grown in mouse erythrocytes in the pres-
ence and absence of a few antimalarial
drugs. Introduction of a drug causes sig-
nificant changes in the spectrum of the
parasites. The red band is broadened and
centered around 640 nm, the Soret band
is blue-shifted from 400 to 375 nm or
lower, and the Ig/I, ratio increases signif-
icantly. The Soret band shifts indicate
FP-drug interaction, while the increase
in the intensity ratio points to a reduction
in the population of FP self-aggregates
on drug addition. In previous studies (15,
17), we showed that FP can form a 2:1
molar complex with chioroquine in aque-
ous solution with a formation constant
that appears comparable to the binding
of chloroquine to hemin and to parasite
suspensions (18). We thus believe that
our present results provide the first di-
rect evidence for the presence of FP and
drug complex in malarial parasites (19).

It also appears that the photoacoustic
method can readily distinguish between
chloroquine-sensitive and  -resistant
strains of P. chabaudi (Fig. 1). Unlike
the drug-sensitive strain, the resistant
one displays the Soret maximum at
about 430 nm and a reduced Ig/I, ratio of
1.30. The ratio is close to the values of
1.4 and 1.5 seen in the photoacoustic
spectrum of hemoglobin (10), while the
position of the Soret band is similar to
that seen in the optical spectra of heme
coordinated to a peptide chain, for exam-
ple, hemoglobin and its derivatives (20).
Hence, it appears that endogenous FP in
the resistant parasite is largely in the
form coordinated to a protein chain. It is
known that when P. berghei becomes
resistant to chloroquine, production of
the pigment drops (21). Fitch and Chevli
(22) argued that the molecular change
responsible for chloroquine resistance
could involve either hemoglobin degra-
dation or FP sequestration. In light of
our results, it appears likely that drug
resistance, at least in P. chabaudi, in-
volves the former process in such a way
that the degradation of hemoglobin oc-
curs to a stage where the heme group is

still held to the peptide chain with the .

same integrity as in the whole molecule
23).

The form of the endogenous FP that
complexes with drugs is still not known.
Neither the pigment nor aged self-aggre-
gate of FP (/4) appear to be membrane-
lytic, and free FP, which does lyse mem-
branes, is not detected in the parasite. It
is reasonable to conceive of the endoge-
nous FP as being in a state of equilibri-
um; from this FP the added drug derives
its partner to form the lytic complex
(Fig. 3). Since the complex can be isolat-
ed as a heteromolecular aggregate spe-
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cies (18, 24), drug interaction with the FP
self-aggregates is a possibility. Drugs do
not seem to bind to the pigment (/1) or to
residual hemogiobin (/8), although they
do bind to protease-degraded fragments
of hemoglobin (15). We propose the
scheme shown in Fig. 3 as a model of the
mode of action of quinoline drugs on the
malaria parasite.
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An Ultrahigh-Speed Analysis of Exocytosis:

Nematocyst Discharge

Abstract. High-speed microcinematography of nematocyst discharge in Hydra
attenuata Pall. shows that this specialized exocytosis, which appears to result from
an increase in the intracapsular pressure, requires a total of about 3 milliseconds. A
maximum velocity of 2 meters per second is generated, corresponding to an
acceleration of 40,000g. Thus nematocyst discharge is one of the fastest cellular

processes in nature.

The nematocytes (cnidocytes or
“‘stinging cells’’) of the Cnidaria serve
various functions such as capture of
prey, defense, and locomotion. The es-
sential organelle of these cells, the cap-
sular nematocyst, is an extremely com-
plex secretory product of the Golgi appa-
ratus (/). When triggered, it ejects its
tubular content by evagination (2, 3).
Three hypothetical mechanisms have
been suggested for this exocytosis (¢4): (i)
discharge is caused by a swelling of the
capsular matrix due to an influx of water
[osmotic hypothesis (5)]; (ii) intrinsic

tension forces generated during cnido-
genesis are released at discharge [tension
hypothesis (6)]; or (iii) contractile units
enveloping the cyst cause the discharge
when they increase the cyst’s internal
pressure by deformation of its wall [con-
tractile hypothesis (5)].

