Na in the
outflow water to that in the plasma
water were 0.097 and 0.060, re-
spectively (ratios of 2¢Na outflow to
plasma in Fig. 2 are not corrected
for water). The agreement between the
calculated and experimental values is
good and indicates that both the tracer
flux and CSF secretion were similarly
affected by choroid plexectomy. Over-
all, the data in Fig. 2 suggest (i) that
24¢Na is transported from the blood to
the CSF across extrachoroidal as well
as choroidal boundaries, and (ii) that
the transport of 2¢Na into the ventricu-
lar fluid is proportional to the rate of
intraventricular CSF production.
Finally, any conclusions regarding
the extrachoroidal sites of CSF produc-
tion must remain speculative. The pat-
tern of 24Na distribution in the brain
parenchyma (Fig. 3) suggests that
there are differences in the sodium ex-
change kinetics between tissue adjacent
to the CSF (periventricular and corti-
cal gray matter) and the deep tissue
(white matter). The 2¢Na tissue pro-
file could be the result of variations in
the (i) vascular volume, blood supply,
and capillary permeability; (ii) endog-
enous sodium space; (iii) rate of intra-
cellular uptake or binding, or both;
and relative proportions of intracellu-
lar and extracellular compartments be-

tween these two general zones of brain

tissue. However, all of these possibilities
taken together do not seem adequate
to explain the four- to fivefold varia-
tion in the tissue levels. This suggests
that other, more complex mechanisms
may play a role in the sodium exchange
kinetics of brain tissue. In view of the
agreement between the rate of CSF
production and the entry of ?¢Na into
the CSF in both normal and plexecto-
mized animals, it is reasonable to sus-
pect that the brain tracer profiles are
related, in part, to the parenchymal
formation and flow of fluid (extra-
choroidal CSF). Needless to say, with
the data available in this study, no firm
conclusions can be drawn about the
brain 2¢*Na profile or the mechanisms
involved in its development.

In summary, we conclude that the
choroid plexus is but one site of cere-
brospinal fluid production. We are un-
able at this time, however, to arrive
at any definitive opinions regarding
the -extrachoroidal source of the CSF.
Our findings indicate that sodium ions

in the blood distribute in much higher
amounts in the brain tissue bordering
the ventricles and subarachnoid space.
Whether such sodium exchanges are
linked to the formation of the cere-
brospinal fluid awaits further proof.
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