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ABSTRACT

The subjects of exocytosis, endocytosis an a membrane

recycling, particularly as they relate to function of the

neuromuscular junct lon, are reviewed. Swn antic vesicle mem

brane that lis added to the surface of the nerve term linal by

exocytosis during transmitter release is retrieved by enjo

cytosis and reused for a new q eneration of svn apt lo vesi

cles.

Attempts were made to slow exocytosis enough that its

early stages could be cauqht by quick-freezing from neu

romuscular junctions shortly after a single stimulus in nor

mal Ringer. The nerve term in a 1 surface was made redundan t

by soaking in hyper tonic nei ium, or by del 1 ver 1nd a train of

stimuli to the nerve; this should decrease the tension in

the membrane and slow exocy to sls. Although physiolod ical

and an atom loal in format lon was correlated to opt lm 1 ze the

exper limental situation, a consistent relationship between

evoked transmitter release and ex oc V to s is could not be

demonstrated. There are several possible explanations for

the difficulty encountered in capturing exocytosis by these

methods.

From neuromuscular iunct lons were quick-frozen at vari

ous times after a sinq le stimulus in 4-am in opyridine (4 AP).

The presence of 4 AP results in the release of 39.3%-8% W 3

quanta with l n a few mill 1 seconds, and so a 3ds a large amount

of synapt 1 c ves lo le membrane to the surface of the term in a 1.



* * * *
---

** * * *

* * * *
-



Retr lev al of this vesicle membrane in to the term lin a 1 b v en

3ocytosis was studied between one second and two minutes

after the stimulation using the freeze-fracture technique.

Two distinct types of endocytosis were observed. The first

appeared to be non-selective. At one second after stimula

tion, relatively large dents were found in the plasma mem

brane, both at the active zones and away from them. It has

been shown by thin-section and tracer studies that these

structures are endocytic, and that the v 3 o not have fuzzy

cytoplasmic coats. These "uncoate 3 p 1 ts" pinche 3 off from

the plasma membrane within the first few seconds after the

stimulus. The second endocytic process seemed to be selec

tive in that it concentrate i large in tramembrane particles.

It was characterized by the formation of smaller dents in

the plasma membrane which have fuzzy cytoplasmic coats.

These "coated plts" were never seen at the active zones.

This process began by one second, reached a peak of 5.52 en

docytotic figures per square micrometer of nerve term in al

surface by 30 seconds after the stimulus, and disappeared

almost completely by 93 seconds. The coate 3 pits were clas

sil fied in to four in termed iate forms whose relatlve abundance

over time permitted the following conclusions to be 3rawn

about the time course of a sin a le endocytot lc event: (1) a

single event occurs rapidly, relative to the time scale of

two minutes; (2) earlier forms last londer than later forms;

(3) a slnqle event occurs more rapidly soon after th

St lmulus than it does later on.
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Chapter I. INTRODUCTION.

This introduction is divided into two parts. The first

reviews the "vesicle hypothesis" and the work done on mem

brane recycling. This review concentrates on work done on

the neuromuscular junction, although information obtained

from other systems is also considered. The second part of

this Chapter deals in more detail with the process of endo

cytosis, which has been studied in a wide variety of systems

and is a critical link in membrane recycling.

I. A. The Wesicle Hypothesis and Membrane Recycling.

In 1952 Fatt and Katz discovered that the neuromuscular

junction releases small packets of transmitter spontane

ously, and that they are remarkably constant in size. The

post-synaptic potential change resulting from such an event

was termed a miniature end-plate potential. It was Soon

realized that the larger release of transmitter associated

with stimulation of the nerve is the result of the nearly

Synchronous release of about 100 packets of transmitter,

each similar in size to those resulting in miniature end

plate potentials ( del Castillo & Katz, 1954). The packets

were termed "quanta" and the theory that the end-plate

potential is due to the release of a group of quanta was

termed the "quantum hypothesis".

At about the same time electron microscopy of nerve

terminals began to reveal some of their structural details.





In 1953 S jostrand noted minute intracellular granules in the

rod-bipolar synapses of the guinea pig retina. The Se Small,

membrane bound spheres were termed "synaptic vesicles" by

de Robert is and Bennett (1954), who observed them in termi

nals of the sympathetic ganglion of the frog and earthworm

nerve C ord . Palade (1951 ) described them in rat central

nervous system and r at neuromuscular junction, and Palay

(1951 ) saw them in sympathetic and dorsal root ganglia of

the rat. Robertson (1956 ) noted their presence at the

chameleon neuromuscular junction.

With the Se anatomical and physiological observations

available it was natural to suspect that the vesicles con

tain the transmitter and are, in fact, the quanta. This was

first suggested by del Castillo and Katz (1955), but it is

apparent that other workers in the field were thinking along

the same lines (de Robertis & Bennett, 1955; Palay, 1956,

1958; Robertson, 1956 ). This "vesicles hypothesis" was

described in some detail by del Castillo and Katz (1956).

They cited three points that supported the hypothesis at

that time, although the decisive evidence would be a long

time coming. Their three points were: the presence of

synaptic vesicles in nerve terminals (Robertson, 1956), the

fact that two diffusion barriers have to be broken to

release acetylcholine from homogenized nerve (Loewi & Hel

lauer, 1938), and the physiological evidence for quantal

release mentioned above. As 3. working hypothesis

del Castillo and Katz proposed that there is a critical spot



on each vesicle that can collide with a critical Spot on the

presynaptic membrane, resulting in the release of a quantum

of transmitter. Such efficient collisions would be rare,

and could be described by the statistics that worked well on

physiological data ( del Castillo & Katz, 1954). The effect

of stimulation would be to increase the number of critical

spots on the presynaptic membrane, and so increase the pro

bability of release. Three further points that are con

sistent with the idea of preformed packets of transmitter in

the nerve were made by del Castillo and Katz (1957). These

are : changing the state of the presynaptic membrane does

not alter the quantal size, agents that apparently change

quantal size all act postsynaptically, and things that do

change end-plate potential size presynaptically (calcium,

magnesium, facilitation) do not change miniature end-plate

potential size. The highly speculative nature of the criti

cal spot model was made clear by del Castillo and Katz; they

hoped that it would soon be modified or rejected. Such

modification would not soon come (Katz, l962, 1969, 1971 a ,

1971 b) .

Acetylcholine is the transmitter at the neuromuscular

junction. Early experiments showed that stimulation of the

nerve to voluntary muscle in vertebrates results in the

release of acetylcho line into the perfusate. This release

was stopped by den ervation or nerve block, but not by curare

(Dale et al., 1936). Other experiments showed that injec

tion of a high concentration of acetylcholine into the





arteries of a mammalian muscle results in a very strong mus

cular contraction (Brown et al., 1936). Acetylcholine is

also present in the central nervous system, although it is

clear that it is not the universal transmitter there (Feld

berg, 1915). The finding that the enzyme that produces ace

tylcholine is in the cytoplasm of nerve terminals (Hebb &

Whittaker, 1958; Bull et al., 1969; Israel et al., 1970;

Fonnum et al., 1973) not only further implicated acetylcho

line as the transmitter but began to suggest an autonomous

economy in the nerve terminal.

The vesicle hypothesis requires not only that the nerve

terminals but the vesicles themselves contain a high concen

tration of acetylcholine. Early work on brain and electric

organ produced evidence that much of the acetylcholine in

nerve terminals is in a bound form and demonstrated that

much of the bound acetylcholine is associated with a frac

tion rich in synaptic vesicles (Sheridan & Whittaker, 1961 ;

Whittaker et al., 1961, ; Whittaker, 1965; Israel et al.,

1968, 1970; Whittaker et al., 1972). These experiments did

not, however, demonstrate that fractions free of acetylcho

line did not have vesicles. More recently a highly purified

vesicle fraction has been obtained from electric organ and

it became quite clear that the vesicles do contain a high

concentration of acetylcho line (0.5 M) (Carlson et al.,

1978; Wagner et al., 1978). If one considers the size of

the vesicles and assumes the same concentration of acetyl

choline in frog synaptic vesicles (a questionable assump
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tion), then the number of acetylcholine molecules per synap

tic vesicle matches very well with the number of acetylcho

line molecules in a quantum, as determined by physiological

means (Kuffler & Yoshikami, 1975).

Robertson (1956) suggested that stimulation of a nerve

might alter the number of synaptic vesicles in the nerve

terminals. A first attempt at this strongly suggested a

physiological significance for the vesicles. The number of

vesicles increased when rabbit splachnic nerve was Stimu

lated at 100 Hz, and the vesicles were depleted by 100 Hz

stimulation ( de Robert is, 1958). Other workers, however,

using a variety of preparations and stimulus paradigms,

observed no stimulation-dependent change in vesicle number

(Birks et al., 1960; Birks, 1966; Green, 1906 ; Parduc z et

al., 1971; Rose et al., 1978). A small stimulation

dependent decrease in synaptic vesicle number was noted by

Hubbard and Kwan bunbumpen (1968), who considered only the

vesicles touching the presynaptic membrane. This effect was

blocked by high magnesium. An increase in vesicle number

resulted from fixing mammalian neuromuscular junction (Jones

& Kwanbunbumpen, 1970) or SCG (Quilliam & Tamar ind, 1973) a

few minutes after the end of stimulation. The first

dramatic depletion of synaptic vesicles was accomplished by

the use of black widow spider venom (EWSW ) (Clark et al.,

1970). The venom releases the entire store of quanta by

tremendously increasing miniature end-plate potential fre

quency (Long enecker et al., 1970), and results in the disap
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pearance of virtually all of the vesicles.

These observations with BWSW offered support for the

vesicle hypothesis, and over the next decade a large volume

of data indicating that indeed Synaptic vesicles do disap

pear with stimulation was accumulated. He user and Miled i

(1971) found lanthanum-treated neuromuscular junctions to be

dramatically depleted of vesicles. This is similar to the

BWSW data in that the morphological changes were irrever Si

ble. Nerve stimulation resulted in vesicle depletion in

vertebrate SCG (Friesen & Khatter, 1971; Perri et al., 1972;

Pysh & Wiley, 1972, 1971; ; Birks, 1971; ), neuromuscular junc

tion (Ceccarelli et al., 1972, 1973; Korneliussen, 1972;

Korneliussen et al., 1972; Heuser & Reese, 1973), electric

organ (Zimmerman & Whittaker, 1971, a , 1971, b ; Boyne et al.,

1975), central synapses (Bennett et al., 1976 ; Ripps et al.,

1977), and was deferens (Basbaum & Heuser, 1979). Depletion

was also accomplished at invertebrate neuromuscular junc -

tions (Atwood et al., 1972; Reineke & Walther, 1978); in

addition, a non-neural secretory cell was depleted of secre

tion granules by stimulation (Jamieson & Palade, 1971).

The inconsistent results obtained in the vesicle deple

tion experiments are puzzling at first. Why was it so dif

ficult to demonstrate stimulation-dependent depletion of

Synaptic vesicles? And why did some workers observe an

increase in vesicle number? The answer is that unless one

is careful to avoid it, the vesicles are replaced as fast as

or faster than they disappear (see below). This can explain
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the results in all of the Studies that do not demon Strate

depletion. Experimental details are left out of some of the

earlier reports, making it impossible to be sure of the

specific reason for failure. In each case, however, in suf

ficient stimulation or too much time between Stimulation and

fixation (thus allowing time for new vesicle to accumulate)

could be the reason. The results since 1970 have been con

sistently in favor of vesicle depletion.

The vesicle hypothesis states that the vesicles are the

quanta. But if so, then where do they go and how are they

replaced so rapidly? The vesicles disappear because the

vesicle membrane fuses with the plasma membrane and becomes

part of it. An expanded surface and fewer vesicles are the

results of this activity, and so the cell compensates by

retrieving the membrane from the surface and reusing it for

a new generation of vesicles. This restores the nerve ter

minal to its original state.

The concept of membranes flowing from one compartment

in a cell to another was introduced by Bennett (1956). He

suggested that products might be secreted from cells by the

fusion of the Secretion granule membrane with the

plasmalemma of the cell. This process of secretion by exo

cytosis, as it is now called (de Duve, 1963), was first

observed by Palade (1959). Palade stimulated a burst of

enzyme release from the exocrine pancreas of guinea pigs by

feeding the animals after fasting them for two days. He

observed zymogen granules fused with the plasma membrane.
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Palade suggested that this membrane must be retrieved from

the cell surface and in some way be reused, in order to

maintain a viable cell economy. He claimed that the cen

tripetal arc of this membrane movement was not observed

because there was no natural tracer present. This paper and

one earlier report (Palade, 1956) mark the introduction of

the concept of membrane recycling in the Scientific litera

ture.

Secretion by exocytosis has been demonstrated morpho

logically in a number of non-neural Systems. These include

Secretagogue stimulated mast cells (Rohlick et al., 1971;

Kagayama & Douglas, 1974), stimulated ac in ar cells of the

parotid (Amsterdam et al., 1969; De Camilli et al., 1976 ),

the chromaffin cells of the adrenal medulla (Grynszpan

Winograd, 1971; Nagasawa & Douglas, 1972; Abrahams & Holtz

man, 1973), Tetrahymena (Satir et al., 1972, 1973), and

Paramecium (Plattner, 1971; ). A careful study of the inter

mediates in the fusion of membranes marked the introduction

of the idea of a spectrum of forms in this process (Palade &

Bruns, 1968; Palade, 1975).

Investigation of exocytosis of synaptic vesicles in the

central nervous system was aided by application of the

freeze-fracture technique to synapses (Moor et al., 1969;

Akert et al., 1969). Presynaptic membranes of vertebrate

central nervous system synapses have specialized regions

with an increased concentration of intram embrane particles,

and P face pits corresponding to E face protuberances (Pfen
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ninger et al., 1971 a , 1972; Akert et al., 1972; see Branton

et al., 1975 for definitions of P and E faces). The pits in

the plasma membrane were termed synaptopores or vesicular

attachement sites (WAS), and they were seen to be arranged

in a hexagonal array. Since the presynaptic dense projec

tions at these synapses are in a tri agonal array, with

Synaptic vesicles lying between them in a hexagonal array

(Akert et al., 1969), the anatomy led to the suggestion that

the WAS are points of specialized contact between the

presynaptic membrane and synaptic vesicles, although direct

association between WAS and vesicles was not observed. The

WAS can appear to be open or closed , and Synapses from

an esthetized (pentobarbitol) preparations had mostly closed

WAS, in contrast to those from unanesthetized preparations

where significantly more were open (Stre it et al., 1972).

Fewer WAS were found in anesthetized preparations, but that

difference was not significant statistically. Another

interesting feature is that in unanesthetized synapses there

is an increased bulging of the presynaptic membrane toward

the terminals; Stre it at al. (1972) regard this as evidence

Supportive of transmitter release by exocytosis. Tetanus

toxin decreased the number of WAS (Pfenninger et al.,

1971 b) . Direct stimulation with high potassium or electri

city increased the number of WAS and the percentage of open

forms (Pfenninger & Rovainen, 1974). Zero calcium and high

magnesium prevented the effects of stimulation. The stimu

lation results implicated the WAS more specifically as asso
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ciated with calcium dependent transmitter release (see Lli

nas & Heuser, 1977 for a review of the role of calcium in

transmitter release). These data support the vesicle

hypothesis.

Exocytosis studies done on the frog neuromuscular junc

tion have yielded the most precise data available. The

nerve terminal forms an arborization with one to Several

individual extensions running along the axis of the muscle

fiber (Kuhne, 1887). The anatomy is such that groups of

synaptic vesicles gather near the presynaptic membrane in

the area of a presynaptic density, which always over lies a

subsynaptic fold (Birks et al., 1960). In a Series of

reports Couteaux and Pecot-Dechavassine worked out the ana

tomy of this region of the nerve terminal in detail. They

showed that the presynaptic density is actually a transverse

bar with Synaptic vesicles lined up along either Side of it.

Exocytosis of synaptic vesicles was clearly observed to

occur in these regions, which Couteaux called the active

zones (Couteaux & Pecot-Dechavas sine 1970a, 1970b, 1973,

1971; ). In freeze-fracture the active zones appear as bands

lined by double rows of large intramembrane particles

(Dreyer et al., 1973). The specific localization of exo

cytosis to the active zones, the hard in ess of the prepara

tion in vitro, and the convenience of being able to stimu

late this synapse very specifically have been very helpful

in the analysis. He user et al. (1974) found that when mus

cles are stimulated in fixative the presynaptic membranes
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have numerous P face pits or E face protuber ance S lining

both sides of the active zones, right where the vesicles

lie. Th in sections and cross-fracture S demon Strated that

these pits represent synaptic vesicles undergoing eXo

cytosis, and the appearance of the pits was completely

blocked by zero calcium and high magnesium, which block

transmitter release. This work was instrumental in relating

exocytosis to transmitter release. More openings to synap

tic vesicles were observed than should have been , and a

number of experiments were carried out to show that if the

fixative is more dilute, then more vesicle openings occur,

Suggesting that the fixative allows them to accumulate.

This observation is useful, but it is important to note that

a "Slow" fixation can result in numerous vesicle openings

even if no stimulation is applied (Peper et al., 1974; T. M.

Miller, unpublished observations). Release evoked by EWSW

also results in exocytosis (Clark et al., 1972; Cec carelli

et al., 1979 a).

