wide variety of plant species in genera in-
cluding Senecio, Crotalaria, Helio-
tropium, Trichodesma, Amsinckia, and
others. Within these species at least 100
different pyrrolizidine alkaloids have
been identified and their structures eluci-
dated (2). Livestock poisoning by con-
sumption of S. jacobaea and other pyr-
rolizidine alkaloid—containing plants is a
major problem in Oregon (/7) and other
parts of the United States and the world
(18). The transmission of these alkaloids
of their metabolites to the consumer
through meat and dairy products from ex-
posed animals must also be considered
possible.
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Primate Model for Long-Term Study of Intraventricularly

or Intrathecally Administered Drugs and Intracranial Pressure

Abstract. Meaningful pharmacokinetic investigations require animal systems
which approximate the human situation. This report describes a primate model in
which silicone catheters are placed into the fourth ventricle and the spinal subarach-
noid space and connected to subcutaneous cerebrospinal fluid reservoirs. This model
permits sterile access to ventricular cerebrospinal fluid without tissue damage, pro-
vides mixing of injected drugs with lateral ventricular cerebrospinal fluid, enables
spinoventricular perfision, and permits ventricular cerebrospinal fluid sampling over
extended periods in unanesthetized rhesus monkeys. This animal system may provide
intraventricular pressure recordings and pharmacokinetic data similar to that ob-

tained in man.

Rational approaches to the treatment
of central nervous system malignancies
demand precise knowledge of the phar-
macokinetic behavior of chemotherapeu-
tic agents in cerebrospinal fluid (CSF) (/,
2). Meaningful pharmacokinetic investi-
gations require animal systems which ap-
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proximate the human situation. Unfortu-
nately, currently available animal mod-
els have been plagued by technical
problems and have not provided long-
term access to ventricular CSF with any
reliability.

Most model systems require immobili-

zation of the animal for long periods or
anesthesia, and passage of cannulas
through the cerebrum. These techniques
do not provide experimental physiologic
conditions and are associated with tissue
damage (3, 4), infection, and catheter ob-
struction (5). Moreover, repetitive cister-
nal or lumbar punctures yield fluid that
only simulates ventricular CSF and do
not promote mixing of injected drugs
with ventricular CSF.

The recently expressed need for suit-
able animal models (¢, 6) prompted our
development of a primate system which
avoids these shortcomings. This model is
based on an adaptation of the subcu-
taneous Ommaya CSF reservoir (7) de-
veloped for the treatment of central
nervous system neoplasms in man
(1). Preliminary physiologic and phar-
macokinetic evaluations with this animal
system demonstrate a close correlation
with similar investigations in man.

Rhesus monkeys were anesthetized
during the surgical implantations. A mid-
line posterior incision was made over the
occipitocervical junction and the posteri-
or margin of the foramen magnum was re-
moved (8). After midline dural incision,
the foramen of Magendie was dilated to
enable the insertion into the fourth ven-
tricle of a silicone Pudenz catheter (2 mm
in outside diameter). Each catheter tip
was placed no less than 3 mm from the
exit of the aqueduct of Sylvius to prevent
aqueductal obstruction. After the dura
was closed and made watertight with fine
silk sutures, a 2.5-cm side-armed Om-
maya CSF reservoir was connected to
the catheter and secured subcutaneously
over the occipital bone (Fig. 1, left). In-
traoperative magnification is not neces-
sary for the performance of this proce-
dure.

Immobilization of the animal in a chair
permitted access to the reservoir without
anesthesia. The physiologic character-
istics of our animal model were docu-
mented by the injection of isotopically la-
beled serum albumin into the ventricle,
by positive contrast ventriculography,
and by intracranial pressure recordings
(8). At the conclusion of each evaluation
period, the animals were returned to
their cages and thus did not require long-
term immobilization.

That the CSF of the fourth ventricle
mixed with that of the lateral ventricle
and flowed against the natural circulation
pattern was verified by isotope injection
and positive contrast ventriculography.
After the injection of technetium 99m-la-
beled serum albumin, radioactivity mi-
grated from the reservoir into the fourth
ventricle and cisterna magna immediate-
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ly after the reservoir was depressed man-
ually two times (Fig. 2); the radioactivity
mixed throughout the ventricular system
after four such pumpings. Similarly, posi-
tive contrast material injected into the
reservoir could be detected in the lateral
ventricle after four pumping maneuvers.
Ventriculograms obtained in this manner
were similar to those previously reported
in rhesus monkeys (9) and man (10).

