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ABSTRACT

BIOCHEMICAL STUDIES USING MONOCLONAL ANTIBODIES

TO NEURAL ANTIGENS

BY

William Dean Matthew

Monoclonal antibodies were prepared from Balb/c mice

immunized with rat brain synaptic membranes. In

radioimmunoassays, 89 hybridoma cells secreted antibodies

that appeared to recognize brain-specific antigens. Eight

of these antigens have been characterized in detail.

Two different monoclona 1 antibodies, #30 and #48, bind

a 65,000 dalton protein which is exposed on the outer

surface of brain synaptic vesicles. Immunocytochemical

experiments at the EM level demonstrate that these

antibodies bind vesicles in many different types of nerve

terminals. Immune competition experiments demonstrate that

this protein is widely distributed in neuronal and neural

secretory tissues. The antibodies have been used

successfully to purify synaptic vesicles from crude brain

homogenates. This protein and its antigenic components are

highly conserved throughout the vertebrate phylogeny.

Antibody #48 has been used to localize vesicles in

cultured neurons. Nerve growth factor induces vesicles to

cluster and redistribute in pheochromocytoma (PC-12)
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ce 11s. This antibody has been used to monitor nerve-muscle

interactions in culture. Muscle ce1ls are capable of

inducing differentiation by PC-12 ce1ls and vesicles

preferentially distributed in the processes which closely

contact myotubes.

Five monoclona 1 antibodies (#3, #15, #22, #31, and #42)

bind a single proteoglycan complex on the surface of

neurons and thymocytes. A mutant pheochromocytoma cell

line was selected which does not display this antigen on

its surface and will be useful in as certaining the function

of this complex. This antigen is also synthesized by an

unidentified "flat cell" which is found in a wide variety

of primary cultures. "F1at cells" were purified from

dorsal root ganglion cultures and characteried

immunologically.

Monoclonal antibody #9 binds the galactose moiety of

galactocerebroside contained in myelin. In dissociated

ce 11 cultures antibody #9 is highly specific for the

surface of oligodendrocytes. This same antibody recognizes

a 700 dalton component of desmin containing intermediate

filaments.

A simple method has been developed for obtaining small,

active fragments of mouse IgM. These fragments overcome

the penetration problem encountered when using IgMs in

immunohistochemical experiments.
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CHAPTER 1

INTRODUCTION



The brain has about 100 billion neurons, each making

between 103 and 10° synaptic contacts. The standing

questions in neurobiology -- how can such elaborate

circuitry function, or, even more perplexing, how can it

develop -- are far from answered. There are many

components of the brain which must be analyzed before such

questions can be considered. One of the key components of

this system is the synapse -- the contact region where one

neuron communicates with another.

Synapses are visualized as specialized structures in

the electron microscope (Palay and Chan-Palay, 1976)

consisting of pre- and post-synaptic thickenings, synaptic

vesicle clusters, mitochondria and cleft material.

E1ectrophysiology has been very useful in understanding the

mechanism by which synapses function (reviewed by: Kuffler

and Nicholls, 1976; Steinbach and Stevens, 1976; Hall et

al., 1974). In summary, the outer membrane of a neuron has

the capability of maintaining an electric potential. When

a neuron is "fired" the membrane depolarizes and an

electrical impulse travels along the membrane. When a

nerve impulse arrives at a synapse, some of the transmitter

containing vesicles discharge their contents into the

narrow cleft that separates the pre-synaptic and

post-synaptic neurons. The post-synaptic neuron has

receptors which are designed to receive and respond to

transmitter. Hence, information is relayed from one neuron



to another by means of a transmitter. Excitory synapses

tend to promote depolarization, whereas inhibitory ones are

capable of cancelling excitatory signals. The "firing" of

a neuron reflects the summation of hundreds of synapses

from impinging neurons. The anatomy and physiology of the

synapse are relatively well understood and have proven to

be very sophisticated. Obviously, there must be a

biochemical basis for the structure and function of

synapses.

Some of the molecular processes of the synapse, for

instance transitter biosynthesis, are reasonably well

defined. But, for the most part, because of the extreme

complexity of this structure, the biochemistry of the

synapse is not well defined.

The major difficulty for biochemists trying to study

the synapse is that they cannot obtain a purified

preparation of synapses. Classical biochemical techniques

have been used to make preparations enriched in synapses

and synaptic membranes (Cotman and Matthews, 1971; Jones

and Matus, 1974; Wang and Mahler, 1976; Booth and Clark,

1978). Unfortunately, the physical properties of synaptic

membranes are not very different from other brain

membranes. Therefore, these membranes are heavily

contaminated with non-synaptic and non-neuronal material.

There are a plethora of proteins contained in these

preparations (Mahler, 1977; Kelly and Cotman, 1977) so it



is difficult to identify important molecules and virtually

impossible to isolate individual proteins.

Realizing they needed to identify specific proteins

worthy of their efforts, Paul Greengard and his coworkers

decided to study the phosphorylated proteins contained in

synaptic membranes. This approach was very successful.

They have characterized a cAMP dependent phosphorylation

system of synaptic membranes (Greengard et al., 1973;

Greengard and Ueda, 1977). Because this phosphorylation is

affected by depolarization and is mediated by Catt influx

into synaptosomes (Greengard et al., 1977), this system is

implied as being an integral part of synaptic

transmission. This work has been a major contribution in

understanding synaptic function and assures that synapses

can be studied at the molecular level.

Another strategy has been to look for previously

identified proteins in synaptic preparations.

Investigators have found tubulin (Cotman et al., 1977;

Kelly and Cotman, 1978), actin (Kelly and Cotman, 1978),

Thyl antigen (Acton et al., 1978), and calmodulin (Grab et
al., 1979) in synaptic preparations. These preparations

are quite impure so it is not certain whether these

proteins are integral components of synapses or merely

contaminants.

When I was introduced to neurobiology three years ago,

it was clear that new strategies would be necessary to



define the molecular components of the synapse. I felt

that an immunological approach might be able to dissect the

synapse, similar to the way antibodies had been used to

identify important molecules and cell types in the

lymphocyte system.

Classical immunological methods, using polyclonal

antisera from immunized animals, had proven that antibodies

were valuable probes of the nervous system. Many rabbit

antisera have been made against synaptosomes or synaptic

membranes (example: Livett et al., 1974; Howe et al., 1977;

Rostas and Jeffrey, 1977). In the most promising cases,

these have shown specificity for synaptic regions of

certain types of neurons. Sera have been raised against

antigens on the major cell classes in the nervous system,

yielding reagents used to identify, purify or kill these

cells in vitro (example: Fields et al., 1978; Raff et al.,

1979). Other sera have identified antigens at the

neuromuscular junction (Sanes and Hall 1979), and have

localized tubulin, actin, clathrin, calmodulin and protein

I to synaptic regions (Matus et al., 1975; Toh et al.,

1976; Cheng et al., 1980; Wood et al., 1980; Bloom et al.,

1979). Antisera to purified cholinergic vesicles from

elasmobranch have been used to study the properties of

synaptic vesicles, their membrane proteins as well as the

distribution of these antigens in situ (Carlson et al.,

1978; Wagner and Kelly, 1979; Hooper et al., 1980).



Antibodies have been used against neuropeptides and

transmitter biosynthetic enzymes, to identify cells which

contain these molecules (Snyder and Innis, 1979; Stell et

al., 1980). Antisera have also been useful in defining

previously unidentified brain-specific molecules (Jorgensen

and Bock, 1974; Jorgensen, 1976; Bock and Braestrup, 1978;

Jorgensen, 1979).

From the immunological work done on the nervous system,

it is clear that an immunological dissection of the synapse

would be valuable in understanding the biochemistry of this

structure. However, polyclonal antisera have had limited

success in analyzing heterogeneous preparations.

Conventional separation techniques are not adequate to

obtain pure preparations of synapses (example: Matus and

Taff-Jones, 1978) and immunization with an impure mixture

of antigens yields sera containing antibodies with

different affinities against a spectrum of molecules.

Often the specificity of such sera is masked by antibodies

against contaminants. Hence, polyclonal Sera are useful

for studying previously defined and purified molecules but

they are very limited in their ability to discover new

molecules which function in the synapse.

An important aspect of the immune response is that a

single immunoglobulin secreting cell (B-lymphocyte)

synthesizes only a single type of antibody (Burnet, 1957;

Nossal and Lederberg, 1958; Edelman, 1973). Kohler and



Milstein (1975) proved that individual B-cells could be

maintained in culture after fusion to a neoplastic

derivative of the immune system. Hence, homogeneous

(monoclonal) antibodies could be obtained from

immunizations with heterogeneous antigens (Galfre et al.,

1977). This suggested a possible solution to the

complexity of antisera obtained from synaptic

preparations. A partially purified membrane preparation

should, in theory, yield immunoglobulin secreting cells in

different cultures against each of the antigens in the

immunogen. Thus, individual probes can be obtained for

each molecule in the synapse. Monoclonal antibody

procedures are obviously the way to use immunology to

dissect the synapse.

In hopes of obtaining antibodies specific for synaptic

molecules, I prepared monoclonal antibodies from mice

immunized with rat brain synaptic membranes. I felt such

antibodies would be very useful for studying the molecular

organization of the synapse. Since monoclonal antibodies

recognize single determinants, they have the potential to

identify individual molecules important in the development

and function of the synapse. Furthermore, they should be

capable of purifying relevant molecules and organelles

(synapses and vesicles) for structural studies and also be

useful for determining the function of these antigens.



Once a library of monoclona 1 antibodies to synaptic

membranes is established, the challenge is to sort through

thousands of hybrid cells and identify those which secrete

antibodies to synaptic molecules. With a purified antigen,

solid phase radioimmunoassays are sufficient for detecting

binding activity against an antigen. With a heterogeneous

antigen, radioimmunoassays do not identify the molecules of

particular interest. More elaborate assays, using

different brain fractions, have been useful in detecting

antigens enriched in particular cel 1 types or tissue

fractions, but such as says are often ambiguous due to the

inadequacies of the methods available for fractionating

neural tissue and due to artifacts arising from solid phase

radioimmunoassays. Although more tedious initially,

immunocytochemical procedures have provided the quickest

way to identify antibodies that bind to synaptic regions of

the brain. In short, monoclonal antibodies can be

developed against important molecules if a relatively

simple screening procedure is available.

Monoclonal antibodies should be able to purify synaptic

organelles and antigens by affinity chromatography in the

same way polyclonal antisera have been used in purification

procedures (Ito and Palade, 1978; Lennon et al., 1980;

Secher and Burke, 1980). The ultimate goal of monoclonal

antibodies, however, is to use them to study the function

of their antigens. This will be the most difficult and

interesting application of this technique.



Monoclonal antibodies are at a disadvantage in

functional studies -- since they are directed against a

single determinant, it is unlikely that they will block the

active site on an antigen. Many strategies will be needed

to overcome this problem. An obvious solution is to use a

monoclonal antibody to immuno-purify its antigen and then

produce a polyclonal sera capable of binding a 11

determinants on the molecule. Another ploy would be the

use of somatic cel 1 genetics to select mutant cell lines

which do not synthesize the antigen. Then these cells can

be tested for functional deficiencies.

In this thesis, I have used each of these procedures.

My antibodies have been used to purify a 65 kilodalton

protein in synaptic vesicles, a surface proteoglycan from

neurons and a sugar component of desmin intermediate

filaments. These molecules have been characterized

biochemically. Using the synaptic vesicle specific

antibody, I have purified synaptic vesicles with their

transmitter intact. To study function, I have developed a

polyclonal rabbit sera to the vesicle protein and intend to

microinject these antibodies into neurons in order to block

exocytosis and I have selected mutants of a

pheochromocytoma cell line which do not display the

proteoglycan on the cell surface.

In the end, I am certain that monoclonal antibodies

will be used to define the function of important molecules

in the synapse.
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CHAPTER 2

MATERIALS AND METHODS
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STANDARD PHOSPHATE BUFFERED SALINE, PBS

0.9% NaCl, 0.01 M NaPoa, pH 7.4.

PROTEIN DETERMINATION

Protein standards consisted of Bovine Serum Albumin.

Samples containing 1-15 ug of protein were adjusted to 0.25

ml total volume. Thirty microliters of 1.0 M TRIS, pH 7.5,

1% SDS was added to each tube followed by 60 Jul of 60%

TCA. After 2 minutes at room temperature, the samples were

spotted onto a Millipore filter held on a vacuum apparatus

which had been rinsed with 6%. TCA. The filter was rins ed

with 6%. TCA and stained for 2-3 minutes in 0.1% Amido

Schwartz in 45 parts methanol, 10 parts acetic acid and 45

parts water. The filter was rinsed in distilled water and

de stained with 3 washes, 1 minute each, using 300 ml of 270

parts methanol, 6 parts acetic acid and 24 parts water.

The filter was rinsed in water and blotted dry. The

stained protein spots were cut out and eluted in 0.6 ml of

25 mM NaOH, 50 yu!M EDTA, 50% ethanol. After 20 minutes, the

absorbance at 630 nm was recorded. The protein

concentration of the BSA samples were plotted against

optical density (630 nm) and was 1 inear between 0.0 and

20.0 jug of protein.
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SOLID PHASE RADIOIMMUNOASSAY

Radioimmunoassays were done on soluble antigens and

membrane preparations by first adsorbing the antigen to

poly-vinyl-ch1.oride, 96 wel 1, multiwel 1 plates (Klinman

1972). Approximately 100 nanograms of protein can be

adsorbed to a single well. Antibodies are then incubated

in the wells for 6 hours, 25°C and finally an iodinated

second antibody was added to each wel 1 to detect binding.

Between each step the plate was washed three times with 5%

calf serum in PBS. This has been the standard method used

to assay the antibodies secreted by hybridoma cultures.

Several variations of this as say have been used to

determine what would compete for monoclonal antibody

binding. When an antibody binds to a determinant on an

antigen, it sterically hinders other antibodies from

binding determinants which are located in close proximity

to the bound determinant. Therefore, antibodies to

different determinants can block each others binding to an

antigen molecule. To determine if two monoclonal

antibodies bind the same antigen, the blocking antibody was

incubated for 12 hours at 4°C; then, both antibodies were

incubated simultaneously with antigen overnight.

If the antibodies were of different allotypes, they

were quantitated by iodinated allotype-specific antisera.
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In cases where they were of the same immunoglobulin class,

each antibody was iodinated directly.

Similarly, rabbit antisera were used in competition

assays and iodinated anti-mouse and anti-rabbit

immunoglobulins were used as probes.

A competition as say was used to characterize the

binding specificity of individual antibodies. Defined

substances were incubated with primary antibody for one

hour in solution prior to adding the mixture to the antigen

on the multiwell plate.

IMMUNO-AF FINITY CHROMATOGRAPHY

Cyanogen bromide activated Sepharose was prepared using

a procedure similar to that described by Hudson and Hay

(1976).

Materials: Sepharose 4B from Pharmacia Corporation,

cynaogen bromide, 2N NaOH, PBS, and Borate Buffer -- 6.18 g

Boric Acid, 9.54 g sodium tetraborate, 4.38 g sodium

chloride, 1 liter total volume with distilled water. This

Solution has a pH = 8.3.

14 mls of a Sepharose slurry (approximately 200 mg of

solid) was pipetted into a 50 ml glass beaker and 10 ml of

distilled water was added. The beads were placed on a

magnetic stirrer and gently stirred with a minimal amount
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of force. The pH was raised to 11 with NaOH. A 50 mg/ml

suspension of cyanogen bromide was prepared and 10 ml was

added to the beads before the cyanogen bromide was actually

dissolved. The pH was maintained between 11 and 11.5 by

dropwise addition of NaOH. It took at least 10 minutes for

the pH to stabilize. The activated beads were washed on a

sintered glass funnel with 500 ml of water followed by 500

ml of Borate buffer. The Sepharose was p1aced in a beaker

of Borate buffer and allowed to settle. The supernatant

was decanted. 1 ml of the slurry of activated beads was

mixed with each mg of protein to be coupled and together

they rocked gently overnight at 4°C. The beads were washed

with Borate buffer and then incubated with . 1 M

ethanolamine for eight hours. The beads were rigorously

washed and stored in 5% calf serum, . 1% azide in PBS at

4 °C.

The same procedure was used to couple immunoglobulins

(for purification of antigen) and other proteins and

antigens (for purification of antibodies). The

antibody-antigen binding was accomplished by incubating the

beads and the appropriate protein for six hours at 4°C.

The beads were rigorously washed before eluting the

specific protein with either . 1 M glycine pH 2.5 or 4 M

urea in .1 M glycine pH 2.5.



15

PREPARATION OF Fab 2 GOAT-ANTI-MOUSE KAPPA CHAIN

Purified mouse kappa chain was purchased from Litton

Bionetics, Inc. and coupled to Sepharose 4B as described.

Goat anti-mouse Ig serum was purchased from Antibodies,

Incorporated. 3 mls of serum was diluted with 6 mls of PBS

and adjusted to 45% saturated ammonium sulfate. After 30

minutes at room temperature, the protein was centrifuged at

1000 x g for 15 minutes at 4°C. The precipitate was washed

twice with 45% and once with 40% ammonium sulfate. The

final pellet was resuspended in 2 ml of . 1 M acetate pH 7.4

and dialyzed against .1 M acetate overnight at 4°C. The

protein concentration was 6 mg/ml. Four mls of acetate pH
4.5 was added and the final pH adjusted to 4.5 with 120 ml

of 1 M HCP. 2.5 mg of pepsin was added and the digestion

proceeded overnight at 37°C (Hudson and Hay, 1976). The pH

was adjusted to 7.4 and the protein centrifuged at 10,000 x

g for 10 minutes. The supernatant was dialyzed against PBS

for 24 hours at 4°C and finally allowed to bind a

Sepharose-Kappa chain immunoaffinity column.

IODINATION OF IMMUNOGLOBULINS

10 jug of protein in 100 All of PBS was iodinated

according to the method of Hunter and Greenwood (1962) in a
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manner similar to the procedure outlined in Hudson and Hay

(1976). Fresh solutions were prepared in PBS -- chloramine

T at 1 mg/ml, Sodium metabisulfate at 1 mg/ml and KI at 30

1251) iodine was purchased from Amersham

1251) in 10 u1 was added to the

The reaction

The

mg/ml. [

Corporation. 1 mCi of [

protein and 30 ul of chloramine T was added.

proceeded for two minutes in a fume hood at 25°C.

reaction was stopped by addition of 60 pil of Na

metabisulfate and 10 111 of KI. Protein was separated from

free iodide by passage over a Sephadex G-25 column

equilibrated with PBS. Prior to loading the sample onto

the G-25 the column was washed with 5% calf serum in PBS to

block any sticky sites on the matrix. The specific

activity of all iodinated proteins was 10–30 JuCi/11g

(roughly 2 iodine molecules per IgG molecule). The

proteins were stored frozen in 50% calf serum.

SYNAPTIC PLA SMA MEMBRANE ISOLATION

These membranes were purified according to the

procedure of Jones and Matus (1974). Rat cerebral cortex

was homogenized in 9 volumes of 10% sucrose (.32 M) with 12

strokes of a glass-teflon homogenizer rotating at 900 rpm

(.2 mm clearance). The Supernatant from a 800 x g, 20

minute spin was centrifuged at 9000 x g for 20 minutes.
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The pellet from this second spin was washed three times

with 10% sucrose before being resuspended in 5 mM Tris, pH

8.1 (5 ml/gram of wet brain). The membranes were left on

ice for 30 minutes and then homogenized with six strokes of

the same glass-teflon homogenizer but without rotation.

The 1ysate was adjusted to 34% sucrose by the addition of 2

m1 of 48% sucrose per 1 ml of lysate. 15 ml was added to

each SW27 (Beckman) ultracentrifuge tube. This was

overlayed with 15 ml of 28.5% sucrose and 4 ml of 10%

sucrose. The gradients were centrifuged for 110 minutes at

60,000 x g. The 34–28.5 interface was collected, diluted

to 10% sucrose and pelletted at 100,000 x g for 30

minutes. These membranes were resuspended in a few mls of

28. Z sucrose and an equal volume of glycero1 and stored at

This stock solution was normally between 2–5 mg/ml-20°C.

protein. 1 mg of SPM was obtained from each gram of wet

brain. When membranes were needed, they were diluted with

PBS and pelletted at 10,000 x g for 30 minutes.

SYNAPTIC JUNCTION PREPARATION

Synaptic plasma membranes were incubated in 10 mM Tris,

pH 7.4, containing 10 mg/ml Triton X-100 at a protein

concentration of 1 mg/ml, at 4°C for 30 minutes. Synaptic

Junctional Complexes were obtained by centrifugation at

100,000 x g for one hour. The pellet was resuspended in 10
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mM Tris, pH 7.4 and pelleted at 100,000 x g for one hour.

This wash was repeated three additional times. This

procedure was adapted from Wang and Mahler (1976).