The work discussed so far strongly supports the vesicle

hypothesis. However, at this point in the analysis, some

thing more was clearly needed (Nickel & Potter, 1971):

namely, a way to preserve tissues very rapidly, on the order

of milli seconds rather than minutes (as fixation takes).

He user and Reese developed a technique for quick-freezing

Synapses (after an original design by Van Harre veld) specif

ically to study the rapid events associated with transmitter

release. The technique consists of freezing the tissue, at
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specified ti■■ ues after stimulation, against a copper block

cooled to Hºk with liquid helium. This method is discussed

in more detail in Section II A. The important thing to note

here is that the tissue is frozen with in a few mill is econd S.

Even with this technology it was very difficult to cap

ture exocytosis. After numerous tries, freezing when exo

cytosis should occur, Heuser found only very few examples of

possible vesicle openings (Heuser, 1976 a J. But, by using

H-aminopyridine (l, AP), a drug that tremendously augments the

release of transmitter associated with a single stimulus,

exocytosis was caught (He user, 1977). Exocytosis of synap

tic vesicles, located only next to the active zones,

occurred precisely at the same moment as the transmitter was

released. Quantitatively the number of vesicle openings

compares well with the estimated quantal content in 14 AP

(Heuser et al., 1979). In accuracies in estimating the

number of vesicle openings and the quantal content ■ nake the

data reliable only to about a factor of two , but a con

Sistently good correlation between synaptic vesicle openings

and quant a released, over a range of HAP concentrations and

a corresponding range of quantal contents, is good evidence

that that there is one quantum of transmitter contained in

each vesicle (Heuser et al., 1979). A statistical analysis

Suggests that vesicles are released independently of each

other, refuting claims that several vesicles may constitute

a quantum (Kreibel & Cross, 1971; ).

The quick-freezing data are thus extremely strong,



direct evidence in favor of the vesicle hypothesis (He user,

1978). There have been several contrary arguements claiming

that quantal release does not result from exocytosis of

synaptic vesicles.

Early attempts to isolate synaptic vesicles and nerve

terminal membranes suggested that they differ in composition

(Whittaker, 1966). These Observations led Whittaker to

believe that the vesicles could not undergo exocytosis; as

an alternative he suggested that the vesicles are inter con

nected and form a reticulum, with the reticulum opening to

the outside at specific points and releasing transmitter.

Little emphasis can be placed on these experiments due to

the impurity of the isolated fractions; also , an atomical

evidence argues against the reticulum theory.

Two other approaches suggested that the quanta are

released from the cytoplasmic pool of acetylcholine. The

first was based on a calculation that depletion of vesicles

from preg anglionic sympathetic terminals was not associated

with a corresponding depletion of transmitter (Birks, 1971; ).

This argument does not bear close inspection; it depends on

assumptions and calculations that cannot be verified. How

much acetylcho line was replaced during stimulation is not

known ; and Birks's conclusion (cytoplasmic release) was

arrived at indirectly, by a process of elimination. The

Second approach was based on evidence suggesting that newly

Synthesized acetylcho line is preferentially released, and

that it does not rapidly equilibrate with vesicular acetyl
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choline (March banks & Israel, 1972; March banks, 1978).

Cytoplasmic release is argued for on these grounds. Experi

ments of this kind are the strongest existing argument

against the vesicle hypothesis. Quantal release from the

cytoplasm can be argued against (Van Der Kloot, 1978); even

though most spontaneous release is non-quantal (Katz &

Miled i, 1977 a), and may indeed come from the cytoplasmic

pool.

Exocytosis has apparently been observed in several

other neural systems. These include rat neuromuscular junc

tion (Rash et al., 1976), Torpedo electric organ (Nickel &

Potter, 1970; Heuser & Reese, 1975 b ), mammalian posterior

pituitary (Nagasawa et al., 1970; Boudier, 1971; ), insect

neurosecretory neurons (Smith, 1971), crustacean sinus gland

(Bunt, 1969), photo receptors (Raviola & Gilula, 1975; Ripps

et al., 1977), and crayfish neuromuscular junction

(Franzini-Armstrong, 1976).

If quantal transmitter release at the neuromuscular

junction does occur by exocytosis of Synaptic vesicles,

then, as mentioned above, a compensatory proce SS must occur

in order to restore the membrane to its original compartment

in the cell. The compensatory process is endocytosis, a

process in which an area of plasma membrane invaginates into

the cell, is pinched off, and becomes an intracellular vacu

ole (this occurs mainly via coated pits and coated vesicles,

See Section IB). The concept of the vesicle membrane moving

through a series of compartments and ending up back where it
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started, to be used over again for the same purpose, is mem

brane recycling, a term introduced to the literature in 1971

(Douglas et al., 1971 b ; Heuser, 1971 a , 1971 b ; Heuser &

Miled i, 1971; Nagasawa et al., 1971). A calculation of the

amount of transmitter released at the crayfish neuromuscular

junction, as compared to the depletion of vesicles, makes it

evident that recycling must occur if release occurs by exo

cytosis (Bittner & Kennedy, 1970).

Coated vesicles were first observed in a synapse by

Gray (1961) in the rat cerebellar cortex; Gray and Willis

(1970) went on to show them to be present in a wide variety

of neurons. Andres (1961; ) recognized membrane retrieval by

coated vesicles; but the first suggestion that coated vesi

cles are one phase in the formation of synaptic vesicles

came from Westrum (1965). Coated vesicles were first

observed at the neuromuscular junction by Andres & During

(1966).

Membrane recycling has been studied by two main

approaches, or a combination of the two : study of the fate

of endocytosed membranes by using a microscopically visible

tracer, and measurment of the quantity of membrane located

in different cellular compartments during different physio

logical States. By far the most complete and definitive

demonstration of membrane recycling was done at frog neu

romuscular junction by Heuser and Reese (1973).

Colloidal thorium dioxide (Thorotrast) was the first

extracellular tracer applied to this problem at the neu
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romuscular junction (Birks, 1966). The tracer gained access

to large and small tubular elements in the terminal, and a

few synaptic vesicles. The experiments did not help to

understand recycling; stimulation with 50 mM potassium did

not change the amount of tracer in any compartment, but they

did demonstrate that extracellular medium can somehow gain

access to the synaptic vesicles. A further demonstration of

the accessibility of extracellular tracers to synaptic vesi

cles came from experiments on cerebral cortex (Brightman,

1968). The next step came when it was noted that coated

vesicles were labeled as well as Synaptic vesicles and that

all of the vesicles appearing to pinch off from the surface

were coated (Bunt, 1969), and then Zacks and Saito (1969)

added the refinement of looking different periods of time

after injection of HRP into the muscle.

In the neurosecretory terminals of the posterior pitui

tary there are hormone containing secretion granules and

Synaptic vesicles. Anatomical observations led Nagasawa et

al. (1970) to believe that the synaptic vesicles pinch off

from the surface to compensate for the exocytosis of the

larger granules. Actually, the vesicles connected to the

surface in their published micrographs were clearly coated

(they did not notice that ), but they did have a clear idea

of the recycling concept. The coats were soon recognized,

and the refinements of stimulation (Douglas et al., 1971 a)

and extracellular tracer (Nagasawa et al., 1971) were added

to the experiments. The tracer (HRP) was seen in both
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smooth and coated vesicles. Since the coated vesicles were

almost always near the Su face, and no smooth vesicles were

connected to the surface, the conclusion was drawn that the

coated vesicles are the immediate products of membrane vesi

culation, and that probably the coat is essential for endo

cytosis. These observations were extended to several other

systems (Douglas & Nagasawa, 1971). It is interesting to

note that more recent work on this same system (Nordmann et

al., 1974; Nordmann & Morris, 1976; Theodos is et al., 1976)

Shows that after stimulation that results in a large hormone

release, some membrane appears to be retrieved by large

Smooth vesicles, which are close to the size of the secre

tion granules. It is suggested that the relative importance

of this second endocytic pathway (the larger vesicles)

depends on the amount of hormone released. This comment is

very interesting in light of the results presented in

Chapter IV.

As with exocytosis, Studies of recycling have gained

great advantages from the conveniences of the neuromuscular

junction as an experimental preparation. Early observations

showed that as many as 20% of the synaptic vesicles could be

labeled with HRP (Holtzman et al., 1971) and demonstrated an

increase in elongate membrane profiles in the terminal after

stimulation (Korneliussen, 1972; Korneliussen et al., 1972).

Lanthanum treatment of the frog neuromuscular junction pro

duced a progressive depletion of vesicles and a concomitant

increase in membrane tubules and cisternae (flattened mem
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brane sacs) (Heuser & Miled i, 1970, 1971). Many coated

vesicles were present, often connected to cisternae. When

HRP or ferrit in was present, the tracer was found in all of

these compartments as well as in more than 50% of the synap

tic vesicles. These observations suggest membrane recycling

and that the coated vesicles are an in direct connection

between the cisternae and the surface.

A highly controversial issue has been whether or not

the synaptic vesicles collapse completely into the presynap

tic membrane. The line of thought held by Heuser argues

that the vesicles merge with the plasma lemma, and then a

piece of membrane is retrieved elsewhere on the terminal to

compensate. The opposing viewpoint held by Cec carelli

argues that the vesicles "kiss and run" (meaning they fuse

momentarily at the active zone to release the transmitter,

and then pinch off back into the terminal right at the same

spot).

Slow stimulation (2 Hz) for long periods (6–8 hours)

was used in the first recycling experiments by Ceccarelli's

group. Vesicles and transmitter were depleted, and many of

the remaining vesicles were loaded with HR P-observations

suggestive of recycling (Ceccarelli et al., 1972). A micro

graph was published of a synaptic vesicle loaded with HRP

and close to the presynaptic membrane at the active zone.

This was offered as evidence for endocytosis of uncoated

vesicles at the active zone; Ceccarelli et al. (1972) seemed

not to realize that at the time of fixation the vesicle
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could have already gone completely through a recycling

sequence that includes membrane retrieval away from the

active zone and been poised at the active zone ready to

release again. The experiments were continued with more

rapid stimulation (10 Hz), which resulted in fewer synaptic

vesicles and a swollen terminal (as if membrane had been

added to its surface) (Ceccarelli et al., 1973). An hour of

rest, and the vesicles were back, loaded with HR P. Again

they claimed endocytosis at the active zone, apparently

without evidence.

Heuser and Reese's analysis of recycling at the frog

neuromuscular junction was more precise and definitive than

anything done before or since (Heuser, 1971 a , 1971 b ; Heuser

& Reese, 1972, 1973). Stimulation was at 10 Hz for one or

15 minutes, at 10°C. After one minute, there was a more

than 25% depletion of vesicles, an increased number of

cisternae, and an expanded surface area; after 15 minutes

more than 50% of the vesicles were gone. One of the

strengths of this piece of work is that precise quantitation

was able to account for all of the synaptic vesicle membrane

that had "disappeared". At one minute almost all of it was

on the nerve terminal surface, and at 15 minutes almost all

of it could be accounted for by an increase in intracellular

membranes (cisternae). This was the first quantitative

result supporting the idea that the membrane goes from the

vesicles to the surface and then to the cisternae. Connec

tions between the cisternae and the surface could not be
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demonstrated, but many cisternae were connected with coated

vesicles (especially at one minute), and many coated vesi

cles were connected to the surface. A rest period of 15,

30, or 60 minutes permitted recovery (there was no recovery

at C*C); the cisternae progressively disappeared , as the

vesicles returned.

Stimulation for one minute resulted in HRP labeling of

all the cisternae and most of the coated vesicles; none of

the synaptic vesicles contained label. After 15 minutes of

stimulation the numerous cisternae were all loaded, and Some

Synaptic vesicles contained tracer. The cisternae had

mostly or completely disappeared after an hour of rest, when

more than 50% of the synaptic vesicles were loaded with HR P.

Restimulation of terminals loaded with HRP in this way was

critical; they were washed free of extracellular HRP and

restimulated for 15 minutes. Many new cisternae and coated

vesicles were present, all free of HRP, and the proportion

of labeled to unlabeled synaptic vesicles had decreased.

Another rest period for one hour produced terminals normal

in appearance, with very few HRP labeled synaptic vesicles.

The demonstration of the ability of the terminals to

rerelease the HRP was the final proof of recycling. These

experiments showed that the membrane could not only get back

to the synaptic vesicle pool but that it could then be used

again for exocytosis and, presumably, transmitter release;

that is recycling.

In the recycling schema worked out by Heuser and Reese
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the membrane added to the surface of the nerve terminal by

exocytosis of synaptic vesicles at the active zones is

retrieved by coated pit mediated endocytosis, mainly beneath

Schwann cell fingers; the coated vesicles then coalesce to

form cisternae, from which a new generation of functional

synaptic vesicles is produced. They realized that cisternae

are not a necessary inter mediate since with stimulation at

2 Hz they are not seen (Heuser & Reese, 1971; ); also , later

data suggested that perhaps the cisternae could form

directly from the surface, rather than by the coalescence of

coated vesicles (Damassa et al., 1976).

Hemic holinium 3 (HC-3) blocks the synthesis of acetyl

choline by preventing the nerve terminal from taking up cho

line from the medium. Early work indicated that stimulation

of neuromuscular junction (Jones and Kwan bun bumpen, 1970) or

SCG (Parducz et al., 1971) in the presence of HC-3 results

in greater vesicle depletion than does stimulation in normal

Ringer. Later experiments yielded opposite results, how

ever; synaptic vesicle membrane recycled normally in the

presence of HC-3, both in neuromuscular junction (Heuser &

Reese, 1973; Hurlbut & Cec carelli, 1974; Cec carelli & Hurl

but, 1975), and SCG (Pysh & Wiley, 1972; Birks, 1974); this

includes depletion and recovery. The reason for the oppo

Site results is not clear, but the later results are more as

expected since physiological techniques have shown that

Stimulation in the presence of HC-3 results in a diminution

in the size of the quanta rather than in the release of
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fewer quanta (Elmquist & Quastel, 1965).

If acetylcholinest erase ( Ach E), the enzyme that breaks

down acetylcholine, is present in the solution during Stimu

lation of the frog neuromuscular junction, then after a

rest, neuromuscular transmission is compromised. Ach E his

to chemistry demonstrates that as many as 20% of the vesicles

contain the enzyme (Politoff et al., 1975). This research

addresses the question of whether or not recycled vesicles

can release transmitter. Apparently they can . In jection of

Ach E into the cytoplasm of a neuron from Aplysia also

compromises transmission after a 2 to 2.5 hour wait (Tauc et

al., 1974). Although it was concluded that these results

indicate release of transmitter from the cytoplasm, in fact,

these results are equally consistent with recycling if the

Vesicular acetylcholine is assumed to be in equilibrium with

the cytoplasmic acetylcholine.

Some other experiments that correlate with the vesicle

hypothesis and recycling are the observations on conditions

that create giant miniature end-plate potentials at the neu

romuscular junction. A combination of low pH (11.3) and 1 mM

calcium causes giant miniature end-plate potentials, and

large vesicles or vacuoles are present in the terminals.

Low pH but zero calcium does not cause the giant miniature

end-plate potentials, Or the large vesicles (Pecot

Dechav assine & Couteaux, 1972). Stimulation of the neu

romuscular junction at 10 Hz for 15 minutes and then waiting

one hour also caused giant miniature end-plate potentials,
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and again large vesicles are present (Heuser, 1974). He user

suggested that these large vesicles are intermediates in

recycling, and that the one hour wait may be necessary for

them to fill with transmitter. W in blast in e also causes

giant miniature end-plate potentials (Pecot-Dechav assine,

1975) and results in large vesicles. Under these condi

tions, however, convincing images of vesicles fusing with

one another in the nerve terminal are found (Pecot

Dechavassine & Couteaux, 1975), and there is evidence that

the giant potentials are multiples of miniature end-plate

potentials (Pecot-Dechav assine, 1976 ). So, either by induc

ing synaptic vesicles to fuse and so form larger quanta, or

by inducing the production of recycling intermediates that

can accumulate transmitter and so form large quanta, the

neuromuscular junction can be perturbed into releasing large

miniature end-plate potentials. These observations have

Some implications. Whatever enables a vesicle to fuse with

the plasmallemma does not depend on quantal size for its

function. Also, these experiments are some of the best

existing evidence that , like evoked release, spontaneous

quantal transmitter release is the result of exocytosis.

Since the recycling system was demonstrated at the neu

romuscular junction, many other synapses have been studied

with similar approaches, but the neuromuscular junction

remains the most well documented example of recycling.

Observations consistent with recycling have been made on SCG

(Pysh & Wiley, 1971; ), on electric organ (Boyne et al., 1975;
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Zimmerman & Denston, 1977 a , 1977b), on central nervous sys

tem synapses (Model & Bennett, 1973; Turner & Harris, 1973,

1974; Model et al., 1975; Bennett et al., 1976) including

cultured spinal cord neurons (Teichberg et al., 1975), pho

to receptors (Ripps et al., 1971, 1976; Schacher et al.,

1971, 1976; Schaeffer & Raviola, 1977, 1978), and even

synaptosomes (Fried & Blaustein, 1976), and on v as deferens

(Basbaum & He user, 1979).

