upon the return of severe wave cond
tions. Transplants switch to wave-intol-
erant, soft morphologies in normally
sponge-free tide pools that are protected
from summer but not winter wave ac-
tion. Survival is high during the summer
(132 of 160 transplants) but low during
winter (1 of 56) in these pools. In con-
trast, overwinter transplant survival is
high (26 of 33) in habitats exposed to
normal wave action patterns.

Morphological or physiological
changes in a wide variety of organisms
(such as cold hardening in plants and
diapause in insects) can be broadly di-
chotomized into those providing protec-
tion from stressful environments and
those appropriate for more benign condi-
tions (2, 4, 18). The verbal model pro-
posed above predicts more complex or
slower control mechanisms for transi-
tions away from stress tolerance than
transitions to a stress-tolerant state in
uncertain environments. The experi-
ments reported here indicate that sponge
populations quickly adopt a stress-toler-
ant morphological tactic but delay estab-
lishment of an intolerant tactic. This
suggests that acclimatory response to
environment and the risks inherent in
specific acclimatory tactics are closely
linked.

STEPHEN R. PALUMBI*

Department of Zoology, and
Friday Harbor Laboratories,
University of Washington,
Seattle 98195

References and Notes

1. M. E. Clutter, Ed., Dormancy and Development
Arrest (Academic Press, New York, 1978).

2. C. A. Tauber and M. J. Tauber, Annu. Rev.
Ecol. Syst. 12, 281 (1981).

3. M. J. Tauber and C. A. Tauber, Annu. Rev.
Entomol. 21, 81 (1968).

4. M. H. Smithberg and C. J. Weiser, Ecology 49,
495 (1968).

5. H. Dingle, B. M. Alden, N. R. Blakely,
D. Kopec, E. R. Miller, Evolution 34, 356
(1980).

6. R. Levins, in Dormancy and Survival, H. W.
Woolhouse, Ed. (Academic Press, New York,
1969), p. 1.

7. G. Johnston, A History of British Sponges and
Lithophytes (W. H. Lizars, Edinburgh, 1842).

8. Maximum wave forces occurring over a tidal
excursion were measured near the mouth of a
surge channel where H. panicea colonies exhib-
ited high stiffness and strength, and 10 m up the
channel where sponge populations were of the
weaker type. Measurements over six tides with
spherical, spring-loaded wave targets [M. Den-
ny, Limnol. Oceanogr. 28, 1269 (1983)] showed
that in the lower part of the channel, wave
energies were significantly greater [0.709
N/cm? = 0.229 (standard deviation)] than in the
upper section (0.355 N/cm? + 0.248) (Wilcoxon
two-sample test, P < 0.05).

9. Sponge clone fragments (10 to 20 cm®) were
moved between environments and allowed to
attach to the rock surface by immobilizing them
for 4 weeks under plastic mesh bolted to the
rock surface. Portions of transplanted clones
were left at original sites as controls. In addi-
tion, sponges were transplanted within their
native sites as further controls. All experiments
reported here were conducted concurrently on
Tatoosh Island (48°23'N, 124°44'W) from Sep-
tember 1981 through September 1982.

10. Tissue samples were gripped with aluminum
spring clamps and pulled (tensometer, courtesy

1480

Dr. M. LaBarbera) until failure at a strain rate of
0.025 sec™!. Cross-sectional areas and sample
lengths were determined by caliper measure-
ments to the nearest 0.1 mm. Stiffness and
strength were determined as in (/).

11. S. A. Wainwright, W. D. Biggs, J. D. Currey, J.
M. Gosline, Mechanical Design in Organisms
(Wiley, New York, 1976); M. A. R. Koehl, J.
Exp. Biol. 98, 239 (1982).

12. In low energy environments, n = 3 control
transplants, and » = 4 unmanipulated frag-
ments. In high energy environments, n = 4 con-
trol transplants, and n = 4 unmanipulated frag-
ments (Mann-Whitney U test, P > 0.05.).