ISOLATION OF HYBRIDOMA CELL LINES

Rat brain synaptic membranes were prepared by the

procedure of Jones and Matus (1974). Synaptic junctional

complexes were prepared from these by the procedure of Wang

and Mahler (1976). Balb/c mice were immunized with 100 jug

Synaptic junctional protein in a complete Freunds Adjuvant,

i.p. on day 0, and in saline, i.v., on day 10. Only mice

that gave a strong positive immune response were injected

on day 10. Spleens were removed on day 13 and fused with

NS-1 myeloma cells using PEG in the procedure of Herzenberg

et al. (1978). Fusions were distribued into 500 microwells

and hybrids were selected with HAT medium (Herzenberg et

al., 1978). When the medium had turned yellow (between 7

and 14 days), individual wells were assayed in a solid

phase radioimmunoassay using rat brain synaptic membranes

as the solid phase antigen and [**11-1abeled affinity

purified goat-anti-mous e-kappa chain immunoglobulin as an

indirect probe (Klinman, 1972). The positive wells were

screened against rat liver, kidney, spleen and thymus

membranes in the same assay. Those wells that synthesized

antibodies that appeared to be brain-specific by these
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tests were adapted to culture. Every 7 to 14 days each

cel 1 1jne was replated into round bottom 96 well plates --

each of 12 wells received approximately 1000 ce11s, 12

wel 1s 100 cells, 12 wel 1s 10 cells and 12 wells one cell

per well. 105 mouse thymoctyes were added to each wel 1

in order to increase the cloning efficiency. As each well

overgrew with hybrid cells, the culture fluid was assayed

for antibody specificity. The lowest cell dilution which

contained antibody secreting cells was replated by serial

dilution. This process was continued for at least six

weeks to allow the cells time to stabilize. For a few

hybridomas, one cell per well cultures would consistently

come up positive and were most likely clones. However,

many antibody producing cells would not grow up from less

than 100 ce11s. The differences were apparently in the

stability of the cell lines and their cloning

efficiencies. After six to eight weeks, the lowest

dilution of each antibody that produced synaptic membrane

specific antibody was grown to 5 x 106 cells, frozen in

serum with 5% DMSO and stored in liquid nitrogen. Finally,

the cultures were recloned by micromanipulation using

fluorescent beads (Polysciences, Inc., catalog number 7766,

diameter .8 microns) bound to synaptic membrane (Parks et
al., 1979).
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FLUORESCENT BEADS USED FOR CLONING CELLS

Fluorescent mono disperse carboxylated microspheres (.8

microns in diamter) were purchased from Polysciences, Inc.

(catalog number 7766). These beads have an excitation

wavelength of 465 nm and an emission at 485 nm.

2 ml of beads (50 mg solid) were added to 4 ml of . 15 M

NaCl. The pH was adjusted to 5.0 with . 1 M HC1. 30 mg of

carbodiimide (Sigma Chemical Company) in 1 ml of . 15 M NaC1

was added (Edelman and Rutishauser, 1974) and the

suspension was stirred for three minutes at 25°C. Then 5

mg of synaptic membrane protein was added, the pH was

readjusted to 5 and the reaction proceeded for one hour in

the fume hood. The pH did not vary from 5. The beads were

washed in PBS and pelleted at 500 x g for 10 minutes.

After washing four times, the beads were stored in 5% calf

serum, 1% azide in PBS at 4°C.

Occasional ly, an anti-synaptic membrane monoclonal (#3)

antibody was directly coupled to the fluorescent beads.

Then synaptic membranes could be adsorbed onto the bead via

the attached immunoglobulin. This procedure worked

slightly better than when the membranes were directly

coupled to the bead.

The beads were bound to hybrid Oma cells in order to

identify the cells producing antibody. Before the beads

were mixed with cultures, they were washed five times in
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sterile PBS and left under ultraviolet lights in a culture

hood for 10 minutes. They were transferred to a sterile

tube and immersed for one minute in an ultrasound bath in

order to disperse any aggregates of beads. 10° cells in

1 ml of medium was mixed with 100 ug of synaptic

membrane-beads. The mixture was centrifuged at 1000 x g

for 10 minutes. The cells and beads were left in a pellet

They were resuspended in mediumfor 20 minutes at 25°C.

The tubeand 1ayered on top of 1 ml of fetal calf serum.

was centrifuged at 400 x g for 10 minutes. The unbound

beads which floated on the serum were discarded. The cells

were suspended in DME medium with 10% fetal calf serum and

examined under the fluorescent microscope. The cells which

had beads bound to them were isolated in a glass pipet and

deposited in a round bottom well of a microtiter culture

dish. After verifying that only one cell was in each well,

10° primary mouse thymocytes were added as feeders.

PREPARATION OF ANTIBODIES

Culture supernatants were prepared from overgrown

cultures of hybridoma cell lines. Debris was removed by

centrifugation at 10,000 x g for 30 minutes.

were stored at -20°C and were filtered through a 0.45 pm

Supernatants

filter before use.
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ASCITES FLUID PREPARATION

Balb/c mice were injected subcutaneously in the back

with 107 hybridoma cells on day 0. Cel 1s taken from

culture were washed thoroughly in DME medium without serum

and injected in 1 ml of DME. Between day 7 and day 20 the

solid tumors which were visible were removed sterilely.

The tumor was diced with a razor blade, triturated

repeatedly and injected i. p. in 3 ml of DME into pristane

(2, 6, 10, 14-Tetramethyl pentadecane; Aldrich Chemical

Company, Inc.) primed mice.

injecting Balb/c mice with 1 ml of pristane on days 0 and

Priming was accomplished by

7. These mice were injected with tumor cells 7-14 days

afterwards. Within one to two weeks, 95% of the mice were

very swollen and the ascites tumors could be drained with a

needle. Fluid was collected approximately every three days

into 10 mM citrate and 5 mM EDTA. Cel 1s and debris were

removed by centrifugation at 10,000 x g for 30 minutes and

samples were stored at -20°C. Ultimately, all samples of

each antibody were pooled and precipitated in 50% ammonium

sulfate pH 5.5. The protein was resuspended in a minimal

volume and dialyzed to PBS pH 7.2.

concentration of 20–30 mg/ml were stored at -80°C.

Aliquots at protein

Most

preparations are about 75% immunoglobulin as judged by SDS
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gel electrophoresis. Samples were either filtered through
a 0.45 pm filter or centrifuged at 100,000 x g for one hour

in an air fuge before use.

DISTRIBUTION OF ANTIGENS IN SYNAPTOSOME PREPARATIONS

"Synaptosomes" were prepared as described by Booth and

C1ark (1978) and adsorbed to polylysine coated microscope

slides. Unfractionated tetanus toxin contains many

breakdown products which non-specifically stick to all

types of membranes (personal observation, Matthew; personal

commmunication, Fields; discussed in: Mirsky et al., 1978;

Fields et al., 1978; Raff et al., 1979.).

tetanus toxin and rhodamine conjugated antibodies which

Using the impure

recognize toxin, we could estimate the number of membranous

entities in a given microscope field viewed with a 63x

objective. Individual slides were incubated with tetanus

toxin, fixed in methanol at -20°C, incubated simultaneously

with each monoclonal antibody and human anti-tetanus toxin

serum and finally with fluorescein conjugated goat

anti-mouse Ig serum and rhodamine coupled anti-human Ig

serum. A field was photographed through fluorescein optics
and then rhodamine optics. The number of visible spots

were counted to estimate the distribution of each antigen.

To determine the relative frequency of each antigen, a

limiting quantity of membranes (the amount of membrane that
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would be limiting in this assay -- hence all the antigen

would be saturated with monoclonal antibody -- was

determined by testing serial dilutions of synaptic

membrane) was incubated in solution with monoclonal

The membranes were pelleted, washed and

The values

antibody.

incubated with iodinated goat anti-mouse.

obtained in this assay agree very well with the frequency

found in the standard plate as say.

To determine which antigens were enriched in synaptic

membrane preparations over a whole braine homogenate, both

solid phase and solution radioimmunoassays were done on

each preparation.

ALLOTYPE SPECIFIC SERA

Rabbit antisera specific for mouse mu chain

(Bionetics), IgG2a (Bionetics) and IgG1 (supplied by L.

Herzenberg) and purified protein A (Pharmacia) were

iodinated and used in the solid phase radioimmunoassay.

All proteins had a specific activity of 10–30 puCi/pig.

CELL CULTURES

Primary sympathetic ganglion (Mains and Patterson,

1973), dorsal root gang lion (Fields et al., 1978) and

cerebral cortex (Sotelo et al., 1980) cells were prepared
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Various cell lines used include PC-12

PTK2

from newborn rats.

-- a rat pheochromocytoma (Greene and Tishler, 1976) ,

-- a kangaroo rat epithelial cell 1jne (Walen, 1961; Walen,

1965), C2 -- a mouse skeletal muscle cell line (Yaffe and

Saxel, 1977), HIT -- hamster pancreatic islet (Santerre et

al., 1981; Gazder et al., 1977), At T20 -- mouse anterior

pituitary (Buonassisi et al., 1962) and GH3 -- rat anterior

pituitary (Tashjian, 1979).

PC-1 2-MUSCLE-CO - CULTURE

PC-12 cells were grown in growth medium with nerve

growth factor (NGF) for one week. Medium was then

supplemented with 10 mg/ml cytosine arabinoside for four

days. Cultures were rinsed and maintained in medium with

NFG until added to C2 cultures. C2 cells were plated onto

glass covers lips at approximately 10% confluence in C2

growth medium consisting of DME-H16, 20% fetal calf serum,

.5% chick embryo extract. After 12 hours PC-12 cells were

shaken from their dish and added to C2 cultures at a ratio

of 1:5, PC-12: C2 cells. In some cases, plating medium and

all subsequent media included NGF. After 12 hours the

medium was replaced with DME-H16, 10% horse serum to induce

fusion of the muscle cells. Cultures were used for

immunofluorescense up to seven days in fusion medium.

After seven days the muscle cells tore off the coverslips.
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IMMUNOFLUORESCENSE ON DISSOCIATED CELLS

Cells were plated on collagen-coated glass cover slips.

Primary cells were grown for a minimum of four days before

staining. Cover slips were removed from the culture dish,

rinsed in 5% calf serum, incubated with undiluted hybridoma

culture fluid for 40 minutes at 25°C, rinsed, incubated

with a 40 fold dilution of fluorescein coupled goat

anti-mouse immunoglobulin serm for 40 minutes at 25°C and

viewed with a fluorescent microscope. To distinguish

surface antigens from internal ones, cells were either

stained living in culture or fixed and permeabilized before

monoclonal antibody incubation. To permeabilize cells,

they were fixed in absolute me thanol at -20°C for one

minute followed by 5% acetic acid/95% ethanol at -20°C for

two minutes. A variety of rabbit sera was used to identify

cells in culture. Tetanus toxin (Lederle Laboratories),

anti-RAN1 (gift of K. Fields) and anti-Thyl (gift of J.

Goodman) were used as described by Fields et al. (1978).

Anti-Lets (gift of K. Fields) was used to identify

fibroblasts, anti-galactocerebroside (prepared in rabbits

immunized with brain cerebrosides, D. Shelton) to identify

oligodendrocytes and anti-GFAP (gift of Eng) to visualize

astroc tye intermediate filaments. Rabbit sera were

generally used at a 100 fold dilution in the appropriate
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hybridoma culture fluid. Rhodamine conjugated goat

anti-rabbit immunoglobulins and fluorescein anti-mous e Ig

were added simultaneously. Covers lips were mounted in

elvano1 and sealed with rubber cement.

IMMUNOFLUORESCENSE OF INTERMEDIATE FILAMENTS

Cells were grown on collagen coated glass cover slips.

Covers 1 ips were rinsed in PBS and submerged in absolute

methanol at -20°C for 30 seconds followed by 5% acetic acid

in ethanol for two minutes. The covers 1 ips were immers ed

in 5% calf serum in PBS, rinsed several times and carried

through routine immunofluorescent staining. In some

experiments, the cells were grown for 12 hours in . 4 mg/ml

colcemid in order to collapse the intermediate filaments

around the nucleus (Sun and Green, 1978).

IMMUNOFLUORESCENT STAINING OF MUSCLE MYOFIBRILS

Rat leg muscles were prepared as described by Granger

and Lazarides (1978).

The myofibrils were incubated with monoclonal antibody,

washed by pelleting at 1000 x g for 10 minutes, incubated

with fluorescent goat anti-mous e Ig, washed and spread on a

microscope slide.
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IMMUNOHISTOCHEMISTRY

Light and electron microscopy was done on sections

prepared as described by Vaughn et al. (1980). In detail,

for light microscopy, the animal was anesthetized with

nembut ol, perfused briefly with 150 mM NaCl, and perfused

thoroughly with 4% paraformaldehyde in 0.12 M Millonig's

buffer at 4°C. After storage of the animal for one hour at

4 °C, the tissues of interest were removed and cut into 2-3

mm slices with a razor blade. After 2–3 hours incubation

at 4°C in the same fixative, the slices were washed with

3-4 changes of 2-300 ml 0. 12 M Millonig's buffer over three

hours and immersed in 30% (w/v) aqueous sucrose overnight.

Frog tissues were prepared by an abbreviated protocol.

After removal from unperfused animals, tissues were

immersed for one hour in fixative and carried through the

same subsequent steps in the procedure. In each case, 8–10

um frozen sections were prepared on a cryos tat.

For electron microscopy, the anesthetized animal was

perfused briefly with 150 mM NaCl at 37°C and extensively

with ice-cold 0.1-0.25% glutaraldehyde, 4% paraformaldehyde

in 0.12 M Millonig's buffer. After storage for one hour at

4°C, tissues were removed and cut into 2-3 mm sections with

a razor blade. After 2–3 hours further incubation in

fixative at 4°C, 50 pm vibratome sections were prepared and

washed in 3–4 changes of 0.12 M Millonig's buffer over

12-16 hours.
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When necessary, endogenous per oxidase was suppressed in

peripheral tissues by 15 minute treatment with 0.1 M

NaIO, (Schachner et al., 1977) in PBS (150 m M. NaC1, 10 m

NaIOA, p47. 4), three five-minute rinses with PBS, a 10

minute incubation with 10 mg/ml NaBH4 and four

five-minute rinses with PBS, al 1 at 20°C. Prior to use,

the ten fold diluted goat-anti-mouse serum, conjugate, and

rat peroxidase-anti-peroxidase complex (PAP) were adsorbed

with 100 mg/ml rat liver powder for one hour at 37°C

followed by 2-4 hours at 0°C. Adsorbed sera were clarified

by filtration through 0.45 jum millipore filter. The

immunocytochemical procedures were initiated by incubating

sections for 2–3 hours with 3% normal goat serum (NGS) in

PBS (150 mM NaCl, 10 mM NaPOA). To improve penetration,

0.1% Triton X-100 was included with some samples being

processed for light microscopy. Then, monoclonal

antibodies at concentrations of 5-10 Jug/ml were applied as

undiluted, clarified culture supernatants for 6–16 hours

(16 hours for EM). Sections were washed with six changes

of 1% NGS in PBS over three hours (six hours for EM).

Sections were washed two hours (five hours for EM) with

four changes of 1% NGS in PBS, one hour with 3% NGS in PBS,

and three hours (16 hours for EM) with rat

peroxidase-anti-peroxidase (PAP) (40 ng/ml peroxidase)

prepared as described by Sternberger (1979). Afterwards,

Sections were washed three hours with six changes of PBS
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and one hour (two hours for EM) with two changes of 0.05 M

Tris-C1, pH 7.6. Occasionally, affinity purified

goat-anti-mouse IgG-peroxidase conjugate, prepared by E.

Outwater with the heterobifunctional cross-linking reagent

SPDP (Pharmacia), was used in place of goat-anti-mouse

serum and rat PAP.

The frozen sections for light microscopy were incubated

with freshly prepared and filtered 0.36 mg/ml DAB

(diaminobenzidine), 0.05 M Tris-Cl, pH 7.6, 0.01% H202
for 7-10 minutes at 20°C. The vibrat ome sections for EM

were agitated in the dark 30 minutes at 0°C with 0.36 mg/ml

DAB, 0.05 M Tris-Cl pH 7.6. They were then incubated 7–10

minutes at 0°C with fresh 0.36 mg/ml DAB, 0.01% H202,
0.05 M Tris-C1, pH 7.6. After reaction, both sets of

sections were washed with 3-4 changes of PBS (1-2 hours for

frozen sections; 16 hours for vibrat ome sections).

Before examination, frozen sections were dehydrated and

clarified in graded ethanols and xylene (five minutes each

in 50%, 70%. , 95%, 100% and 100% ethanol; five minutes 50:50

ethanol xylene; five minutes in 100% xylene). For EM, the

sections were fixed for 20 minutes with 2% 0504 in PBS,

washed 60 minutes with three changes of PBS, dehydrated

with graded alcohols and propylene oxide, and embedded in

araldite. (10 minutes washes with 50%, 70%, 95% ethanol;

4-60 minute washes with 100% ethanol ; 15 minutes with

propylene oxide; one hour with 1:1 propylene
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oxide-araldite ; two hours with propylene oxide araldite, 16
hours with araldite; two hours with fresh araldi te; two

days at 60°C.) After embedding, 3 jum sections were

prepared and examined. Sections with good preservation and

development on peroxidase product were reembedded in

araldite. 60-80 nm sections were prepared for examination
in the EM.

Three controls were always run in parallel on tissue

sections. For example, with antibody #30, fresh culture

medium, normal mouse serum, or monoclonal serum 9 was

substituted for serum 30. No detectable binding was seen

with culture medium for normal mouse serum, while serum 9,

which binds terminal galactose moieties on glycolipids or

glycoproteins (unpublished observations), exhibited a very

specific binding to white matter. A purified antigen was

not available to remove antibody molecules, but the

monoclonal antibodies were the only immunoglobulins

detectable in the culture supernatants used for

immunocytochemistry.

IMMUNOPRECIPITATION OF SYNAPTIC VESICLES

200 mg of hydrophylic polyacrylamide beads (Biorad,
Immunobead Coupling Kit: catalog number 170–5901),

nominally 5–10 pm diameter, were coupled to 5 mg protein A
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(Pharmacia) in 20 ml 0.003 M KP0, buffer pH 6.3, using 40
mg [1-ethyl-3 (3-dimethlaminopropyl) carbodiimide-HC1 J

following the procedure supplied by Biorad (Inman, 1974).

3 mg protein A was actually coupled to the 200 mg

acrylamide beads with this procedure.

For immunoprecipitation, we made a very crude lysed rat

brain synaptosome preparation by following the procedure of

Jones and Matus (1974) through the hypotonic lysis step,

but without subsequent separation on sucrose gradients of

the different membrane and organelle fractions. The

solution from 3 r at brains was adjusted to 30 ml of 0.12 M

sucrose, 75 mM NaCl, 5 mM NaP04, pH 7.4.

For each immunoprecipitation, 4 ml of membrane solution

was mixed for 3 hours at 2°C with approximately 0.8 mg

antibody (mouse ascites fluid precipitated with 50%
ammonium sulfate). The solution was diluted with water to

0.09 M sucrose and pelleted at 300,000 x g for 90 minutes.

Pellets were resuspended in 2 ml of 0.32 M sucrose by hand

homogenization in a glass-teflon homogenizer. After

dilution with 2 ml 75 mM NaCl, 5 mM NaP04, pH 7.4, 10

mg/ml. BSA, aggregates were removed by centrifugation at 700

x g for 10 minutes. The supernatant was mixed with 5 mg

protein A-acrylamide beads, mixed 70 minutes at 2°C, and

centrifuged at 300 x g for 10 minutes. The beads were

washed three times with isotonic sucrose T PBS (160 mM

sucrose, 75 mM NaCl, 5 mM NaP04, pH 7.4) and three times
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with PBS (150 mM NaCl, 10 mM NaPoa, pH 7.4) by
centrifugation at 300 x g for 10 minutes. Samples of the
pelleted beads and pelleted crude membrane fraction were

fixed in 2% paraformaldehyde, 2% glutaraldehyde in 0.1 M
Na-cacodylate, pH 7.2, for one hour at 0°C. After brief

washing in 0.1 m Na-cacodylate, pH 7. 2, samples were
post-fixed in 2% 0504 in the same buffer for one hour

at 0°C. Samples were then washed twice with cold 0.9% NaCl

and were stained with 0.5% uranyl acetate, 0.9% NaCl, for

one hour at 20°C. Finally, samples were dehydrated in

graded ethanols, embedded in aral dyte, sectioned and
examined in the electron microscope.