Recycling of secretion granule membrane in non-neural

secretory cells has also been demonstrated. The most con

vincing evidence is from pancreatic B cells (insulin cells)

(Orci et al., 1973), and cells of the anterior pituitary

(Pelletier, 1973; Far quar et al., 1975) where HRP has been

traced back to the Golgi body, where secretion product is

packaged . Other observations consistent with recycling

include work on ad renal medulla (Holtzman & Dominitz, 1968;

Grynszpan-Winograd, 1971; Nagasawa & Douglas, 1972; Abrahams

& Holtzman, 1973), exocrine pancreas (Geuze & Kramer, 1974),

and parotid gland (Amsterdam et al., 1969; Kalina &

Robini vitch, 1975).

Membrane recycling is a widespread phenomenon in

nature. Recycling allows for a slower turnover of membrane

components and so allows for a more frugal cellular economy.

These general ideas should apply to all cells, and observa

tions suggestive of recycling have even been made on a uni

cellular organism (Ryter & de Chastellier, 1977).

Recent efforts in this field approach some of the
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details of the process. The question of whether, at the

frog neuromuscular junction, the compensatory endocytosis

associated with recycling occurs by the pinching off of

non-coated vesicles at the active zones or by coated pit

mediated endocytosis away from them has not yet been

answered. Holtzman (1977) points to quick-freezing as a

promising route toward resolving these uncertain ties.

Cec carelli still supports the idea that endocytosis is

at the active zone. In a recent freeze-fracture study (Cec

carelli et al., 1979 b) neuromuscular junctions were stimu

lated at 10 Hz for 20 minutes. The experimenters reasoned

that during the stimulation a steady-state is reached so

that exocytosis equals endocytosis, and if the end-plates

were fixed during the stimulation most of the membrane dim

ples were located at the active zones. They further

reasoned that upon stopping the stimulation there should be

a six fold decrease in exocytosis; terminals fixed 30

Seconds after the end of stimulation showed an increased

number of dimples at the active zones. Therefore, they say,

there must be endocytosis at the active zones. This is not

a strong argument, mainly because fixation was used and dur

ing the many seconds necessary to stop physiological

processes by fixation much can happen to the terminals.

Fixation often results in the release of transmitter and the

appearance of exocytotic figures at the active zones. This

can vary from terminal to terminal, and could alone refute

their argument. It is difficult to say exactly why they got
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their results; in any case, in light of more recent quick

freezing data, to be presented in Chapter IV, they are

almost Surely wrong.

A strong argument against the "kiss and run" hypothesis

is the demonstration that exocytosing vesicles flatten out

completely, and totally join the surface membrane. When

neuromuscular junctions are stimulated , fixed, and freeze

fractured, there are more large intramembrane particles on

the surfaces of the terminals, than on unst imulated termi

nals (Heuser & Reese, 1975 a j . The synaptic vesicles have

large particles in their membranes (Akert et al., 1969; Moor

et al., 1969; Heuser, 1976 b ; Heuser & Reese, 1979; figure

17), and Heuser and Reese argue that the increase in large

particles observed after stimulation is due to the addition

of large particles to the nerve terminal surface as a conse

quence of the exocytosis of synaptic vesicles. Some termi

nals were frozen without fixation, and 50 Hz stimulation for

0.1 second resulted in large particle cluster's near the

active zones. With longer Stimulation the particles were

dispersed throughout the membrane, and after several minutes

of stimulation they were gathered into dimples located where

endocytosis usually occurs. He user and Reese took these

observations to be evidence of recycling and evidence that

the vesicles completely merge with the membrane, their com

ponents mixing with those of the plasma lemma, and then even

tually being sorted out and retrieved.

A study on the synapses of the rat spinal cord has
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reported more large intramembrane particles in the active

area if the rat was unanesthetized rather than anesthetized

(Wenz in et al., 1977); although the authors apparently did

not recognize the possible connection between these and par

ticles in the synaptic vesicles.

Direct evidence that, after exocytosis begins, vesicle

openings get larger in size as time goes on comes from

quick-freezing experiments (Heuser & Reese, 1980). Frog

neuromuscular junctions were quick-frozen at various times

after a stimulus in l; AP (between three milliseconds and one

second ); synaptic vesicle openings, at the active zones,

peaked in number at 5 to 6 milliseconds and were gone by

about 100 milli seconds. There was an increased concentra

tion of large particles next to the active zones at 5 mil

liseconds, and the maximum concentration of large intramem

brane particles moved away from the active zones at 250 and

1000 milliseconds. Particle clusters at the active zones

peaked in concent raion at 20 mill is econds after the

Stimulus, and loose particles peaked at about 50 mil

liseconds. These data demonstrate that the vesicles do col

lapse into the plasma membrane after exocytosis, and they

Suggest that the particle clusters added to the terminal

Surface during exocytosis disperse and diffuse away from the

active zones. From the very clear images obtained it looks

very much like the process is one-way; the vesicles collapse

at the active zones, their particles are dispersed in the

membrane of the terminal, and then these particles are gath
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ered into coated pits (see Chapter IV) and endocytosed.

Quick-freezing has truely been the means to effectively

study membrane dynamics at the neuromuscular junction.

He user et al. (1979) and Heuser and Reese (1980) have used

it to observe the events occur in g from right after stimula

tion up to one second. What questions remain? The impor

tant next step is to study the events between one second and

the completion of membrane recycling. By so doing it is

possible to work out the exact time course of membrane

retrieval, and to establish without doubt where compensatory

endocytosis occurs. These experiments have been done and

are presented in the research section of this thesis.

I. B. Endocytosis.

"Endocytosis is a general term that refers to the pro

cess by which cells ingest extracellular materials by trap

ping them within inward foldings of the plasma membrane that

pinch off from the surface to form in tracellular vesicles"

(Goldstein et al., 1979). The term endocytosis was proposed

by de Duve (1963) to encompass a number of cellular

phenomena that had been refered to by a variety of names

(Brandt & Pappas, 1960; Policard & Bessis, 1962). The divi

Sion still most commonly employed is a distinction between

phagocytosis and pinocytosis. Phagocytosis is the engulf

ment of large particulate matter (large enough to be seen in

the light microscope) with most of the fluid medium being

excluded; and pinocytosis is the engulfment of anything
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else, from small particles to soluble macromolecules. These

terms refer to two fundamentally different processes. Dur

ing phagocytosis a cell comes into contact with a particle

that will adhere to the cell membrane. The cell seems to

regard the particle much as it does a Substratum; it moves

along the surface of the particle and eventually engulfs it .

The same in tracellular contractile filaments that serve for

cell movement appear to be operative in phagocytosis

(Brewer, 1963). Pinocytosis is quite different. It

involves a prote in complex that is specialized for taking

membrane into the cell and for shuttling membrane compart

ments around the cytoplasm. Small b its of membrane are

taken in ; even pinocytosis studies done with the light

microscope were likely looking at larger vacuoles that were

formed by the accumulation of smaller pinocytotic vesicles.

The distinction between these two processes has not been

clearly understood by some workers in the field; and, conse

quently, confusion can arise as to which one is being con

Sidered. Another distinction that deserves to be mentioned

is between adsorptive and fluid endocytosis, two categories

of pinocytosis. Adsorptive endocytosis involves the attach

ment of a lig and to a surface receptor ( and is therefore

Saturable); and fluid endocytosis involves simply taking a

Sip of the extracellular environment, with anything it con

tains.

In 1925 Edwards observed a process of fluid ingestion

by amoebae and believed it to occur via the normal food cups
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of the animal. Lewis (1931) observed this same process in

macrophages and termed it pinocytosis. His interpretation

was that the endocytic vesicles form at ruffled are as at the

edges of the cells and that the vacuoles move toward the

cell center; he observed this by filming living cells.

Lewis noted that as much as one third of the cell volume

could be taken in in an hour. Mast and Doyle (1931. )

observed that placing an amoeba in a solution containing 3%

albumin, or in a hypertonic salt or calcium gluconate Solu

tion caused numerous protuberances on the cell within one

minute. Then over the next 20 to 115 minutes tubes formed

and the cells endocytosed extracellular medium. They did a

careful description of the process as seen in the light

microscope. Frederic and Chevremont (1952) used phase con

trast and filming to study the movement of endocytic vacu

oles in cultured chick muscle cells. Gey et al. (1954) and

Pomer at et al. (1951 ) went on to apply these techniques to

normal and transformed fibroblast cell lines and cultured

ton Silar epithelium. They observed that cancer cells have a

faster rate of endocytosis than do normal cells and that

drop let Size decreases as the cell center is approached; the

refractive index of the drop let also changes.

Palade (1953) first applied the electron microscope to

the problem of endocytosis, and discovered what he called

"microp inocytosis". This is simply endocytosis too small to

be seen in the light microscope. This was , of course, an

important step. Odor (1956) used electron microscopy to
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observe endocytotic uptake of iron containing granules by

erythroblasts.

Chapman-Andresen and Prescott (1956) did further exper

iments on amoeba and confirmed the observations of Mast and

Doyle (1934). Protein or salts in the medium stimulated

endocytosis. A similar protein stimulated endocytosis was

observed with guinea pig and rabbit leucocytes (Chapman

Andresen, 1957). Brandt (1958) used tracers and studied

endocytosis in amoeba in more detail. He found that all

charged solutes stimulated endocytosis and all of the

uncharged solutes tested did not. Schumaker (1958) studied

uptake of two proteins in amoeba. A plateau of uptake was

reached at 30 minutes and changing the concentration of

Solute did not change the plateau level. Lowering the tem

perature inhibited uptake as did metabolic poisons.

Schumaker estimated that in five minutes a cell could take

up as much prote in as is present in 50 times its volume.

Gosselin (1956) studied radioactive gold uptake into rabbit

macrophages. The gold was removed from solution rapidly for

the first few minutes and then more slowly. He calculated

that the cells could concentrate the gold until it was 350

times the concentration in the medium. He described for the

first time two phases of endocytosis: (1) rever sible adsor p

tion; and (2) irrever sible ingestion. The progress made up

to this point in studying endocytosis was reviewed (Holter,

1959).

There was a tremendous flurry of interest in endo
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cytosis in the 1960's. Far quar and Palade (1960) and Far

quar et al. (1961) studied the uptake of ferrit in into the

v is ceral epithelium of the glomerulus of the kidney. The

protein was taken up by endocytosis and found in vesicles,

vacuoles, and dense bodies. At 5 to 15 minutes after expo

sure to the tracer it was all near the cell surface, but by

1 to 3 hours it was much deeper in the cell and in dense

bodies. It appeared that the contents of the dense bodies

were then extruded into the urinary space. Essner (1960)

studied the endocytosis of red blood cell (RBC) fragments by

rat macrophages, and was the first to report that the phago

somes condense and contain acid phosphatase (indicating that

they become secondary lysosomes). Steinert and Novikoff

(1960) worked on Trypanosome (a parasitic hemo flagellate) in

ferrit in solution and observed that the ferrit in stuck to

the cell surface only in channels going deep into the cell.

The tracer appeared eventually in lysosome-like inclusion

bodies. Miller (1960) turned to the proximal tubule of the

mouse kidney. Hemoglobin injected into the peritoneal cav

ity entered the cells via the tubular invaginations at the

bases of the brush border. From there it went to vacuoles

and then was concentrated in dense absorption droplets.

Ryser et al. (1962) added ferrit in to the incubation medium

of Ehrlich as cites tumor cells. They found uptake by endo

cytosis evident within one hour. If the medium was supple

mented with album in the ferrit in uptake was increased. It

is interesting that colloidal gold (similar in size to fer
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ritin) was not taken up significantly ; and so, these authors

stress the selectivity of the process in this system. Eas

ton et al. (1962) also studied endocytosis in tumor cells,

and found that some of the tracer went to MVBs. Sbarra et

al. (1962) found that malonate or antibodies could enter

guinea pig leucocytes much more readily during the phago

cytosis of starch granules. They called this phenomenon

piggy-back phagocytosis.

The observations up to this point emphasize that endo

cytosis can be extremely active and that it is sometimes

Selective. It was around this time that experiments

revealed the involvement of a specific organelle in pino

cytosis. In 1962 "densely r immed cytoplasmic vesicles" were

seen to be involved in ferrit in uptake from the cerebral

ventricles of the rat (Brightman, 1962); and Wis sig (1962)

described coated vesicles from epithelia of rat kidney and

other organs. Maunsbach (1963) studied renal proximal

tubule of rat and Necturus; ferrit in was introduced directly

into the tubule. He observed ferrit in to be taken in only

via membrane in vaginations with an amorphous cytoplasmic

coat. Observations of Kessel and Beams (1963) indicate that

yolk deposition in the oocyte of the milkweed bug may occur

partly by endocytosis. They noted accumulation of dense

material in pits with a radial coat on the cytoplasmic side.

Roth and Porter (1963) reported that these coated vesicles

are found in many cell types, but are particularly evident

in liver parenchymal and Kupffer cells facing the circulat
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ing plasma. They demonstrated selectivity by injecting fer

ritin coupled to album in ; with in two minutes there was a

higher concentration in Kupffer cell coated pits than in the

blood. These observations implicated coated pits and coated

vesicles in endocytosis.

Anderson (1961; ) described vitellogenesis in cockroach

oocyte . Endocytotic caveolae were seen to have a radial

coat and appeared to accumulate dense material thought to be

yolk precursor. Bowers (196 l; ) looked at the pericardial

cells of the aphid and again noted many coated in vagina

tions, this and one earlier report (Palay, 1963 ) are the

first mention of the hexagonal subunit structure of the coat

(coat structure is reviewed later). Roth and Porter (1961. )

did a landmark Study in endocytosis. They studied yolk

deposition in mosquito oocyte, but they introduced the

refinement of looking different periods of time after a

blood meal. They showed a progressive uptake of yolk

material by coated vesicles, and presented evidence that

these go on to form smooth vesicles and eventually yolk

granules. Later Studies also implicated coated vesicles in

yolk deposition (Stay, 1965; Droller & Roth, 1966; Roth et

al., 1976 ). Rosenbluth and Wis sig ( 1964) looked at ferrit in

uptake by to ad spinal ganglia. They described coated pits

of varying morphology, and saw the ferrit in in MVBs and

Structures that appeared to be between MVBs and lysosomes.

The lysosomes were too dense to permit visualization of the

tracer. They noticed that the concentration of ferrit in in
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the coated vesicles was higher than in the per in euronal

Space . Straus (196 l; ) double stained rat kidney and liver

cells. He stained the lysosomes for acid phosphatase, and

used HRP as a tracer to stain endocytic vacuoles. At early

times ( 15 minutes) the HRP was close to the cell surface.

By 30 minutes after exposure to HRP the two granule types

were close to each other, and by one hour the acid phospha

tase and HRP reactivities were in the same granules. The

HRP activity disappeared by 2 to 3 days but the acid phos

phatase did not . Along a similar line, Zucker-Franklin and

Hirsh (1964) found leucocyte granules to fuse with endocytic

Vacuoles. Burgos (1961; ) looked at rete test is of hamster

and Saw visual evidence consistent with endocytosis of a

tracer molecule. Nic ander (1965) did a more complete study

of rabbit rete test is and found that 24 hours after injec

tion of India ink, the tracer was in the lu■ hen and apical

vacuoles. At H8 hours it was in vacuoles and dense bodies

in the Golgi region as well. By 3 to 4 days post-injection

it was only located in dense bodies and the dense bodies

were acid phosphatase positive. They point out that they do

not See a coat in their pictures, but it may be there.

Fawcett (1964, 1965) studied ferrit in uptake into erythrob

lasts. He noted the filamentous coat on the endocytic

Structures and that the ferrit in only adhered to the cell at

coated regions. He suggested that the coat may confer some

Selectivity to the membrane. Gordon et al. (1966) looked at

fibroblasts and noted that here too the endocytosed material



- 38 -

goes to lysosomes. Cohn and Benson (1965) showed in creased

endocytic activity by mouse macrophages in the presence of

serum. They observed living cells and saw the vacuoles form

(probably by coalescence of coated vesicles) and then stream

toward the cell center while fusing with each other and get

ting larger. The phase density increased in the centro

sphere region and these granules became acid phosphatase

positive. A later Study used electron microscopy and col

loidal gold as a tracer to demonstrate this pathway to ly So

somes (Cohn et al., 19 b 6 ). Graham and Karnovsky (1966 ) stu

died HRP uptake in mouse renal proximal tubule, they looked

at various times after injection of HR P. At 90 seconds the

HRP was already in tubular in vaginations at the base of the

brush border. By 7 minutes the apical vacuoles and residual

bodies had the HR P. Casley-Smith and Day (1966) noted that

macrophages take up most particles much better at 37°C than

at 19C; this is also true for other cells and has been use

ful for many studies of endocytosis. Also in macrophages,

Cohn and Parks (196'■ a , 1967b) found that proteins with a low

isoelectric point (below 5), acidic amino acids, DNA, RNA,

and adenosine derivatives all stimulate endocytosis. They

again emphasize the role of lysosomes. Silver Stein and

Dales (1968) worked with fibroblasts and found that Red virus

type 3 was rapidly endocytosed and taken to lysosomes. The

virus adsorbed to the cell surface at 4°C and then by warm

ing to 37°C a Synchronous wave of endocytosis was a cheived.

By 15 minutes at 37°C much virus was in vacuoles and some
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already in lysosomes; by 30 minutes 60% of the cell associ

ated virus was in lysosomes and this increased to 80% by 60

minutes. Ryser (1968) looked at radioactively labeled albu

m, in uptake by tumor cells. Adsorption at 2°C and then

uptake at 37°C. Uptake was 10" to 102 molecules per hour

with a Q10 of about 1.7. Uptake was increased by the pres

ence of a positively charged polypeptide or Serum.