We have studied the discharge of sten-
otele cysts (Fig. 1) in Hydra attenuata
Pall. (Hydrozoa). This process is nor-
mally triggered mechanically by a prey
(usually a small crustacean). The cyst
everts three stylets (Fig. 1), which join to
form an arrowhead that punches a hole
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into the prey’s integument. In a second
step a long (470 = 77 wm) and slender
(diameter, 0.8 = 0.11 wm) tubule evagi-
nates (3) through this opening into the
prey’s body and releases toxins that par-
alyze and kill the prey.

We have analyzed this process by
means of ultrahigh-speed microcinema-
tography. For technical reasons the cine-
matographical analysis was performed
on freely exploding stenoteles. Isolated
live tentacles of Hydra were placed on a
microscopic slide onto which two elec-
trodes had been mounted (7); cysts were
triggered by an electrical pulse (30 wsec,
24 Vd.c.), which was synchronized with
the high-speed camera (8) and observed
with bright-field optics. A total of 20
individual discharges were filmed (see
Fig. 2).

Analysis of the films shows that the
entire discharge process [from the flip-
ping open of the operculum to tubule
evagination (9)] is completed in about 3
msec. It can be subdivided into four
phases (Fig. 3).

Phase a: During the interval between
the onset of the electrical stimulus and
the flipping open of the operculum of the
cyst (10), the cyst volume undergoes a 10
percent increase (Fig. 4), which is the
first visible reaction of the capsule to the
stimulus.

Phase b: The capsule’s cover is
opened and the stylet-bearing portion of
the tubule ejected. In one film, images of
both the undischarged cyst and the cyst
with ejected stylets appeared on the
same frame. Since the exposure time (/1)
per frame is 10 psec (the shutter closes
for 15 wsec between frames), the second
phase must be completed in considerably
less than 10 psec. The stylet tip must
travel a distance of approximately 20 um
during this period, giving an average
velocity (12) of 2 m sec™!. A constant
acceleration (/2) of 4 X 10° m sec™? or
about 40,000g is required to produce this
average velocity over a 10-psec period
from a standing start.

Phase c: The discharge is temporarily
arrested for approximately 150 psec
(Fig. 3). During this period, the stylets
must withdraw from the opening they
have created mechanically (/3) in order
that the rest of the tubule may evaginate
into the prey’s body. In numerous scan-
ning electron microscope pictures of dis-
charged stenoteles, stylets are always
flipped back clear of the hole (3).

Phase d: The conical part of the tu-
bule, bearing the three rows of lamellae
(Fig. 1), and the long terminal part of the
tubule are evaginated. This process is
completed when the last portions of the
tubule have disappeared from the inside
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Fig. 1. Scanning electron micrograph (x2600)
of a discharged stenotele; CA, capsule; LA,
lamellae; SH, shaft; ST, stylet; TU, tubule.

of the capsule. This phase is the slowest
of all and is variable (Fig. 3). The evagi-
nation of the longest section of the tubule
occurs at a velocity of about 0.3 m sec™!,
considerably slower than that of the ejec-
tion of the stylets (phase b).

Earlier measurements (3) have re-
vealed that the stenotele capsule loses 50
percent of its volume during complete
discharge (14). Our measurements show
that this change is stepwise (Fig. 4). It is
preceded by a slight but distinct increase
in volume (10 percent) immediately be-
fore the ejection of the stylets. In phase b
there is a rapid decrease to 75 percent of
the resting volume; this is followed by a
slower but steady decrease to 50 percent
of the original volume in phases ¢ and d.

Fig. 2. Cinematographically recorded sequences of stenotele discharge, including phases a, b,
¢, and d [direct copy of original film, 40,000 frames per second, bright-field optics (% 1000)].
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Throughout these volumetric changes,
the cyst retains its typical shape and
shows no signs of deformation.