IMMUNOPRECIPITATION OF [*H]-NOREPINEPHRINE
FROM PC-12 HOMOGENATES

106 PC-12 cells were incubated with 1 mCi [*H]-NE
for 80 minutes at 37°C (Patterson et al., 1975). Cells
were homogenized in 1 ml of growth medium with a

glass-teflon homogenizer. Then large debris was removed by
centrifugation at 10,000 x g for five minutes. Aliquots

were used to estimate the vesicular [*H]-NE content by

millipore filtration (Patterson et al., 1975).
Preparations were incubated at room temperature and samples

removed and adsorbed to millipore filters to determine the
rate at which transmitter leaks out of these vesicles.
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Aliquots were used for immunoprecipitations. 300 pul

aliquots were mixed with 40 pug of each antibody, incubated

for 100 minutes at 2°C and adsorbed to 5 pig of immobilized

protein A. In order to estimate the purity relative to

total protein, PC-12 cells were first labeled with

(**c.1-leucine for five days prior to a 60 minute

incubation in [*H]-norepinephrine. The (**c.1-leucine
labeling was done in DME-H21 media with a concentration of

cold leucine of 5 mg/liter which is 10% the normal cold

1eucine concentration.
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QUANTITATIVE RADIOIMMUNOASSAY FOR THE

SYNAPTIC VESICLE ANTIGEN.

Aliquots of 76 ng/ml ascites fluid #48 in 5% newborn

calf serum in PBS (a dilution determined to be limiting in

the standard plate assay on synaptic membranes) were

incubated with different concentrations of homogenized

tissues for 12 hours at 4°C. The membranes were pelleted

at 100,000 x g for 40 minutes in an air fuge. The residual

antibody in the supernatant was measured in the solid phase

radioimmunoassay against synaptic membrane as described in

MATERIALS AND METHODS. The amount of tissue protein needed

to adsorb 50% of the binding was recorded from inhibition

curves. The inverse values were normalized to rat brain

which has been defined as 100% relative specific activity

(RSA) .

* z RSA = I antigen units/mg tissue x 100 }

antigen units/mg adult rat brain

IMMUNO-P URIFICATION OF VESICLE ANTIGEN

A 50% ammonium sulfate fraction of ascites # 48 was

coupled to Sepharose that was activated with

Cyanogen-bromide (Hudson and Hay, 1976 and

MATERIALS AND METHODS) yielding beads with 1 mg of protein
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covalently bound to each ml of Sepharose. The coupled

beads were washed in 1 M urea, . 1 M sodium acetate, .001%

Triton X-100 pH 4.0 and 1 M phosphate pH 11. The vesicle

preparation described under "Immunoprecipitation of

Synaptic Vesicles" was iodinated as described in

MATERIALS AND METHODS and incubated with Sepharose 4B for

two hours to adsorb non-specific molecules. The membranes

were then added to antibody coupled Sepharose and rocked

gently in a solution of 1 mg/ml rabbit albumin in PBS at

4°C for overnight. The Sepharose was allowed to settle and

was washed four times in PBS-albumin. The beads were

washed in .9% NaCl, next 1 M urea, . 1 M sodium acetate,

.001% Triton X-100 pH 4.0 and then three times in .9%

NaC1. Antigen was eluted in 1 M phosphate pH 11.

RABBIT SERA AGAINST VESICLE ANTIGEN

Antigen was purified from a crude rat brain vesicle

fraction, from a chicken brain homogenate and from a

Torpedo brain homogenate. The rat preparation yielded .3

mg of protein which was cross-linked with 1% EM grade

glutaraldehyde to 10 mg of rabbit albumin for 10 minutes,

25°C and then this complex was coupled to 100 mg of

cyanogen bromide activated dextran.

Two rabbits were given the same immunizations. Day 0,

50 pig of rat antigen protein on dextran in complete Freunds
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Adjuvant. Day 7, 100 pug chick antigen and 100 pig of

Torpedo antigen in incompete adjuvant. Day 21, 50 ug of

rat, 50 pug chick, 50 pug Torpedo in adjuvant. Day 28, 50 pig

of each. Rabbit #1 was terminated on day 35. The second

rabbit was immunized on day 42 and boosted every two weeks

following and bled on alternate weeks.

SDS GEL ELECTROPHORESIS, BURRIDGE GELS

Protein samples were routinely dissolved in

SDS-mer captoethanol and fractionated in polyacrylamide gels

in a discontinuous buffer system (Laemmli, 1970). Antigens

were identified in gels by methods described by Burridge

(1978). Immediately after electrophoresis, the gel was

immersed in 45% methanol, 10% acetic acid for one hour.

The gel was moved into distilled water which was changed

every 10 minutes for one hour. The gel was incubated in

one liter of 150 mM NaC1, 50 mM Tris pH 7.4 overnight.

Next, the gel was equilibrated with the same Tris buffer

plus 5% calf serum (approximately 12 hours). The gel was

left in spent hybridoma culture fluid for 12 hours being

careful that the gel never had an opportunity to

precipitate proteins at a gel-air interface. All

Subsequent incubations and washes were done in Tris buffer

With 5% calf serum. Washes consisted of 24 hours on a

table-top shaker with buffer changes every six hours.
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After washing, the gel was immersed in Tris buffer, 5%

calf serum and 5 x 102 cpm/ml of [125I] goat anti-mouse

Ig immunoglobulins with a specific activity of 10-30

11Ci/pig. This incubation was stopped after 12 hours and the

gel was washed for 24 hours as described previously. The

ge1 was washed for an additional 24 hours in Tris buffer

without calf serum, refixed in methanol-acetic acid stained

with coomassie blue, destained, dried and autoradiographed.

CALIBRATION OF GEL CHROMATOGRAPHY COLUMNS

A11 Sephadex (Pharmacia), Sepharose (Pharmacia) and

Biogel (Bior ad) columns were prepared according to methods

described by the supplier. Each column was calibrated with

a minimum of 2 protein standards which were partially

included in the matrix. These standards included:

IgM 1 000 000 dalton's

Thyroglobulin 669 000

Ferritin 440 000

Catalase 232 000

Aldolase 158 000

IgG 150 000

Bovine Albumin 68 000

Ovalbumin 43 000

beta-lactoglobulin 35 000
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Chymotrypsinogen A 25 000

IgG Kappa chain 25 000

Lysozyme 14 000

Ribonuclease A 13 700

Bromophenol Blue 670

Bromothymol Blue 646

Bromocre sol Purple 540

Thymol Blue 466

Thymolphthalein 430

Phenol Red 354

Methyl Red 291

To further verify the calibration of each column, the

void volume was determined by the elution volume of Blue

Dextran (Pharmacia) and the total volume was calculated

from the bed volume and by the elution of copper sulphate.

The void volumes, W totals and protein elution volume were

used to calculate a Kav. This value was then compared to

graphs supplied by Pharmacia and Biorad to estimate the

molecular weight.
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RADIOIMMUNOASSAY ON SOLUBLE GLYCOSAMINOGLYCAN

CONTAINING MATERIAL

0.1 ml of poly-D-lysine at 1 mg/ml was incubated in

poly-vinyl chloride multiwell plates for two hours. The

bulk of the polylysine was removed and the plates were air

dried. The plate was rinsed thoroughly with distilled

water. Either purified glycosaminoglycans or conditioned

media containing proteoglycans was added for five hours.

The assay was completed as a standard RIA.

To determine what each antibody recognized on the

proteoglycan complex, the polylysine adsorbed material was

digested with a variety of enzymes prior to completing the

as say.

RADIO-LABELING OF PC-12 CELLS

Rat pheochomocytoma cells, PC-12 (Greene and Tischler,

1976), were grown in DME-H16 medium which contained no
sulfate and only 10% of the normal concentration of amino
acids. This medium was supplemented with 20 JuCi/ml of

(*s]-sulfate (Amersham, Corp.) and 50 HCi/ml

[*H1-amino acid mixture (Amersham, Corp.). The cells

were plated at 5 x 10° cells/ml of medium and grown for 4

days. No cell death occured during this time. The cells

were harvested by centrifugation at 1000 x g for 10 minutes
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and the culture medium was filtered through a Millipore
filter (pore size = 0.45 microns). This 10 mls of medium

was adjusted to 1% calf serum and stored at -20°C. All

experiments were completed within one week.

IMMUNO-PURIFICATION OF THE PROTEOGLYCAN ANTIGEN

Sepharose 4B was activated with cyanogen bromide as

described in MATERIALS AND METHODS. Immunoaffinity columns

were prepared from each of the five ascites and normal

mouse serum as described in MATERIALS AND METHODS. The

final protein concentration was 1 mg/ml of beads. Four mls

of PC-12 spent medium which had been labeled with

*s-sulfate and [*H1-amino acids[

(MATERIALS AND METHODS) was incubated with 2 mls of

Sepharose-antibody #3, for 1 hour at 25°C with gentle

rocking. The Sepharose was packed into a 4 ml gel

filtration column (Biorad), washed with 100 mls of PBS, 5%

calf serum followed by 10 mls of 0.9% NaCl. The antigen
was eluted with 3 mls of 0.1 M glycine, pH 3. 0.5 ml

fractions were collected and a 2 pil sample of each fraction

was counted in a scintillation counter to determine the

fractions which contained antigen. The antigen was

adjusted to 10 mls of PBS, 5% calf serum, pH 7.4 and

incubated with 2 mls of Sepharose-antibody #22. The

binding, washing and elution of antigen was the same as
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described above for antibody #3. This twice purified
antigen was incubated with 2 mls of Sepharose-normal mouse
serum for 1 hour. The suspension was loaded into a column
and washed with 5 mls of PBS-5% serum. The eluant was

purified a third time against Sepharose-antibody #42.
Binding and washing was as described for antibody #3.

Elution was accomplished with 4 M guanidine HC1, 50 mM

Tris, pH 7. This sample was collected in a total volume of

2.4 mls and stored at -20°C. This antigen is referred to
as "immuno-purified" antigen.

CSC1 DENSITY GRADIENT ULTRACENTRIFUGATION OF PROTEOGLYCANS

One ml of radio-labeled PC-12 medium

(MATERIALS AND METHODS) was layered onto a Biogel P-2

column (exclusion limit, 1800 daltons) equilibrated with 4

M guanidine HC1 (Sigma, Co.), 50 mM Tris, pH 7. The void
volume material was collected and adjusted to a total

volume of 4.89 ml Gu■■ C1, Tris. 2.87 grams of CsCl (Sigma,
Co.) was dissolved in this sample.

A 1 ml sample of immuno-purified proteoglycan

(MATERIALS AND METHODS) was adjusted to 4.89 ml of 4 M
GuHC1, Tris and 2.87 gram of CsCl was added.

Both samples were centrifuged to equilibrium in a

Beckman SW 50.1 rotor at 40,000 rpm. for 70 hours. The
gradient was collected from the bottom of each tube. Each
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fraction contained 280 pil (25 drops from the gradient

collector). The density of each fraction was determined by
weighing a 50 pul sample on a Mettler balance. This same

sample was then mixed with 4 mls of Aquasol and both [3H]
and [35S] was counted in a scintil lation counter. Each

channel was adjusted for spill over from the other isotope.

A separate 50 pul sample of each fraction from the

conditioned medium gradient (not the immunopurified

antigen) was layered onto Biogel P-2 columns equilibrated

with PBS. The void material was collected and incubated in

multiwells and poly-lysine coated multiwells in order to

complete solid phase radioimmunoassays

(MATERIALS AND METHODS) to detect antigen. This as say

consists of detecting antigen which has been adsorbed to
1251) goatplastic wells using monoclonal antibody and I

anti-mous e Ig serum. Uncoated and poly-lysine coated wells

gave identical results, except the signals were higher from

the poly-lysine coated wells.

GEL CHROMATOGRAPHY OF PROTEOGLYCANS UNDER

DIS SOCIATIVE CONDITIONS

A Sepharose CL-4B column was equilibrated with 4 M

guanidine HC1, 50 mM Tris, pH 7 at 4°C. A 50 pul aliquot of

radio-labeled PC-12 conditioned medium (described in

MATERIALS AND METHODS) was adjusted to 4 M Gu■■ 01 and
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1ayered onto this column. 1 ml fractions were collected,

and aliquots were dissolved in Aquasol and counted in a

scintil 1ation counter. The [3H] and [35S] COunt S Were

adjusted to compensate for spill over from the other

isotope.

A 50 pul sample of each fraction was layered onto Biogel

P-2 columns equilibrated with PBS. The void material was

collected and incubated in multiwells and poly-lysine

coated multiwells in order to complete solid phase

radioimmunoassays (MATERIALS AND METHODS) to detect

antigen. This assay consists of detecting adsorbed antigen

with monoclonal antibody and (125 IJ goat anti-mouse Ig

Serum. Uncoated and poly-lysine coated wel 1s gave

identical results, except the signals were higher from the

poly-lysine coated wells.

Similarly, a 50 pil sample of immuno-purified

proteoglycan (described in MATERIALS AND METHODS) was

chromatographed on this CL-4B column. Fractions were

counted for [3H] and [35S].

GEL CHROMATOGRAPHY OF BETA-ELIMINATED IMMUNO-P URIFIED

PROTEOGLYCAN : SIZE OF PROTEIN CHAIN

A 100 u1 sample of immuno-purified proteoglycan

(described in MATERIALS AND METHODS) was layered onto a

Biogel P-2 column equilibrated with 0.2 M sodium sulfite,
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pH 11.5, 25°C. The void material was collected and left at

25°C for 24 hours to complete a beta-elimination reaction

(Simpson et al., 1972). The solution was adjusted to 4 M

guanidine HC1. This sample was concentrated by dialysis

against solid poly-ethylene glycol and chromatographed on a

Biogel P-150 column equilibrated with 4 M Gu■■ CL, 50 mM

Tris, pH 7.

GEL CHROMATOGRAPHY OF PRONASE DIGESTED, IMMUNO-PURIFIED

PROTEOGLYCAN : SIZE OF CARBO HYDRATE CHAINS

A 100 pil sample of immuno-purified proteoglycan

(described in MATERIALS AND METHODS) was layered onto a

Biogel P-2 column equilibrated with PBS. The void material

was collected and digested with 1 mg/ml Pronase

(Cal-Biochem, La Jolla) for 4 hours, 25°C. The sample was

concentrated to about 50 pil by dialysis against solid

poly-ethylene glycol at 25°C for 2 hours. This sample was

adjusted to 4 M guanidine HC1 and layered onto a Sephadex

G-150 column equilibrated with 4 M Gu■■ C1, 50 mM Tris, pH

7. The eluted fractions were counted for [3H] and

[35S] as previously described in MATERIALS AND METHODS.
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SELECTION OF PC-12 MUTANTS

PC-12 ce11s were trypsinized and cloned in .3% agar,

DME-H21, 10% calf serum, 5% horse serum. Clones were

removed with a syringe and placed in 96 well culture

plates. Clones which grew quickest were grown to 106
cells and placed in medium containing nerve growth factor.

A clone which responded well to NGF and tended to grow in

clumps (designated B2) was removed from NFG and grown up to

108 cells in .5 liter of media. The cells were

trypsinized, dispersed and re-plated into five 15 cm

culture dishes. The media was changed every 12 hours.

After one cell division (about 2.5 days), the cells were

mutagenized in 400 mg/ml ethylmethanesulfonate (EMS-Eastman

Organic Chemicals, Rochester New York) for 20 hours (Kao

and Puck, 1968). Fresh media with EMS was given after 10

hours. The cells were rinsed thoroughly and grown for two

days. Viable cell counts were done on an unmutagenized

sister culture immediately before EMS treatment. Cell

counts were done on mutagenized cells and on unmutagenized

Sister cultures after 20 hours in EMS, one day post-EMS and

2-days post EMS. Mutagenesis resulted in 50% cell death.

8 cells wereMutants were grown for one month. 10

incubated with monoclonal antibody #15 for one hour. The

cells were washed and guinea pig complement was added for

10 minutes (a time chosen when about 80% of the cells had
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blebs on their surface). Viable ce11 counts revealed that

greater than 99% of the cells had been killed. The cells

were plated in 1 m 1, grown for three weeks, and res elected

with #15 and complement. This resulted in greater than 99%

kill. After two weeks, cells were tryps inized (.025%

trypsin), dispersed and plated at 10° cells per 15 mm

culture dish. After 10 days, smal 1 colonies of cells were

seen. Cells were incubated with #15 and fluorescein

coupled go at anti-mous e Ig serum. Clumps which did not

bind antibodies were picked by micromanipulation. These

cells were passaged for two months and immunofluorescense

was done to verify that no cells had antigen on their

surface. The line used most often has been designated F3.

PC-12 CELLS PLATED ON PROTEOGLYCANS

Polystyrene plastic plates were filled with

concentrated sulfuric acid for 30 minutes and rinsed

thoroughly in distilled water. Poly-D-1ysine at 1 mg/ml

was added to the plates for six hours at 4°C. The bulk of

the polylysine was removed and the plates wre air dried.

After washing with distilled water, conditioned medium was

added and allowed to adsorb overnight at 4°C. The plates

were rinsed thoroughly in sterile PBS, filled with PBS and

left under ultraviolet light for 20 minutes. PBS was

removed immediately before the cells were plated.
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ISOLATION OF UNIDENTIFIED CELL THAT RESPONDS TO A

GLIAL-MATURATION FACTOR

Dorsal root ganglion cultures were plated on collagen

coated glass cover slips according to Fields et al.,

(1978). After one week the upper most layer of cells was

gently washed off by pipeting medium onto the coverslip.

The cells were plated in DME-H21, 20% fetal calf serum and

grown in culture for three months. G1 isl Maturation Factor

(GMF) was purified from bovine brain according to the

procedure of Lim and Mitsunobu (1975). Cells were plated

on collagen and incubated with GMF as described by Lim and

Mitsunobu (1975).

GEL CHROMATOGRAPHY OF SOLUBILIZED INTERMEDIATE

FILAMENT ANTIGEN : ESTIMATION OF ANTIGEN SIZE

Mouse embryo fibroblasts were grown to confluence in

DME-H21 medium supplemented with 10% calf serum. The cells

were removed from the dish in buffer E (50 mM phosphate

buffer, pH 8, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF) containing

1% Triton X-100 and homogenized with a teflon-glass

homogenizer. The sample was centrifuged at 15,000 x g for

15 minutes. The pellet was rehomogenized in buffer E (does

not contain Triton) and centrifuged. This pellet was
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resuspended in buffer E containing 8 M urea and 25 mM

mercaptoethanol and was extracted for one hour at 25° C.

This solution was centrifuged and the supernatant was

recovered. This sample was chromatographed on a Biogel P-2

column equilibrated with 8 M urea, 25 mM mercaptoethanol,

50 mM phosphate, 1 mM EDTA, 1 mM EGTA, 1 mM phenyl methyl

sulfonyl floride (PMSF), pH 8.

PURIFICATION OF INTERMEDIATE FILAMENTS FROM MOUSE

EMBRYO FIBROBLASTS

Triton/KC1 cytoskeletons were prepared from fibroblast

cultures following the procedure of Gard et al. (1979). The
method is outlined below.

Confluent cultures of mous e embryo fibroblasts were

washed twice in PBS plus 2 mM EGTA and 1 mM phenyl methyl

sulfonyl floride (PMSF), and then scraped from the dish

with a rubber spatula. The cell suspension was pelleted at

500 x g for 5 minutes. The pellet was 1ysed in 1 ml of

lysis buffer (0.1 % Triton X-100, 0.6 M KC1, 1 mM PMSF) per

100 mm plate. The 1ysate was digested with 0.1 mg/ml DNAse

(Sigma, Co.), 10 mM MgCl2 for 5 minutes. The

Cytoskeletal residue was pelleted at 1000 x g for 5 minutes

and re-extracted with 0.6 M KC1, 1 mM PMSF. Finally the

Cytoskeletal elements were washed in PBS, 1 mM PMSF. This

Sample is referred to as "cytoskeletal elements".
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The intermediate filaments were purified by four cycles

of depolymerization (1 M acetic acid) and polymerization

(pH 4) as described for the purification of desmin (Hubbard

and Lazarides, 1979). Aliquots from each step of the

purification were adjusted to pH 7 and stored frozen.

QUANTITATIVE RADIO IMMUNOASSAY FOR THE INTERMEDIATE

FILAMENT ANTIGEN

Samples from each step of the purification of

intermediate filaments from mouse embryo fibroblasts

(MATERIALS AND METHODS) were adjusted to pH 7 before being

frozen and were assayed within 24 hours.

Ascites fluid #9 (IgM allotype) was digested to

fragments between 100 and 250 kilodaltons according to the

method of Matthew and Reichardt (in preparation). Such

fragments gave more sensitivity in this assay than intact

IgM molecules. Aliquots of 100 ng/ml digested ascites in

5% fetal calf serum, PBS (a dilution determined to be

limiting in the standard plate assay on myelin membranes)

were incubated with different concentrations of the samples

to be assayed for 12 hours at 4°C. These samples were then

added to myelin coated multiwell plates for 2 hours at 25°C

and 10 hours at 4°C. The plate was washed with PBS-5%

Serum and incubated with [125I] goat anti-mous e Ig serum

for 2 hours at 25°C and 10 hours at 4°C. This procedure
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measures the amount of unbound antibody #9 (standard solid

phase radioimmunoassay against myelin as discussed in

MATERIALS AND METHODS). The amount of protein needed to

adsorb 50% of the binding was recorded from inhibition

curves. The inverse values were normalized to the amount

of antigen in the "cytoskeletal element" sample which has

been defined as having a relative specific activity

(*RSA) of 1.