These observations from the 1960's, then, firmly estab

lish endocytosis to be a wide spread cellular function. In

addition, they strongly implicate lysosomes as the fate of

endocytosed material in many Systems, as well as pointing

out examples, such as yolk deposition, where lysosomes are

clearly not involved. Of paramount importance, these stu

dies Strongly implicate vesicular structure S with honey comb,

basket-like coats as fundamentally important in endocytosis.

Coated vesicles can have functions other than endocytosis;

Friend and Far quar, for example, point to coated vesicles as

Serving to carry material from the Golgi region to lyso

Somes, Franke et al. (1976) point to coated vesicles as

adding membrane to the cleavage furrow of Ace tabularia (an

algae), and Rees et al. (1976) claim that coated vesicles go

from the Golgi to the surface in SCG neurons that have been

touched by a neurite. So, with these coated structures

Seeming to shuttle materials around the cell, a very impor

tant question concerns their dependence on metabolic energy.

The problem of the energy dependence of endocytosis was

largely dealt with in the 1960's, but most of the studies
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deal with phagocytosis rather than pino cytosis.

Sbarra and Karnovsky (1959) studied metabolic changes

in guinea pig polymorphonuclear leucocytes (PMNS) during

engulfment of inert particles. Phagocytosis occurred

equally well under aerobic or an aerobic conditions. Under

aerobic conditions, increased lactate production, increased

92 uptake, and an increase in the conversion of carbon 1

(C-1) of glucose to CO2 relative to carbon 6 (C-6 ) ( indicat

ing an increased hexosemonophosphate shunt l HMP Shunt J

activity) were noted. Under an aerobic conditions there was

increased glycogen and glucose util lzation and lactate pro

duction. Interference with glycolysis with iodoacetic acid

(IAA) or fluoride inhibited phagocytosis but antimycin A,

cyanide and dini trophenol (DNP) had no effect. These

results indicate that active glycolysis is essential for

phagocytosis in PMNs and an increased metabolism is involved

in particle uptake. Iyer et al. (1961) worked with the same

cell type. They found an increased oxidation of formate

during phagocytosis, which they believed to be due to H2O2
released during operation of the HMP shunt to oxidize glu

COS e . Sbarra and Shirley (1963) showed that pyruvate par

tially reversed the inhibition of phagocytosis by IAA and

fluoride. Pyruvate cannot be made with the inhibitors

present. Nicotinamide adenine dinucleotide (NAD) augmented

the reversal if fluoride but not IAA was the inhibitor.

They suggested that pyruvate and NAD are key compounds for

phagocytosis, and the reversal of inhibition by pyruvate
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emphasizes the role of glycolysis in phagocytosis. Oren et

al. (1963) studied guinea pig monocytes and alveolar macro

phages as well as PMNS. They found that while the PM NS and

monocytes depend only on glycolysis for phagocytosis, the

macrophages depend to a large degree on oxidative metabol

ism. With the macrophages inhibition of either glycolysis

Or oxidative phosphorylation inhibited phagocytosi S.

Roberts and Quastel (1963) found that Ehrlich as cites carci

noma cells also depend on both energy Sources. Phagocytosis

is not inhibited by removing glucose or by DNP. IAA in hi

bits it to some degree but maximal linhibition is gotten by

IAA and DNP together. So in cancer cell S phagocytosis is

associated with an increased citric acid cycle activity;

these workers also confirmed an increased HMP Shunt in PMNS

during phagocytosis. A more recent study ( Rossi et al.,

1975) suggests a role for the HMP shunt in endocytosis in

macrophages as well. Also, Michl et al. (19'■ 6 ) found that 2

deoxyglucose inhibits endocytosis in mouse macrophages and

decreases ATP levels. If glucose or man nose is added back

endocytosis resumes but ATP stays low, Strongly suggest ing

that ATP is not the sole important agent.

Two studies appear to have dealt specifically with the

energy dependence of pinocytosis mediated by coated vesi

cles. This is not clear, however. Dales & Kajioka (1964)

observed that vaccinia virus was not endocytosed by L cells

(a fibroblast line) in the presence of fluoride. This endo

cytosis is very likely carried out by coated vesicles;
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although, the electron micrographs in the paper do not show

clearly that it is. Cohn (1966 ) studied pinocytosis in

mouse macrophages; this process is also likely to be ■ hed i

ated by coated vesicles, although Cohn did not use electron

microscopy to demonstrate that it is . He confirmed that

both glycolysis and respiration are important for pino

cytosis in these cells. Inhibition of both decreased vesi

cle formation to a low level. Most effective were cyanide

and antimycin A (which block electron transport) and an aero

biosis, thus, pointing to the important contribution of

respiration in pino cytosis. DNP and oligomycin (which block

oxidative phosphorylation) decrease vesicle formation at low

concentrations, Suggesting a central role for ATP. Inhibi

tion of prote in Synthesis produced a prompt drop in vesicle

formation, and actinomycin D (which blocks RNA synthesis)

caused pinocytosis to drop to low levels after a 120 minute

lag. Lowering the temperature also inhibited pinocytosis,

with a Q10 of about 3. 3.

In the more recent years a lot of work has concentrated

on Specific issues. A great deal of valuable in formation

has been obtained from work on macrophages and on fibrob

lasts; these will be reviewed separately. But first, a

number of observations made on other systems, and worthy of

mention, will be discussed.

Some observations on capillaries in a number of tissues

(Palade, 1953; Bruns & Palade, 1968; Simionescu et al.,

1975) suggest that substances are shuttled across the
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end othelium in plasma lemmal vesicles. Presumably via endo

cytosis on one side and exocytosis on the other.

Work on PMNs has yielded some interesting results.

Ts an and Berlin (1971) studied the activities of three tran

Sport Systems in rabbit PMNs ( adenosine and two adenine sys

tems) before and after phagocytosis of inert particles.

These systems were unaffected even after 35 to 50% of the

membrane had been interiorized. Experiments demonstrated

that the number of transport sites (carriers) was unchanged,

and new one S had not been added. These authors suggested

that the membrane is mosaic in structure with separate tran

Sport and endocytic sites. (This was also demonstrated for

two transport systems in macrophages. ). Uken a and Berlin

(1972) went on to show that if the PMNs were treated with

Colchi nine or vinblastine, endocytosis did result in a large

decrease in transport, indicating that transport carriers

had been removed from the membrane. They suggest a role for

microtubules in maintaining the seperation of transport and

endocytic domains. Results directly in contrast to these

were obtained by Dunham et al. (1974) on human PMNs. They

Studied potassium and lysine in flux and found that transport

was reduced after phagocytosis, regardless of the presence

or absence of colchi cine. Although certain experimental

details differ in these two studies, this controversy has

not yet been satisfactorily resolved. An increase in cen

triole associated microtubules during the formation and

action of endocytic pseudopods was shown by Bur chill et al.
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(1978), in human PMNs.

Taylor et al. (1971) showed that anti-immunoglobin

antibody causes capping of immunoglobin determinants on lym

phocytes, followed by endocytosis of the caps. They incu

bated at 0°C and then increased the temperature to 37°C to

initiate endocytosis. Endocytosis could be seen within five

minutes and was marked by 10 minutes; by 30 minutes most of

the fluorescent label was inside cells. Cytochal as in B

inhibited endocytosis, suggesting a role for microfilaments.

Zero calcium or 3 m/M EGTA did not inhibit the process. They

emphasize that the endocytosed membrane is selected.

Williams et al. (1975 a , 1975b) studied endocytosis in

the rat yolk sac. They saw coated in vaginations between the

micro villi and coated vesicles in the cytoplasm. The rate

of uptake of labeled polyvinylpyrrolidone (PVP) was constant

over eight hours, and the PWP did not appear to inhibit or

Stimulate endocytosis. If a digestible substrate was used

(albumin), it was found that the PWP and albumin did not

affect each other's uptake. The albumin was digested and

released as amino acids. A far greater fraction of the

album in in solution than the PVP was taken up, suggesting

that album in is selectively adsorbed to the endocytotic

a r" e a S . Moxon and Wild (1976) worked on rabbit yolk sac,

using labeled immunoglobins as a tracer. They found evi

dence that implicates coated pits in selectively taking up

the immunoglobin. The proximal intestine of the new born

rat transports immunoglobins. Rodewald (1973) found that
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this transport is selective even among immunoglobins, with

only rat or cow immunoglobins being taken up. Tubular inva

ginations and coated vesicles apparently carry out the tran

Sport.

Extensive work was done concerning endocytosis in

macrophages. Most of it deals with phagocytosis, and some

of it with pinocytosis. Observations on phagocytosis are

reviewed first. All is on et al. (1971) applied cytochal as in

and colchi cine to macrophages phagocytosing bacteria. If

cytochalasin is present the bacteria bind but are not

engulfed , suggesting a role for microfilaments in the

engulfment process. Colchi cine does not prevent endocytosis

but does block the orderly movement of the endocytic vacu

oles to the Golgi region. Wills et al. (1972) used electron

microscopy to study the effects of cytochalasin. They found

that concentrations of cytochalas in three times that needed

to block phagocytosis of bacteria does not block micro pino

cytosis of ferrit in or colloidal gold. This observation

clearly differentiates phagocytosis and pinocytosis; micro

filaments are involved in phagocytosis but not in pino

cytosis. Werb and Cohn (1972) isolated phagosomes from

macrophages after uptake of polystyrene latex beads. They

found their membranes to be similar to plasma membrane in

cholesterol and phospholipid content and 5'-nucleotidase

activity (there is evidence that 5'-nucleotidase is inac

tivated by endocytosis [Edelson & Cohn, 1976 ) ). Their

observations indicate that the engulfed membranes a re
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degraded over about six hours, and then recovery occurs by

10 to 12 hours. Cholesterol in the medium and protein and

RNA synthesis are necessary for recovery to occur. Stossel

(1973) studied uptake of album in coated paraffin oil parti

cles by rabbit macrophages. He found the uptake rate to be

Stimulated by calcium, Inagnesium, manganese , or cobalt. At

greater than 20 mili, calcium and magnesium decreased uptake ;

EDTA also decreased the uptake. Reaven and Axl ine (1973)

applied electron micro Scopy and found Subpla Smalemmal

ordered filament bundles and microtubules on attached and

phagocytosing areas of membrane. Ax line and Reaven (1971. )

showed that the amount of cytochalas in needed to block cell

shape changes and phagocytosis also disrupted the 110 to 50

ang Strom Subplasmalemmal microfilaments. Experiments by

Bhisey and Freed (1971) and Pesanti and Ax line (1975), using

colchi cine, suggest that microtubules are not essential for

endocytosis or for the addition of lysosomal enzymes to the

endocytic vacuoles. Scanning electron microscopy has also

been applied to study how the macrophage engulf's particles

(Kaplan et al., 1975; Polliak & Gordon, 1975; Ornstein &

Shelton, 1977).

Hartwig and Stossel (1975) extracted actin, myosin, and

a high molecular weight actin binding protein from macro

phages. Wang et al. (1977) immunocytochemically localized

actin, myosin, and cº-act in in in mouse macrophages. Before

in gestion of particles they were located diffusely, five

minutes after ingestion each endocytic vesicle was coated by
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a dense layer of these proteins. The proteins then migrated

to the centrosphere with the vacuoles. Hartwig et al.

(1977) obtained further evidence for the role of these pro

teins in phagocytosis. Rabbit macrophages were spread on

nylon wool fibers and she ared. The cell bodies came off and

had two thirds less act in binding protein and myosin, and

about 20% less act in than cells she ared without wool fibers.

Almost all of the act in and two thirds of the other proteins

could be accounted for in the podo somes, which adhered to

the fibers and are active in endocytosis. It was also

observed that there is more act in binding protein (a protein

that gels actin) in cells that are actively engul fing parti

cles than in resting cells (Stossel & Hartwig, 1976).

Griffin and Siverstein (1974) used antibodies to attach

mouse RBCs to mouse macrophages; this does not affect the

uptake of test particles by the macrophages. If the RBCS

are attached first , they remain on the surface during

engulfment of the other particles. If rabbit anti-mouse RBC

is added, then the RBCs are engulfed whether or not test

particles were presented to the cells. The fact that col

chicine did not affect these properties suggests that the

cell can selectively take part of its membrane and leave the

RBCs on the surface without the help of microtubules. In

Some later experiments Griffin et al. (1975) attached anti

body coated Sheep RBCs to mouse macrophages. The RBCs

attach to the Fc receptors by the Fc portion of the antibo

dies coating them, and are then normally phagocytosed. If
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anti-macrophage antibodies were present (they block the Fc

receptors) the RECs stayed on the surface ( were not phago

cytosed ). A similar experiment was done with complement

coated RBCs, which nor ■ mally attach to the C receptors and

are phagocytosed. If the C receptors were altered with

trypsin, these RBCs also remained on the surface of the

cell. These observations demonstrated that attachment is

not enough , and the author's proposed the zipper model of

endocytosis. This model holds that for phagocytosis to

occur there is a requirement for sequential, circumferential

interaction of particle-bound ligands with specific plasma

membrane receptors not involved in the initial attachment

process. Griffin et al. (1976) strengthened support for

this theory with Solne further experiments. Lymphocytes had

to be diffusely covered with an antibody in order to attach

to macrophages at all. If the immunoglobins on the lympho

cyte surface were not capped, the lymphocytes were engulfed.

If they were capped , then the lymphocytes attached but were

not engulfed. If anti-mouse lymphocyte was added (putting

immunoglobin all over the surface again), then the capped

lymphocytes were in gested. Knocking out the Fc receptors

blocked even the initial binding. Other particles could be

ingested even when the capped lymphocytes were present,

which indicates that the whole membrane was not in activated.

A few experiments deal specifically with pinocytosis in

macrophages. Gosselin (1967), using rabbit macrophages,

bound radioactive gold to the surface of the cells and stu
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died the kinetics of its uptake. He concluded that the

macrophages in gest about 5% of the surface bound gold each

minute. Since 99% of the surface does not bind gold, scat

tered pinocytic loci appear to be involved. Steinman and

Cohn (1972) looked at HRP uptake into macrophages. They

found the HRP to go to lysosomes, and colchic ine did not

block its uptake. (It is interesting to note that if Con A

is taken up by macrophages the endocytic vacuoles apparently

do not fuse with lysosomes [Edelson & Cohn, 1971, J.). They

estimated that the cells take in about 1% of their cyto

plasmic volume each hour. Selje lid et al. (1973) showed

that polylysine attached reo virus RNA is endocytosed by

macrophage S. A plateau of uptake is reached by Six hours,

and up take is proportional to the number of complexes avail

able to the cells. Steinman et al. (1976) did a pulse-chase

experiment with HRP and showed that pinocytic vacuoles near

the surface were labeled first , then other vacuoles, and

then lysosomes. They measured the size and number of

labeled vacuoles and estimated that in one hour a macrophage

can interiorize 26% of its cell volume and 190% of its sur

face area. Some Sort of recycling must occur. Mahoney et

al. (1977) caused substitution of fatty acids in cultured

mouse macrophages. This resulted in 25% exogenous fatty

acids and a two fold increase in the saturated to unsa

turated fatty acid ratio. Pinocytosis was inhibited at all

temperatures studied. Kaplan (1978) studied the binding and

internalization of o-macroglobulin-trypsin complexes by rab
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bit macrophages. He calculated a half time of internaliza

tion of H. 5 minutes, and internalization was inhibited by

metabolic poisons but not by colchi cine or cytochalasin.

The complex goes to lysosomes.

So macrophages, which are active phagocytes, in gest

large particles by a process that requires adherence of the

cell membrane to the entire surface of the particle, and

that is dependent on metabolic energy. Microfilaments are

involved in phagocytosis, but not in pinocytosis of much

smaller bits of the cellular environment (evidence is strong

that this microp inocytosis involves the protein clathrin,

see below). Microtubules may be involved in the selection

of surface proteins for endocytosis; but the evidence is

in consistent. Microtubules are apparently not intimately

involved in the engulfment process itself.

The clear and detailed work on fibroblasts has really

made that System an example of a well understood function of

endocytosis. The pathway for in gestion of low density

lipoprotein particles (LDL) is the are a most completely

understood, but before this system is discussed, a few other

observations will be briefly reviewed. All of this work is

dealing with pinocytosis mediated by coated vesicles.

Siverstein et al. (1972) looked at the penetration of

Reovirus into cultured L cells, and observed them to be

rapidly concentrated in lysosomes.

Fibroblasts from patients with Huler and Scheie syn

dromes do not have o-L-iduronidase activity. They do how
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ever take up the enzyme in a highly selective manner (far

more avidly than albumin, for example ) (Bach et al., 1972).

A similar situation exists for San filippo B patients; their

fibroblasts lack the enzyme N-acetyl-O-D-glucosaminidase and

take it up avidly from the medium. In a study by von Figura

and Kresse (19714) a continuous up take for six days was

observed, with the amount taken up being proportional to the

amount in the medium. It is interesting to note that normal

cells take up the same amount. This uptake mechanism can be

Saturated, suggesting adsorptive endocytosi S.

Steinman et al. (1971; ) studied HRP uptake into several

fibroblast lines. In L cells endocytic activity increased

two to four fold after confluency of cultured cells; and the

rate of endocytosis was temperature dependent with a °10 Of

2. 7. A combination of glycolyt lc and oxidative metabolism

inhibitors decreased ATP levels and endocytos is to 10 to 20%

of its initial value. They calculated that L cells

interiorize 25% or more of their surface membrane each hour.

