all types of synapses, regardless of po-
tential differences between the post-
synaptic neurons.

Endocrine experiments suggest that
although the tuberal hypothalamus is
essential for the tonic control of the
basal secretion of gonadotrophins, the
cyclic trigger for the preovulatory
surge, which is present in the adult
female but not in the male, requires
the integrity of the preoptic area (I).
The preoptic area is also important
for both male and female sexual be-
havior (10). There is also evidence
that the amygdala may have effects on
gonadotrophin control, and that the
stria terminalis is a crucial pathway
for these effects (5). Our anatomical
findings show that the axons of the
stria terminalis differ in their mode of
termination in the preoptic area and in
the tuberal hypothalamus. In addition,
the neuropil of the preoptic area (but
not of the ventromedial nucleus) is
different in the male rat from that in
the female. This difference is seen,
however, in the terminals of fibers
which do not originate in the amyg-
dala, and whose origins are at present
unknown. An ovulatory surge of
gonadotrophins can be elicited by stim-
ulation of the preoptic area in the male
rat or in the female rat treated with
androgens as a neonate; neither pos-
sesses a spontaneous trigger for the
induction of ovulation (11). This there-
fore raises the possibility that the func-
tional differences between the male and
the female preoptic areas are due to
some difference in the neural connec-
tions rather than some intrinsic prop-
erty of the neurons of the preoptic
area, a conclusion which is in agree-
ment with our anatomical demonstra-
tion of sexual dimorphism in the mode
of termination of the afferent fibers to
the preoptic area.

The fact that sexual dimorphism oc-
curs in a part of the brain does not,
of course, prove that such dimorphism
is related to sexually differentiated
functions such as the ability to pro-
duce an ovulatory surge of gonado-
trophins or sexual behavior. However,
the location of the anatomical differ-
ence in the preoptic area, which has
been shown to be essential for these
functions, is persuasive circumstantial
evidence.

GEOFFREY RAISMAN
PauLINE M. FIELD
Department of Human Anatomy,
University of Oxford,
Oxford OX1 30X, England
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Stimulation-Dependent Alterations in Peroxidase

Uptake at Lobster Neuromuscular Junctions

Abstract. The uptake of cytochemically demonstrable horseradish peroxidase
into small vesicles within nerve endings in lobster stretcher muscles can be en-
hanced by electrical stimulation of transmitter release by the endings. This is
observed particularly if stimulation is interrupted periodically and the nerves per-

mitted to rest.

It is widely, though not universally,
assumed that neurotransmitters are re-
leased from nerve endings by processes
resembling exocytosis, that is, by the
fusion of synaptic vesicles with the
plasma membrane delimiting the axon.
However, as dramatically illustrated
by recent work of Bittner and Kennedy
(1), such a process should add consid-
erable amounts of membrane to the
axon surface during periods of sus-
tained rapid firing. In gland cells and
some other tissues, the addition of
membrane to the surface through exo-
cytosis appears to be compensated for
by processes resembling pinocytosis,
that is, by the budding back into the
cell of small vesicles and tubules (see
2).

Pinocytosis by nerve cells, including
by axon endings, has been shown to
occur in a wide variety of experimental
systems (3-6) by use of several macro-
molecular tracers, including Thorotrast,
ferritin, and horseradish peroxidase.
But it has proved difficult to demon-
strate that tracer uptake rates respond
to increases in rates of transmitter re-
lease, as might be expected if pinocy-
tosis-like formation of tubules and vesi-
cles were a compensatory or membrane
retrieval mechanism. Thus, Birks (4)
reports that in frog neuromuscular
junctions there is little or no change in
the frequency of Thorotrast-containing
vesicles when the endings are stimulated
to prolonged repetitive firing by raising
the K+ concentration of the medium.