*RSA = [ antigen units / mg of protein ]

antigen units / mg cytoskeletal protein

MOUSE IMMUNOGLOBULIN M DIGESTION TO SMALL,

ACTIVE FRAGMENTS

Ammonium sulfate precipitated ascites was prepared from

several IgM monoclonals and dialyzed into PBS. Before

digestion, samples were run on Biogel P-2 columns

equilibrated with 50 mM Tris, 150 mM NaCl, 20 mM CaCl2,
pH 8.0. The void volume was collected and protein

concentrations were adjusted to 1 mg/ml with the Tris

buffer described above. Samples were digested with 0.01

mg/ml TPCK trypsin (Sigma, Co.) for five hours at 37°C.

Mercaptoethanol was added to 10 mM. After five minutes at

37°, 0.1 mg/ml soybean trypsin inhibitor was added. After
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five additional minutes at 37°, the solution was adjusted

to 60 mM iOdoacetamide and left at room temperature for 10

minutes. The samples were dialyzed against 4 changes of 1

1iter of PBS at 4°C over 48 hours.

IODINATION OF ASCITES USED IN IgM DIGESTION

One milligram of ascites protein was iodinated with

chloramine T as described by Hudson and Hay (1976) and

previously outlined in MATERIALS AND METHODS to a specific

activity of 1 mCi/mg protein. Protein was separated from

free iodine by running each sample on a Biogel P-2 column

equilibrated with 50 mM Tris, 150 mM NaCl, 10 mM CaCl2 pH
8.0. The void volumes were collected and diluted to one

milliliter total volume.

PREPARATION OF GOAT ANTI- MOUSE KAPPA AND MU CHAIN

SPECIFIC PROBES

Mouse kappa light chains were purchased from Litton

Bionetics, goat anti-mouse Ig sera from Antibodies,

Incorporated and goat anti-mouse mu specific antisera from

Cappel. Two separate affinity columns were made by

coupling kappa chains and mous e IgM ascites to cyanogen
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bromide activated Sepharose 4B as described by Hudson and

Hay (1976) and previously out 1 ined in

MATERIALS AND METHODS. Goat anti-mous e Ig serum was

immunopurified on the kappa chain column and goat

anti-mouse mu serum was purified on the mous e IgM column

according to Hudson and Hay (1976) and procedures

previously outlined in MATERIALS AND METHODS.

DETERMINATION OF IgM FRAGMENT SIZES

Trypsin fragments were sized by column chromatography

on Biogel P-300 (Biorad) equilibrated with PBS. Samples

were also sized by SDS polyacrylamide gel electrophoresis

(Laemmli, 1970). Samp1es were dissolved in SDS and in SDS

plus mercaptoethanol and electrophores ed on linear gradient

gels ranging from 8 to 15% polyacrylamide concentrations.

PREPARATION OF ANTIGEN USED IN RADIO IMMUNOASSAYS

Synaptic membranes were prepared following the

procedure of Jones and Matus (1974).
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CHAPTER 3

GENERATION OF MONOCLONAL ANTIBODIES
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SUMMARY

Monoclonal antibodies were prepared from Balb/c mice

immunized with rat brain synaptic membranes and synaptic

The hybridoma cells were developed according to

The

junctions.

procedures described by Herzenberg et al., (1978).

specificity of the antibodies secreted by these cells was

ascertained by radioimmunoassays. 89 hybrid cells, whose

antibodies appeared to recognize brain-specific antigens,

were cloned using fluorescent be ads and micromanipulation.

Fourteen antibodies and their corresponding antigens have

been studied in detail.
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INTRODUCTION

One of my long term goals is to understand how chemical

synapses are formed, maintained and modified during

development. A prerequisite for this goal is a more

detailed knowledge of the molecular composition of the

synapse. Extensive efforts, most notably by Mahler,

Cotman, Matus, Siekevitz and collaborators, have been

directed to the purification of synaptic junctions (cf.

Mahler, 1977; Matus and Taff-Jones, 1978). As discussed by

these investigators, even the best preparations are likely

to be heavily contaminated with non-synaptic and even

non-neuronal material. Adequate as says for purification

are not available, particularly for distinguishing synaptic

and non-synaptic neuronal membrane. Al 1 these preparations

contain synaptic material from a variety of cell types, and

recently it has become clear that synaptic preparations

from different brain regions contain different spectra of

proteins (Carlin et al., 1980). The only absolutely

convincing localization studies have used

immunohistochemical criteria (Wood et al., 1980; Bloom et
al., 1979; Matus and Taff-Jones, 1978).

Immunological probes, recognizing particular types of

neurons, synapses or other structures have great potential

for identifying cel 1 classes and lineages, purifying cells

or organelles on principles independent of classical
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physical methods, and monitoring changes during

development. Antisera now exist that define the major cell

types of the nervous system (cf. Raff et al., 1979).

Antibodies against transmitter enzymes and transmitter

substances have provided internal markers to distinguish

subclasses of neurons (cf. Wood et al., 1976; Stell et al.,

1980; Hokfeld et al., 1980), revealing a diversity of cell

types and function that had been suspected, but not clearly

established previously. Since monoclonal antibodies

recognize single antigenic determinants in a complex

immunogen, they circumvent many of the problems

neurobiologists face in raising specific antisera when

equipped with the impure populations of cells or organel les

currently available. In hopes of identifying synaptic

molecules, I have prepared monoclonal antibodies against

fractionated rat brain.

EXPERIMENTAL

I have made hundreds of monoclonal antibodies against

synaptic membrane (Jones and Matus, 1974) and synaptic

junctional (Wang and Mahler, 1976) preparations. Adult rat

brain was homogenized and hypotonically lysed; then a

synaptic membrane enriched fraction was isolated on a

sucrose gradient. As illustrated in FIGURE la, these

membranes consist of resealed pre-synaptic membrane, a
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FIGURE 1: RAT BRAIN FRACTIONS USED TO IMMUNIZE MICE.

Synaptic membranes were prepared by the procedure

of Jones and Matus (1974). Junctional complexes were

prepared from synaptic membranes by the procedure of

Wang and Mahler (1976).
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piece of post-synaptic membrane, synaptic densities and

cleft material. If these membranes are extracted in

Triton, 90% of the protein is solubilized, leaving an

intact junctional complex (FIGURE lb). In the population

of antibodies directed against these preparations, one

anticipates finding neuronal surface markers, synaptic

markers, antibodies against contaminating membranes from

other cell types and against cytoplasmic proteins which

stick to the membranes during homogenization.

GENERATION OF HYBRIDOMA CELL LINES

To prepare the hybridoma cell lines, Balb/c mice were

given two separate injections. After the spleen cells were

fused to the NS-1 non-secreting myeloma cell line, the

cells were plated at a clonal dilution in selective medium

(Herzenberg et al., 1978). A standard solid phase

radioimmunoassay was used to screen the antibodies produced

in culture (Klinman, 1972). Antisera that bound synaptic

membranes were screened against kidney, liver, spleen and

thymus membrane preparations. Approximately 10% of the

cell clones from mice immunized with synaptic membrane and

20% of those made against junctional material appeared to

be brain specific; only these hybridoma ce11 lines were

maintained. There are 66 such hybridomas from mice

immunized with synaptic junctions and 23 from mice injected

With synaptic membranes.
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Every 7 to 14 days each cell line was replated into

round bottom 96 wel 1 plates -- each of 12 wells received

approximately 1000 cells, 12 wells 100 ce11s, 12 wells 10

cells and 12 wells one cell per well. 10? ImC) U1S e

thymocytes were added to each wel 1 in order to increase the

cloning efficiency. As each well overgrew with hybrid

cells, the culture fluid was assayed for antibody

specificity. The lowest cell dilution which contained

antibody secreting cells was replated by serial dilution.

This process was continued for at least six weeks to allow

the cells time to stabilize. For a few hybridomas, one

cell per well cultures would consistently come up positive

and were most likely clones. However, many antibody

producing ce11s would not grow up from less than 100

cells. The differences were apparently in the stability of

the cell lines and their cloning efficiencies. After six

to eight weeks, the lowest dilution of each antibody that

produced synaptic membrane specific antibody was grown to 5

X 106 cells, frozen in serum with 5% DMSO and stored in

1iquid nitrogen.

At this point, I had 89 ce11 lines whose antibodies

bound to synaptic membrane but not kidney, 1 iver, spleen or

thymus membranes. Fourteen of these antibodies were chosen

to be studied in detail.

To be certain that the antibody secreting cells were

unambiguously uniparental, single cells, isolated in a
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glass capillary, were used to establish permanent cell

lines. Antibody producing cells were identified by their

ability to bind synaptic membranes coupled covalently to

fluorescent microspheres (Parks et al., 1979;

MATERIALS AND METHODS) . FIGURE 2 shows how these cells

appear in an inverted fluorescent microscope. Cells were

picked by hand and placed in a round bottom tissue culture

well. Each well was examined later to verify that only one

cell was deposited. Thymocytes were then added as feeders

7 cells/100 mls and frozen forand the cells grown to 10

storage. Each hybridoma clone was allowed to overgrow and

the culture fluids were titered. The clones which produced

the highest concentration of antibody were used in

experiments. Ascites was prepared as described in

Materials and Methods.

INITIAL CHARACTERIZATION OF ANTIBODIES AND ANTIGENS

Some basic properties of the fourteen clones are shown

in TABLE 1. It is important to determine the allotype of

each antibody (column b). Each allotype has advantages and

disadvantages. IgMs are very good for cross linking

antigens and complement mediated reactions. However,

because of their large size, they are less desirable for

immunohistochemistry. Thus it is useful to know the

limitations of each antibody.
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FIGURE 2: SYNAPTIC MEMBRANE COUPLED FLUORESCENT

BEADS BOUND TO ANTIBODY SECRETING CELLS.

The fluorescent beads contain carboxyl groups on

their surface (Polysciences, Inc., cat. no. 7766) and

therefore can be activated with carbodiimide (Edelman

and Rutishauser, 1974). Synaptic membrane proteins

were 1inked to these groups. The beads were stored in

1% azide and washed thoroughly in sterile PBS before

use. Cel1s were mixed with beads and pelleted at 1000

x g for 10 minutes. Both beads and cells pellet under

these conditions. After 15 minutes, the pellet was

resuspended and layered on top of calf serum and spun

at 400 x g for five minutes. The unbound beads

floated and were removed. The cells were resuspended

and viewed under an inverted fluorescent microscope

with a low intensity of visible light. This al 10wed

all the cells to be visualized at the same time as the

fluorescent beads. The ultraviolet light illumination

was turned off immediately after a cell was

identified. The cel 1 was picked by hand in a glass

capillary. Photograph a shows a fluorescent

bead-coated cell under low power. Photograph b shows

an example under higher magnification.
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TABLE 1

GENERAL PROPERTIES OF ANTIBODIES AND

CORRESPONDING ANTIGENS

Each hybridoma culture whose antibody bound

synaptic membrane but not kidney, liver, spleen or

thymus preparations in a solid phase radioimmunoassay

was assigned a number. Column a 1 ists a

representative selection of these clones. Column b

gives allotypes of each antibody. This was determined

based on the molecular weight of each antibody and the

ability of anti-mu, anti-G1, and anti-G2a and

Protein-A to recognize the antibodies in a

radioimmunoassay. Column c tells the immunogen used

to immunize the parent mouse. In column d, a limiting

quantity of synaptic membranes was used in a

radioimmunoassay to determine the relative amount of

each antigen. In column e, we have determined the

distribution of each antigen in a synaptosome

preparation described by Booth and C1ark (1978).

"Synaptosomes" were prepared and adsorbed to

polylysine coated microscope slides. Unfractionated

tetanus toxin contains many breakdown products which

non-specifically stick to all types of membranes
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(Matthew, personal observation; Fields, personal

communication; also referred to in: Mirsky et al.,

1978; Fields et al., 1978; Raff et al., 1979). Using

this impure tetanus toxin and rhodamine conjugated

antibodies which recognize toxin, the number of

membranous entities in a given microscope field viewed

with a 63x objective could be estimated. Individual

microscope slides with adsorbed "synaptosome s" were

incubated with tetanus toxin, fixed in methanol at

–20°C, incubated simultaneously with each monoclonal

antibody and human anti-tetanus toxin serum and

finally with fluorescein conjugated anti-mous e Ig

serum and rhodamine coupled anti-human Ig serum. A

field was photographed through rhodamine optics and
then fluorescein optics. A minimum of two hundred

rhodamine spots were counted and the number of

fluoresce in spots contained in the same field was

determined. The percent "synaptosomes" with antigen
were recorded as [100 x number of fluorescein

spots/number rhodamine spots J. LT = less than. Slides

were also prepared without fixation in me thanol. For

the surface antigens, there was no difference in the

results; internal antigens did not stain in

unpermeabilized synaptosomes • Antigen #9 only stained

unpermeabilized preparations. In column f, the amount

of each antigen in synaptic membranes (Jones and
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Matus, 1974) is compared to the amount of antigen in a

whole brain homogenate. Both were estimated by

similar radioimmunoassays. Column g summarizes the
results of indirect immunofluorescense on dissociated

cells in culture. The various cel 1 types were

identified by counterstaining with purified tetanus

toxin for neurons, anti-GFAP for astrocytes,

anti-galactocerebroside for oligodendrocytes,

anti-Thyl for fibroblasts and anti-RAN1 for schwann

cells (Raff et al., 1979). Surface and internal

antigens were distinguished by staining living and

methanol fixed cultures. Antibodies #30 and #48 bind

to permeabilized neurons and stain neurite

varicosities and terminals. Other procedures

described later demonstrate these antibodies bind

synaptic vesicles. Column h shows which determinants
are only found in rat brain as judged by

radioimmunoassays on whole brain homogenates.
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The total amount of a particular antibody that can be

bound by a limiting amount of a synaptic membrane

preparation differs widely (column d) and provides one

means of estimating the relative amounts of the different

antigens.

One use of these antibodies is to assess the purity of

brain organelle preparations. The antibodies were screened

against a mixed population of "synaptosomes" from rat brain

prepared by a rapid procedure designed to preserve

metabolic activity (Booth and Clark, 1978). In TABLE 1,

column e, it can be seen that the majority of neuronal

surface markers bind 50–75% of the membranous entities in

such preparations, suggesting 50–75% are derived from

neuronal material. 27% of the "synaptosome s" appear to be

actually derived from myelin or oligodendrocytes, since

they stain with serum 9, an oligodendrocyte marker. Only

10–20% of the "synaptosomes" contained high concentrations

of the vesicle antigens. Accepting the premise, to be

documented later in Chapter 4, that these antigens are

present on all or nearly all synaptic vesicles, this result

argues that only 10-20% of these "synaptosomes" are

actually derived from nerve terminals. A few neuronal

surface markers bound very small fractions of the

"synaptosomes". Since they were brightly stained, this

must reflect the restriction of the defined antigens to

subpopulations of neurons or membranes in the "synaptosome"
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mixture. In summary, the results in TABLE 1, column e,

illustrate how monoclonal antibodies can be used to

characterize biochemical preparations. Prior to this, the

purity of such preparations was often estimated on the

basis of morphological profiles identified in the electron

microscope. Such an estimate can often be misleading.

Obviously, antibodies which distinguish various brain

fractions can be used to further purify organelle

preparations, and one example will be presented later in

Chapter 4.

When binding to synaptic membranes and a total brain

homogenate are compared, most of the antigens are enriched

in the synaptic preparation (column f), providing

preliminary evidence that they may be preferentially

localized to synapses. The flaw in this interpretation is

that synaptic membrane preparations are not pure synaptic

material.

Dissociated cell cultures were used to localize these

antigens within the cell and to identify cell types which

Synthesize each antigen. A variety of culture systems were

used (cerebral cortex, dorsal root ganglion, sympathetic

ganglion and heart) to determine the distribution of each

antigen. Column g summarizes this data. Two antigens were

localized to neuronal varicosities. Most antigens are on

neuronal plasma membranes and did not stain fibroblasts,

Schwann cells nor astrocytes, some are internal neuronal

proteins and one binds to the surface of oligodendrocytes.
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Eight of these determinants are species specific --

only being found in rat brain. With one exception, none of

the surface antigens are found outside rat.

DISCUSSION

These general properties were useful in deciding which

antigens might be the most interesting to characterize.

The vesicle associated antigen and the cel 1 surface markers

have been studied in detail and are described in this

thesis. Three distinct antigens have been characterized.

Antibodies 30 and 48 bind a 65 kilodalton protein on the

outer surface of synaptic vesicles. This antigen has a

wide distribution in neuronal and neural secretory

tissues. Five antibodies (3, 15, 22, 31 and 42) recognize

determinants on a proteoglycan complex found on neurons,

thymocytes and a previous 1y unidentified cel 1 type.

Antibody 9 binds to galactocerebroside on Oligodendrocytes

and to a 700 dalton saccharide associated with desmin

intermediate filaments. These antibodies have been useful

in discovering and characterizing these molecules and will

be used to investigate the function of these antigens.
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CHAPTER 4

IDENTIFICATION OF A SYNAPTIC VESICLE SPECIFIC MEMBRANE

PROTEIN WITH A WIDE DISTRIBUTION IN NEURONAL AND

NEUROSECRETORY TISSUE
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SUMMARY

Two different monoclonal antibodies, characterized

initially as binding synaptic terminal regions of rat

brain, bind a 65K dalton protein, which is exposed on the

outer surface of brain synaptic vesicles.

Immunocytochemical experiments at the EM level demonstrate

that these antibodies bind the vesicles in many different

types of nerve terminals. The antibodies have been used

successfully to purify synaptic vesicles from crude brain

homogenates by immunoprecipitation onto the surface of

polyacrylamide beads. The profiles of the structures

precipitated by these beads are almost exclusively

vesicular, confirming the vesicle-specificity of the

antibodies. In SDS-gels the antibodies bind a single

protein of 65K daltons. The two antibodies are not

identical, but compete for binding sites on this protein.

Immune competition experiments also demonstrate that

the antigenic components on the 65K dalton protein are

widely distributed in neuronal and neural secretory

tissues. Detectable antigen is not found in uninnervated

tissue -- blood cells and extrajunctional muscle. Low

levels are found in non-neural secretory tissues; it is not

certain whether this reflects the presence of low amounts

of the antigen on all the exocytotic vesicles in these

tissues or whether the antigen is found only in neuronal
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fibers within these tissues. The molecular weight and at

least two antigenic determinants of the 65K dalton protein

are highly conserved throughout vertebrate phylogeny. The

two antibodies recognize a 65K dalton protein present in

fish, amphibia, birds and mammals. The highly conserved

nature of the determinants on this protein and their

specific localization on secretory vesicles of many

different types suggest that this protein may be essential

for the normal function of neuronal secretory vesicles.

INTRODUCTION

Synaptic vesicles mediate the release of

neurotransmitters in the nervous system and are essential

for normal interaction between neurons (Heuser, 1978).

Similar vesicles in other cells release polypeptide

hormones, digestive enzymes, and a wide variety of secreted

proteins (Jamieson, 1978). In fact, all cells contain

membrane vesicles involved in fusion events, either

intracellularly or at the plasmalemma. They are involved

in biogenesis of the surface membrane and lysosomes

(Palade, 1975; Lodish et al., 1981), and mediate recycling

and endocytosis (Golds tein et al., 1979). The different

Vesicle classes must not only have different membrane and

internal contents reflecting their different metabolic and

Storage functions ; they must also have different
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constituents responsible for directing them to appropriate

portions of the cell and ensuring that they fuse with

appropriate organelles.

One approach to understanding the biochemical basis of

vesicle function has been to purify vesicles and study the

molecules present in these preparations. The vesicles that

have been purified and studied in this way include

pancreatic vesicles (Tartakoff et al., 1974), platelet and

mast cell granules (DaPrada et al., 1972; Uvnas, 1974),

parotid vesicles (Castle et al., 1975; Castle and Palade,

1978), chromaffin vesicles from the adrenal medulla

(Winkler, 1976), 1arge adrenergic vesicles from sympathetic

nerve trunks (Lager crantz, 1976), cholinergic vesicles from

electric fish (Carlson et al., 1978), and vesicles from the

central nervous system (Babitch and Benavides, 1979). In

each case characteristic enzymatic activities and protein

constituents have been identified in the vesicle membrane.

Some of these are highly enriched in vesicles compared to

other membranous preparations (Wagner and Kelly, 1979;

Babitch and Benavides, 1979). Each vesicle class has also

been shown to have specific internal contents -- including,

in individual cases, transmitters, zymogens, peptides,

enzymes, proteoglycans and proteolipids (Winkler, 1976;

Kelly et al., 1979; Castle et al., 1975; Hogue-Angeletti

and Sheetz, 1978; Roda and Hogue-Angeletti, 1979).

Comparative studies between these few highly purified
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preparations have seldom been done. In most cases, the

uncertain or incomplete purity of the vesicle fractions

would compromise the results (Kelly et al., 1979).