Hubbard and Cohn (1975) also worked on L cells, and labeled

the membrane proteins by enzymatic iodination. The cells

were found to interiorize 15 to 30% of their surface area in

an hour. When the endocytic vacuoles were isolated 15 to

30% of the label and a comparable per cent age of the alkaline

phosphodiest erase I activity were found incorporated into

them. Sodium dodecyl sulphate (SDS) gels showed that all of

the labeled proteins were interiorized to the same relative

extent. These data suggest that membrane similar to plasma
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membrane had been endocytosed; later data, presented below,

show that this is not always the case ; sometimes membrane

proteins are selected for endocytosis.

The pathway for LDL in gestion and use by fibroblast S

has been well Studied. This work has all been done on human

fibroblasts. LDL is the major chole Sterol carrying lipopro

tein in the body. LDL is taken into fibroblast S by endo

cytosis and degraded in lysosomes. The chole sterol is

released in to the cytoplasm where it regulates both

cholesterol synthesis and the Synthesis of LDL receptors

(Goldstein & Brown, 1976, 1977 b). If labeled LDL is bound

to the cell surface it can be released by he parin until it

is internalized (internalization does not occur at 4°C).

The he parin releasable fraction of cell associated LDL pla

teaus at five minutes after exposure, while the not releas

able (interiorized) fraction increases linearly with time

(Goldstein et al., 1976). If the he parin is added with the

LDL, then the enzyme that produces cholesterol is not

Suppressed, indicating that LDL was not taken into the

cells. Anderson et al. (1976) showed with the use of ferri

tin labeled LDL that more than 70% of the LDL binds to

ind ented coated regions of the membrane (coated pits).

Excess native LDL decreased the LDL-ferrit in binding by 75%,

Showing the binding to be specific. It was noted that cells

from a homozygote for familial hyper cholesterolemia have

coated pits but do not bind LDL-ferrit in . Anderson et al.

(1977 a calculated that the 70% of the bound LDL in coated
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pits was bound to only 2% of the cell surface area. Cells

could be loaded at 4°C and then upon warming to 37°C nearly

all of the label was in coated vesicles with in 10 minutes

( some label was ln the cells by one minute ). These vesicles

then moved through the cytoplasm, lost the cytoplasmic coat ,

and fused with primary or secondary lysosomes. Since cells

°C still showed thefixed with formaldehyde or bound at 1.

binding in coated pits, it was suggested that the clustering

and internalization of the receptor occurs even without LDL.

A mutant fibroblast line from a patient (J.D.) with homozy

gous familial hyper cholesterolemia was found that differed

from the mutant cells ment loned above that could not bind

LDL. J. D. 's cells bound LDL with normal kinetics but could

not internalize it ; and treatment of normal cells with N

ethyl male imide resulted in a pheno copy of the defective

cells (Brown & Goldstein, 1976 ). It was found that J. D. 's

cells have receptors, but that the receptors cannot localize

in coated pits or be internalized (Anderson et al., 1977 b).

An analysis of J. D. 's family permitted the conclusion that

the gene for binding LDL and the gene for internalizing the

receptor are allelic. Three mutant alleles are known in

all ; one results in no binding, one in reduced binding, and

the other in no incorporation of the receptors into coated

pits (Goldstein & Brown, 1977 a). Calculations estimate that

at 37°C about one half of the receptors are internalized

every three minutes (Goldstein & Brown, 1977 b) and an amount

of LDL equal to the steady-state cellular content of
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lipoprotein is taken up and degraded about every 90 minutes

(Goldstein & Brown, 1976 ). Recently, Anderson et al. (1978)

immunized rabbits with bovine coat proteln (see below) and

applied the antibody to fibroblasts. The antibody was visu

alized by immunohistochemistry at the light and electron

microscopic levels. The antibody bound specifically to

coated pits and coated vesicles, and the pattern of these

labeled Structures was similar to the pattern of labeled LDL

binding. Freeze-fracture and deep-etching have also been

applied to this system (Orci et al., 1978); and data from

isolated fibroblast membranes is consistent with the schema

of LDL utilization worked out on intact cells (Basu et al.,

1978). All of the work on the LDL pathway has been recently

reviewed (Silverstein et al., 1977; Brown & Goldstein, 1979;

Gold Stein et al., 1979 ).

In summary, the LDL particles are taken into fibrob

lasts via receptor mediated endocytosis. The receptors are

recycled (as shown by experiments with cyclohex imide) even

if they do not have bound LDL. The LDL is led to lysosomes

where degradation releases the cholesterol into the cell.

The cholesterol is then used for metabolic functions of the

cell, and it regulates its own synthesis and that of its

receptor.

There has been some work on other uptake systems in the

fibroblast that helps even more in understanding the func

tioning of this cell. The epidermal growth factor (EGF)

System is one of these. Carpenter and Cohen (1976) showed
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that labeled EGF binds to fibroblasts at 0°C and is inter

nalized upon warming to 37°C. Degradation of EGF is blocked

by chloroquine (which blocks lysosome function) and requires

metabolic energy. After degradation no more EGF binds for a

while and over 10 hours binding capacity returns. Recovery

requires both prote in and RNA synthesis. Schlessinger et

al. (1978) studied the binding of fluorescent derivatives of

insul in and EGF to 3T3 fibroblasts. Both bound diffusely

°C and theand Stayed that way at 4°C, a few minutes at 37

bound hormone was reorganized into patches. With in 30

minutes much of the label was in tracellular. These data

indicate that the EGF and insul in receptors are triggered to

gather by binding, unlike the receptors of the LDL system

which appear to gather into coated pits independent of LDL

binding. Youngdahl-Turner et al. (1978) found that labeled

transcobal amin Il also binds at low temperature and is

internalized and degraded in lysosomes at 37°C. By label ing

both the prote in and vitamin moieties of the compound , both

can be followed (Youngdahl-Turner et al., 1979), demonstrat

ing that lysosomal degradation is necessary for release of

the cobal amin. In this case, unlike the LDL system, regula

tion of receptor could not be demonstrated. High affinity,

Saturable uptake of a 2-macroglobulin (92M) was demon Strated

by Van Leuven et al. (1978). Uptake is on the order of

hours and degradation is rapid. Maxfield at al. (1979 a)

looked at the up take of a2M, insul in , and EGF. They con

cluded that although uptake is similar to LDL, clustering
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were found to inhibit clustering. Further experiments (Max

field et al., 1979 b) used fluoresce in-a2M and rhodamine
insul in or rhod an in e-EGF. The two labels were found in the

same clusters indicating that the three hormones are taken

up by the same mechanism. Antibodies against 32% were

revealed by electron microscopy to be localized over coated

pits. So the uptake of these substances differs from that

of LDL in Some important ways.

It has been briefly mentioned that the coated pits and

coated vesicles involved in endocytosis have a honeycomb or

hexagonal coat. This coat has been studied both structur

ally and biochemically. Keep in mind that although Several

functions for endocytosis have been reviewed in this Sec

tion, the function of paramount importance for this thesis

is that involved with the recycling of synaptic vesicle mem

brane at nerve terminals, as reviewed in the first Section

of this introductory Chapter. For this function it is the

coat material discussed below that is operative during endo

cytosis. It was pointed out that uptake of large particles

involves microfilaments of a quite different nature.

Kanaseki and Kadota (1969) studied coated vesicles iso

lated from guinea pig brain. They described a coronet or

basket of regular pentagons and hexagons with sides of equal

length (about 240 angstroms). No support was seen between

the vesicle and the basket, which was made up of chains

about 70 angstroms in diameter. They discussed the coat
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rounds what will be the vesicle and then some of the hexa

gons convert to pentagons around the neck; this would result

in curvature. They argued for an active role of this

filamentous coat in membrane movement S. Later experiments,

which involved tilting of the Specimen in the electron

microscope, did demonstrate the existence of varying numbers

of hexagons and pentagons (Crowther et al., 1976). Pearse

(1975) isolated coated vesicles from pig brain and charac

terized them as containing mainly one prote in Species, with

a molecular weight of about 180,000 daltons (180K). If the

preparation was treated with trypsin, the coat S were gone

and so was the 180K species. She named the prote in "clath

r in ". Coated vesicles were isolated from a variety of

preparations including brain, adrenal medulla, and a lym

phoma cell line (Pearse, 1976). All have the 180k clathrin

and peptide maps suggest conservation of the amino acid

Sequence in all these places. These coats are of different

Sizes and come from different species and yet the amino acid

Sequences appear to be very close. In addition, the pro

teins other than clathrin are similar (Pearse, 1978). Ock

leford (1976) and Ockle ford and Whyte (1977) studied coated

vesicles from human placenta and they report three major

bands at 180K, 120K, and 55K. They propose that the subun

its of the coat (the short rods) are made up of these three

proteins. They also report minor bands at 97 K, 84K, and

16K. Woodward and Roth (1978) used coated vesicles from pig
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preparation is mostly coats (without vesicles) there is less

of the 55K species; and they suggest that it may, therefore,

be vesicle associated. They found that the coats could be

Solubilized by 2 M urea, 0.25 M MgCl2, or pH 7.5, and the

Solubilized protein then reassembles into coats up On

appropriate treatment. They do not suggest a possible func

tion for the 125K species. Keen et al. (1979) went a step

further with their work on coated vesicles from bow in e

brain. The clathrin Wa S solubilized in 0. 5 M

tris (hydroxymethyl)methyl ammonium chloride, and electron

microscopy of this extract showed there were no baskets,

only filamentous aggregates. By gel filtration (a procedure

that does not de nature the proteins) they resolved clathrin

(180k) and a 1 1 0 K species. They found that baskets can be

reassembled from unfractionated extract (both proteins still

present), but not from either of the resolved fractions

alone. However, the 180K and 1 1 UK species can be separated

and then remixed and this mixture will reassociate into

baskets. Under very special conditions the 18 UK alone can

form baskets; but , of course, a little contamination by the

1 10K species is possible. It appears that while the clath

rin makes up the main structural components of the coat, the

1 10K species may be intimately involved in holding the coat

together, perhaps at the vertices. Keen et al. (1979) also

reported the presence of the 55K protein species. Results

from this paper indicate that the clathrin monomer is not



- 59 -

disulphide linked and the basket is held together by non

covalent bonds. Clathrin is not an in trinsic membrane pro

tein (Singer & Nicolson, 1972) in that deter gent is not

necessary to dissociate it from the membranous vesicle.

Schoolz et al. (1979) isolated bovine brain coated vesicles

and used 2 M urea to separate the coat S. They found that

clathrin coated Lytron beads bind G-act in , F-actin (six

times as much ), and Q-act in in , but not tropomyosin or albu

min. They also reported that high pH dissociates the

baskets into elongated molecules, and they found that ATP

(more than 1 mM), or hypertonic media, or EDTA prevent the

reassociation of the proteins into coats. They place clath

rin in the group of mechanochemical proteins on the basis of

its inter action with other proteins of the group and its

role in cellular processes involving movement. They suggest

that perhaps the cell uses the concentrations of ATP,

divalent cations, or salt, or the pH to control the polymer

ization of clathrin.

Blitz et al. (1977) isolated coated vesicles from rab

bit brain and found 100K and 55K bands that comigrate on SDS

gels with two bands from sarcoplasmic reticulum (SR ) of mus

cle. They have calcium activated ATPase activity and take

up calcium from the medium. The 100K prote ln of coated

vesicles displays immunological cross-reactivity with serum

versus the 100K calcium ATPase of SR, and as with the SR

protein, it becomes radiolabeled when incubated with

labeled ATP. Finding an organelle from brain that appears
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to be so similar to SR makes these observations very

interesting. But it is difficult to be sure that this

organelle is coated vesicles, because of the presence of

some larger membranous vesicles in the fractions isolated by

Blitz et al. (1977).

He user (1980) applied the quick-freezing and deep

etching rotary shadowing technique to the study of the

clathrin coat. He suggested on Soley morphological ground S

that the coats grow by accretion of new subunits at the

edges of the coat. He found that the more curved the coat

is , the more pentagons are present in its structure; this

supports the original theory of Kanaseki and Kadota (1969)

as to how the curvature is accomplished. Lovine brain

coated vesicles (they are small) consist of more than 50%

pentagons. It is clear that over the years a great deal has

been learned about the coated vesicle and how it might func

tion in endocytosis.

It is hoped that the for egoing review of exocytosis,

membrane recycling, and endocytosis has put the problems

considered in the Chapters to follow in perspective. It is

this body of research, carried out over many years, and in

many different laboratories upon which my work has been

built.
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Chapter II. GENERAL MATERIALS AND METHODS.

II. A. General Proceedures and Quick-freezing.

Cutaneous pector is muscles, along with their nerves,

were dissected from frogs (Rana pipiens) of approximately

one inch body length ( Hazen Farms, Vermont). They were kept

in a pH 7.0 Ringer consisting of 116 m/4 NaCl, 2 mV. KCl , 2 mº■

CaCl
1 mM NaH2PO4, and 11 mM He pes buffer for one to ten2 ”

hours at hºc until shortly before time for freezing. At

that time they were placed in room temperature Ringer

appropriate for the experiment that day.

The living nerve-muscle preparation was quick-frozen by

applying the tissue to an ultra pure copper block cooled to

4°K with liquid helium. Freezing tissue against a cold

copper or silver block was first suggested by Eranko (1951; ).

He pointed out that the high thermal conductivity of the

metals as compared to organic liquids would result in much

more rapid freezing. Eranko used liquid air or an acetone

and Solid CO2 mixture to cool the copper blocks, which were

Simply mounted onto the end of a pair of for ceps. Van Har

reveld and Crowell (1964) developed a freezing machine the

design of which is the basis for the machine used in these

experiments. They cooled the silver block with liquid

nitrogen, and did not believe better results could be

obtained with liquid helium. The technique was used for a

Study of changes in the amount of extracellular space in

mouse cerebellum during anoxia (Van Harre veld et al., 1965).
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The technique was developed further and used for a study of

frog muscle during contraction (Van Harre veld et al., 1974).

In this paper Van Harre veld introduced the now widely used

term "quick-freezing" for this procedure. He discussed the

potential of the technique for Stopping physiological

processes rapidly, even those as rapid as Synaptic trans■ hi S

Sion. He estimated that the first 10 micrometers of tissue

can be frozen in about 8 milliseconds with liquid nitrogen

as the coolant. Other workers have also quick-frozen with a

copper block and liquid nitrogen (Christensen, 19'■ 1; Dempsey

& Bullivant, 1976 a , 1976 b ). He user and Reese developed the

technique further; they designed and built a freezing

machine that works dependably and reproducibly (Heuser et

al., 1976). He user and Reese added the refinement of using

liquid helium as the coolant , which did result in signifi

cantly more rapid freezing (He user et al., 1979).

The quick-freezing apparatus used in these experiments

(figure 1) has the copper block mounted above a storage

dewar of liquid helium; the bottom of the block is bathed in

a Spray of liquid helium, with the helium gas escaping

around the sides. A shutter remains over the block until

just before freezing to prevent elements of the atmosphere

from crystalizing on its cold surface. The tissue is

mounted on a freezing head whlch in turn plugs into a

plunger that rides on roller bearings and can free-fall

toward the block. The free-fall is begun electrically with a

Starter Solenoid. The freezing head has two aluminum stimu
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lating electrodes located so that the nerve can be draped

over them. This allows the nerve to be stimulated with a

supramaximal pulse either after the freezing head is plugged

into the freezing machine, or on the work bench if the time

from stimulus to freezing is so long that there is danger of

the tissue drying out. In order to Stimulate the nerve just

before freezing, the Grass model SH 8 stimulator (Grass

Instruments, Quincy, MA) is activated by a Reed relay which

is triggered during the fall by a magnet located on the

plunger. The location of the Reed relay can be changed to

get different stimulus to freeze intervals.

The tissue was frozen on a freezing stage which was

designed to attach to the freezing head for quick-freezing

and then to mount directly onto the Stage of the freeze

fracture apparatus. The freezing stage consists of an

aluminum disc with a strip of filter paper epoxied to it ; a

plastic ring glued around the perimeter of the disc prevents

crushing of the tissue. An 800 micrometer thick slice of

fresh frog liver soaked in experimental Ringer was placed on

the filter paper and then the muscle was removed from its

Petri dish and delicately draped over the liver. The muscle

and nerve were situated and the specimen was blotted almost

dry just before freezing. If the preparation needed to

remain on the freezing machine for any length of time before

freezing, it was protected from the flow of cold helium gas

escaping around the block by covering it with a moistened

Styrofoam bucket. The liver served to cushion the specimen
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from the impact of the fall by flattening out as the muscle

froze until the plastic ring came into contact with the

block. An electromagnet held the freezing head against the

block to prevent bouncing. After freezing, the freezing

head was unplugged from the plunger and the electromagnet

turned off ; the freezing head was then immediately plunged

in to liquid nitrogen (-196°C) and the freezing stage with

attached specimen was pried off. The specimens were kept

under liquid nitrogen until time for freeze-fracture.

The rate of freezing with this apparatus has been meas

ured by use of a capacitance circuit (He user et al., 1979).

The first ten to fifteen um of tissue freezes with in about

two milliseconds, which prevents the formation of large ice

crystal S.