The volume decrease is consistent
with the contractile hypothesis (15), but
one can calculate from the volume de-
crease in phase b that the surface area
must shrink by 22 percent in a period of
less than 10 psec. If this change were
caused by contracting filaments, they
would have to shorten by 11 percent in
this period (11,000 lengths per second);
this is about 500 to 1000 times faster than
in the fastest known striated muscles
(16). Staining of nematocytes with fluo-
rescent phalloidine has failed to show the
existence of organized bundles of actin
filarments in the immediate neighborhood
of the cyst (/7).

A purely osmotic discharge mecha-
nism would not lead one to expect the
capsule volume to decrease. The in-
crease in volume that is seen after elec-
trical triggering, however, is hard to ex-
plain by means of a pure tension model;
a volume increase in such a model would
imply a pressure decrease, but the open-
ing of the operculum in phase b suggests

a pressure increase. We therefore pro-
pose that in stenotele discharge the ini-
tial volume increase is produced osmoti-
cally, whereas the subsequent discharge
involves in addition the release of me-
chanical energy stored in the capsular
wall. We envision that a substantial por-
tion of the mechanical energy is released
during the rapid ejection of the stylets
(phase b), while pressure created by the
swelling of the osmotically active capsu-
lar matrix is the main driving force of the
subsequent, slower events (phases ¢ and
d).

Our observations raise questions
about the molecular basis of the postulat-
ed forces, especially of the internal pres-
sure of the nematocyst, before and dur-
ing discharge. It has been shown (/8)
that in sea anemones (Anthozoa) the
removal of intracapsular calcium in-
creases the osmotic pressure and initi-
ates nematocyst discharge in vitro. How-
ever, the mechanism by which calcium
inhibits the swelling of the cyst is still
unknown. In other systems a swelling of
the exocytotic vesicles has been postu-
lated (19) as the first step in discharge.
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Nematocyst discharge may therefore
serve as a model for the understanding of
other exocytotic processes and biophysi-
cal problems related to them.
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Avian Pancreatic Polypeptide Phase Shifts Hamster Circadian

Rhythms When Microinjected into the Suprachiasmatic Region

Abstract. The suprachiasmatic nucleus has been identified tentatively as a
circadian pacemaker. To examine the functional role of peptides found within
suprachiasmatic neurons, avian pancreatic polypeptide and vasopressin were mi-
croinjected into the suprachiasmatic region. Avian pancreatic polypeptide, but not
vasopressin, shifted the phase of the wheelrunning rhythm as a function of the time
of its injection within the circadian cycle. Avian pancreatic polypeptide or a similar
peptide may be one component of the neurochemical processes underlying entrain-

ment to the light-dark cycle.

Many of the complex daily patterns in
mammalian physiology and behavior are
controlled by the circadian timing sys-
tem. Circadian pacemakers generate pre-
cise rhythms in physiological systems
that are close to, but rarely, 24 hours (/).
The synchronization of these endoge-
nous rhythms with the 24-hour light-dark
(LD) cycle is achieved by daily resetting
of the circadian pacemaker’s phase (2,
3). Whether light advances or delays the
phase depends on the time of the circadi-
an cycle when light exposure occurs.

Neurons of the suprachiasmatic nuclei
(SCN) of the hypothalamus have been
identified as a putative circadian pace-
maker. Destruction of the SCN elimi-
nates the circadian rhythmicity of a large
number of behavioral and physiological
variables (¢, 5). The SCN exhibits circa-
dian variations in metabolic activity (6)
and rhythms in multiple-unit electrical
activity, despite surgical isolation from
other hypothalamic areas (7). The phase
resetting of circadian timing that occurs
after exposure to brief light pulses can be
mimicked by electrical stimulation of
the SCN (8) or by intraventricular injec-
tions of carbachol, a cholinergic agonist
).