Among other conceivable explanations,
Birks advances the possibility that the
tracer-containing tubules and vesicles
are artifacts, derived during fixation by
alteration of membrane systems that
are actually continuous with the plasma
membrane of the living cell. Elsewhere
(6) we have outlined evidence, from
studies with lanthanum on axon endings
in the rat adrenal medulla, indicating
that such an artifactitious origin is un-
likely to explain the presence of mac-
romolecular tracers in more than a very
few of the vesicles in a given ending.
Below we report evidence that there are
experimental conditions under which
the number of peroxidase-containing

i
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Fig. '1. Two successive tracings taken

from one of the peroxidase-treated muscles
that was given three 10-minute periods
of stimulation alternating with 10-minute
rest periods. The arrow indicates a cali-
brator pulse with the parameters noted
(2 mv, 200 msec). In the upper trace,
the excitor nerve was stimulated, and in
the lower, the inhibitor nerve was stimu-
lated. Corresponding EPSP’s and IPSP’s
are seen (7).
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vesicles responds markedly to altera-
tions in rates of transmitter release.

The excitatory and inhibitory nerves
to the stretcher muscle of lobster walk-
ing limbs were prepared for external
stimulation as described previously (7).
The muscle itself was exposed through
a hole cut in the carapace and bathed
in an artificial seawater (8) containing,
per liter, 465 meq of Na+, 10 of K+,
50 of Ca%+, and 525 of Cl—. Horse-
radish peroxidase (1.5 to 6 percent)
(Sigma Biochemicals, type II) was usu-
ally added to this medium. Synaptic
potentials were recorded from the
muscle cells by using KCl-filled micro-
pipettes and standard electrical equip-
ment, Figure 1 shows two successive
oscilloscope sweeps demonstrating the
presence of excitatory postsynaptic po-
tentials (EPSP’s) and inhibitory post-
synaptic potentials (IPSP’s) in one of
the peroxidase preparations. Synaptic
potentials were monitored throughout
all stimulation experiments; we have
noted no appreciable effect of peroxi-
dase on the electrical behavior of the
neuromuscular junctions.

This report is based on study of
several dozen axon endings in 16 walk-
ing limb preparations; six of the mus-
cles were soaked in peroxidase-contain-
ing medium for 45 to 70 minutes but
not stimulated, eight were stimulated
in the presence of peroxidase, and two
were stimulated in the absence of per-
oxidase. All experiments were carried
out at room temperature (22°C). The
stimulation experiments lasted 45 to 70
minutes. Supermaximal stimuli were de-
livered, usually in bursts of 1.5 seconds
duration separated by 0.5-second inter-
vals, at rates of 10 to 30 per second.
The total numbers of stimuli delivered
to a given preparation ranged from
15,000 to 30,000. As far as can be
judged from electrophysiological evi-
dence, essentially all the neuromuscular
endings in a preparation maintained
good responsiveness during the experi-
ments, and postsynaptic potential fre-
quency faithfully followed stimulus fre-
quency. It should be borne in mind
that the postsynaptic potentials recorded
often represent the summed effects of
several neighboring axon endings.

In some experiments, stimulation was
continuous, up to the time of tissue
fixation for microscopic examination.
In others, stimulation was stopped 10
minutes before fixation, and in still
others, three 10-minute periods of
stimulation were alternated with 10-
minute rest periods. Tissue preparation
was by our standard procedures (9).
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Fig. 2. From a preparation exposed (45
minutes) to peroxidase without electrical
stimulation. The thin section was not
stained with heavy metals. The electron
density in the region indicated by the
arrows is due to peroxidase reaction prod-
uct that has accumulated in the space
between muscle and an axon ending. No
reaction product is seen in the vesicles (V)
within the ending. As in this figure, in-
dividual thin sections of axon endings
often show the axon apparently sur-
rounded completely by muscle; from our
observations we would expect to find por-
tions of Schwann cells adjacent to regions
of the surface of this ending in serial
sections or in a section cut at a different
angle. Bar length is 0.5 um.