II. B. Freeze-Fracture.

Freeze-fracture (Moor & Muhlethaler, 1963; Branton,

1966; Moor, 19'■ 1) was carried out in a Balzer's 301 freeze

fracture apparatus (Balzer's Corporation, Lic tenstein). The

Specimen was coated with Fre on 22 before transfer to the

Balzer's to prevent thawing of the tissue in the air. The

Fre on melted during transfer and so the specimen was bathed

in -100°C liquid Freon until there was good thermal contact

with the cold (-196°C) stage in the Balzer's. After mount

ing, the Specimen temperature was raised to -120°C where it

was held for between 30 Hinutes and two hours for pump down.

When a vacuum of 2x107° torr or better was obtained the
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tissue was either fractured and replicated immediately with

platinum-carbon at - 120°C or raised to -100°C, fractured,

etched for 30 seconds, and then replicated. Since only the

first 10-15 micrometers of tissue were well frozen, the

fracturing process was extremely delicate. Each muscle was

fractured very superficially by just grazing the surface

with a very sharp razor blade. After fracturing, the speci

men was removed from the Balzer's and placed directly into

methanol Slush. The methanol served to kill the muscle

before it thawed, and so prevented it from twitching and

destroying the delicate replica on its surface.

II. C. Electron Microscopy.

The specimens were removed from the methanol and placed

in Purex bleach (sodium hypochlorite solution). The bleach

dissolved the tissue and freed the replica with in a few

minutes. The replicas were left in Purex for 1.5–2 hours

and then transfered through three changes of clean water and

picked up on formvar coated 75 mesh EM grids. The replicas

were Studied at 80 kilovolts in a JECL 100B electron micro

SC Ope. Every well frozen end-plate found was photographed

for later analysis. A good end-plate was found in about

every other muscle processed.
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Chapter III. STUDIES OF EXOCYTOSIS.

III. A. Introduction.

Heuser and Reese had obtained evidence from their

quick-freezing experiment S that suggested that changes in

cell turgor or tension in the cell membrane can affect the

rate of synaptic vesicle collapse after exocytosis. An ini

tial comparison between the number of vesicle openings and

the number of quanta released in 1 AP made it evident that at

low concentrations of HAP fewer openings were visible than

should have been (Heuser & Reese, 1979 ). It was later real

ized that counting groups of large in tramembrane particles

next to the active zones as late forms of exocytosl S

corrected the data (Heuser et al., 1979 ). This suggested

that exocytosis was too fast to be captured by quick

freezing when stimulation was carried out in normal Ringer,

and that some of the synaptic vesicles had fully collapsed

before freezing was complete. Why then were so many synap

tic vesicles caught in the early stages of exocytosis at

high HAP concentratlons? An obvious poss 1 bility is that

they collapse more slowly in H.A.P. It was then further

noticed that while fewer vesicle openings resulted from a

Stimulus in 14 AP i■ the muscle was soaked in hypertonic

Ringer, those that did open lasted much longer (He user &

Reese, 1980).

These observations could be explained by considering

the tension on the nerve terminal membrane. The total
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tension is made up of the inter facial tensions and the elas

tic ten Sion. Inter facial tensions of artificial lipid

bilayers between two aqueous solutions are in the range of

0. 5-1, dynes/cm ( Tien & Diana, 196'■ ). Measurements on bio

logical membranes show them to have Somewhat lower inter fa

cial tensions (Jones, 19 (b. ), possibly due to adsorbed sur

face active molecules. Lifferent cells can have different

inter facial tensions in their membranes, and the tension

appears to vary according to the composition of the membrane

(Maji et al., 1971). Addition of surface active molecules

increases membrane area and decreases inter facial tension

(Seeman et al., 1969; Shri vastav & Burton, 1970). Cell mem

branes have elastic properties and can be Stretched

(Braasch, 1969); there is also evidence of a net hydrostatic

pressure across the red cell membrane (Shri vastav & Burton,

1970), which Stretches the membrane. The stretching

increases the inter facial tension and may also add an elas

tic tension that is not at the interface. Such a pressure

gradient would be expected in all cells because the osmotic

gradient caused by the Donnan Equilibrium tends to draw

water in . Thus, the membrane of the nerve terminal may be

expected to be under tension.

The Synaptic vesicles would collapse more slowly lin

4AP, then, because so many other synaptic vesicles had

already discharged. The first few vesicles to collapse add

membrane to the surface of the terminal; addition of this

Vesicle membrane would decrease both components of the mem
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brane tension. The inter facial tension would be reduced

because of the addition of surface active phospholipids to

the membrane, and the elastic tension would be reduced

because of the increase in membrane area. In addition, the

synaptic vesicle membranes have many more lipid molecules in

the cytoplasmic leaflet than in the extracellular leaflet.

The asymmetrical addition of lipid to the surface membrane

would also tend to slow the collapse of the synaptic vesi

cles (Sheetz & Singer, 1971; ). This effect would be more

noticable at low l; AP concentrations, if it is assumed that a

more or less constant number of synaptic vesicles must

discharge to slow the remaining exocytotic events enough to

be captured by quick-freezing; this number would be more

Significant when less quanta were released. This is Sup

ported by the observation that the fraction of the total

number of vesicle openings that are already collapsed five

milli seconds after the St lmulus decreases as the l! AP concen

tration increases (Heuser et al., 19'■ 9 ). The sucrose data

would be explained, then, as due to the shrinkage of the

nerve terminal (Clark, 1976), which would also decrease the

tension in the membrane and make synaptic vesicles collapse

more slowly. The fact that fewer synaptic vesicles open if

the Ringer is hypertonic is consistent with observations

that hyperton icity can depress the end-plate potential (Hub

bard et al., 1968; Kita & Van Der Kloot, 1977).

These considerations led to the experiments presented

below. In order to provide support for this theoretical
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framework, as well as to provide evidence against the argu

ment that HAP per turbs the basic function in g of the

transmitter release mechanism, attempts were made to capture

exocytosis in response to a single Stimulus in normal Ringer

by treating the terminals in Such a way that exocytosis

would be slowed. Two approaches were tried : one was to

shrink the terminals by Soaking in Ringer plus Sucrose, and

the other was to deliver a train of stimuli just before the

test stimulus and so expand the surface membrane by addition

of synaptic vesicle membrane to it. The experiments were

not successful; the results are presented here as an aid to

future investigators working on Similar problems.

III. B. Specific Materials and Methods.

III. B. 1. Electrophysiology.

Intracellular recording was done using classical

methods (Fatt & Katz, 1951). Microelectrodes were pulled to

a resistance of 10 to 20 M Q and were filled with H M potas

Sium acetate. Solution changes were accomplished through

the use of a continuous per fusion apparatus; the nerve was

placed across silver electrodes for stimulation, and was

isolated from the bath by petroleum jelly. Experiments on

miniature end-plate potential frequency were done by filming

the response of the end-plate for 15 minutes with a Grass

model C R A kymograph camera and then counting the miniature

end-plate potentials in 15 or 30 second time slots,
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throughout the 15 minutes. The points plotted in figures 3

and l are placed in the middle of the time slot counted.

Experiments testing the response of the end-plate potential

to trains of stimuli were done in curare to prevent twitch

ing of the muscle, and the amplitudes of the curarized end

plate potentials were measured directly on the screen of the

Storage oscilloscope. All experiments were done at room

temperature.

III. B. 2. Sucrose Experiments.

The solutions for the sucrose experiments consisted of

normal Ringer (see Section IIA) plus sucrose in the concen

trations given in the Results section.

III. B. 3. Experiments with Trains of Stimuli.

These experiments were carried out in normal Ringer.

The muscles were stimulated with 5 volt pulses of 0.2 mil

lisecond duration with a Grass model Sl. 8 stimulator at rates

given in Results.

III. C. Results.

III. C. 1. Electrophysiology.

The sucrose experiments were aimed at shrinking the

nerve terminals, resulting in a redundancy of the surface

membrane. Sucrose does have effects on the physiology; the

Significant effect to consider here is that it increases the
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miniature end-plate potential frequency (Fatt & Katz, 1952).

This increased number of miniature end-plate potentials

would appear as vesicle opening S., which might or might not

be at the active zones, and could obscure the data on evoked

release. Thus a concent ration of sucrose had to be chosen

that would cause a large enough redundancy of the Surface

membrane and yet not produce a high background of vesicle

openings. Figure 2 represents a summary of data from the

literature on the effect of osmotic pressure on miniature

end-plate potential frequency. It is clear that there is a

good correlation between the logarithm of the frequency

after the change in osmolarity divided by the frequency in

the original solution (f/foº and the relative osmotic pres

Sure (P/Pe). Since there are about 1120 micrometers of

active-zone on each nerve terminal (He user et al., 1979), a

frequency of four miniature end-plate potentials per second

in 50 mM Sucrose would result in only about one synaptic

vesicle opening for every 100 active-zones, even if each

opening lasted one second. So at levels of hypertonicity in

this range, background should be no problem. Fur shpan

(1956) demonstrated that different fibers behave differently

in hypertonic solutions. Figures 3 and l are examples of

data from individual muscle fibers treated with 50 mM or

90 mM sucrose respectively. These figures show how the

miniature end-plate potential frequency may increase rapidly

and then drop to a plateau (figure 3), or it may simply rise

to a plateau more slowly (figure 4). In either case, the
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plateau is usually reached by about 5 minutes after exposure

to the hypertonic solution ; and so , all muscles were quick

frozen at this time (whether stimulated or not ).

During stimulation at 20 Hz the end-plate potential is

depressed by no more than about one half of its normal value

after a second, and it then stays at that level during

further stimulation ; in some fibers it does not decrease at

all (data not shown). Recovery from the depression takes 15

to 30 seconds (data not shown ). It can be estimated that a

Surface redundancy similar to that obtained by soaking in

50 mM sucrose will result from stimulation at 20 Hz for 10

Seconds. Since depression after such a train is not severe,

a test stimulus can still be given just before freezing. It

was also observed that the increase in miniature end-plate

potential frequency following a train of Stimuli was not

severe enough at 20 Hz to cause problems due to background

exocytosis.

A number of different sucrose concent rations and

Stimulus paradigms were tried. The examples presented below

serve to illustrate the results generally obtained.

III. C. 2. Sucrose Experiments.

Figure 5 shows a low magnification of a quick-frozen

frog neuromuscular junction. Note that the nerve terminal

appear S to be segmented, as it is embraced periodically by

finger S of the Schwann cell that is associated with it. The

active-zones appear as bands and are always aligned with a
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Figure 6 is a higher magnification of a terminal frozen

after 5 minutes in 70 in M sucrose. Note that several vesicle

openings are present. Although these appear to be endo

cytotic, presumably due to membrane retrieval stimulated by

the increased miniature end-plate potential frequency, one

of them is suggestively close to the active-zone. This is a

problem, for often in hypertonic media openings are located

in a question able position. This particular terminal was

stimulated five milliseconds before freezing, but there was

no discern able difference between Stimulated and un Stimu

lated terminals. These experiments do point out that this

is too much sucrose, with either the increased miniature

end-plate potential frequency or the altered surface to

volume ratio Stimulating a lot of background endocytosis.

In addition, openings were found very close to the active

zones in both stimulated and unstimulated preparations.

An un Stimulated terminal soaked in a lower level of

sucrose (50 mM) (figure 7) shows that this level of hyper

tonicity does not produce a background of endocytosis or

exocytosis. Unfortunately, Stimulation five milli Seconds

before freezing did not change that picture. In 12 out of

13 end-plates no morphological correlates to the evoked

release were seen (figure 8). One end-plate that had been

Stimulated in 50 IIM sucrose did show the expected number of

exocytotic figures, two openings on eight active-zones.

This terminal (an E-face ) is shown in figure 9. Repetitions
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of this experiment made it clear that this result could not

be readily reproduced.

III. C. 3. Lxperiment S with Trains of Stimuli .

These experiments did not yield useful results either.

Micrographs of terminals stimulated at 20 Hz for 10 seconds,

then rested for 2 seconds, and then frozen either without

stimulation (figure 10) or five milli seconds after a single

stimulus (figure 11) demonstrate that no differences in the

morphology are detect able. Exocytosis was not caught.

III. D. Discussion.

The considerations out lined in Section IIIA suggest

Strongly that the approaches used in these experiments

Should make it possible to catch the exocytosis of synaptic

Vesicles associated with a single stimulus in normal Ringer.

Why then could this not be accomplished ?

In the sucrose experiments several possibilities are

evident. Perhaps 50 mM Sucrose is not enough to cause the

Surface redundancy needed to Slow exocytosis enough that it

can be caught by quick-freezing. However, as seen, more

Sucrose changes the physiology of the preparation so much

that any valid results would be obscured. Sucrose does

depress the end-plate potential at the neuromuscular junc

tion pre Synaptically (Hubbard et al., 1968; Kita &

Van Der Kloot, 1977) and this depression could be profound

enough to push the number of vesicle openings associated
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with stimulation to a non-detectable level. Another possi

bility is that the nerve is cooled so much during the fall

toward the copper block that nerve conduction is blocked and

the action potential never invades the nerve terminals. A

special shutter was made for the freezing machine which cut

the flow of helium before impact ; it was designed Specifi

cally to avoid pre cooling. Repetition of all the experi

ments using this shutter did not change the results.

The experiments with trains of stimuli might have been

expected to work well, in that the addition of synaptic

Vesicle membrane to the Surface of the terminal would mimic

the situation with HAP even more closely than would the

Sucrose. It is possible that the end-plate potential was

depressed beyond the useful limit; although the physiology

experiments presented above make this seem very unlikely. It

is possible that the addition of Synaptic vesicle membrane

occured over too long a period of time and so compensatory

endocytosis had already diminished the effect on the tension

in the membrane. It would be difficult to improve on this

Situation because stimulating at a higher rate results in

greater depression so that no more quanta per second are

released ; in addition, the higher stimulation rate would

result in a more greatly depressed response to the test

Stimulus.

Although these experiments did not succeed, the general

View of the relationship between tension in the membrane and

the Speed of vesicle collapse presented in Section IIIA may
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still pertain. In fact, the data presented in Chapter IV is

not only consistent with these ideas, but Supportive of

them.
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Chapter IV . STUDIES OF ENDOCYTOSIS.

IV. A. Introduction.

One result of exocytosis at the neuromuscular junction

is a net add it on of synaptic vesicle membrane to the surface

of the terminal. As discussed in Chapter I, the economy of

the synapse demands that at least some of this membrane be

retrieved and reused for a new generation of Synaptic vesi

cles. Quick-freezing afforded the opportunity to gain more

accurate in formation than is possible with other techniques

on the location, time course, and quantity of the compensa

tory endocytosis that follows a burst of transmitter release

( and thus exocytosis of synaptic vesicles). The main prob

lem is that only 100 to 200 quanta of transmitter are

released from a neuromuscular junction Stimulated in normal

Ringer (Martin, 1955; Heuser et al., 1979). Since, in the

small frogs used in this study, there are about 420 microme

ters of active zone on one end-plate (Heuser et al., 1979)

one could expect only one synaptic vesicle to undergo exo

cytosis every 2 to 11 micrometers of active zone. Since one

often sees only a very small area of a given endplate , this

is not enough activity to be able to follow the compensatory

endocytotic response accurately. To circumvent this problem

the drug li-aminopy ridine (11 AP) was used. l! A P results in

about a 50 fold increase in the amount of transmitter

released after a single stimulus. 3000 to 80 UU quanta are

released, which is equivalent to 15 to 20 vesicles
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undergoing exocytosis per micrometer of active zone (He user

et al., 1979). I, AP is known to block the voltage sensitive

potassium channels in giant axons (Pelhate & Pichon, 1974;

Mewes & Pichon, 1975; Yeh et al., 1976) and so prolong the

action potential. It is likely that it also prolongs the

action potential at the frog neuromuscular junction, which

would allow more calcium to enter the terminal. This alone

may explain the augmentation of the end-plate potential;

giant end-plate potentials also result from treatment of

frog neuromuscular junction with another drug that blocks

potential dependent potassium channels (tetraethyl aminonium )

(Katz & Miled i, 1977 b).

The tremendous release in l; AP results in a profound

endocytotic response that can be followed with quick

freezing. The stop action effect of quick-freezing also

opens the possibility of catching intermediates of a single

endocytotic event.

IV. B. Specific Materials and Methods.

IV. B. 1. l■ AP Experiments.

The HAP Ringer used for these experiments was at pH 7.0

and contained 1 mM L AP, 116 mM NaCl, 2 mM KCl , 10 mM CaCl2,
and 4 m M. He pes buffer. The 10 mM calcium was necessary to

prevent multiple action potentials in response to a single

Stimulus (He user et al., 1979). Each muscle was soaked in

the HAP Ringer for 110 to 60 minutes before freezing.