A scalp vein needle (23 gauge) was in-
serted percutaneously into the Ommaya
CSF reservoir and connected to a pres-
sure transducer (/1) (Fig. 2). Intra-
ventricular pressure tracings fluctuated

appropriately with arterial pulsation, res-
piratory activity, and bilateral compres-
sion of the jugular vein, and were similar
to those obtained from man (/2).
Results of the initial application of our
primate model to the pharmocokinetic in-
vestigation of methotrexate injected into
the CSF are presented in Fig. 3. Molar
concentrations of methotrexate in the
CSF were determined by a dihydrofolate
reductase (E.C. 1.5.1.4) inhibition assay
(13). The disappearance curves for intra-
ventricularly injected methotrexate in
our animals were compared with those
determined in 93 patients with similar

SPINAL
SUBARACHNOID SPACE
) ——

s

é

Fig. 1. (Left) Catheter placed in the fourth ventricle and connected to subcutaneous CSF
reservoir. (Right) The T-shaped catheter in the spinal subarachnoid space connected to the
subcutaneous CSF reservoir.
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subcutaneous reservoirs. The curves for
our monkeys are almost parallel and the
absolute concentrations are proportional
to dosage. Intrareservoir injections of
methotrexate (15 mg per square meter of
animal surface area) in our monkeys
yielded CSF concentrations which most
closely approximate those noted in
patients receiving 12 mg/m? methotrex-
ate by way of Ommaya reservoirs.

Our model may be adapted to enable
spinoventricular perfusions by installing
a T-shaped Hoffman catheter in the spi-
nal subarachnoid space (/4) (Fig. 1,
right). In this system, communication be-
tween the spinal and fourth ventricular
catheters was demonstrated by positive
contrast myeloventriculography.

That the catheter remained open and
sterile over long periods of time was veri-
fied by the biweekly withdrawal of 2 ml
of CSF for bacterial cultures for 6
months. When the animals were killed,
we found no catheter or ventricular ob-
structions and no microscopic lesions.

We conclude that spinal and fourth
ventricular catheterization with the use
of subcutaneous Ommaya reservoirs in
rhesus monkeys (i) permits sterile access
to CSF without needle tract artifacts or
long-term immobilization, (ii) provides
mixing of injected drugs with lateral ven-
tricular CSF, (iii) enables spinoventricu-
lar perfusion, (iv) permits ventricular
CSF sampling over extended periods, (v)
enables sensitive monitoring of intra-

o—o Monkey, 30 mg/m?2
A~ Monkey, 15 mg/m2
O—OMonkey, 5 mg/m?2

> Man, 12 mg/m?2

\ (£2 S.D. range
of 93 patients)
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Fig. 2 (Left). (Top left) Diagram showing the method for
injecting a drug or withdrawing ventricular CSF by
means of a syringe with a 25-gauge needle. (Top right)
Manual depression of the reservoir (pumping) to expel
the contents into the fourth ventricle. (Bottom) Intra-
ventricular pressure being recorded with a 23-gauge scalp
vein needle attached to a soft catheter which is connected
to a physiologic pressure transducer.
Curves for the disappearance of methotrexate that has
been administered intraventricularly by way of sub-
cutaneous reservoirs in monkeys and man. The curves
for monkeys are almost parallel and absolute concen-
trations are proportional to dosage. Intrareservoir in-
jections of 15 mg/m? methotrexate in monkeys yielded
CSF concentrations within the range [+ 2 standard
deviations (S.D.)] noted in 93 patients injected with
12 mg/m? methotrexate by the same method.

Fig. 3 (above).
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ventricular pressure, and (vi) provides
pharmacokinetic data similar to that ob-
tained in man. This primate model may
be useful for long-term physiologic, neu-
rochemical, chemotherapeutic, and
neurotoxicological evaluations.
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Memory for Lists of Sounds by the Bottle-Nosed
Dolphin: Convergence of Memory Processes with Humans?

Abstract. After listening to a list of as many as six discriminably different 2-second
sounds, a bottle-nosed dolphin classified a subsequent probe sound as either *‘old”
(from the list) or ‘“‘new.”’ The probability of recognizing an old probe was close to 1.0
if it matched the most recent sound in the list and decreased sigmoidally for succes-
sively earlier list sounds. Memory span was estimated to be at least four sounds.
Overall probabilities of correctly classifying old and new probes corresponded close-
ly, as if recognition decisions were made according to an optimum maximum likeli-
hood criterion. The data bore many similarities to data obtained from humans tested

on probe recognition tasks.