In brief, tissue was fixed with a dilute
modification of Karnovsky’s parafor-
maldehyde-glutaraldehyde mixture in
phosphate buffer or in 2 percent glutar-
aldehyde in cacodylate buffer, rinsed in
fixative-free buffer, frozen on the head
of a freezing microtome, incubated (50
minutes, room temperature) in the me-
dium of Graham and Karnovsky (9) to
demonstrate sites of peroxidase activity,
and then postfixed in osmium tetroxide
and embedded in Epon. Thin sections
were examined in an RCA EMU 3F
microscope, usually without heavy-
metal staining. Since neuromuscular
endings are relatively sparsely distrib-
uted in the tissue, the sections used
were very large, and each embedded
block was sampled at several levels to
maximize chances of encountering an
ending. Muscle not exposed to peroxi-
dase, and peroxidase-exposed material
incubated in peroxide-free medium,
served as incubation controls; such
preparations contained no reaction
product.

Figure 2 shows a nerve ending from
a preparation that was not stimulated.
Considerable reaction product, indica-
tive of the presence of peroxidase, is
seen in the space between axon and
muscle. There do not appear to be
major barriers preventing penetration

of protein to the axon surface (6, 9,

10), although there probably are differ-

ences in the rates at which peroxidase
reaches the surfaces of given endings
depending on factors such as the dis-
tances of the endings from the outside
of the muscle mass. The outlining of
endings by reaction product has aided
in the search for neuromuscular junc-
tions in the thin sections.

None of the vesicles within the nerve
ending shown in Fig. 2 contain demon-
strable peroxidase. In some unstimu-
lated endings, we do see vesicles with
reaction product, but the number of
such vesicles rarely exceeds four or
five of the one hundred to several
hundred “synaptic” vesicles seen in a
given thin section. The situation is
markedly different in stimulated prep-
arations. Consonant with Birk’s finding,
the changes we have thus far observed
have been least impressive if stimula-

tion was continuous up to the
time of fixation (4, 10), although
we do find some endings with

appreciable numbers of vesicles con-
taining peroxidase. However, when
rest periods are provided, the number
of vesicles with peroxidase reaction
product is often considerably greater
than in unstimulated endings. Our
greatest success so far has been with the
neuromuscular junctions in preparations
given alternating periods of stimulation
and rest. In these, as many as 10 to
20 percent (30 to 60 vesicles) or more
of the vesicles in a given thin section
show reaction product (Fig. 3). These
findings are consistent with the observa-
tions of Jones and Kwanbunbumpen
(I1), who have reported transient de-
pletion of the vesicle population of
stimulated nerves fixed immediately
after stimulation, but recovery of the
population if the endings are permitted
to rest for a few minutes before fixa-
tion.

Unlike the situation in some related
systems (2, 3, 5, 6, 9), only a few of
the vesicles involved in tracer uptake
in the present study are “coated.” Like
the other vesicles in the nerve endings,
most are about 40 to 60 nm in maxi-
mum diameter and lack obvious coats;
a few are somewhat larger. We have
not found sufficient numbers of coated
vesicles to be able to evaluate their re-
sponses to stimulation.

Crustacean neuromuscular junctions
of the type we are studying are thought
to -transmit by glutamate or y-amino-
butyric acid (12). Transmission appears
to be by release of ‘“quanta,” as in
cholinergic and adrenergic endings, and
it seems reasonable to assume that the
small vesicles found in the nerve
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endings are responsible for quantal
transmitter release (I, 12). In crayfish
neuromuscular junctions, the rate of
electrically stimulated transmitter re-
lease has been estimated as on the order
of one quantum per impulse per end-
ing (I). If this holds true for lobster
junctions, the present results sug-
gest that processes resembling pinocy-
tosis could account for retrieval of a
large fraction of the membrane that
might be added to the axon surface
during transmitter release. The geom-
etry of the lobster endings is fairly
complex and we have not studied serial
sections extensively. However, in indi-
vidual thin sections, single endings often
have maximal dimensions of more than
5 wm. Since the thin sections we use
are approximately 50 to 100 nm thick
(13), stimulated endings such as the
one shown in Fig. 3 probably contain
a total of at least several thousand
vesicles that have acquired tracer during
the course of the experiment. Our in-
formation is not adequate to evaluate
differences, if any, among endings of
differing types (excitatory, inhibitory,
and so forth).