13. S. Vogel, Life in Moving Fluids: The Physical
llfié'glzggy of Flow (Willard Grant Press, Boston,

14. Pipe elements were assumed to occur in the
proportions shown in Fig. 2 and be of equal
length. Elements in a given size class were
conservatively assumed to be in parallel; groups
of equally sized pipes are assumed to be in series
[see H. M. Reiswig, J. Morphol. 145, 493
(1975)]1. Equations describing flow resistances
and how to couple pipes in series and parallel
are in (I3). These estimates are likely to be
conservative since they only measure pipe
resistances and ignore turbulent energy losses.
They are presented to document consideration
of pumping efficiencies as an important cost to
inappropriately stiff morphologies.

15. W. C. Jones, in Biology of the Porifera, W. G.
Fry, Ed. (Academic Press, London, 1970), p.
91; G. P. Korotkova, in Biology of the Porifera,

W. G. Fry, Ed. (Academic Press, London,
1970), p. 423.

16. T. L. Simpson and G. A. Rodan, Dev. Biol. 49,
544 (1976); A. S. G. Curtis, in Biology and
Systematics of Colonial Organisms, G. Lar-
wood and B. R. Rosen, Eds. (Academic Press,
New York, 1979), p 39.; F. W. Harrison, E. M.
Rosenberg, D. A. Davis, T. L. Simpson, J.
Morphol. 167, 53 (1981).

17. P. K. Dayton, Ecol. Monogr. 41, 351 (1971); R.
T. Paine and S. A. Levin, ibid. 51, 145 (1981).

18. C. J. Weiser, Science 169, 1269 (1970); 1J.
Parker, Bot. Rev. 29, 124 (1963); A. M. Jungreis,
in Dormancy and Developmental Arrest, M. E.
Clutter, Ed. (Academic Press, New York, 1978),
p. 47; L. D. Nooden and J. A. Weber, in
Dormancy and Developmental Arrest, M. E.
Clutter, Ed. (Academic Press, New York, 1978),
p. 222; S. D. Beck, Insect Photoperiodism (Aca-
demic Press, New York, 1980).

19. Supported by an NSF predoctoral fellowship
and grant 199 from the Henry Fund of the
National Academy of Sciences (S.R.P.) and
NSF grant 80-25578 (R. T. Paine). I thank M.
LaBarbera for biomechanical equipment, A. O.
D. Willows for space at the Friday Harbor
Laboratories, and R. T. Paine, T. Daniel, D.
Harvel, R. B. Huey, M. LaBarbera, M. L.
Roberts, R. R. Strathmann, and N. Tublitz for
discussion and criticism.

* Present address: Department of Zoology, Uni-
versity of California, Berkeley 94720.

6 December 1983; accepted 17 February 1984

Pargyline Prevents MPTP-Induced Parkinsonism in Primates

Abstract. I-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin
which produces permanent parkinsonism in human and nonhuman primates.
Treatment of squirrel monkeys with pargyline, a monoamine oxidase (MAO)
inhibitor, prevents both clinical and neuropathological evidence of the neurotoxic
effects of MPTP. Pargyline also inhibits conversion of MPTP to I-methyl-4-
phenylpyridinium ion (MPP"), a metabolic step that occurs rapidly after administra-
tion of MPTP in animals not treated with pargyline. It is proposed that the
conversion of MPTP to MPP?*, possibly involving MAO, may be important for the
neurotoxic effects of MPTP to take place, and MPTP itself may not be the neurotoxic

agent.

The neurotoxic effects of MPTP were
recognized when a group of drug addicts
in northern California injected this sub-
stance under the assumption that it was a
new ‘‘synthetic heroin’’ (/). Within days
of using the drug, these patients exhibit-
ed virtually all of the motoric features
seen in Parkinson’s disease, including
the classic triad of bradykinesia, rigidity,
and tremor. We are now treating seven
humans who were exposed to MPTP and
have developed moderate to severe, per-
manent parkinsonism. They have all re-
sponded to dopamine agonist and pre-
cursor therapy but are now experiencing
many of the typical dose-limiting side
effects seen with long-term L-dopa thera-
py in Parkinson’s disease (2).