One approach to comparing different vesicle populations

and understanding the biochemical bases of their specific

functions is immunological. Specific antibodies can reveal

the presence of even minor constituents, they can be used

in immunohistochemical studies to identify the subcellular

distribution of particular antigens and can identify those

antigens that are shared between vesicles containing

different transmitters or conserved during evolution. For

example, biochemical and immunological methods have

provided strong evidence that many of the individual

proteins in chromaffin granules are also in vesicles

isolated from sympathetic neurons (Lager crantz, 1976), and

some of these antibodies have been used to identify

adr energic neurons in the central nervous system (Swanson

and Hartman, 1975). An antiserum against a highly purified

preparation of elasmobranch cholinergic vesicles has been

used to show that antigens present in the fish vesicles are

conserved in the vertebrate phylogeny and are found in a

Subclass of mammalian nerve terminals, including

adrenergic, cholinergic, and some peptidergic neurons

(Hooper et al., 1980). These experiments revealed an
unsuspected relationship between those terminals, but did

not identify the antigenic molecules or determine whether
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the same antigen was being detected in each class of

terminals. Several years ago, we initiated a series of

attempts to identify molecules highly enriched in brain

synapses by preparing monoclonal antibodies from the

spleens of mice immunized with synaptic densities,

containing the pre- and post-synaptic surface membranes and

material between the membranes. Unexpectedly, two of these

monoclonal antibodies have proved to be directed against a

protein that is highly enriched in synaptic vesicles. In

this paper we characterize these antibodies and the protein

that they bind. We present evidence that this protein is

highly conserved in the vertebrate phylogeny and is present

in many different types of secretory vesicles, suggesting

it may be required for normal vesicle activity. Since the

antibody molecules bind determinants on the outside of

synaptic vesicles they can be used in conjunction with

biochemical procedures to purify these vesicles from brain

homogenates and should be useful in preparing more

homogeneous preparations of vesicles than are possible with

biochemical methods alone. They should also be useful in

identifying the contents of vesicles from microdissected

brain regions, including putative neurotransmitters, and in

tracing the pathways of vesicle membrane biogenesis and

cycling.



78

EXPERIMENTAL

LOCALIZATION TO NERVE TERMINALS AND SYNAPTIC VESICLES

By procedures described in Materials and Methods, a

series of hybridoma cell lines were isolated that secreted

antibodies that bound to brain synaptic junctions much more

than to liver, kidney, spleen and thymus membrane

preparations. Examples of the immunohistochemical binding

patterns of serum 30, one of the two antisera discussed in

this paper are shown in FIGURE 1. In sections of the

cerebellum (FIGURE la), binding to the large glomeruli in

the granule cell layer is particularly prominent, but tiny

punctate binding regions are also visible in the molecular

1ayer, where a variety of much smaller nerve terminals are

found. The antigen is found in both synaptic regions of

the retina (FIGURE lb), the inner and outer plexiform

1ayers. The comparative density of reaction product

corresponds roughly to the density of synapses in the two

regions. The retinal layers that do not contain synapses

are not stained. In the spinal cord, small punctate

depositions of reaction product are visible throughout the

gray matter and are particularly dense in the substantia

gelatinosa (FIGURE le). The axosomatic synapses on

motorheurons in the ventral gray matter are also stained

(FIGURE la). In the sympathetic ganglion, reaction product



79

FIGURE 1: IMMUNOCYTOCHEMICAL LOCALIZATION OF SERUM 30 .

IMMUNOREACTIVITY IN THE NERVOUS SYSTEM.

Light microscopy of representative 8-10 micron

formal dehyde -fixed, frozen sections that have been

incubated with serum 30 and rat PAP complex or

peroxidase conjugate are shown in this figure (a11

bars = 100 microns). The peroxidase reaction product

appears dark. Unless indicated, sections are not

counterstained. Control experiments, omitting the

monoclonal antiserum and substituting normal mous e

serum, were done on sections of each tissue at the

same time. Visible reaction product was not seen in

these sections. Photo a ; rat cerebellar cortex,

showing granule cell 1ayer (GL) at bottom, purkinje

cell layer (PC) in center, and molecular layer (ML) at

the top. The peroxidase reaction product is abundant

in synaptic regions, staining the small synapses in

the molecular layer with small, punctate depositions

and the large synaptic glomuruli in the granule cell

layer with large reaction product depositions. The

white matter (not shown) contained no reaction

product. Photo b : frog retina, showing the pigment

epithelium (PE) at the left, the photoreceptors (PR),

outer nuclear 1ayer (not abbreviated), outer plexiform

layer (OP), inner nuclear layer (IN), inner plexiform
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layer (IP) and ganglion cells (GC). Peroxidase

product is seen in the two synaptic layers -- the

outer and inner plexiform layers. The dark product in

the pigment epithelium is endogenous melanin and is

seen in control sections. Although not apparent in

b1ack and white photographs, the two deposits are

easily distinguishable, since the melanin is black and

peroxidase product is brown. Photo c : rat thoracic

spinal cord, showing the substantia gelatinosa. Small

depositions of peroxidase reaction product are seen

throughout the spinal cord gray matter, particularly

in synapse-rich areas such as the crescent-shaped

substantia gelatinosa shown in this section. Photo d:

rat thoracic spinal cord, showing the large

motoneurons in the ventral gray matter. This section

was 1 ightly counter-stained with toluidine blue to

reveal the motoneuron somas. Reaction product in the

axosomatic synapses on the motoneuron is particularly

dramatic. Photo e : frog paravertebral sympathetic

ganglion (T9 or T10), showing the large principal

sympathetic neuron cell somas. Peroxidase reaction

product is localized to punctate areas between the

cell somas, as is expected in this ganglion where the

majority of synapses are formed on dendrites. The

light brown coloring of the cell somas was also seen

in controls. Photo f : rat hippocampus, CA 1 area
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showing the stratum molecular e (M) at the left, the

stratum radiatum (R), stratum pyramidale (P) and

stratum oriens (O). Many different types of synapses

are found between cells in these areas and punctate

depositions of per oxidase reaction product are seen

throughout the section. Photo g; rat hipoocampus, CA

3 area, showing the stratum oriens (0) at the left,

stratum pyramidale (P), mossy fiber terminals (MF) and

stratum radiatum (R). Small depositions of reaction

product, corresponding to the synaptic terminals, are

found throughout this section. Somewhat larger (3-6

pum) terminals, formed by mossy fibers, and

correspondingly larger depositions of reaction product

are found in the mossy fiber area (MF). Photo h;

rabbit pituitary, showing portions of the posterior

(P) and anterior (A) lobes. Peroxidase reaction

product is evident in the posterior lobe in regions

surrounding the capillaries.
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is localized to punctate areas near the 1arge principal

neuron cell bodies, where the majority of axodendritic

synapses in that ganglion are located. Every layer of the

hippocampus contains synapses, and punctate spots of

reaction produce are visible in every layer of CA1

(FIGURE lif) and CA3 (FIGURE 12). In the region where large

mossy fiber terminals (MF) are located in CA3,

correspondingly large depositions of reaction product are

visible (FIGURE 1h ) in a distribution consistent with the

distribution of nerve terminals in that gland. In summary,

serum 30 binds a wide variety of nerve terminals in the

central and peripheral nervous systems; with the exception

of the neuromuscular junction, every terminal region that

has been examined reacts with this antiserum. Serum 48 has

not been tested as extensively, but produces identical

patterns in the cerebellum and spinal cord, the two tissues

examined (data not shown). Sections of each tissue in

which normal mouse serum was substituted for serum 30 were

done in parallel and did not contain visible reaction

product.

To more definitively identify the location of the

antigen bound by serum 30, similarly treated sections from

the cerebellum were examined in the electron microscope

(FIGURE 2). Binding was seen to a variety of nerve

terminals -- mossy fiber terminals (MF) and Golgi type II

terminals (GT) in the granule cell layer (FIGURE 2a), and a
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FIGURE 2: HIGH RESOLUTION LOCALIZATION OF SERUM 30

IMMUNOREACTIVITY IN THE CEREBELLUM

These electron micrographs show sections of the

granule cell layer in photograph a and the molecular

layer in photograph c (bars = 2 microns) with higher

magnification micrographs of each layer in

photograph b and photograph d (bars = 0.5 microns).

The peroxidase reaction product appears dark. In the

granule cell layer a, both the large mossy fiber

terminals (MF) and surrounding Golgi type II terminals

(GT) have depositions of reaction product. In the

molecular layer c, every terminal contains reaction

product. Deposition of reaction product around

vesicles is apparent in the higher power micrographs

of a mossy fiber terminal in b and parallel fiber

terminal in d. There may be some product on

pre-synaptic terminal surface membranes, but it is

never seen on post-synaptic membranes. Control

experiments did not show reaction product.
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myriad of small terminals in the molecular layer

(FIGURE 2C), including parallel fiber terminals on Purkinje

cell dendrites. While reagents penetrate only short

distances into the 50-100 pum sections used for PAP

immunohistochemistry, virtually every terminal has reaction

product in thin sections prepared from the surface region

of the vibratome sections. Examination of several hundred

fields in the electron microscope convinced us that no

identifiable class of terminals was unstained. Similarly,

all synaptic layers in other sections of the nervous system

visible by light microscopy appear to have reaction product

(FIGURE 1). Serum 48 also stains all visible terminals in

the cerebellum (data not shown).

Higher power electron micrographs of mossy fiber and

parallel fiber terminals in FIGURES 2b and d show that the

peroxidase reaction product is concentrated on the outer

surface of synaptic vesicles. Some reaction product is

also found on other membrane structure facing these

vesicles, e.g., mitochondria and plasmalemma. In electron

micrographs of synaptosomes, immunoreactivity is restricted

to synaptic vesicles and occasional patches of plasmalemma

or mitochondria adjacent to these vesicles (data not

presented). Since reaction product is only seen on those

faces of these other organelles that are closely apposed to

vesicles, migration of reaction product seems likely to

explain all the product on the mitochondria and most of
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that on the plasmalemma. In principle, one would expect to

find some vesicle membrane antigens in the plasmalemma and

this can be documented in the ad renal medulla. In

FIGURE 3a, a low power micrograph of adrenal, the DAB

reaction product is found in medulla (M), but not cortex

(C). In EM micrographs of the adrenal medulla (FIGURE 3b),

reaction product is found on the membrane of chromaffin

granules and also on those portions of the plasmalemma that

face sinuiso idal spaces. Reaction product is not seen on

the other portions of the plasmalemma even though the

1ateral membranes are also clearly apposed to chromaffin

granules. For this reason, we believe this represents real

binding of the monoclonal antisera to the plasmalemma of

these cells. In these sections, the reaction product is

found on the outer surface of vesicles and inner surface of

the plasmalemma, consistent with the results in cerebellar

terminals. Serum 30 and serum 4.8 bind the same structures

(comparative data not shown).

IMMUNOPRECIPITATION OF SYNAPTIC VESICLES

To obtain more definitive evidence for the localization

of these antigens to synaptic vesicles, we used the

procedures of Ito and Palade (Ito and Palade, 1978) to see

which organelles were precipitated by these antisera. A

crude nerve terminal preparation was lysed with a hypotonic
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FIGURE 3: LOCALIZATION OF IMMUNOREACTIVITY IN THE

ADRENAL MEDULLA

In this figure are representative

photo-micrographs that show the localization of serum

30 immunoreactivity in the adrenal gland. In a low

power photo-micrograph a that includes portions of

both the adrenal cortex (C) and medulla (M), the

peroxidase reaction product is clearly found only in

the medulla where it is localized inside adrenal

chromaffin cells (bar = 100 microns). In an elecron

micrograph of chromaffin cells b, a thin depositon of

reaction product outlines the chromaffin granules and

the inside surface of sinuisoidal portions of the

plasmalemma (bar = 2 microns). Control exper imants

did not show reaction product.
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solution to release internal organelles. The mixture of

membranes was incubated with a monoclonal antibody and then

precipitated after brief mixing with protein A coupled

acrylamide beads. After several washes, the beads were

fixed, sectioned and examined in the electron microscope.

In FIGURE 4a is the lysed terminal preparation that was

incubated with the monoclonal antibody. Before fixing the

pellet, the membranes were diluted with an equal volume of

buffer and mixed thoroughly. This insures that the various

membranes are distributed randomly in the pellet. A

mixture of partially lysed synaptosomes, mitochondria,

vesicles, and debris is evident. In FIGURE 4b is a

representative photograph of the profiles precipitated by

normal mouse serum. Only an occasional piece of membrane

is found on the surface of the polyacrylamide beads.

In experiments with monoclonal sera not directed

against membrane antigens, we have found even fewer

profiles on the beads (data not shown). In contrast, when

serum 30 is used (FIGURE 4c and d) large numbers of

uniformly sized profiles are found on the surface of the

beads. Virtually all the attached membranous material have

the small uniform size of synaptic vesicles. Plasmalemma

profiles are rare; mitochondrial profiles are absent. The

Structures seen in sections of total and immunologically

purified membranous material are tabulated in TABLE 1.

Most of the purified organelles are synaptic vesicles. The
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FIGURE 4 : MEMBRANE PROFILES IMMUNOPRECIPITATED ON

PROTEIN A – ACRYLAMIDE BEADS

An electron micrograph of a sectioned crude brain

homogenate is shown in a. The pellet was thoroughly

mixed with an equal volume of buffer prior to

fixation. An electron micrograph of a sectioned

acrylamide bead with attached membrane profiles

immunoprecipitated with normal mouse serum is shown in

b. In c and d are profiles precipitated with serum 30
(a11 bars = 1 micron). Procedures are described in

MATERIALS AND METHODS.

* -
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TABLE 1: SELECTIVE IMMUNOPRECIPITATION OF

SYNAPTIC VESICLES WITH SERUM #30.

The profiles seen in electron micrographs of lysed

crude brain homogenate (FIGURE 4a) and a membrane

fraction purified by immunoprecipitation

(FIGURE 4c and 4d) are tabulated. Only profiles that

could be unambiguously identified as synaptic vesicles

were counted in that category. These results are the

average of two separate experiments that did not

differ significantly from each other.
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TABLE 1.

WESICLES OTHER TOTAL WESICLES

PROFILES PROFILES OTHER PROFILES

Crude 136 1165 1301 0.12

Homogenate

Profiles 1357 376 1733 3. 61

Precipitated

with Serum 30



95

other profiles in the purified fraction include small

uncharacterized structures, whose size makes them 1 ikely to

be disrupted synaptic vesic 1es, and larger membranes,

probably derived from the plasmalemma. Since the

contaminating structures are, on average, larger than

synaptic vesicles, individual organelles have a higher

probability of being visualized in sectioned material.

Hence, their frequency, but not their mass, is

overestimated in TABLE 1. It is clear from this table that

a single immunoprecipitation step is capable of

significantly purifying synaptic vesicles from a crude

starting preparation. The amount of non-vesicular material

is reduced 30 fold by this single step. The major

limitation to the efficacy of this purification may be the

presence of the vesicle antigen in inverted synaptic plasma

membranes.

To demonstrate that intact vesicles can be precipitated

by these monoclonal antibodies, we incubated a rat

pheochromocytoma cel 1 line, PC-12, which contains

adrenergic vesicles, with [*H]-norepinephrine prior to

homogenizing the cells and precipitating the organelles via

the externally exposed antigen. The efficiency of the

precipitation has been estimated in TABLE 2a. It has

previously been shown that vesicular, but not cytoplasmic

[*H]-NE can be retained in appropriate conditions on

Millipore filters (Patterson et al., 1975), presumably
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TABLE 2: IMMUNOPRECIPITATION OF [*H]-NE FROM

PC-12 HOMOGENATES.

2a.

Efficiency of immunoprecipitation of [*H]-NE.
106 PC-12 cells were incubated with 1 JuCi

[*H]-NE for 80 minutes at 37°C (Patterson et al.,

1975). Cells were homogenized in 1 ml of growth

medium with a glass-teflon homogenizer. Then large

debris was removed by centrifugation at 10,000 x g for

5 minutes. Aliquots were used to estimate the

vesicular [*H]-NE content by millipore filtration

(Patterson et al., 1975). Preparations were incubated

at room temperature and samples removed and adsorbed

to millipore filters to determine the rate at which

transmitter leaks out of these vesicles. Values are

cited for 4 hours -- the time required to complete the

immunoprecipitation on be ads. Aliquots were used for

immunoprecipitations: 300 jul aliquots were mixed with

40 jug of each antibody, incubated for 100 minutes at

2°C, and adsorbed to immobilized protein-A.

2b. Immunoprecipitation of [*H]-NE from a PC-12
14homogenate containing [*"CJ-leucine labeled

proteins.

PC-12 cells were grown in the presence of

(**c.1-leucine for 5 days prior to a 60 minute
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incubation in [*H]-norepinephrine. The ratio of

[*H]-NE to (**c.1-leucine was normalized to the

value found in the homogenate which has been defined

as 1.
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TABLE 2

2a. EFFICIENCY OF IMMUNOPRECIPITATION OF [*H]-NOREPINEPHRINE

TOTAL CPM. CPM. BOUND TO CPM. PRECIPITATED

SAMPLED MILLIPORE FILTER ON BEADS

CELL, HOMO GENATE :

TIME 0 5200 2100
-

CELL HOMO GENATE :

4 HOURS, 20°C 5200 940
-

CELL HOMOGENATE

+ ANTIBODY #30:

4 HOURS, 20°C 5200 980 930

2b. IMMUNOPRECIPITATION OF [*H]-NOREPINEPHRINE FROM A PC12

HOMOGENATE CONTAINING (**c.1-LEUCINE LABELED PROTEINS

[*H]-NE
(**c.1-LEUCINE

CELL HOMOGENATE 1.0

PROTEIN A - POLYACRYLAMIDE BEAD 10.6
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because vesicle proteins bind the entire vesicle to

nitrocellulose. Using this assay to estimate the [*H]-NE
remaining in the vesicles after homogenization, we found

that 40% of the counts were retained in vesicles. Over the

subsequent four hours occupied in the various

immunoprecipitation steps, 55% of these counts were

released from vesicles. Antibodies did not increase the

rate of release. 95% of the [*H]-NE remaining in

vesicles could be immunoprecipitated on acrylamide beads,

so immunoprecipitation of vesicles is efficient. The

precipitation of vesicle contents is limited primarily by

the rate at which they are released into the surrounding

medium. In TABLE 2b are the results of a similar

experiment in which the cells were grown for five days in

[14
homogenate, the [*H]-NE/I*“c]-protein ratio was defined

C] – leucine and one hour in [*H]-NE. In a

as 1. After immunoprecipitating the vesicles with serum

30, this ratio was increased to greater than 10. In

TABLE 2a, we showed that 55% of the [*H]-NE was released

from vesicles during the four hour incubation period in our

immunoprecipitation protocol, so the vesicle membranes and

non-exchangeable contents are probably purified 20 fold.

PC-12 cells contain large numbers of vesicles, so a 20 fold

purified preparation may be close to homogeneity, but this

has not yet been proven. Since intact vesicles can be

precipitated, the antigens must be exposed on the synaptic
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vesic 1e's outer surface, as was suggested by the

distribution of peroxidase reaction product.

NATURE OF THE ANTIGENS AND ANTIBODIES

Quantitative radioimmunoassays have been done on

fractionated brain homogenates. As shown in TABLE 3A, the

antigen is associated almost exclusively with the

particulate fraction from a brain homogenate. The antigen

is not released from membranous material by treatment with

either high or low salt, but is solubilized with Triton

X-100. The results in TABLE 3B show that the antigen can

be destroyed (greater than 99%) by incubation with

trypsin. Therefore, the antigen does not appear to be a

cytoplasmic protein but has the properties of an integral

membrane protein. These results are compatible with the

observed association of the antigenic determinants with the

outer surface of synaptic vesicles.

To determine the specificity of the antibodies and

properties of the antigens bound by them, we denatured

Synaptic plasma membranes in boiling SDS and separated the

denatured proteins by size on polyacrylamide gels (Laemmli,

1970). After electrophoresis was completed, the proteins

were fixed in the gels and antibody molecules were allowed

to bind the proteins in the ge1 (Burridge, 1978). In

FIGURE 5 (1anes b and d), it is evident that each antibody
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TABLE 3:

SOLUBILITY PROPERTIES OF THE WESICLE ANTIGEN.

Adult rat cerebral and cerebel lar cortices were

removed and rinsed in ice cold 0.9% NaC1. One brain

was suspended in 10 ml of 10 mM NaCl and the tissue

was homogenized with 12 strokes of a glass-teflon

homogenizer rotated at 900 rpm. The homogenizer was

kept in an ice bath while homogenization was

completed. Five 2 ml aliquots were removed and the

solutions were adjusted to: PBS / 1 mM phenyl methyl

sulfonyl fluoride (PMSF) / 2 mM EGTA / 2 mM EDTA

(column a), 1 M NaC1 / 1 mM PMSF / 2 mM EGTA / 2 mm

EDTA (column b), 10 mM. NaCl / 1 mM PMSF / 2 mM EGTA /

2 m/■ EDTA (column c), PBS / 0.1% Triton X-100 / 1 mM

PMSF / 2 mM EGTA / 2 mM EDTA (column d), PBS / 0.1

mg/ml TPCK treated trypsin / 2 mM CaCl2 for 10

minutes at 37°C after which the solution was adjusted

to 0.2 mg/ml soybean trypsin inhibitor / 1 mM PMSF / 2

mM EGTA / 2 mM EDTA (column e).