Several additional points are worth
noting. First, our results suggest, but
obviously do not demonstrate, that
transmitter release is by exocytosis.
Second, the findings do not necessarily
imply that most “synaptic” vesicles de-
rive initially from the plasma mem-
brane. There is growing evidence that
at least some of the vesicles found in
axon endings are transported there from
elsewhere; possible sources of such
vesicles (11, 14) include the perikarya
and the axonal agranular reticulum
(14).

In addition, we cannot tell, from
present techniques, whether the bit of
membrane that delimits a peroxidase-
containing vesicle is the same bit of
membrane that originally surrounded
a transmitter-containing vesicle or
whether exogenous molecules taken up
within the vesicles are potentially im-
portant for neuronal metabolism or for
cellular interactions. '

Related to this is the question of

the fate of tracer-containing vesicles.

In many situations, pinocytosis vesicles
fuse with multivesicular bodies and
other types of lysosomes. The contents
of the vesicles are presumed to be di-
gested, and the modes of formation of
multivesicular bodies [via cuplike bodies
(5, 6) and other intermediate structures
(15)] might conceivably permit the
vesicle membrane to be digested as
well, by eventual incorporation within
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the lysosome (3, 5, 6, 15); lysosomal di-
gestion of Schwann cell plasma mem-
brane derivatives is known to occur in
Wallerian degeneration (16). . Multi-
vesicular bodies that accumulate exoge-
nous tracers are found at some nerve
endings, and we have noted a few in
the lobster material. However, it would
be very premature to conclude that the
peroxidase-containing vesicles in the
lobster endings are all fated to be rap-
idly degraded; the possibility that many
are reused for transmission is not ruled
out. Nevertheless, the involvement of
lysosomes in sequestering exogenous
material in all regions of neurons (3, 5
may well be accompanied by lysosome-
mediated degradation of plasma mem-
brane and related intracellular mem-
branes; this could have important im-
plications for normal turnover and for
some of the storage diseases (5).
Finally, we are not claiming to have
demonstrated either an obligatory one-
to-one correspondence between num-
bers of transmitter quanta released
and numbers of peroxidase-containing
vesicles formed or that preceding trans-
mitter release is an invariable require-
ment for endocytosis (pinocytosis and
related processes) at axon endings. In
two unstimulated endings in our prep-

arations, the numbers of vesicles with
tracer reached roughly 8 percent, and
in several stimulated and rested end-
ings, 20 to 50 percent or more of the
vesicles showed demonstrable peroxi-
dase. These figures approximate those
expected for a one-to-one relationship
if one makes reasonable assumptions
about rates of spontaneous and induced
release of quanta. However, the prep-
arations were too variable for reliable
extrapolation from such observations,
and the complexities of the experi-
mental system inhibit us from making
elaborate calculations. For example, the
axons are cut as part-of the preparative
procedure, and they are bathed in a
medium containing a high concentra-
tion of foreign protein; the behavior of
the endings may thus be abnormal in
some respects.

What we have shown is that there are
conditions of potential physiological
importance under which the rates of
vesicle formation from the plasma
membrane are quite high. It. could still
turn out that the normal relations be-
tween transmitter release and endo-
cytosis are indirect, that release occurs
at different loci from endocytosis, that
transmitter vesicles or pinocytosis vesi-
cles are heterogeneous in origin and