Squirrel monkeys given adequate
doses of MPTP intraperitoneally also de-
velop a striking parkinsonian syndrome
responsive to dopamine precursor and
agonist therapy (3). Histopathological
examination of these animals has re-
vealed selective loss of neurons in the
substantia nigra (3), the main site of the
pathology in Parkinson’s disease (4). A
profound and prolonged decrease in

striatal dopamine has been observed in
rhesus monkeys given MPTP intrave-
nously (5). However, interest in the com-
pound has centered around the fact that
MPTP is a true neurotoxin, that is, caus-
ing cell death in the substantia nigra, and
thereby inducing a permanent clinical
syndrome. In this sense, MPTP-induced
parkinsonism is much closer to the natu-
rally occurring disease than reversible
syndromes induced by pharmacological
agents (such as reserpine).

We now present data showing that the
MAO inhibitor pargyline, currently pre-
scribed in humans for moderately severe
to severe hypertension (Eutonyl, Ab-
bott), blocks the neurotoxic effects of
MPTP. Further, we provide evidence
that pargyline inhibits conversion of
MPTP to MPP*, a step which we believe
is important for this compound to exert
its neurotoxicity (6). These experiments
were carried out after it was noted that
pargyline inhibits the conversion of
MPTP to MPP* in vitro (7).

Fourteen male squirrel monkeys (Sai-
miri sciureus), aged 1 to 3 years, were
used for these experiments; MPTP was
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given intraperitoneally as solutions of
the hydrochloride salt. We had already
presented evidence that a dosage sched-
ule of 2 mg/kg given at 2-hour intervals
four times on a single day consistently
produces moderate to- severe nerve cell
loss in the substantia nigra of these ani-
mals (6). We have now given eight con-
secutive animals (monkeys 1 to 8) this
‘“‘standardized schedule.’’ All monkeys
exhibited an acute syndrome (‘‘nodding
off,”” blepharospasm, salivation, increas-
ing bradykinesia, and repeated cycles of
abrupt eye opening and generalized
tremor). Three animals died in a severely
akinetic state within 48 hours of receiv-
ing this dosage. The five surviving ani-
mals remained severely parkinsonian but
responded to both dopamine precursor
and agonist therapy. Four were studied
neuropathologically between 10 and 44
days after receiving MPTP; all four
showed marked nerve cell loss restricted
to the substantia nigra. At 6 months, the
fifth animal continues to be symptomat-
ic.

The second phase of this experiment
consisted of treating animals with pargy-
line. Animal 9 was first given a single
injection of pargyline (50 mg/kg) intra-

peritoneally, and the standardized
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Fig. 1. (a) Substantia nigra, compact zone,
from monkey 10, treated with pargyline prior
to standardized dosage of MPTP. The nerve
cells appear normal and there is no astrocytic
and microglial reaction (Luxol fast blue—cre-
syl violet stain, x387). (b) Substantia nigra,
compact zone, from squirrel monkey 8 with
MPTP-induced parkinsonism. The animal was
killed on day 44 after the standard MPTP
dosage schedule. The substantia nigra shows
severe nerve cell loss and marked glial reac-
tion (Luxol fast blue—cresyl violet stain,
Xx387).
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schedule of MPTP was then begun one-
half hour later. Except for transient
‘“‘nodding,” salivation and tremulous-
ness after each MPTP dose, the animal
showed no effects from MPTP (acute or
chronic). Animals numbered 10 to 12
were given pargyline orally to see wheth-
er this route of administration was effec-
tive. After receiving 5 mg/kg daily for 4
days, each was given the standardized
dosage of MPTP (5 mg of pargyline was
also given orally 1 hour before each of
the four doses of MPTP). Prior treatment
definitely did not prevent the same
acute reactions as those seen in the ani-
mals not treated with pargyline. Howev-
er, all animals receiving the pargyline
appeared completely normal within 2 to
3 hours of their last dose of MPTP in
marked contrast to animals that were not
given pargyline. Animal 10 was killed 4
weeks after receiving pargyline and
MPTP, and the brain was subjected to
neuropathologic study. In animal 11, the
same pargyline-MPTP dosage schedule
was repeated 2 weeks after the first
dosage was administered, and the animal
was killed 1 hour after its last dose of
MPTP. The brain was sectioned sagittal-
ly, and one-half was submitted for pa-
thology, and the other half was analyzed
for MPTP and MPP*. Animal 12 was
killed 1 hour after the last dose of MPTP,
and the brain was submitted for analysis.
Animals 13 and 14 were given the stan-
dardized dosage of MPTP without prior
treatment with pargyline and killed 1
hour after the last dose for subsequent
studies.