- 79 -

IV. B. 2. Quantitative Analysis and Statistical Methods.

For quantitative analysis, electron micrographs of the

neuromuscular junctions were printed to a final magnifica

tion of 90,000 times. The end-plate surface was divided

into three areas: (1) the active zone and the region on

either Side of it where exocytosis occurs, which is 95.5

nano■ meter S on either Side of the center of the active Zone

(Heuser et al., 1979), (2) the open area on the terminal

between active zones, (3) the area beneath the Schwann cell

fingers which embrace the terminal. Areas 2 and 3 were out

lined on each micrograph and the length of each active zone

marked . The area of area 1 was then determined by measuring

active zone lengths and multiplying that by the width of

area 1. A Las ico rolling desk plan imeter and auto-scaler

(Los Angeles Scientific Instrument Company) was used to

measure are as 2 and 3. In order to get the area of area 2,

are as 2 and 1 were measured together and then the calculated

area for are a 1 for that micrograph subtracted from the

a T S W e r" . Endocytotic events were counted and classified as

to their appearance and locat lon. Concentrations of endo

cytotic figures were calculated individually for each area

of each end-plate studied. This yielded distributions of

concent rations. Individual concentrations were used as data

points for comparison of the different times. The conce n

tration S of endocytotic figures at a given time point were

not normally distributed and did not have comparable vari

ances, so a non-parametric test (Mann-Whitney U test ) was
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used to test for Stastistically Significant differences

(Zar, 1974). The Student 's t test was used where Specifi.-

cally indicated. There is a problem with multiplicity of

testing when a group of tests are made from a Single popula

tion. The more tests one does to see if different time

points contain data from different populations, the greater

chance there is of finding a difference Significant to the

5% level between two times even if all time points contain

data from the same population. Tukey (1977) suggests that

this problem can be avoided by correcting p value S for mul

tiplicity. In this case the p values must be multiplied by

the number of tests: this is 7 for the analysis of the

whole end-plate area and for areas 2 and 3, and 2 for the

analysis of area 1. The p values reported in the results

are directly from the U distribution, so if corrected values

are desired simply multiply these by 7 or 2.

IV. C. Results.

Replicas of nerve terminals quick-frozen at various

times after a single stimulus in 14 AP were studied. Table I

lists the time points studied and the number of muscles,

number of end-plates, and total area studied at each time

point.

IV. C. 1. Qualitative Effects of Stimulation.

Figure 12 shows the P face of a nerve terminal that was

Soaked in HAP but not stimulated before freezing. There are
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no distinguishable morphological differences between a ter

minal so treated and one which was not exposed to H.A.P. Note

the complement of intra■ hembrane particles present on the

presynaptic membrane; the active zones are seen as ridges

lined by double rows of large particles. For the purposes

of this study the surface of the nerve terminal was divided

into three areas (see Section IWB ). Area 1 is the active

zone and the region on either side of it where exocytosis

occurs, area 2 is the open area on the terminal, and area 3

is the are a located beneath the Schwann cell fingers.

A terminal that was stimulated in l; AP and quick-frozen

five milliseconds later is shown in figure 13. Note that a

number of structures have appeared, consisting of pits in

the presynaptic membrane that line the active zones (they

are all located in are a 1 ). Five milli second s is the time

when transmitter release is at its height, and these struc

tures represent the Synaptic vesicles caught in the act of

releasing their transmitter by exocytosis (Heuser, 19'■ (;

He user et al., 19'■ 9 ). The pits are the freeze-frecture view

of openings between the extracellular space and the synaptic

vesicles, which lie just below the membrane in the cyto

plasm. In thin sections this interpretation is born out in

that the structures in confluence with the presynaptic mem

brane are the size of synaptic vesicles, do not have a cyto

plasmic coat , and are located at the active zones just where

Synaptic vesicles are known to be poised in unst imulated

terminals (Heuser, 1977).



- b2 -

A terminal frozen one second after a stimulus in HAP is

shown in figure 1 H. The picture now looks quite different

from either the unst imulated or the five milli Second case.

First consider the structures marked by the arrows in figure

11. They are dents in the presynaptic membrane which are

larger than synaptic vesicles and do not appear to concen

trate or exclude intram, embrane particles. They are located

both at the active zones ( in area 1 ) and away from them ( in

are as 2 and 3). At lower magnification (figure 15) it is

even more clear that these dents are located all along the

terminal. Thin section Studies reveal two important charac

teristics of these structures: (1) they take up the extra

cellular tracer ferrit in and are there fore endocytotic , and

(2) they do not have the fuzzy cytoplasmic coat characteris

tic of endocytotic structures in many systems (Heuser &

Reese, 1979). The Se Structures are here termed the

"uncoated pits".

Now consider the structures enclosed by circles in fig

ure 111. These Structures are not present on un Stimulated

terminals; they are located only in are as 2 and 3 (never

Seen at the active zones) and consist of groups of large

intramembrane particles or groups of large particles in

Shallow or deeper depressions. It is possible to classify

these structures into four forms (figure 16 ). Form 1 is a

group of large intram embrane particles consisting of at

least two particles, touching each other, one of which is

larger than the uniform large particles lining the active
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zones; form 2 is a group of large particles in a shallow

depression ; form 3 is a group of large particles in a deeper

depression. The distinction between form 2 and form 3 is

arbitrary and nothing in the analysis to follow critically

depends upon it. Form four is an ice filled depression in

the presynaptic membrane which ls interpreted to be a pit

which is so deep that the group of large particles can no

longer be seen . The neck becomes So narrow and the turn

into the pit so sharp that the fracture plane is unable to

follow the membrane and so it cross-fractures the ice in the

neck.

These freeze-fracture structures correspond to coated

pits of various depths. Akert et al. (1969, 1972) noted

similar structures on synapses in the cat subfornical organ

and interpreted them to be endocytotic. He user and Reese

(1977) observed them in the olfactory bulb and pointed out

that thin sections show them to be coated pits. He user

(1976 a , 1977) observed them at frog neuromuscular junction

and again pointed out that thin Sections Show them to be

coated pits. Their identity was very convincingly demon

strated at the frog neuromuscular junction by the use of the

pre Synaptic neuro to X in 8-bungaro to X in . This toxin blocks

recycling at the coated pit stage (Las Singal & He user ,

1977), producing a tremendous buildup of coated pits on the

nerve terminal surface. All l; for ■ n's are Seen in freeze

fracture and thin sections of terminals identically treated

reveal the presence of numerous coated pits (Heuser & Reese,
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1979).

The large intramembrane particles that are gather ed

into the coated pits are similar in size and number to the

large particles located in the membranes of the synaptic

vesicles (figure 17). These are apparently macromolecular

components of the synaptic vesicle membrane that are being

recycled along with the membrane itself (Heuser & Reese,

1975 a , 1980).

Terminals frozen 5 and 10 seconds after a stimulus in

HAP are shown in figures 18 and 19. At these times there

was a moderate concentration of coated pits in are as 2 and

3; there was no activity in area 1. At 30 seconds after the

Stimulus (figure 20) a very high concentration of coated

pits was found , all in are as 2 and 3, with all four forms

being represented. Again there was no endocytosis at the

active zones; nor were any uncoated pits found anywhere on

the terminal. By 60 seconds after the stimulus (figure 21 )

the endocytotic response had waned and a moderate concentra

tion of coated pits was found, similar in amount to that

found at 5 and 10 seconds. Again, area 1 was free of

activity. By 90 seconds after the stimulus (figure 22) the

response is nearly complete and so endocytotic figures were

rarely found.

IV. C. 2. Quantitative Effects of Stimulation.

A quantitative analysis of the data was carried out as

described in Section IV B. he over all abundance of endo



cytosis and the time course of the response are Summarized

for the whole end-plate area in figure 23. This is a plot

of endocytotic figures per square micrometer versus time.

End-plates were studied individually at each time point.

The points plotted in figure 23 are median Value S. Since

the distributions of concentrations were not normally dis

tributed, the median is a better measure of central tendency

than is the mean (Zar, 1974). There is a statistically sig

nificant increase in endocytotic figures from no Stimulus to

one second (p<0.005, t test ), an apparent drop to 5 seconds

(p<0. 2), no change to 10 seconds ( p > 0. 2), and a sign lificant

increase to 30 seconds (p<0.005 ) when a peak of 5.52 endo

cytotic figures per square micrometer is reached. This is

followed by significant decreases to 60 seconds (p<0.001)

and 90 seconds (p<0.001) and then no change to 120 seconds

(p.20. 2).

The histogram in figure 24 shows the data for are as 1,

2, and 3 Separately, again as median values. It is clear

that the active zones (dark stippled bar) are not the

predominant site of endocytosis. In fact, there was no

activity found in area 1 at all, except at one second when

the uncoated pits were present. There is a significant rise

in activity to one second (p<0.05, t test), and , from there,

a significant drop to 5 seconds (p<0.005, t test). Areas 2

and 3 (medium and light stippled bars respectively) show a

Similar pattern of activity but differ in magnitude. In

are a 2 there is a rise to one second (p<0.001, t test ), no
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change to 5 seconds ( p > 0. 2) or 10 seconds ( p > 0. 2), a rise to

30 seconds ( p < 0.02), a drop to 60 seconds (p<0.001) and 90

seconds (p<0.001) and no change from there to 120 seconds

( p > 0.2). In area 3 all of the same trends are present, a

rise to 1 second (p<0.02, t test ), no change to 5 seconds

( p > 0. 2) or 10 seconds ( p > 0. 2), an increase to 30 seconds

(p<0.005), a de crease to 60 seconds (p<0.001) and 90 seconds

(p<0.05) and then no change to 120 seconds ( p > 0.2).

All of the data for are as 1, 2, and 3 is shown in fig

ures 25, 26, and 2'■ . In these figures each bar represents

the concentration of endocytosis on a single end-plate.

There are several advantages to looking at the data in this

way. One can quickly get an idea of the range of the data

as well as the variance and the relative variances from time

point to time point. The shapes of the distributions are

also evident, and it should be noted that with the extreme

values included or excluded the trends are very clear-cut.

The distributions (figures 26 and 27) are almost uniformly

Skewed upward, with a group of centrally located value S and

a few high ones. This skewing and the fact that variances

are not comparable render the Student 's t test unusable and

are the reasons that a non-parametric test was used (Zar,

1974). Since the distributions are non-normal the standard

deviation S give no useful in formation about the data. Means

and medians for are as 1, 2, and 3 are plotted in figures 28,

29, and 30. The means are larger than the medians and this

difference is a measure of the ske wing of the data.



As discussed earlier the coated pits were classified

into four forms by their appearance in freeze-fracture (fig

ure 16 ). Although it is not possible to watch a Single

coated pit pass through the different forms, the circumstan

tial evidence is very strong that these four forms are

intermediates in the same process and are sequential. It is

clear that the four forms correspond to coated pits of vari

ous depths (Heuser, 1976 a , 1977; Heuser & Reese, 1979), and

since it is known that these pits are endocytotic (He user &

Reese, 1973), the deeper forms must come later. Since forms

1 to H do appear to be inter mediates in a single process, it

was desirable to compare their distributions with time with

the hope of learning something about how that process

operates. When considering the distribution of these for Ins

it is important to keep in mind that Some deep uncoated pits

yield a freeze-fracture image identical to form li of the

coated pits (see upper righth and arrow in figure 1 li ). These

structures have therefore been classified as form l; , but

this does not lead to a great deal of confusion since

uncoated pits are present when no coated pits have yet pro

gressed to the form H stage.

Figure 31 is a plot of the concentrations of the dif

ferent forms of endocytosis versus time for area 2. The

points plotted are medians but the shapes are all the same

whether means, medians, or the total number of endocytotic

figures divided by the total are a studied at each time point

are plotted. The uncoated pits are seen at one second but
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after that the data remains at the baseline ; there is also a

peak of form H at one second which is believed to correspond

to deep uncoated pits. Form 1 shows an interesting shape

with a rise to one second and then a Statistically sign l fi

cant drop to 10 seconds ( p < 0.01); there are no data in this

study which explain this drop although it could be explained

in two plausible ways (see discussion ). Forms 2, 3, and H

follow very similar time courses, a gradual rise to 10

seconds and a fall from 30 seconds on . There may be a peak

between 10 and 30 seconds which is not discerned here.

These matching time courses for the later forms are very

suggestive that a single endocytotic event (the formation

and pinching off of a single coated pit ) is short-lived

relative to the time scale of two minutes. If a single

event were long-lived relative to two minutes one would

expect to see form 2 peaking first , then form 3, and then

form H. It is also interesting that at the peak time (30

seconds) far more ones than twos were found ; there were

apparently more twos than three s; and there were more threes

than fours (see Section IWD). Considering the stop action

effect of quick-freezing and that the 11 forms represent

Stages of a single process, then one expects to find the

highest concentration of that form which lasts the longest.

So, Since the four forms are apparently sequential, the data

Suggest S that a Single event begins Slowly and then proceeds

more rapidly as the invagination gets deeper.

Figure 32 is a plot of the distributions of forms with
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time in are a 1. As pointed out previously, there is no

activity in area 1 except at one second . There are three

forms present : uncoated pits, form 1, and form 4. The ones

may be particle groups from Synaptic vesicles which have not

yet dispersed. The form in highest concentration is form H .

These are believed to be uncoated pits; this interpretation

is supported by the observation that these fours are present

when there are no twos or threes (figure 32), where as fours

seen later when no uncoated pits are present are always

associated with higher concentrations of forms 2 and 3 (fig

ure 31).

IV. D. Discussion.

IV. D. 1. Time Course of Endocytosis.

The endocytotic response to the addition of a large

amount of synaptic vesicle membrane to the surface of a neu

romuscular junction was found to follow an extended time

C O U r S 6 . Even though the synaptic vesicles have joined the

axolemma and released their transmitter with in about 8 mil

liseconds (Heuser et al., 1979), the retrieval of the mem

brane takes on the order of minutes. When the entire

pre Synaptic Surface is considered as a unit (figure 23) a

Sharp rise in activity is seen by one second followed by a

drop to 5 seconds. This drop off is due to : (1) the disap

pearance of uncoated pits, and (2) a decrease in the number

of particle groups (form 1). The activity does not change
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between 5 and 10 second S : even though form 1 is still

decreasing between 5 and 10 seconds, the increase in later

forms results in no net change (figure 31). There is a

large rise in activity from 10 to 30 seconds when a peak is

reached. An implication of Such a late peak is that on a

normally function in g terminal, endocytosis must lag well

behind exocytosis. It is likely that constant activity

results in a steady-state in which the amount of membrane

being retrieved per Second equals that released per second.

Bursts of activity or lulls in activity would then alter the

Steady-state and the rate of endocytosis would Speed up or

Slow down to compensate. Control of this endocytotic

response is of considerable interest although very little is

known about it at this time. After 30 seconds the response

declines, there being a large drop in the concentration of

endocytotic figures by 60 seconds and then another drop

between 60 and 90 seconds. By 90 seconds the response is

nearly complete.

IV. D. 2. Location of Endocytosis.

The location of endocytosis is interesting in terms of

the organization of the release-recovery machinery at the

neuromuscular junction and has been an area of active con

troversy (Ceccarelli et al., 1973, 1979 b ; Heuser & Reese,

1973). There are two apparently very different processes

that take place here, endocytosis mediated by uncoated pits,

and endocytosis mediated by coated pits. The nature of
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these processes is discussed further below. The uncoated

pits were found both at the active zones and away from them;

Cec carelli et al. (1973, 1979 0 ) were partially correct in

implicating the active zones as the site of membrane

retrieval. However, the uncoated pits were found only at

the one Second time point, and thus do not appear to be the

major pathway of membrane retrieval. He user and Reese

(1973) implicated the region beneath Schwann cell fingers as

the important area for membrane retrieval; they especially

emphasized that the Site of endocytosis was separate from

that for exocytosis. They also were partially correct in

that the process that appears to be the major pathway of

endocytosis (coated pits) was never found at the active

zones and was found both on the open area of the terminal

and under Schwann fingers. He user and Reese's ideas are

further Supported by the fact that there is a higher concen

tration of endocytosis beneath Schwann cell fingers than O I?

the open area of the terminal (figure 21, ); however, since

area 2 is larger than area 3, there are probably more coated

pits formed in area 2.

In regard to the first process, the cisternae obtained

by Heuser and Reese (1973) may have been vacuoles (flattened

during fixation) produced by the formation of uncoated pits,

which probably occur during rapid stimulation. This sugges

tion is Supported by freeze-fracture observations showing

that cisternae do not have a high concentration of large

in tram embrane particles (Damassa et al., 1976; Heuser ,
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1976 b ).

IV. D. 3. Quantity of Endocytosis.

Heuser et al. (1979 ) used quick-freezing to estimate

that about 5,500 synaptic vesicles join the nerve terminal

surface at the active zones after a Single Stimulus in 1 mM

HAP. This is about 34.2 square micrometers of synaptic

vesicle membrane and it would be very interest in g to know if

an equivalent amount of membrane is retrieved after the

stimulus. Such a comparison is difficult for Several rea

sons: (1) there was great variability from one end-plate to

another in the number of quanta released, (2) the uncoated

pits were of variable size and since there was only one time

point at which they were found (1 second ) it is difficult to

estimate their number, (3) only fractures of the nerve ter

minal surface facing the muscle were obtained but in thin

Sections coated pits were also seen to form on the surface

facing the Schwann cell, (14) since there was apparently more

than one round of coated pits formed in the two minutes

after Stimulation it is also difficult to estimate their

number precisely. With these limitations in mind the best

that can be done is a gross comparison of the membrane

released to that retrieved. The simplest way to estimate

amount retrieved is to take the peak concentration of endo

cytosis for the whole terminal, which is 5.52 endocytotic

figures per square micrometer of nerve terminal surface, and

as Sume that most of the endocytotic events are represented
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here either as an early or late form. This assumption will,

of course, make the estimate small. It is further assumed

that the concentration of endocytosis is equal on the muscle

and Schwann cell sides of the nerve terminal; this would

tend to make the estimate large if there is in fact less

activity toward the Schwann cell. By assuming the nerve

terminal to be a cylinder its surface area (A) can be

estimated by ,

A = 2 Trl

where r = the radius of the terminal, and l = trie length of

the terminal. The values used were r = 0. 6 micrometers

(He user & Reese, 1973; Steinbach & Stevens, 1976) and

l = 300 micrometers (Heuser et al., 1979). Coated pits are

about the same size as synaptic vesicles and so, using these

Simplifying assumptions (which ignore uncoated pits), the

number of coated pits retrieved (?!) should compare favorably

with the number of synaptic vesicles released.