Each sample was brought to 3 ml total volume with

the appropriate solution. 200 pil of each sample was

centrifuged at 100,000 x g for 1 hour in an airfuge

(Beckman). The pellets were resuspended in 20 Jul of

the same solution and recentrifuged. Supernatants

from the two washes were pooled for assay. The final
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pellets were resuspended in 200 pil of PBS. The total

number of antigen units was determined for each sample

with the quantitative radioimmunoassay described in

MATERIALS AND METHODS. The toal amount of antigen in

each pellet and supernatant was calculated and the

percent distribution of this antigen is reported.

The supernatants in b and c were assayed directly

and also adjusted to PBS by passing an aliquot of each

sample over a Biogel P2 column equilibrated with PBS.

Both procedures gave identical results.

The samples which contained Triton were diluted

100 fold in PBS containing 5% calf serum in order to

dilute out the detergent which interferes with the

plate assay.

The total amount of antigen in each trypsinized

sample was compared to the amount of antigen in

samples from membrane which were adjusted to PBS

immediately after homogenization. The values cited in

column e show the percent of antigen in the

trypsinized samples relative to the amount of antigen

in the untrypsinized samples.

* Represents the limit of assay sensitivity.
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TABLE 3

3A 7. DISTRIBUTION OF ANTIGEN IN PELLET AND SUPERNATANT

al b C

PBS 1 M NaC1 10 mM NaC1

PELLET 99.8 99.3 99.4

SUPERNATANT 0.2 0.7 0.6

d

Triton

10. 2

89. 8

3B TRYPSIN SENSITIVITY OF ANTIGEN

% OF ANTIGEN REMAINING AFTER TRYPSINIZATION

Brain homogenate 1ess than 0.9

pellet less than 0.8

Supernatant 1ess than 50.0
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FIGURE 5: IDENTIFICATION OF ANTIGENS

Synaptic plasma membranes were dissolved in

SDS-mercaptoethanol and fractionated in 10%

polyacrylamide gels in a discontinuous buffer system

(Laemmli, 1970). The antigens were identified by

initial incubation with monoclonal antibody, and
125

subsequent incubation with [ IJ goat anti-mouse

kappa chain affinity purified immunoglobulins

(Burridge, 1978). Lanes a, c, and e are

coomassie -blue stained gel lanes; lane b is the

autoradiograph of a gel treated with serum 30; lane d

with serum 48; and lane f with both serum 30 and 48.

The migration pattern of protein standards with

molecular weights in kilo daltons is shown on the
125right. Gels incubated with [ Il goat anti-mouse

kappa antibody, and either no mouse antibody or a

different monoclonal antibody of the same allotype,

did not have detectable binding.
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binds a single protein in these gels, which has a molecular

weight of roughly 65,000 daltons. A mixture of the

antibodies also binds only one band, (FIGURE 5f) so the

antigenic determinants must be on proteins of similar

molecular weight. In fact, the results in FIGURE 6 show

that each monoclonal antibody is able to block subsequent

binding by an isotope-labeled preparation of the other

antibody. This result implies that the two antibodies bind

antigenic determinants on the same 65,000 dalton protein.

The two antibodies are not identical, however. Serum 48

clearly binds with greater affinity than serum 30

(FIGURE 6). In addition, they are members of different IgG

allo type groups (data not shown). The protein is a minor

component, not evident in the corresponding coomassie-blue

stained gel strip (FIGURE 5a, c and e).

WIDESPREAD DISTRIBUTION OF THE ANTIGENIC DETERMINANTS IN

NEUROSECRETORY TISSUES

Since immunohistochemical procedures made it obvious

that the 65,000 dalton protein was in many different

classes of nerve terminals, we used an antigenic

competition as say to measure its concentration in different

parts of the nervous system, in non-neuronal secretory

Organs, and in non-secretory tissues. The results in

TABLE 4 show that the antigen is found in every part of the
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FIGURE 6: COMPETITION FOR ANTIGEN BY SERUMS

30 AND 48

25 Jul of 10 Jug/ml rat brain synaptic plasma

membranes were adsorbed to polyvinyl chloride

microwel 1s (Klinman, 1972). After washing, 25 Jul of a

serial dilution of a scites fluid was incubated for 12

hours with each well. Then a 25 Jul sample of [125I]
monoclonal antibody preparation was added for 4 hours

at 20°C. Wells were washed, dried and counted in the

gamma counter.
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TABLE 4: QUANTITATIVE MEASUREMENT OF ANTIGEN IN

DIFFERENT TISSUES.

This as say has been described in

MATERIALS AND METHODS and is outlined below.

Aliquots of 76 ng/ml of ascites fluid #48 in 5%

newborn calf serum in PBS (a dilution chosed to be

limiting in the assay) were incubated with different

concentrations of homogenized tissues for 12 hours at

4°C. The membranes were pelleted at 200,000 x g for

40 minutes in an air fuge. The residual antibody in

the supernatant was measured in the solid phase

radioimmunoassay described in MATERIALS AND METHODS.

The amount of tissue protein needed to adsorb 50% of

the binding was recorded from inhibition curves. The

in verse values were normalized to rat brain which has

been defined as 100% relative specific activity

*(RSA).

* z RSA = [ antigen units/mg tissue X 100,
antigen units/mg adult rat brain
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TABLE 4

Tissue homogenized z RSA *

Extrajunctional diaphragm muscle (rabbit) 1ess than 0.3
Adrenal Cortex (bovine) less than 0.4

Pancreas (rabbit) 0.9
Liver (rabbit) 0.9
Salivary Gland (rabbit) 5.4
Anterior Pituitary (bovine) 11.

Superior Cervical Ganglion (rabbit) 27.
Adrenal Medulla (bovine) 76.

Posterior Pituitary (bovine) 86.

Cerebral Cortex (rabbit) 75.
Cerebellum (rabbit) 60.
Superior Colliculus (rabbit) 50.

Whole brain (rat) 100.

Cell Type Homogenized 7. RSA *

Blood Cells (rabbit) less than 0.2
HIT (hamster pancreatic islet) less than 0.5
At T20 (mouse anterior pituitary) 5.0
GH3 (rat anterior pituitary) 12.
PC-12 (rat adrenal pheochromocytoma) 26.
PC-12 grown in nerve growth factor 38.
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central or peripheral nervous system that was assayed. The

antigen is found in cerebral and cerebel lar cortices,

midbrain, posterior pituitary, adrenal medulla, superior

cervical gang lion and a neuronal like cell line -- PC-12.

The concentration of antigen in two non-secretory tissues

-- non-innervated regions of skeletal muscle and red blood

cells -- was less than 0.4% of that found in the cerebral

cortex, below the detection limits of this as say.

Significantly higher levels of antigen were seen in

non-neural secretory tissues, such as the liver, pancreas,

and salivary gland. Since these concentrations are stil 1

only 1-5% of that found in the cerebral cortex, it seems

possible that the antigen might be restricted to nerve

terminals in these organs. Alternatively, the secretory

vesicles in these organs may have very low amounts of the

65,000 dalton protein. Unfortunately, we cannot see such

low levels of antigen with our immunohistochemical

procedures. The anterior pituitary is a non-neuronal

Secretory tissue that contains more antigen than any other

non-neural tissue, but only 10% of the activity seen in the

posterior pituitary. The antigen is also found in two

peptide secreting ce11 lines, At T 20 and GH3, which are

derived from the anterior pituitary, further evidence that

the antigen is in anterior pituitary cells. The

distribution of antigen among the different cell types

Within the anterior pituitary has not yet been determined.
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EVOLUTIONARY CONSERVATION OF THE 65,000 DALTON PROTEIN

In TABLE 5 are the results of an experiment in which

the amount of antigen in different species was compared

using the immune competition assay. While it was not

detected in fruit fly head nor torpedo electroplax, high

levels were found in brains of torpedo, shark, chicken,

frog, and every mammal examined. Clearly the antigen has

persisted through several hundred million years of

evolutionary divergence.

In fact, the 65,000 dalton protein has retained its

molecular weight and features of its conformation in these

different species. The Burridge gel in FIGURE 7 shows that

the antibody binds the same molecular weight protein in

brain homogenates of each species. This particular

autoradiograph has been over exposed to show antibody

binding to two minor bands at 40,000 and 50,000 daltons.

While there are many possible explanations for these minor

bands, it seems very likely to us that they are proteolytic

fragments of the 65,000 dalton protein. If so, the

protease sensitive sites have also been preserved in the

different species, suggesting that the major structural

features of the protein are highly conserved.
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TABLE 5:

QUANTITATIVE MEASUREMENT OF ANTICEN IN DIFFERENT

VERTEBRATE SPECIES.

The procedure and definition of relative specific

activity (RSA) are described in MATERIALS AND METHODS

and in the legend to TABLE 4.
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TABLE 5

TISSUE HOMO GENIZED Z RSA *

DROSOPHILA (entire head)

TORPEDO ELECTROPLAX

BRAIN: CHICKEN

FROG

RAB BIT

MOUSE

RAT

COW

TORPEDO

SHARK

less than 0.9

less than 0.6

77.

86.

87.

89.

100.

120.

140.

200.
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FIGURE 7: IDENTIFICATION OF ANTIGEN IN DIFFERENT

VERTEBRATE SPECIES.

Each sample of whole brain homogenate was

dissolved in SDS-mercaptoethanol and processed as

described in FIGURE 5 and MATERIALS AND METHODS. Gel

lanes containing protein standards and rat brain, both

stained with coomassie -blue are shown at the left

(lanes a and b). The molecular weights of the protein
standards in kilodaltons are indicated. The different

species used as sources for the brain homogenates were

rat (c.), mouse (d), rabbit (e), cow (f), chicken (g),

frog (h), and shark (i). Gels incubated with only the
second antibody did not have detectable binding.
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IMMUNOPURIFICATION OF THE ANTIGEN

Antibody 48 was used to immunopurify the antigen from

an iodinated fraction of rat brain as described in

Materials and Methods. The proteins were separated by SDS

ge1 electrophoresis. It is evident in FIGURE 8 that the

only proteins visible in this autoradiograph migrate in

bands with molecular weights of 65, 50, and 40

kilodaltons. These molecular weights correspond to the

bands recognized in Burridge gels (FIGURE 7). Therefore,

this preparation can be considered highly enriched in this

antigen.

DETERMINANTS ARE NOT AT THE NEUROMUSCULAR JUNCTION

Using immunohistochemistry, the determinants defined by
monoclonal antibodies 30 and 48 have been localized in a

variety of neuronal and neurosecretory tissues

(FIGURES 1, 2 and 3). In all cases the antigen appears to

be associated with synaptic or secretory vesicles. There

is one synaptic preparation that we have not been able to

stain -- the neuromuscular junction (NMJ). We have used a

variety of techniques on tissue sections that contained rat

and frog NMJs and have never found specific staining (data
not shown). Either our immunocytochemical techniques are

not adequate to detect the determinants in these
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FIGURE 8: IMMUNOPURIFICATION OF ANTIGEN.

The antigen was purified from an iodinated

fraction of rat brain as described in MATERIALS AND

METHODS and electrophoresed on a 12.5% acrylamide SDS

gel. The migration pattern of molecular weight

standards is shown. The major protein is the 65

kilo dalton antigen. Minor bands are found at 50 and

40 kilodaltons. These are the same molecular weights

as bands which appear on overexposed Burridge gels

(FIGURE 7) and probably reflect proteolytic fragments

of the antigen.
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preparations or the determinants are not present at the

NMJ.

Specific immunohistochemical staining is a good

argument that an antigen is present in a tissue, however,

lack of staining proves nothing conclusively -- there can

be penetration problems or the antigen may not be at a

sufficient concentration. Having failed with a variety of

histochemical techniques does not prove the determinants

are missing from the NMJ but it did motivate us to pursue

this possibility.

A biochemical analysis of NMJ components is feasible.

Electoplax from electric fish is a model NMJ and contains a

large number of cholinergic vesicles. Regis Kelly and his

colleagues have purified cholinergic vesicles from

elasmobranch electroplax (Carlson et al., 1978) and have

identified a 65 kilodalton protein on the outer surface of

these vesicles (Wagner and Kelly, 1979). It is possible

that this is the protein recognized by antibodies 30 and

48. However, quantitative radioimmunoassays, which detect

a high concentration of antigen in torpedo brain, show the

determinant is not found in electroplax (TABLE 5).

Electroplax tissue has a density of vesicles which is

approximately 10% that of brain (Carlson et al., 1978).

Thus, if the antigenic determinants were present in

electroplax, they should be detected in this

radioimmunoassay. Furthermore, the antibodies do not bind
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any protein of purified electroplax vesic 1es in Burridge

ge1s (data not shown). Therefore, the determinants defined

by these monoclonal antibodies are not in electroplax

vesicles. This supports the fact that the

immunohistochemistry has not localized these determinants

to the NMJ. It is very likely that the determinants are

missing from the NMJ. It is still possible that the

protein is at the NMJ in a modified state such that the

antibodies do not recognize the antigen.

Kelly and coworkers have developed a rabbit antiserum

(RASVA) to cholinergic vesicles purified from elasmobranch

elecroplax (Carlson et al., 1978; Wagner and Kelly, 1979;

Hooper et al., 1980). Electroplax is considered a model

NMJ and, as one might hope, RASWA binds to rat and frog

NMJs (Hooper et al., 1980). It is rational to use RASWA as

a probe for proteins contained in electroplax vesicles and,

therefore, as a probe for NMJ proteins.

RASWA was used to block the binding of antibody 48

(FIGURE 9) to the immunopurified rat brain antigen

(FIGURE 8). As shown in FIGURE 9, RASVA competes with

antibody 48 for binding to this antigen. RASVA, used at 1

mg/ml, is able to block 97% of antibody 48 binding. It is

assumed that at higher concentrations RASWA would block

100% of the binding. This argues that the protein

recognized by these monoclonal antibodies is in electroplax

vesicles even though the determinants are not (TABLE 5).
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FIGURE 9 : RASWA BLOCKS MONOCLONAL BINDING TO THE

RAT BRAIN ANTIGEN.

The synaptic vesicle antigen was immunopurified as

described in MATERIALS AND METHODS (shown in FIGURE 8)

and adsorbed to multiwell assay plates. Ten nanograms

of protein (30 Jul) was incubated in each wel 1 for 24

hours at 4°C. The plates were washed with PBS

containing 5% calf serum and an aliquot (30 Jul) of

serial diluted rabbit anti-synaptic vesicle adsorbed

serum (RASWA : obtained from Regis Kelly) was added to

the wells. After 6 hours at 25°C, 20,000 cpm. (30 u1)

of iodinated ascites #48 (2 uCi/pig) was added to the

wells and co-incubated with the RASWA serum for 12

hours at 4°C. The plate was washed, dried and counted

in the gamma counter.
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POLYCLONAL ANTISERUM DIRECTED AGAINST THE ANTIGEN

The immunopurified antigen (FIGURE 8) was used to

develop a rabbit antiserum as described in Materials and

Methods. This sera was used to stain PC-12 cells grown in

nerve growth factor. FIGURE 10A shows the distribution of

the determinant recognized by antibody 48. Under these

conditions the vesicle antigen is concentrated in

varicosities. The rabbit serum was also used to stain

these cells and the fluorescent localization using this

antiserum is shown in FIGURE 10B. The fluorescent patterns

can be superimposed. The preliminary characterization

implies that this rabbit serum is specific for this vesicle

protein. Burridge gels and immunoprecipitations will be

used to ascertain the specificity of this serum.

DISCUSSION

In this paper, we have identified a 65,000 dalton

protein, greatly enriched in synaptic vesicles, that is

widely distributed in the nervous system (FIGURE l;

TABLE 4). This protein is bound by two monoclonal

antibodies (FIGURES 5 and 6). Its molecular weight is

based on its migratory behavior in SDS acrylamide gels in

the presence of reducing agents (FIGURE 5). The protein
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FIGURE 10 : RABBIT SERA BINDS TO PC-12 WARICOSITIES.

A polyclonal rabbit serum was developed by

repeated immunizations with the immunopurified antigen

from rat (FIGURE 8), chicken and torpedo brains as

described in MATERIALS AND METHODS.

Pheochromocytoma cells (PC-12) were grown in

medium supplemented with nerve growth factor as

described in MATERIALS AND METHODS. The cells were

grown on collagen-coated glass covers lips. The

cultures were fixed and permeabilized for 30 seconds

in absolute methanol at -20°C. Double

immunofluorescense labeling was completed with

monoclonal antibody #48 + fluorescein coupled goat

anti-mous e Ig serum and a 1/100 dilution of rabbit

anti-vesicle protein + rhodamine conjugated goat

anti-rabbit Ig serum as described in MATERIALS AND

METHODS.

Photograph a shows the specific binding of

monoclonal antibody. Photograph b shows the binding

of the rabbit antiserum to the same cells.
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subunit could be part of a larger complex in situ. There

are two arguments for the vesicular location of this

protein: first, in PAP immunohistochemical studies the

antigen is localized on the surface of synaptic vesicles

(FIGURES 2 and 3). Since quantitative radioimmunoassays on

fractionated brain homogenates demonstrate the antigen is

membranous, not found in soluble fractions (TABLE 3)

immunohistochemical studies argue strongly that the antigen

is found in synaptic vesicles, not in cytoplasmic material

trapped during fixation. Secondly, when the antibodies are

used to precipitate organel 1es from crude brain

homogenates, they selectively precipitate synaptic vesicles

(FIGURE 4, TABLE 1 and 2).

The determinants recognized by these antisera must be

exposed on the outer surface of the vesicles, since the

peroxidase reaction product is found outside the vesicle

membrane profiles (FIGURES 2 and 3), and the antisera can

precipitate intact vesicles (FIGURE 3, TABLE 1) with

neurotransmitter. These antibodies purify vesicles with a

Speed and efficiency comparable to more classical

biochemical procedures (Carlson et al., 1978; Meyer and

Burger, 1979). They should be valuable reagents for

purifying vesicles to greater homogeneity than hither to

possible and for rapid isolation of vesicular fractions.

Why might hybridoma cell lines secreting anti-vesicle

Sera be is olated from a mouse immunized with synaptic
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junctional complexes? Probably this vesicle protein was in

our immunizing material, since the antibodies bind synaptic

junction enriched fractions in a solid phase

radioimmunoassay (data not presented) and these antibodies

bind to detergent extracted membranes (TABLE 3). We do not

know whether the bulk of the antigen is actually present in

the junctions or whether synaptic vesicle-derived material

contaminates Triton-extracted preparations.

Solid phase radioimmune competition as says (TABLE 5).

and Burridge gels (FIGURE 6) make it clear that the 65,000

dalton protein with associated antigenic determinants is

conserved throughout the vertebrate evolutionary tree. The

quantitative immune competition as says (TABLE 4) show that

the determinants are present in every tested neuronal or

neurosecretory tissue at comparable concentrations. In the

cerebellum, the antigen is clearly in both excitatory

(mossy fiber, parallel fiber) and inhibitory terminals

(Golgi type II) (FIGURE 1 and 2). The transmitters have

not been definitively identified at these cerebellar

synapses, although glutamate is thought to be the

transmitter in parallel fibers (Ito, 1978). Since every

terminal has antigen in many of our low power

electromicrographs (FIGURE 2) it seems likely that the

other terminal types in the cerebellum contain this 65,000

dalton protein also. At the level of resolution provided

by the light microscope, the antigen appears to be present
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in every visible synaptic layer of those portions of the

nervous system that have been examined (FIGURE 1),

including cerebellum, retina, spinal cord, hippocampus,

sympathetic ganglion, and pituitary. The antigen is

present in putative glutaminergic and GABA-nergic terminals

(cerebel lar parallel fibers and Golgi type II endings),

cate cholaminergic tissue (adrenal, PC-12), serotonergic

tissue (pineal), and cholinergic cells or endings (PC-12,

presynaptic terminals in sympathetic ganglion). It is also

found in a variety of peptidergic cells or terminals [ the

LHRH terminals in the frog sympathetic gang lion (Lily and

Yu-Nun Jan, personal communication), growth hormone

secreting GH3 cells, ACTH and endorphin releasing At T 20

cells, posterior and anterior pituitary (TABLE 4) J. We are

left with the conclusion that this protein is widely

distributed in synaptic vesicles and may be present in

every type of neuronal terminal.

Most vesicle-associated antigens that have been

characterized have much narrower distributions than the

65,000 dalton protein described in this paper. The

neurotransmitters and peptides are restricted to particular

cell types (Moore and Bloom, 1979; Hokfelt et al., 1980).