Portions of the brains were analyzed
for MPTP and MPP*. These tissues (in-
cluding striatum, brainstem, cerebellum,
and various areas of cortex) and system-
ic organs from animals 11 and 12, as well
as those from animals 13 and 14, were
immediately weighed and homogenized
in 10 ml of methanol for each gram of
tissue. After addition of deuterated
MPTP and MPP* as internal standards,
homogenates were centrifuged and fil-
tered, and water was added to the metha-
nol extracts. These were assayed for
MPTP and MPP* by a modification of
the stable isotope, combined gas chro-
matography-mass spectrometry (GC-
MS) assay (6). MPP* and MPTP are
easily separated by ether extraction at
pH 12.0. Under these-conditions, MPTP
is extracted, while MPP*, because of its
high aqueous solubility, is not. After
removal of MPTP, MPP* is reduced
with sodium borohydride to MPTP,
which can be extracted and quantifigd.
The use of deuterated internal standards
accounts for extraction and mechanical
losses and ensures accurate quantifica-

tion (coefficient of variation, <10 per-
cent) at low concentrations of MPTP
(0.05 pg/g) and MPP* (0.10 pglg).

Histopathological analysis of pargy-
line-treated animals 10 and 11 showed no
evidence of nerve cell damage in the
substantia nigra (Fig. 1a). This contrasts
dramatically with the striking nigral cell
loss in animals treated with MPTP alone
(Fig. 1b).

The respective levels of MPTP in ani-
mals treated with pargyline (animals 11
and 12) as compared to those not treated
(animals 13 and 14) in micrograms per
gram of tissue were as follows: 0.96
compared to 0.09 in frontoparietal cor-
tex, 1.2 compared to 0.12 in temporo-
occipital cortex, 0.89 compared to 0.09
in cerebellum, and 0.97 compared to 0.14
in basal ganglia. The concentrations of
MPP? in the tissues were markedly re-
duced in pargyline-treated animals com-
pared to those not treated (Fig. 2).

Our results thus demonstrate success-
ful blocking of the parkinsonism-induc-
ing effects of MPTP in primates. In our
study, pargyline produced a statistically
significant protecting effect against a
standardized dose of MPTP (P = 0.006;
the one-sided Fisher’s exact probability
test) (8). Further, in animals examined
for pathological effects, there was no
evidence of nigral cell loss (Fig. 1).
These studies also provide evidence that
the acute syndrome of MPTP exposure
(which oral pargyline does not block),
can be disassociated from its neurotoxic
effects on the substantia nigra, suggest-
ing that the acute syndrome may be due
(at least in part) to transient alterations in
norepinephrine and serotonin (5) and
perhaps opiate effects as well. Our re-
sults also provide evidence that MPTP
itself may not be the actual neurotoxic
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Fig. 2. Concentrations of MPP* in brain tis-
sue of animals receiving a standard dose
schedule of MPTP with and without pargyline
treatment. Animals were Kkilled 1 hour after
their last dose of MPTP; values are averages
of two animals in each group (monkeys 11 and
12 in treated group, and 13 and 14 in untreated
group). '
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agent, since concentrations of MPTP in
the tissue are tenfold higher in pargyline-
protected animals than in animals not
treated, after each group received toxic
amounts of MPTP. Pargyline has also
been shown to prevent the dopamine
depleting effect of MPTP in mouse stria-
tum (9). .

The studies reported here also provide
evidence for a possible molecular mech-
anism of action for MPTP. We have
shown earlier that removing the double
bond at the ‘“4-5”’ position in MPTP
blocks the conversion of MPTP to MPP*
(10) and the toxic effects of the com-
pound. While it is possible that pargyline
prevents MPTP neurotoxicity by some
means other than preventing the conver-
sion of MPTP to MPP" (presumably by
blocking MAO activity), we have now
demonstrated by two different approach-
es that blocking this conversion parallels
prevention of neurotoxicity. Pargyline
actually appears more effective in block-
ing this conversion in the central nervous
system, raising the possibility of a differ-
ential effect in the central nervous sys-
tem as compared to systemic tissues.
Our results still do not explain why
MPTP is selectively toxic to the substan-
tia nigra, although we suspect that this is
in some way related to the high dopa-
mine concentrations in the nigrostriatal
system.