Almost all experiments on short-term
(immediate) memory in animals have
been limited to the study of single-item
retention, such as the ability to recognize
among alternative visual stimuli the one
item previously seen (I). Results from
these experiments have provided impor-
tant information on time-dependent pro-
cesses in animal memory and on the ef-
fects of irrelevant activities or stimula-
tion during the retention interval on
recognition performance. However, they
have contributed little information on
more complex memory characteristics,
such as storage modes, memory scan-
ning rates, span of memory, and retrieval
and decision strategies, characteristics
that may be better assessed by tasks re-
quiring the retention of multiple, serially
occurring items. Such tasks have so far
been limited to a few investigations of
the ability of monkeys to reproduce in
their response sequence the serial order
of occurrence of two or three prior stimu-
li 2).
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We now present results of tests of item
recognition memory of a bottle-nosed
dolphin, Tursiops truncatus, using serial
lists of sounds as long as six items. In
concept and method, these tests closely
followed serial probe recognition tests
given humans (3, 4). In the probe recogni-
tion test, a list of unique items is present-
ed and followed by a single probe item,
which is either an ‘‘old”’ item from the
list or a “‘new’’ item. The task is to clas-
sify the probe correctly as old or new, a
memory dependent process. The dolphin
studied easily learned the requirements
of the multiple-sound probe recognition
task, and classified probes as old or new
with great accuracy. These capabilities
gave further evidence of the impressive
auditory learning skills of T. truncatus
(5). Overall, our results for the dolphin
were similar to results obtained from hu-
man subjects in probe recognition tasks
and revealed many of the same capabili-
ties and constraints observed in human
performance.

The dolphin tested, an adult female of
11 to 13 years named Keakiko, was the
subject in earlier studies of single-item
auditory retention (6, 7). We tested her
twice daily in her seawater tank (diame-
ter, 15.2 m) at the University of Hawaii.
Each testing consisted of 30 to 48
discrete probe recognition trials (inter-
trial interval, 30 seconds). At the begin-
ning of a trial the dolphin heard a highly
familiar sound cue. In response, she
swam through a channel of four vertical-
ly suspended ropes and pressed a
“‘start”” paddle 1 m beyond the channel
exit, turning the sound cue off. Four sec-
onds later, while passively stationed un-
derwater facing the start paddle, she
heard a list of k£ discriminably different
sounds (k = 1, 2, ..., 6) projected from
an underwater speaker (Chesapeake J9)
located 1.2 m beyond the start paddle.
Each sound was 2 seconds long, and suc-
cessive sounds were separated by 0.5-
second silent intervals. After a 1- or 4-
second pause, the probe sound, 2 sec-
onds long, was projected from one of
two peripheral J9 speakers positioned
1.6 m to the left and right of the center
speaker, diagonally facing the start
paddle. Adjacent to each peripheral
speaker was a response paddle. To re-
spond ‘‘old sound (Yes)” the dolphin
swam to the peripheral speaker that pro-
jected the probe and pressed the adja-
cent paddle. To respond ‘‘new sound
(No)”” she swam to the silent speaker,
the one that projected no sound, and
pressed the adjacent paddle. All correct
responses immediately yielded a short
(0.5-second) familiar conditioned rein-
forcer sound and then a thrown-fish re-
ward. These were omitted after incorrect
responses. Old and new probe sounds oc-
curred with equal probability, each type
occurring equally often at each peripher-
al speaker.

Testing began with single-sound recog-
nition trials (k = 1), a procedure in
which the animal was previously trained
(7), and then proceeded serially, with all
testing of k-sound lists completed before
testing of k + | sound lists was begun.
Transfer from a list of k sounds to a list
of k + | sounds was accomplished by
gradually increasing the duration of the
added sound over 30 to 50 training trials
until its final value of 2 seconds was
reached; transfer was always completed
without any disruption in performance.

The sounds in a list, as well as the
probe, were selected from a pool of 600
discriminably different sounds that com-
posed six different classes of sounds of
100 sounds each (8). The sounds were
generated by oscillators (Wavetek) con-
trolled by a minicomputer. A list of k
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