The vesicle associated enzyme, dopamine-beta-hydroxylase,

is found only in cells that synthesize norepinephrine and

epinephrine (Swanson and Hartman, 1975). The antiserum to

elasmobranch cholinergic vesicles (RASVA) binds some
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adrenergic and peptidergic in additional to cholinergic

terminals (Hooper et al., 1980). Binding in the cerebellum

and hippocampus is concentrated in presumptive cholinergic

terminals (where high acetylcholinesterase concentrations

are detected), a much more restrictive distribution than

seen with the 65,000 dalton protein (Hooper et al., 1980).

It is also not certain whether this antiserum recognizes

the same antigens in each terminal and whether these are

localized in the membrane or interior of the vesicles. We

have shown that RASWA binds the 65,000 kilodalton protein

which was purified with monoclonal antibody #48

(FIGURE 9). Apparently this polyclonal antiserum is not as

sensitive as the monoclonal antibodies in detecting this

antigen in tissue sections.

The most likely vesicle-associated antigens to have

distributions as broad as the 65,000 dalton protein are

protein I and certain cytoskeleton-associated proteins.

For example, Jokusch et al. (1977) presented evidence that

alpha-actinin was found in both adrenal chromaffin granules

and platelet granules. A complete set of immunological

controls and specificity tests was not included in this

paper. If the result is valid, though, alpha-actinin would

seem likely to be widely distributed in vesicle

preparations. Tubulin and actin have also been reported to

be in preparations of cerebral synaptic vesicles (Zisapel

t al., 1980) and adrenal chromaffin granules (Meyer and
*- -
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Burger, 1979) respectively. If these are not contaminants,

they would also be likely to have wide distributions.

Since all these proteins are found in many other cellular

structures, though, they are not very useful in studies of

vesicles per se. In contrast, protein I, a major natural

substrate for cAMP and Ca”-activated protein kinases, is

found only in neurons where it is associated with synaptic

vesicles and post-synaptic densities (Bloom et al., 1979).

It has been identified in a wide variety of terminals in

the CNS and autonomic nervous system (DeCamil li et al.,

1979). While preliminary studies failed to find it in

Several classes of synapses, including cholinergic

terminals in skeletal muscle and pancreas, outer plexiform

layer of the retina, parallel fiber terminals in the

cerebellum, and many terminals in hippocampus (DeCamilli et

al., 1979; Bloom et al., 1979), current experiments
indicate that protein I is present in many of those

terminals at concentrations too low to be detected with the

original procedure (Greengard, personal communication).

Thus protein I may be universally distributed in the

nervous system, and its specific distribution pattern makes

it likely to modulate vesicle function.

It is not known whether the 65,000 dalton protein

corresponds to any of the proteins identified in purified

Vesicle fractions. Since its molecular weight is

significantly less than protein I (80,000 daltons) or
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alpha-actinin (95,000 daltons), it cannot be either of

those proteins. In confirmation of this, we failed to

detect binding with monoclonal antibodies, 30 and 48, to a

purified preparation of protein I, generously donated by

Dr. Greengard. Fractionation of the proteins associated

with adrenal chromaffin granule membranes reveal minor

proteins of approximately the right molecular weight (Huber

et al., 1979; Meyer and Burger, 1979), but no experiments

were done to see which minor proteins are purified with

chromaffin granules and which are contaminants. Similarly,

the proteins from brain synaptic vesicles have been

fractionated on one and two dimensional acrylamide gels,

revealing a plethora of proteins, some in the right

molecular weight range (Babitch and Benavides, 1979), but

careful studies to determine which are vesicular and which

are contaminants have not been done.

In their elegant study on purified cholinergic vesicles

from the elasmobranch electroplax, Wagner and Kelly (1979)

found only eight major proteins in the vesicle, six of

which copurified with vesicles. Intriguingly, one of these

vesicle specific proteins has a molecular weight close to

65,000 and has a domain on the vesicle's outer surface.

Rabbit anti-synaptic vesicle serum prepared against torpedo

electroplax vesicles (Carlson et al., 1978; Hooper et al.,

1980) will immunoprecipitate these eight proteins. This

antiserum is able to block the binding of monoclonal
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antibodies 30 and 48 to the 65,000 dalton protein which was

immuno-purified from rat brain using antibody 48

(FIGURE 9). This argues that the protein defined by these

monoclonal antibodies is present in electroplax vesicles.

Vesicles purified from electroplax (Carlson et al., 1978)

were used in a Burridge gel with antibodies 30 and 48 (the

same as in FIGURE 5). The monoclonal antibodies did not

bind any protein in this preparation. Furthermore,

antibody 48 does not bind to electroplax tissue in the

quantitative radioimmunoassay (TABLE 5). Based on the

amount of vesicles in electroplax (Carlson et al., 1978)

the antigen should be easily detected in this as say. We

know that torpedo brain synthesizes the antigen (TABLE 5)

so it is produced by this species. The logical conclusion

is that the 65,000 dalton protein is present in both

electroplax and brain but the determinants defined by the

monoclonal antibodies are not found on the electroplax

protein. This seems reasonable since we have had no

problem with immunohistochemical staining of both central

and peripheral synapses (FIGURE 1) but have not been able

to demonstrate that 30 or 48 binds the neur Omuscular

junction of frog or rat (electroplax is considered a model

neuromuscular junction). Our inability to detect antigen

at the neuromuscular junction cannot be explained as a

transmitter-specific phenomenon since we know that these

monoclonal antibodies bind cholinergic terminals in the
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frog sympathetic ganglion (Jan and Jan, personal

communication).

The antigen has been immuno-purified from rat

(FIGURE 8), chicken and torpedo brains and a polyclonal

rabbit serum has been developed. This antiserum, like the

monoclonal antibodies, stains the varicosites of

permeabilized PC-12 cel 1s (FIGURE 10). This serum will be

tested for binding at the neuromuscular junction.

Hopefully it will be useful in determining how the antigen

differs at the neuromuscular junction.

This polyclonal serum will also be used to study

possible functions of this protein. The outer surface of

the synaptic vesicle is likely to contain determinants that

sort vesicular membrane during biogenesis, direct transport

to the nerve terminal, modulate fusion with the

plasmalemma, and permit selective retrieval after

exocytosis (Farquar, 1978; Goldstein et al., 1979; Bretcher

et al., 1980). Many classes of vesicle membranes also

contain proteins responsible for maintaining electrogenic

pumps and uptake of specific transmitter substances (Kanner

et al., 1980). Since the 65,000 dalton protein is found in

many different types of terminals (TABLE 4,

FIGURES 2 and 3), it is not likely to be associated with

any transmitter-specific activity. The evolutuionary

conservation of its antigenic determinants suggests an

important function, discovery of which may be difficult at
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this primitive stage of in vitro reconstitution of membrane

biogenesis, sorting and fusion (Fries and Rothman, 1980).

The monoclonal antibodies, however, demonstrate that

immunological purification of organelles is an effective

addition to the limited number of available biochemical

techniques. They also show that many different types of

neurosecretory vesicles share at least one common

vesicle-specific protein, a relationship whose basis is

probably in a common function.
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CHAPTER 5

CO-CULTURE OF PC-12 AND C2 CELL LINES: A MODEL FOR

NEURON-MUSCLE INTERACTION
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SUMMARY

Using a monoclonal antibody which recognizes a protein

restricted to synaptic vesicles, we have shown that a

neuron-like cel 1 line (PC-12) redistributes its vesicles in

response to nerve growth factor. In response to NGF,

vesicle antigens in PC-12 cells are clustered in the

cytoplasm and varicosities. When PC-12 cells are

cocultured with myotubes formed by a fusing skeletal muscle

derived cell line (C2), the PC-12 cells differentiate,

forming two distinct types of axonal processes on top of

the myofibrils. One type of process forms a network

between the PC-12 cell bodies; they tend to be bundled and

appear smooth without any varicosities. The second type of

process is much more plentiful, appear thin, highly

varicose and contact the length of the myotubes.

Immunofluorescent staining with antibody #48 -- the

anti-synaptic vesicle antigen -- shows the majority of

vesicles are contained in the processes which closely

contact the myotubes. PC-12 cells maintain their processes

in co-culture in the presence of anti-nerve growth factor

in the medium.
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INTRODUCTION

Dissociated cell culture has many advantages in

characterizing antigens defined by monoclonal antibodies.

The cells are completely accessible to antibodies and are

isolated in an environment which can be rigorously

controlled. There are limitations, however. Not al 1 the

cell types or developmental cues are present in culture.

Thus, the state of differentiation of cells in vivo is

poorly mimicked in culture.

There is considerable differentiation which does occur

in culture. Synapses onto skeletal muscle fibers have been

formed by spinal cord explants and dissociated spinal cord

neurons (Fischbach et al., 1975; Kidokoro et al., 1975), by

principal sympathetic neurons (Nurse and O' Lague, 1975), by

a neuroblastoma-glioma (Nelson et al., 1976), and by a rat

pheochromocytoma (Schubert et al., 1977). The morphology of

neuromuscular synapses formed by spinal cord explants is

initially primitive but develops to include vesicle

clusters, pre- and post-synaptic thickenings and folds in

the post-synaptic surface membrane (Fischbach et al.,

1975; Kidokoro et al., 1975). The properties of the

neuromuscular junction in culture have been well studied

(Kullberg et al., 1977; Peng and Nakajima, 1978; Frank and

Fischbach, 1979; Peng et al., 1980; Weldon and Cohen, 1979;

Cohen, 1980). Apparently many steps in the differentiation

of the neuromuscular junction can be duplicated in culture.
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Rat pheochromocytoma cells (PC-12) are a tumor cell

line derived from the adrenal (Greene and Tischler, 1976;

Schubert et al., 1977). In culture they appear as small

round cells and divide mitotically. When the culture

medium is supplemented with nerve growth factor (NGF),

PC-12 cells stop dividing and extend processes (Greene and

Tischler, 1976). This cell line synthesizes, stores and

releases norepinephrine and acetylcholine (Greene and

Tischler, 1976). A co-culture system of pheochromocytoma

cells and a muscle cel 1 line, C2 (Yaffe and Saxel, 1977),

has been developed in hopes of inducing differentiation of

these cells. These two cell types in co-culture appear to

develop specialized contacts with each other. It will be

interesting to monitor defined antigens produced by each

cell type in these co-cultures. Possibly antigens will

redistribute in response to the other cell type.

EXPERIMENTAL

NERVE GROWTH FACTOR INDUCES REDISTRIBUTION OF SYNAPTIC

WESICLES IN PC-12 CELLS

A monoclonal antibody, #48, has been described which

binds a 65 kilodalton protein on the outer surface of

Synaptic vesicles. This protein is restricted to synaptic
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and neurosecretory vesicles in a variety of neuronal and

neural tissues. Antibody 48 has been used to purify

vesicles and transmitters from PC-12 cells (Matthew et al.,

in press). This antibody can be used to localize vesicles

in these cells using indirect immunofluorescense

procedures. When PC-12 cells are grown mitotically in

culture (without nerve growth factor) and stained with

monoclonal antibody 48, the vesicle antigen is distributed

uniformly in the cytoplasm. FIGURE 1A shows the diffuse

staining pattern seen in these cells. When PC-12 cells are

differentiated in nerve growth factor and induced to extend

processes, the vesicles are clustered in process

varicosities (FIGURE 13). The cell body stains with

approximately the same intensity as undifferentiated cells

except the pattern is less diffuse and appears as tiny

specks. This antibody provides a very sensitive, rapid and

reliable method for localizing vesicle clusters and,

therefore, potential synaptic contacts. The distribution

of vesicles also serves to monitor PC-12 cell

differentiation.

PC-12, C2 CO-CULTURE

Rat pheochromocytoma cells (PC12) which were

differentiated in nerve growth factor, were plated on top

of C2 muscle cells in C2 growth medium as described in
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FIGURE 1 : NERVE GROWTH FACTOR INDUCES LOCALIZATION

OF VESICLES IN PC-12 CELLS

PC-12 cells were grown in DME-H21, 5% horse serum,

10% calf serum, either +/- nerve growth factor.

Cultures were maintained on collagen-coated glass

covers lips. Covers lips were removed from culture

dishes, rinsed in PBS and fixed-permeabilized in

absolute methanol at -20°C for 30 seconds. The

covers lips were immersed in PBS containing 5% calf

serum and immunofluorescent staining was completed

with antibody 48 + fluorescein coupled goat anti-mouse

Ig serum as described in MATERIALS AND METHODS.

Photographs were exposed for 15 seconds.

Photograph a shows undifferentiated PC-12 cells and

photograph b shows cells grown in nerve growth factor.
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Materials and Methods. After 24 hours the cultures were

fed with muscle fusion medium. Myotubes began forming

within 48 hours and cultures were stained with monoclonal

antibodies after four to seven days in fusion medium. The

myotubes and unfused C2 cells form a very thick carpet of

cells. The PC12 cell bodies are difficult to distinguish

lying on top of the muscle cells. This is shown in

FIGURE 2 .

Monoclonal antibodies to a neuronal surface

proteoglycan have been described (Matthew and Reichardt, in

preparation). Indirect immunofluorescent labeling with any

of the anti-proteoglycan antibodies (3, 15, 22, 31, 42)

allow the PC-12 cells to be visualized in these cultures

with great detail. The ce11 bodies stain very brightly as

do all the axonal processes.

Two types of processes are found in these cultures. As

mentioned, the PC12 cell bodies lie above the muscle

cells. One set of processes lie in this focal plane and

connect all the PC12 ce1l bodies to each other. These

processes are smooth, show no varicosities and tend to be

bundled. An example of these processes is shown in

FIGURE 3a. Another type of PC-12 process is seen in these

cultures. The PC-12 cells send a very large number of

processes into the muscle cell layer. They tend to follow

the 1ength of myotubes and are highly varicose. An example

of this is illustrated in FIGURE 3b (the same field shown
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FIGURE 2: PC-12, C2 CO-CULTURE.

Cells were plated and grown on glass coverslips as

described in MATERIALS AND METHODS. The slip was

photographed under phase optics with a 40 x objective

on an inverted Zeiss microscope.
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FIGURE 3: INDIRECT IMMUNOFLUORESCENSE WITH

ANTIBODY #22 ON PC-12, C2 CO-CULTURES.

The same cells shown under phase optics in

FIGURE 2 are photographed with fluorescent optics

after being stained with monoclonal antibody #22 and

fluorescein conjugated goat anti-mous e Ig serum.

Photograph a is focused on a higher plane where the

PC-12 cell bodies are located. Photograph b is on a

lower plane where the myotubes are attached to the

coverslip.
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in FIGURE 3a but focused on a lower plane). There appears

to be a specific association between the PC-12 processes

and the muscle cells -- the processes look different where

they contact the myo tubes.

WESICLE LOCALIZATION IN COCULTURES

Based on the distribution of varicosities (FIGURE 3),

it is assumed that most of the transmitter-containing

vesicles are associated with the processes on the muscle

cells. To verify this, indirect immunofluorescense was

done with monoclonal antibody #48. This antibody

recognizes a 65 kilodalton protein on synaptic vesicles and

has been used to immunoprecipitate transmitter-containing

vesicles from PC-12 cells (Matthew et al., 1981). After

examining hundreds of cells, it is clear that there are

relatively few vesicles in the PC-12 cell bodies or the

bundled processes linking the cell bodies. The only

significant fluorescent staining is where the processes

terminate on a PC-12 cell or another bundle of processes •

A representative photograph focused on the PC-12 cell
bodies is shown in FIGURE 4a. When the camera is focused

on the muscle cell layer, a large amount of localized

fluorescense is seen (FIGURE 4b). Hence, the large number

of varicose processes which are associated with the

myotubes are filled with synaptic vesicles.
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FIGURE 4: INDIRECT IMMUNOFLUORESCENSE WITH

ANTIBODY #48 ON PC-12, C2 CO-CULTURES.

PC-12 and C2 cells were co-cultured, fixed in

methanol at -20°C for five minutes, incubated with

hybridoma #48 culture fluid and fluorescein coupled

goat-mous e Ig antisera. The cells were photographed

with a 40 x objective. Photograph a is focused on the

upper plane where the PC-12 cell bodies lie, whereas b

is focused on the myotube layer.
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ANTI-NGF INHIBITS BUT DOES NOT BLOCK

PC-12 PROCESS FORMATION

Cocultures were established in C2 fusion medium with

and without the addition of purified nerve growth factor

(NGF). When the PC-12 cells were examined by indirect

immunofluorescense with anti-proteoglycan and anti-vesicle

monoclonal antibodies they appeared identical (data not

shown). Both cultures appeared as the photographs in

FIGURE 3 and FIGURE 4. Therefore, C2 ce11s either

synthesize NGF or are capable of inducing differentiation

of PC-12 cells without NGF. To determine the mechanism,

cocultures were established with and without anti-NGF

serum. A high concentration of anti-NGF was maintained in

these cultures in order to determine if C2 cells synthesize

NGF. FIGURE 5A shows cells grown without anti-NGF. They

extend elaborate processes as previously described. When

anti-NGF is included (FIGURE 5B) the cells still

differentiate and extend processes. However, process

development is slower and does not proceed to the same

extent. This effect is specific for the action of anti-NGF

antibodies since cocultures grown in the same concentration

of anti-NGF with an excess of exogenous, purified NGF

display processes like those in FIGURE 5A (data not

shown). This implies that C2 cells synthesize and secrete

NGF. NGF does not, however, appear to be the only



152

FIGURE 5: EFFECTS OF ANTI-NGF ON PC-12, C2 COCULTURES

PC-12 and C2 cells were cocultured as described in

MATERIALS AND METHODS. Myotube formation was

accomplished with either 5% horse serum or 4% horse

serum + 1% horse anti-nerve growth factor serum.

Culture medium was changed every 12 hours. Cultures

were stained 48 hours after fusion as described in

MATERIALS AND METHODS. Antibody 22, which recognizes

a surface proteoglycan on neurons, was used to

visualize the PC-12 cells. Photograph a shows cells

grown only in DME-H16 + 5% horse serum. Photograph b
shows cells grown with anti-NGF serum.



153



15||

mechanism by which PC-12 cells extend processes in

coculture -- the cells clearly differentiate in anti-NGF

SeITUIIIl e

DISCUSSION

We have shown that nerve growth factor induces

clustering and redistribution of synaptic vesicles in a

neuron-1 ike (PC-12) cel 1 1 ine (FIGURE 1). A coculture

system has been described which consists of PC-12 cells and

a fusing muscle cel 1 line (C2). Two different types of

neuronal processes can be distinguished in cocultures. One

is smooth, does not associate closely with myo tubes and

contain relatively few synaptic vesicles. The second type

of process is highly varicose, contains a large nember of

vesicles and is closely associated with myotubes. It would

appear that these two types of cells interact closely in

culture and may actually form synapses analogous to the

neuromuscular junction. We have shown that synaptic

vesicle clusters are localized to the processes which

contact the myotubes (FIGURE 4). This is very suggestive

of a synapse-like contact.

There are at least two signals which are used in this

cell to cell interaction. One of these signals appears to

be nerve growth factor (NGF) since anti-NGF inhibits
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process extension (FIGURE 5). The culture fluid from C2

cells and cocultures will be assayed for NGF to establish

definitively that NGF is being synthesized. A second

signal is able to mimick the affects of NGF since anti-NGF

does not block process formation (FIGURE 5). The signal

which directs vesicles to the processes which contact

myotubes has not been determined. Nerve growth factor is

certainly a candidate. Alternatively, the signal could be

the factor which is capable of inducing PC-12

differentiation in the presence of anti-NGF (FIGURE 5B).

It is possible that the alternate signal is a component of

C2 extracellular matrix. Primary sympathetic ganglion

neurons will extend processes in the absence of NGF if they

are plated on extracellular matrix components (Lander et

al., in preparation). This possibility will be tested by

plating PC-12 cells onto fixed C2 cultures and C2

extracellular matrix preparations. If processes develop in

these cultures, then we will be able to ask if NGF is

solely responsible for PC-12 vesicle localization. We know

that NGF will cause vesicle localization in PC-12 cells

alone in culture (FIGURE 1) and in coculture with C2 ce1ls

(FIGURE 4). Presently, we are not certain if NGF, the

alternate factor, or both are responsible for vesicle

clustering in cocultures.

Whatever the factor, these two cells communicate in

culture and there is a close association which may be
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synaptic. This culture system is being studied to

determine if there is a molecular differentiation of the

myotubes as a result of this association. A variety of

muscle-specific synaptic antigens are being monitored by

in direct immunofluorescense to determine if the PC-12 cells

can induce a redistribution of these antigens. Using

rhodamine coupled bungaro-toxin (binds acetylcholine

receptors) and fluorescein-monoclonal antibodies to

visualize the PC-12 cells, acetylcholine receptors are

induced to patch under the neuron somas and processes in

these cultures (Silberstein, personal communication).

Similarly, this co-culture system will be used with all the

relevant monoclonals to look for a redistribution of

neuronal markers.
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CHAPTER 6

MONOCLONAL ANTIBODIES RECOGNIZE A PROTEOGLYCAN ON NEURONS

AND THYMOCYTES
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SUMMARY

Five different monoclonal antibodies (3, 15, 22, 31,

and 42), obtained from Balb/c mice immunized with r at

synaptic membrane fractions, recognize a proteoglycan

complex. Indirect immunofluorescent experiments on

dissociated cells in culture show all five antibodies bind

exclusively to the surfaces of neurons, thymocytes and a

fibroblast-like "flat cell". Since each antibody will

partially inhibit the binding of antibody #3, it was

concluded that these antibodies recognize determinants on a

single antigen.