Another MAO inhibitor deprenyl (se-
lective for MAO-B) has been used for a
number of years as an adjunct in the
therapy of Parkinson’s disease (/7). In
that deprenyl may be effective in retard-
ing the progress of Parkinson’s disease
(12), and in that MAO inhibitors prevent
MPTP-induced parkinsonism, it seems
that testing the early use of deprenyl or
other MAO inhibitors to alter the course
of the disease may be warranted.
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0-Aminolevulinic Acid-Synthesizing Enzymes
Need an RNA Moiety for Activity

Abstract. When Chlamydomonas enzymes that convert glutamate to -aminolevu-
linic acid are separated into three fractions, one of the fractions contains RNA, and
the RNA moiety is needed for the enzyme activity.

3-Aminolevulinic acid (ALA) is a rate-
limiting factor of the chlorophyll biosyn-
thetic pathway. It is synthesized from
glutamate in plastids and is the first
committed intermediate of the chloro-
phyll biosynthetic pathway (/). The en-
zymes from barley plastids (2) and
Chlamydomonas cells (3) that are re-
sponsible for the formation of ALA from
glutamate have been isolated and fragc-
tionated into three parts by serial affinity
chromatography with a Blue Sepharose
column and a heme-Sepharose column.
The fractions are designated as Blue
Sepharose-bound (B), heme-Sepharose—
bound (H), and runoff (R). When com-
bined together, the fractions can convert
glutamate to ALA, but they are inactive
when assayed alone. Cofactors required
are adenosine triphosphate (ATP),
Mg?*, and the reduced form of nicotin-
amide adenine dinucleotide phosphate
(NADPH) (2, 3).

The best supported scheme for ALA
formation from glutamate is shown in
Fig. 1. It had been proposed that gluta-
mate is activated by a kinase using ATP
and Mg?* to form glutamate-1-phos-
phate. Subsequently, a dehydrogenase

converts glutamate-1-phosphate to gluta-
mate-1-semialdehyde (GSA). Finally,
GSA is converted to ALA (4). GSA has
been synthesized from N-carbobenzoxy-
glutamatic acid—y-benzyl ester (4), and
the structure of its acetal has been veri-
fied (5). The enzyme GSA aminotrans-
ferase (E.C. 5.4.3.8), which converts
GSA to ALA, has been purified from
barley plastids (6). Since none of the
other intermediates have been isolated
and identified, the exact nature of the
proposed reaction sequence remains un-
clear. However, we have shown that (i)
GSA aminotransferase is in the R frac-
tion (2, 3); (ii)) the H and B fractions
together convert glutamate to a com-
pound that purifies with synthesized
GSA on high-performance liquid chro-
matography (2); and (iii) the compound
synthesized by the H and B fractions
from glutamate, as well as the synthe-
sized GSA, can be converted by the R
fraction to ALA (2, 3). This ALA was
identified by high-performance liquid
chromatography and thin-layer chroma-
tography against authentic samples of
ALA.

Under the assumption that H and B

Table 1. Effects of ribonuclease and deoxyribonuclease on the enzyme activity of crude enzyme
preparation and H + B fractions. The assay of ALA-synthesizing activity and the method of
purifying the product are as described (2). The product of the H + B reaction mixture is
glutamate-1-semialdehyde. It can be quantitatively recovered by purification procedure used.
For more detail, see text. Activity is given as counts per minute per milligram of protein per

hour.

Sample

Activity (cpm - mg~! - hour™!)

Crude enzyme
Crude enzyme + ribonuclease*

Crude enzyme + ribonuclease + ribonucleasint

H+B

H + B + ribonuclease

H + B + ribonuclease + ribonucleasin

H + B + deoxyribonucleaset

H + B + deoxyribonuclease + ribonucleasin

100,580
2,169
93,703
15,327
4,648
16,076
13,538
17,636

*Ribonuclease A (Sigma), 1 ug per milliliter of enzyme assay. ( _ 2 ]
tDeoxyribonuclease I, highest purity (Worthington Diagnostic), 2 pg per

per milliliter of enzyme assay.
milliliter of enzyme assay.

tRibonucleasin (Promega Biotec), 500 units
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