Little is known about the physiological
mechanisms that mediate the entrain-
ment of SCN neurons to the LD cycle,
generate circadian variations in SCN ac-
tivity, or communicate circadian infor-
mation to other physiological systems.
Anatomical studies, however, have pro-
vided much information on the morphol-
ogy, neurochemistry, and afferent pro-
jections of the SCN (5). A large popula-
tion of neurons within the nucleus con-
tain vasopressin (VP), vasoactive
intestinal peptide, or somatostatin (/0).
The ventrolateral area of the SCN seems
to be the primary terminus of SCN affer-
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ents, including a monosynaptic pathway
from the retina, the retinohypothalamic
tract (/7). Other well-defined fiber sys-
tems that terminate in the ventrolateral
SCN include a serotoninergic pathway
from the midbrain raphe (/2) and a sec-
ondary visual projection from the ventral
region of the lateral geniculate nucleus
(VLGN) of the thalamus (/3) that con-
tains avian pancreatic polypeptide (APP)
immunoreactivity (14).

We examined the effect of microinjec-
tions of APP and VP into the suprachias-
matic region on the circadian rhythm of
locomotor activity in the hamster. Adult
male hamsters housed in cages contain-
ing activity wheels were implanted ste-
reotaxically with guide cannulas aimed
at the suprachiasmatic region (15). After

Time of day
24

Fig. 1. Effects of avian pancreatic polypeptide
(APP) and vasopressin (VP) microinjected
into the suprachiasmatic region on the phase
of hamster activity rhythms free-running in
constant light. (A and B) Phase-shifts in the
activity rhythm produced by microinjection of
APP at various phases of the circadian cycle
(circles indicate time of injection). (C) Ab-
sence of phase shifts in the activity rhythm
after microinjection of VP.

surgery; each hamster was housed under
constant illumination and allowed to es-

“tablish a stable free-running circadian

activity rhythm. At 10- to 14-day inter-
vals the unanesthetized hamsters were
removed from their cages and injected
with VP (200 ng) or APP (200 ng) in 200
nl of 0.9 percent NaCl (/6). All injection
sites were verified histologically (/7).

Whether microinjection of APP into
the suprachiasmatic region advanced or
delayed the phase of the activity rhythm
depended on the time within the circadi-
an cycle at which it was administered.
The shift in the phase of the activity
rhythm was fully expressed 1 to 4 days
after the injection of peptide (Fig. 1). The
data obtained from all APP injections
were then plotted in a phase response
curve (Fig. 2) that illustrates the magni-
tude and direction of the phase shifts (/8)
produced by APP injected at various
times throughout the circadian cycle.
Injection of APP within a 10-hour inter-
val prior to the onset of the wheelrunning
[circadian time (CT) 2 through 12] con-
sistently advanced the phase of the activ-
ity rhythm. The largest phase advances
occurred when APP was administered
between CT 6 and CT 10. When injected
between 6 and 14 hours after the onset of
wheelrunning, APP produced phase de-
lays in the activity rhythm. The delays in
the circadian phase, however, were
more variable than the phase advances.
The transitions between APP-produced
phase advances or delays were abrupt,
with little indication of a time when
animals did not respond to the peptide.
Despite the induction of phase shifts in
the activity rhythm, the free-running cir-
cadian period was not altered after APP
injection (—=0.05 * 0.03 hour).

The proximity of the injection site to
the third ventricle suggested that APP
could have penetrated into the ventricu-
lar system and thereby acted on more
remote structures. To explore this possi-
bility, we examined the effects of APP
injected into the lateral ventricle. Intra-
ventricular administration at times with-
in the circadian cycle that produced
maximal phase advances and delays
when injected within the suprachias-
matic region had no effect on circadian
phase. Injections between CT 6 through
10 and CT 20 through 24 resulted in
phase shifts of —0.31 * 0.22 hour
(mean * standard error, N = 2) and
+0.08 = 0.19 hour (N = 3), respective-
ly.

Microinjection of VP into the supra-
chiasmatic region at various times
throughout the circadian cycle produced
no consistent pattern of phase shifts in
the activity rhythm (Fig. 1). The magni-
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