Fig. 3. From a preparation exposed to peroxidase and stimulated for three periods
of 10 minutes each, alternating with 10-minute rests. The stimuli were delivered at
10 to 20 per second and the total number given was approximately 16,000. The thin
section was not stained with heavy metals. Peroxidase reaction product is present
within many small vesicles in an axon ending; a few of the vesicles are indicated by
arrows. M designates axonal mitochondria; S, the space between the axon and muscle;
and I, muscle mitochondria. As in other tissues (I7), occasional mitochondrial cristae

show reaction product. Bar length is 0.5 um.
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behavior, that endings vary depending
on the types of transmitters they con-
tain or the rates at which they are func-
tioning, or that presently unknown
mechanisms operate along with endo-
cytosis to diminish the surface area of
axons.
ERric HOLTZMAN
Department of Biological Sciences,
Columbia University,
New York 10027
ALAN R. FREEMAN*
Department of Physiology,
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Biological Activity and Synthesis of an

Encephalitogenic Determinant

Abstract. A 45-residue fragment of the basic protein of myelin is encephalito-
genic in the rabbit and monkey but relatively inactive in the guinea pig. Synthetic
peptides containing the sequence of a tryptic peptide of the fragment Thr-Thr-
His-Tyr-Gly-Ser-Leu-Pro-Gln-Lys are moderately encephalitogenic.

We have previously reported the
isolation, purification, and sequence of
a fragment of the basic protein of mye-
lin from five species of mammals which
is highly encephalitogenic in the rabbit
(I-3). This fragment is isolated from
an acid extract of acetone-ether de-
fatted central nervous system (CNS)
tissue and is produced by the action of
an acid protease (2, 3). It is the major
degradation product of the basic pro-
tein under these conditions. The amino
acid sequence of the bovine fragment
is shown in Fig. 1. Residue numbers
indicate the position of the amino acids
of the fragment (45 to 90) in the parent
molecule (3). The peptide bonds of the
basic protein cleaved by the acid pro-
tease are indicated by the slash marks.
These two Phe/Phe sequences are the
only aromatic dipeptide sequences in
the basic protein.

The encephalitogenic activity of the
fragment in the rabbit, guinea pig, and
monkey is shown in Table 1. In the
rabbit 50 pg of the fragment (bovine)
produced experimental allergic enceph-
alomyelitis (EAE) in nine of ten ani-
mals with an average day of onset of
14. This is the minimum dose for maxi-
mum activity. As little as 15 pg is ac-
tive. This degree of activity is compara-
ble to that observed with equimolar
amounts of basic protein.

In the guinea pig, the fragment is
considerably less active. At a dose of
1.0 pg no clinical signs and only mild
histological changes were seen in two
of five animals. At 5.0 pg the only
clinical sign was weight loss of 60 to
90 g in four of five animals between
days 17 and 26 after challenge. Mild to
moderate histological changes were
found in the CNS of these four animals.
Maximum encephalitogenic activity is
seen with equimolar amounts of basic
protein (4). ‘

Three adult squirrel monkeys were
injected intradermally with a water-in-
oil emulsion containing 500 pg of the
fragment (human) and 3 mg of heat-
killed tubercle bacilli (HRV-37); this
dose was given via the four foot pads.
Clinical signs developed 8, 10, and 15
days, respectively, after challenge. The
animals stopped moving about the cage,
sat on their haunches, and refused to
eat or drink. Each was killed 2 days
after onset because of severe inanition
and dehydration. Three animals injected
with complete Freund’s adjuvant only
remained well until the time they were
killed, 2 months after challenge. The
animal that became ill on day 15
showed typical lesions of the disease,
particularly throughout the white mat-
ter of both frontal lobes. Multiple sec-
tions of the entire CNS of the other

45 50

90

Phe/Phe-Gly~Ser-Asp-Arg-Gly-Ala-Pro-Lys-Arg-Gly-Ser~Gly-Lys-Asp-Gly-His~His~
65 70 75 80
Ala-Ala-Arg-Thr-Thr-His-Tyr-Gly-Ser-Leu~Pro-Gln-Lys~Ala-GIn-Gly-His-Arg-Pro-

85
GIn-Asp-Glu-Asn-Pro-Val-Val-His-Phe/Phe.

55 60

Fig. 1. Amino acid sequence of bovine fragment.
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