A = 2 Trl = 2 X 3. 1 | X 0.6 um X 300 um

A = 113 1.0 unº

i■ = peak concentration X A

N = 5.52 endo/unº X 113 1.0 un” = 621, 3 endo

This estimate compares quite favorably with the number of

Synaptic vesicles released (5, 500) and the number of quanta

released (3000 to 8000), and argues that the endocytosis is

truly compensatory.
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IV. D. H. Forms of Endocytosis.

Two distinct types of endocytosis were observed. The

first was mediated by uncoated pits and appeared to be non

Selective because when the thembrane in the uncoated pits was

fractured there was no indication that intramembrane parti

cles were concentrated or excluded (figure 14). The second

endocytic process, that mediated by coated pits, did seem to

be selective because large in tram embrane particles like

those found in synaptic vesicles (figure 17) were concen—

trated into the pits. The coated pits were classified in to

four forms (figure 16) and the relative abundance of these

forms over time allows certain conclusions to be made about

the time course of the formation of a single coated pit.

The distributions of the forms versus time in are a 2,

which is the data rich are a , are plotted in figure 3 1. Form

1 rises quickly between zero and one second , then drops off

between 5 and 10 seconds, then rises to a high peak at 30

Second S and finally gradually disappears. This study does

not contain data that explains the drop in form 1 from one

to 10 seconds, but this early disappearance of particle

group S could be explained in at least two ways. It could be

that a large fraction of the particle groups present at one

Second are Simply particle groups from synaptic vesicles

which have been added to the surface and have not yet

dispersed. Then the drop between one and 10 seconds would

represent dispersal of these particles. Another possibility

is that the rise and fall of form 1 between zero and 10
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seconds represents the first wave of endocytos is mediated by

coated pits. This could be true if there is a certain

amount of coat material present at the time of the Stimulus

which is immediately available for action, and by one Second

this material has already concentrated some of the particles

from synaptic vesicles in to groups. Then the drop in form 1

would be due to these particle groups being endocytosed into

the terminal. The subsequent rise in form 1 would then be

interpreted as indicating recruitment of add it lonal coat

material from a cytoplasmic pool, as well as possible reuse

of some of the coat material involved in the first wave of

coated pits. If this second interpretation is true, then a

single endocytotic event lasts on the order of 10 seconds.

A further piece of information about the duration of a

single event comes from the time courses of forms 2, 3, and

H. Since these later forms all follow the same time course

it can be concluded that a single event is short-lived rela

tive to the two minute time scale. If this were not so form

2 would peak first, then form 3, and then form H. This is

consistent with the duration of a single event being on the

order of 10 seconds.

The relative abundance of the forms is also very

interesting. At 30 seconds there are more ones than twos

(p<0.001). There are also more twos than fours (p<0.01) and

more threes than fours (p<0.05). There is a higher mean or

median for twos than threes, although this difference is not

Statistically significant ( p > 0.2). It is not Surprising
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that the greater number of twos relative to threes is not

easily demonstrated Statist ic ally Since the distinction

between these two forms is subtle. Since the forms are

Sequential in termediates of a Single proce SS and Since

quick-freezing stops the process very rapidly at whatever

form it is in , then the higher the concentration of a form

is the longer that form must last. According to this

interpretation, these data Strongly suggests that each form

lasts longer than the form that follows it. This could mean

Simply that it takes a long time to gather the particle

groups, and So Some of the form 1 's are immature. That

interpretation leaves unexplained why two S appear to last

longer than three s and threes last longer than fours; it is

also spoken against by the fact that there is no difference

between the number of particles in ones, twos, and threes.

The meanstSD are as follows: the number of particles in

form 1 = 5.80+3.50, n=162; the number of particles in form

2 D. 57+1.95, n = b U; and the number of particles in form

3 5. 90+ 1.65, n=40. (Likewise, there is no difference in

the number of particles in form 1 at either of the peak time

points. The value for 30 seconds is given above and at one

second the number of particles in form 1 = 5.79:1. 89, n=57.)

A Second interpretation which is more consistent with the

data is that a coated pit begins to form slowly but then

accelerates as the in vagination gets deeper. This yields a

picture of the event as follows. The coat lies flat on the

cytoplasmic surface of the axolemma and gathers Specific
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vesicle component S. Stress is then applied by the coat to

in vaginate the pit (how the stress is applied is not well

understood ). It is difficult to initiate the in vagination

because surface forces must be over come; thus, this part of

the process is not extremely rapid. Once the in vagination

is started, the coat can act more efficiently and thus can

conclude the event rapidly. Therefore, form H is very tran

Sient and , as the data shows (figure 31), four S associated

with coated pits were never found in a high concentration.

A further point of interest in figure 31 is that the

ratio of for in 1 to the later forms becomes larger as the

response progresses (compare the 30 and 60 second time

points). This suggests that early forms last increasingly

long relative to later forms as time goes on .

These data lead to a consistent picture of membrane

dynamic S at the neuromuscular junction following a Stimulus

in H.A.P. Before the stimulus the terminal sits quietly and

has a certain amount of cell turgor and tension in the mem

brane (see Section IIIA). Upon stimulation synaptic vesicle

membrane is added to the terminal surface changing the

plasma lemma in at least two ways (Section III A ). First, the

Surface area of the membrane is increased and it becomes

redundant ; Second, more lipid is added to the cytoplasmic

leaflet of the axolemma than to the extracellular leaflet.

Both of these effects tend to make membrane buckle back into

the terminal. The uncoated pits are believed to be simply a

consequence of these effects; when so much membrane is added
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to the terminal surface all at once Some of it just "bub

bles" back into the terminal. Under this view the uncoated

pits would be expected to involve random bits of membrane

non-selectively, not to require a coat of cytoplasmic fila

ments, and not to depend on metabolic energy. These expec

tations are consistent with all that is known about them.

The coated pits are known to depend on metabolic energy

(Dales & Kajioka, 1961; ; Cohn, 1966 ; Steinman et al., 1974;

Palade & Fletcher, 1977; Kaplan, 1978), and are known to be

selective by direct evidence in some systems (Brown & Gold

Stein, 1979). They appear to be selective at the neuromus

cular junction because they concentrate large intramembrane

particles. In terms of the schema out lined above , they are

also affected by the alterations in cell turgor and membrane

tension occur ing just after the stimulus. The coats find it

relatively easy to retrieve a piece of membrane just after

the Stimulus when membrane tends to buckle back in to the

terminal. H S the endocytosis proceeds, however, the

plasma lemma begins to "tighten up" and it becomes increas

ingly more difficult to retrieve membrane. This prolongs

the time course of a single endocytotic event and has the

greatest effect on the point during retrieval when the force

producing elements in the coat can act least efficiently.

The suggestion, by the data, that a coated pit spends a

greater fraction of its lifetime in the flat configuration

after a lot of membrane retrieval has occurred supports this

view.



Chapter V. CONCLUSION.

The observations reported and discussed in this the Sis

clear up the controversy about the locatlon of endocytosis

at the neuromuscular junction, and offer in formation as to

its time course and quantity. In addition, certain conclu

Sions about the time course of a single endocytotic event

have been drawn. This work is another chapter in a body of

extremely consistent data (Heuser et al., 1979; Heuser &

Reese, 1980), obtained by quick-freezing, that describes the

events and prevailing surface forces involved in transmitter

release by exocytosis and the retrieval of synaptic vesicle

membrane.

What are the important directions for future research

in this area? Many of the major quest ions facing us now are

biochemical in nature. Studies of the properties of coat

prote in are very promising and have yielded significant new

results recently (Keen et al., 1979; School, et al., 1979).

Some of the most interesting questions are very evasive.

For example, it would be of tremendous value to gain in for

mation on the control of endocytosis. How does the coat

I■ laterial know there is something to be retrieved ? Is the

nerve terminal membrane being constantly tested for vesicle

components 2 Once the need for retrieval is sensed, what

transduction mechanism is operative to convert this informa

tion into polymerized coats ready for action? Also, what

exactly is the role of calcium in initiating exocytosis?
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How and when is transmitter packaged ? Much is lacking in

our knowledge of transmitter turnover. More must also be

learned about turn over and function of proteins in the

synapse, both in the vesicles and els where. What forces

control where exocytosis and endocytosis occur, and what

controls the size of these vesicles and of the quanta?

There is a great deal to be learned about the biology

of neurons and cell to cell communication in the nervous

System. We have much further to go than we have come, but

we have begun to gain some depth of understanding about the

cellular mechanisms involved in neurotransmission. The com

bined work of many Scientists, mainly during the last thirty

years, has brought us this far. We now look exitedly to the

future.
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FIGURE LEGENDS

Figure 1: Diagram of the quick-freezing apparatus. A pure

copper block is cooled to 1% with liquid helium. The

specimen is mounted on a freezing head which rides on roller

bearings and can free-fall toward the block. When the tis

sue hits the copper block the first 10 to 15 micrometers are

frozen with in a few milli seconds, which prevents the forma

tion of large ice crystals. A Stimulus can be delivered at

any time before impact, from one milli Second to many

minutes. This technique avoids the artifacts associated

with fixation and enables one to dissect physiological

processes in time. (from Heuser et al., 1979).

Figure 2: A collection of data from the literature on the

effect of osmotic pressure on the frequency of miniature

end-plate potentials. Ordinate : frequency of miniature

end-plate potentials after the change in osmolarity divided

by the frequency of miniature end-plate potentials in the

original Solution. Abc issa : osmolarity of new solution

divided by the osmolarity of the original solution.

A = data from Furshpan (1956 ). A = average of 14 experi

ments from Fursh pan (1956 ). DJ = data from Blioch et al.

(1968). O = data from Hubbard et al. (1968). 36 = data

from Kita and Van Der Kloot (1977). The logarithm of the

normalized miniature end-plate potential frequency (f/fo) is

proportional to the normalized osmolarity (P/Pe).

***
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Figure 3: A plot of miniature end-plate potential frequency

versus time in a single fiber in Ringer plus 50 mM sucrose.

The solution change began at zero time and continued five

minutes. Note how the frequency rose rapidly and then set

tled down to a plateau by about five minutes.

Figure 4: A plot of miniature end-plate potential frequency

versus time in a single fiber in Ringer plus 90 mM Sucrose.

The Solution change began at zero time and continued five

minutes. Note that in this fiber the miniature end-plate

potential frequency slowly rose to a plateau, reaching it by

about five minutes.

Figure 5: A quick-frozen and freeze-fractured frog neu

romuscular junction. Note how the nerve terminal appears

Segmented due to Schwann cell fingers embracing it. The

active zones are barely visible at this magnification, but

can be seen as ridges running transversely across the termi

nal ; they are always directly across from Sub Synaptic folds.

(approximately X 10, 800).

Figure 6: A nerve terminal soaked in 70 thi■ sucrose for five

minutes and stimulated five milliseconds before quick

freezing. While some signs of activity are present, no

difference between stimulated and unst imulated terminals

treated in this way could be discerned. (X90, 000).

Figure 7: A nerve terminal soaked in 50 mM sucrose for five

Illinutes and then quick-frozen without Stimulation. This
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treatment results in almost r1 O background activity.

(X90, 000).

Figure 8: A nerve terminal soaked in 50 mM Sucrose for five

minutes and stimulated five in ill is econds before quick

freezing. No Stimulation dependent Structural change S are

evident. (X90, 000).

Figure 9: A nerve terminal soaked in 50 mM. Sucrose for five

II, inutes and stimulated five milli second S before quick

freezing. This is the only terminal found that showed Signs

of exocytosis. The two vesicle openings present on the ter

minal in (a) (approximately X 15,000) are shown at higher

magnification in (b) and (c) (X90, 000). (This is the only

E face presented . )

Figure 10: A nerve terminal stimulated at 20 Hz for 10

Seconds, rested two seconds, and quick-frozen without

further Stimulation. Signs of membrane retrieval 3 r €

present, as expected (see Chapter IV ). (X90, 000).

Figure 11 : A nerve terminal stimulated at 20 Hz for 10

Seconds, rested two seconds, and Stimulated five mil

li Second S before quick-freezing. No morphological differ

ence S can be found between a terminal So treated and one

identically treated but not stimulated just before freezing.

(X 9.0, 000).

Figure 12: A nerve terminal soaked in 4 AP Ringer and quick

frozen without stimulation. The morphology is identical to
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that of a terminal not exposed to 11 A P. Note the active

zones appearing as band S bordered by double rows of large

intraßembrane particles (area 1 ), an open area between

active zones with numerous in tramembrane particles ( are a 2),

and a region of the terminal beneath a Schwann cell ■ inger

( are a 3). (X90, 000).

Figure 13: A nerve terminal soaked in H.A.P Ringer and stimu

lated five milliseconds before quick-freezing. Structures

have appeared lining both sides of the active zones. They

are deformations in the plasma membrane which represent

Synaptic vesicles undergoing exocytosis. (from Heuser et

al., 1979). (X90, 000).

Figure 14: A nerve terminal quick-frozen one second after a

stimulus in H.A.P. The structures pointed out by the arrows

are uncoated pits and the Structures enclosed by circles are

coated pits (see text ). Note that exocytosis of synaptic

vesicles is gone by this time. (X90, 000).

Figure 15: A low magnification of the terminal shown in

figure 14. This demonstrates that the uncoated pits are

distributed all along the nerve terminal. (approximately

X 15, 000).

Figure 16 : Four plasmallemmal dimples typical of those seen

on Stimulated nerve terminals. These structures appear to

be inter■ hed iate forms of coated vesicle formation ; and they

are arranged, from left to right, in what is believed to be

-º- ºr
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the correct temporal sequence. Form one is a group of large

in tramembrane particles; form two and form three are groups

of large particles in shallow and deeper depressions; and

form four is the cross-fractured neck of an even deeper

invagination. (X 180,000).

Figure 17: A cross-fractured nerve terminal, demon Strating

that synaptic vesicles have a complement of large intranem

brane particles. Large particles can be found on either

alembrane face of the vesicles. (approximately X100,000).

Figure 18: A nerve terminal quick-frozen 5 seconds after a

stimulus in H A P. There is no activity at the active zone

and a moderate number of coated pits are distributed over

the rest of the terminal. (X90, 000).

Figure 19: A nerve terminal quick-frozen 10 seconds after a

Stimulus in 14 AP. There is still no activity at the active

zones and a moderate number of coated pits are observed,

Similar to what was seen at 5 seconds. (X90, 000).

Figure 20: A nerve terminal quick-frozen 30 seconds after a

Stimulus in H A P. The active zones are still clear of

activity and now a large number of coated pits are seen.

(X90, 000).

Figure 21 : A nerve terminal quick-frozen 60 seconds after a

Stimulus in 14 A P. By this time the concentration of coated

pits has decreased to a moderate level, similar to that seen

at 5 and 10 seconds. (X90, 000).
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Figure 22: A nerve terminal quick-frozen 90 seconds after a

stimulus in H A P. By this time the endocytotic response is

nearly complete and so coated pits are rarely found.

(X90, 000).

Figure 23: A plot of endocytotic figures per square microm

eter versus time for the whole end-plate area. Points are

median values. Features of the endocytotic response are

discussed in the text.

Figure 24: Histogram showing data for different areas of the

end-plate separately. The dark Stippled bar is are a 1, the

medium stippled bar is are a 2, and the light stippled bar is

are a 3. Note that activity is found at the active zone

( area 1 ) only at one second when the uncoated pits are

present. Areas 2 and 3 show Similar patterns of activity

but different concentrations of endocytosis. These are

median values.

Figures 25, 20, and 27: All of the data for are as 1, 2, and

3 respectively. Each bar represents the concentration of

endocytosis on a Single end-plate. Looking at the data in

this way gives an immediate sense of the range of the data,

its variance, relative variances from time point to time

point, and the Shapes of the distributions of data. The

Small numbers represent the number of observations in the

Zero category.

Figures 28, 29, and 30: Means and medians for are as 1, 2,
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and 3 respectively. Means are solid lines with squares, and

medians are dashed line S with circles. Means are larger

than medians because of upward skewing of the data.

Figure 31 : A plot of endocytotic figures per Square microm

eter versus time for each stage of endocytosis Studied.

This is data from are a 2. Important points are discussed in

the text.

Figure 32: A plot of endocytotic figures per square microm

eter versus time for each stage of endocytosis studied.

This is data from area 1. Important points are discussed in

the text.



- 137

Group Number of . Number of . Total area studied
(seconds after stimulation) muscles end-plates ( um?)

O 3 3 65.89

1 2 4 104.40

5 2 6 179.53

1O 3 8 280.41

30 2 10 258.39

60 3 12 133.97

90 3 7 162.27

12O 4 4 35.35

Table I : Information on the amount of data considered in this study.
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