This antigen has been immuno-affinity purified and is a

substrate for proteases, and a beta-elimination reaction

which dissociates the o linkage between protein and

glycosaminoglycans. Under dissociative conditions, the

antigen has a molecular weight of approximately 330

kilodaltons and consists of roughly 20 glycosaminoglycan

chains (mw. 13 kd. ) covalently attached to a 80 kilodalton

protein. Antibodies 15, 22 and 42 bind to the purified, 80

kilodalton protein. The determinants recognized by

antibodies 3 and 31 are associated with the purified

glycosaminoglycan. Under associative conditions, the

antigen aggregates, forming a complex whose molecular

weight is approximately 10 million daltons.
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INTRODUCTION

Proteoglycans consist of protein moieties attached to

polysaccharide side chains. Their segregation into a

category separate from glycoproteins is based on a few

special characteristics of the carbohydrate side chains

(glycosaminoglycan chains). All glycosaminoglycans,

(GAGs: hyaluronate, chondroitin, heparin, keratan,

der matan) are composed of repeating disaccharide units of

hexosamine and uronic acid (Roden and Schwartz, 1975). The

second feature is a very high concentration of sulfate

groups (Roden et al., 1972). Hence, GAGs and proteoglycans

have a substantial net negative charge. This high charge

density causes the GAG molecule to be highly expanded

(Hascall and Heinegard, 1975) and encompasses a large

domain of solvent. This electro static inter action must be

responsible for many of the properties and functions of

these molecules. Protein glycosaminoglycan complexes are

6 daltons) and oftenvery large (m.w.. between 10° and 10
form enormous aggregates (mw. between 2 and 100 million

daltons) under non-denaturing conditions (reviews: Hascall

and Heinegard, 1979; Margolis and Margolis, 1979).

Glycosaminoglycans and proteoglycans are characteristic

components of the extracellular matrix. This matrix is

generally composed of proteoglycans and collagen and fills

the inter cellular space. Measurements made by electron
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microscopy (Van Harreveld et al., 1975; Bondareff and Pysh,

1968), by distribution of inulin and other extracellular

markers (Bradbury et al., 1968) and by electrical impedance

(Nevis and Collins, 1967) indicate that about 20% of the

mature brain is inter cellular space. In the immature rat

this space can occupy 40% of the tissue (Bondar eff and

Pysh, 1968). Histochemical and biochemical methods have

shown that this space contains hyaluronate, chondroitin

sulfate and heparin sulfate (Szabo and Roboz-Einstein,

1962; Margolis, 1967; Singh et al., 1969; Margolis and

Margolis, 1974).

Since there is a large space in the nervous system

which contains GAG, proteoglycans may be involved in many

different functions of the nervous system. Some evidence

suggests GAG 's may have a role as structural components

(Ashhurst and Costin, 1971; Mustafa and Kamat, 1973), and

in determining electrical conductivity and impedance

changes (Wang and Adey, 1969; Van Harreveld et al., 1971;

Custod and Young, 1968). It has been speculated that

proteoglycans may have a function in cell-cell

inter actions, recognition and differentiation. Hence,

proteoglycans may be important in many specialized

functions of the nervous system. Antibodies directed

against these molecules will be useful in studying the

function, structure and synthesis of proteoglycans.



161

EXPERIMENTAL

FIVE MONOCLONAL ANTIBODIES RECOGNIZE

A SINGLE ANTIGENIC COMPLEX

Five different monoclonal antibodies (3, 15, 22, 31,

42) bind to synaptic membranes and plasma membranes from

PC-12 cells. Since these antibodies compete for binding

sites in radioimmunoassays, they must recognize

determinants that are very closely associated.

When an antibody fits its binding site to its antigen,

the area immediately surrounding the determinant is closely

associated with the antibody and becomes inaccessible to

other antibodies. Therefore, if two distinct determinants

are close enough, only one antibody will bind -- two

determinants will be covered by one antibody. Since

membrane antigens are at least partly restricted in their

diffusion, if two membrane antigens are much smaller than

the antibody molecule, then it is possible for a single

antibody to block the binding to two distinct molecules.

Based on gel chromatography under non-denaturing

conditions, it has been determined that the antigen

recognized by these antibodies has a molecular weight of

approximately 10 million daltons. Under dissociating

conditions this antigen has a molecular weight of 330
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kilodaltons. Thus the antigen is much larger than an

antibody molecule. Therefore, if an antibody covers two

determinants, the determinants must be on a single

antigenic complex.

A sample of ascites #3 was iodinated and each antibody

was used to block the binding of #3 in a competitive solid

phase radioimmunoassay. The percentage of #3 binding sites

that were blocked are shown in TABLE 1 Each antibody blocks

the binding of #3, suggesting they recognize a single

molecule.

THE ANTIGEN IS LOCALIZED TO THE SURFACES OF NEURONS

AND THYMOCYTES

A11 five determinants are found on the surface of

dissociated cells in culture. Further more, they are found

to co-exist on the same type of cells. In other words,

either a 11 five antibodies will bind a given type of cell

or none will. A variety of primary cell cultures were

prepared and stained by indirect immunofluorescense to

determine the cell types that produce this antigen. In

or der to identify cell types definitively, a variety of

rabbit ser a were used to double label the cultures.

Tetanus toxin, anti-RAN1 and anti-Thyl were used as

described by Fields et al. (1978) to identify neurons,
Schwann cells and fibroblasts. Tetanus toxin binds a
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TABLE 1: COMPETITION FOR #3 BINDING

Five antibodies (3, 15, 22, 31, 42) sterically

hinder the binding of Antibody #3 to synaptic

membranes and PC-12 membranes. A serial dilution of

membranes was assayed to determine the concentration

of membranes which would assure that the antigen was

Saturated by the concentration of antibody in spent

culture fluids. A limiting amount of membranes were

adsorbed to multiwell plates and r insed. A saturating

amount of each hybridoma culture fluid was incubated

overnight at 4°C. A trace amount of [***I)- 43
ascites was added to each we 11 and co-incubated with

culture fluid for 12 hours. Plates were washed, dried

and each we 11 counted in the gamma counter. Antibody

#48 binds a synaptic vesicle associated protein

(Matthew et al., in press) and #9 recognizes galactose

moieties on myelin membranes and desmin inter mediate

filaments (Matthew and Reichardt, in preparation).
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TABLE 1.

Ž OF [125I] #3 ANTIBODY BINDING BLOCKED BY COLD ANTIBODY

COLD ANTIBODY

ANTIBODY NUMBER: 3 15 22 31

SYNAPTIC MEMBRANE 100 62 99 12

PC-12 MEMBRANE 100 53 99 31

42 48 9

68 2 3

89 1 O
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neuron-specific ganglioside. RAN1 is defined as a rat

neural antigen which is found on the surface of schwann

cells and various neural tumor cell 1 ines. The Thyl

antigen, an 18,000 dalton glycoprotein, has a rather broad

ce 11u lar distribution and is found on neurons, fibroblasts

and thymocytes. Anti-glial fibrillary acid protein was

used to visualize the inter mediate filaments in CNS

astrocytes (Schlaepfer, 1977) and anti-galactocerebroside

was used to identify oligodendrocytes (Rapport, 1970;

Gregson et al., 1974). Anti-LETS binds to the

extrace 11ular matrix of a variety of cell types including

fibroblasts (Yamada and Olden, 1978). Based on the binding

of these immunological markers and cell morphology, the

various cell types were identified in primary cultures.

It can be seen in TABLE 2 that the antigen (s) has a

restricted distribution with respect to cell type. It is

not found on schwann cells, fibroblasts, leptomeningeal

ce 11s, astrocytes, oligodendrocytes or spleen cells. It

has only been found on neurons, thymocytes and a very rare

flat ce 11 which is described later. The fact that each of

these five determinants have the same restricted

distribution on cell types reinforces that they are on one

antigen.

Immunofluorescense has shown that each antigen has a

similar distribution on the surface of cells. Examples of

this pattern are shown in FIGURE 1. Generally, the entire
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TABLE 2: CELL TYPES THAT DISPLAY SURFACE ANTIGEN.

The preparation of ce 11 cultures and indirect

immunofluorescense procedures have been described in

detai 1 in MATERIALS AND METHODS.

Primary cultures of dorsal root gang lion (Fields

et al., 1978), sympathetic ganglion (Mains and

Patter son, 1973), cerebral cortex (Sotelo et al.,

1980) and meninges were prepared from newborn rats.

The PC-12 ce 11 1 ine was grown both with and without

nerve growth factor. All cultures were grown on

collagen coated glass cover slips for a minimum of four

days before being assayed. Thymocytes were

dissociated from adult r at thymus and lymphocytes were

prepared from adult rat spleen. Both of these cells

were assayed immediately after being dissociated.

Monoclonal antibodies were bound to living cells and

visualized with fluoresce in coupled goat anti-mouse Ig

Ser Ulm.

A variety of rabbit ser a were used in identify the

ce 11 types in culture as described in

MATERIALS AND METHODS. Tetanus toxin, anti-RAN1 and

anti-Thyl were used as described by Fields et al.
(1978) to identify neurons, Schwann cells and

fibroblasts. Anti-galactocerebroside was used to

identify oligodendrocytes, anti-LETS to identify
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fibroblasts and anti-GFAP to visualize as trocyte

inter mediate filaments. Rabbit ser a were used at a

100 fold dilution in the appropriate hybridoma culture

fluid. Rhodamine conjugated goat anti-rabbit

immunoglobulins and fluoresce in anti-mouse Ig were

added simultaneously. Each incubation was for 30

minutes, 25 °C, followed by four washes, 3 minutes

each, in medium.
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IMMUNOFLUORESCENCE WITH ANTIBODY #:

TABLE 2

15 22 31 42

SYMPATHETIC
GANGLIA NEURONS

DORSAL ROOT
GANGLIA NEURONS

CEREBELLAR &
CEREBRAL
NEURONS

ASTROCYTES

OLIGODENDROCYTES

SCHWANN CELLS

FIBROBLASTS

UNIDENTIFIED
FLAT. CELLS

LEPTOMENINGEAL
CELLS

THYMOCYTES-THYMUS

SPLEEN CELLS

PC-12 CELL LINE
(WITHOUT NGF)

PC-12 CELL LINE
(PLUS NGF)

+
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FIGURE 1: INDIRECT IMMUNOFLUORESCENSE ON DISSOCIATED
CELLS IN CULTURE.

Cultures were prepared as described in TABLE 2 and

MATERIALS AND METHODS. Spent monoclonal culture

fluids were bound to 1 iving cells in culture. These
cells were washed three times (5 minutes for each

wash) in PBS with 5% calf serum. The cells were

incubated with fluorescein coupled goat anti-mous e Ig

serum, washed and viewed in a Zeiss fluorescent
microscope. Cells shown are :

a. Dorsal Root Ganglia Neuron stained with
antibody #22.

b. Thymocytes stained with #15.

c. Unidentified Flat Cells stained with antibody
#3

d. Pheochromocytoma cell line grown with nerve
growth factor showing the binding of antibody
#42.
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surface stains with a patchy pattern of fluorescense. The

patchy distribution is not the result of antibody binding.

The same pattern is seen even if the cells are initially

fixed with paraformaldehyde, methanol or acetic acid –

ethanol. There were, however, some subtle differences in

how each antibody stained adult rat thymocytes and dorsal

root ganglion neurons.

Antibodies #22 and #42 bound to al 1 the neurons in

dorsal root ganglion cultures that were identified as

binding tetanus toxin (Fields et al., 1978). Antibodies

#3, #15 and #31, however, failed to bind about 20% of the

neurons in these cultures. The number of different

subpopulations defined by these antibodies has not been

determined. This does argue however, that there is

heterogeneity in the expression of these determinants.

Thymocytes also display some differences when stained

with these antibodies. All the cells appear identical when

stained with antibody #3 (a moderate intensity of patchy

fluorescence). Thymocytes stained with antibodies #15,

#22, #31, and #42 show a spectrum of fluorescent

intensities. Some cells stain very brightly, some dimly,

while most have an intermediate intensity. Approximately

25% of the thymoctyes fail to bind #31 and 10% will not

bind #42. Again, this suggests that there is heterogeneity

in the expression of the determinants, in this antigen, or

in its conformation.
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All five of these antigens are specific for r at brain

-- they are not detected in radioimmunoassays done on brain

homogenates of fish, toad, chicken, cow or mouse (data not

shown). This alone does not suggest that these five

antibodies recognize a single antigenic complex but it does

support the evidence that the antigens are always found to

coexist on ce 11 surfaces. Because these antibodies will

sterically hinder each other s binding (TABLE 1), it is very

likely that they recognize a single antigen. There are,

however, subtle differences in how these antibodies bind

neurons and thymocytes. This suggests there is some

heterogeneity in the antigen and that the antibodies are

recognizing more than one determinant.

MOLECULAR NATURE OF THE ANTIGEN

In an attempt to purify the antigen, iodinated synaptic

membrane was extracted in a variety of non-ionic

deter gents. The solubilized proteins were

immunoprecipitated with either Staph-A or Staph- A goat

anti-mouse Ig complexes depending on the allotype of the

monoclonal antibody. No deter gent or combination of

deter gents would yield a soluble antigen that could be

immunoprecipitated. There are several possible

explanations -- either the antigen is highly resistant to

deter gent extraction, or it is not antigenic after
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solubilization, or the antigen is not iodinated. Since

three of these antibodies (22, 31 and 42) were obtained

from mice immunized with Triton-insoluble (Wang and Mahler,

1976) synaptic junctional complexes, it seems likely that

the antigen is not solubilized in non-ionic detergents.

To estimate the size of the antigen, rat synaptic

membrane proteins (Jones and Matus, 1974) were separated on

an SDS-ge 1. The antigen has been identified by the method

of Burridge (1978) in FIGURE 2 . The antigen, recognized by

antibody #22, is found at the top of the stacking gel and

between the stacking and separating gels. The other four

antibodies show the same binding pattern (data not shown).

Proteins larger than about 250 kilodaltons will not enter a

10% acrylamide gel. For a protein not to enter a 5%

stacking gel, it must be larger than about 500

kilodaltons. Apparently, this antigen is either an

extremely large protein, a carbohydrate, or possibly a

protein-glycosaminoglycan complex.

The ability of trypsin to remove the antigen from a

membrane fraction was assayed in or der to determine if the

antigen contained protein or was closely associated with a

membrane protein. The results in TABLE 3 show that the

antigen is indeed solubilized by trypsin and it remains

antigenic. This mild trypsinization (calcium is a

co-factor for trypsin and digestion is done in chelators)

cuts antibody binding to the membranes by 30 to 40%



17||

FIGURE 2: BURRIDGE GEL ON RAT BRAIN

MEMBRANE PROTEINS.

Membranes were prepared from r at brain,

solubilized in SDS-mer captoethanol and run on a 5%

polyacrylamide stacking gel and a 10% acrylamide

Separating ge1 with a discontinuous buffer system

(Laemmli, 1972). The gel was processed according to

the method of Burridge (1978), as described in

MATERIALS AND METHODS. The gel was fixed in

me thanol-acetic acid, neutralized in Tris buffer,

incubated with each monoclonal antibody and finally

iodinated goat anti-mouse Ig serum. The gel was

refixed, dried and autor adiographed. Column a shows

the coomassie-blue stained gel. Column b is the

autor adiograph of a gel incubated with monoclonal

antibody #22. Control gels which were incubated in

other monoclonal antibodies of the same allotype or in

no mouse antibody did not show any staining.
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TABLE 3:

TRYPSINIZATION OF SYNAPTIC MEMBRANE YIELDS A SOLUBLE
FORM OF ANTIGEN.

4 mls of synaptic membranes in PBS (protein

concentration of 10 jug/ml) were incubated with either
0.025% trypsin, 5 mM EDTA, 5 mM EGTA or PBS for 20

minutes at 37°C. The reaction was inhibited by 0.03%

soybean trypsin inhibitor and the membranes were
pelleted at 10,000 x g for 15 minutes. The

supernatant was recovered and 100 jul aliquots were
adsorbed to multiwell plates for 2 hours at 25°C and

10 hours at 4°C. The membranes were washed three
times and separated into 40 microfuge tubes. 40

equivalent tubes of untrypsinized synaptic membrane
were aliquoted. Then the amount of each antigen was

quantitated by binding monoclonal antibody and

[*I]-goat anti-mouse Ig serum in the same Way as a
solid phase radioimmunoassay (MATERIALS AND METHODS).
The membranes were washed three times between each

incubation by pelleting at 10,000 × 8 for 10 minutes.

Controls included normal mouse Serum and no mouse

antibody. Each assay was done in triplicate and

values did not vary by more than 4%.

The trypsin solubilized proteins which were
adsorbed to microtiter wells were assayed for
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monoclonal antibody binding using the standard solid

phase radioimmunoassay described in

MATERIALS AND METHODS. Controls included normal mouse

serum and no mouse antibody. Each as say was done in

triplicate and values did not vary by more than 3%.

In both assays the monoclonal antibody and goat

anti-mouse Ig serum were used at a concentration which

would saturate all the binding sites. These

concentrations were determined by serial diluting each

antibody to be certain they were saturating. The

values cited as cpm. are actually cpm. Over controls.

In a 11 cases controls showed very little binding --

110 +/- 45 c pm.
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TABLE 3

ANTIBODY

15 22 31 42

cpm. BOUND TO
SYNAPTIC MEMBRANE 4260

cpm. BOUND TO
TRYPSINIZED
SYNAPTIC MEMBRANE 2641

c pm. BOUND TO
SOLUBLIZED
FRACTION 3098

a : Ž OF ANTIBODY
BINDING SITES
RESISTANT TO
TRYPSIN AND
MEMBRANE BOUND 62

b: Ž OF ANTIBODY
BINDING SITES
RECOVERED IN
A SOLUBLE FORM 73

1800

1206

1538

67

85

5595

3749

31.38

67

56

1737

1320

1323

76

76

4444

2889

2721

65

61

c: TOTAL Z OF
BIND ING SITES
RECOVERED 135 152 123 152 126
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(TABLE 3, row a j . One anticipates that some fraction of

this antigen can be recovered in a soluble form. It is

impossible to accurate 1y determine the per centage of

binding activity that is recovered in a soluble form since

the solid phase radioimmunoassay used to quantitate the

soluble antigen depends on the efficiency with which the

soluble antigen sticks to the plastic well. One would

anticipate obtaining low values in this as say (i.e.

adsorbing less than 100% of the soluble antigen to the

we 11) and therefore underestimating the recovery of

antigen. What is found, however, is a higher recovery in

the soluble fraction (TABLE 3, row b) than was released

from the membranes. This trypsinization has apparently

made determinants more accessible to the antibodies. This

procedure produces a soluble form of the antigen which

maintains a high degree of antigenicity. Trypsin is

capable of removing the antigen from the membranes and

actually "creates " new accessible determinants -- more than

100% of the binding sites are recovered after

trypsinization (TABLE 3, row c). This strongly argues that

the antigen complex is at 1east partly protein.

Since the molecular weight of this protein-containing

antigen appears to be very large (FIGURE 2) and is located

on the cell surface, the antigen might be a proteoglycan.

Such molecules are reported to be very large (reviews :

Hasca11 and Heinegard, 1979; Margo 1 is and Margolis, 1979)
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and consist of both protein and negatively charged

glycosaminoglycans (GAG). To determine whether this

antigen contains GAG material, the ionic character of the

antigen was investigated and the ability of the antibodies

to bind purified GAGS was tested. These results are shown

in TABLE 4.

Because GAGs are highly sulfonated, they have a net

negative charge. Therefore, one can increase the binding

of GAGs and proteoglycans to plastic by first coating the

plastic with poly-lysine to give it a net positive charge.

By doing this, one converts a plastic plate into an ionic

matrix, thereby directing the specificity with which things

bind to multiwell assay plates. PC-12 conditioned media

(CM) contains serum proteins at a concentration of about 8

mg/ml. When CM is adsorbed to poly-vinyl plates and

assayed for antibody binding, a very low signal over

background is detected (TABLE 4, row a J. However, if the

plate has been coated with poly-lysine, very high signals

are obtained (TABLE 4, row b ). Poly-glutamate coated wells

(net negative charge) do not adsorb the antigen

(TABLE 4, row e). Apparently, a large amount of antigen is

secreted by PC-12 cells in a soluble form directly into the

culture media. This secreted antigen has a net negative

charge -- a characteristic of proteoglycans.

The binding of each antibody to heparin (Upjohn

Company, Kalamazoo, Michigan) and chondroitin sulfate

4--->
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TABLE 4:

RIA ON PURIFIED GLYCOSAMINOGLYCANS AND CONDITIONED

MEDIUM.

Untreated multiwell plates were incubated with

PC-12 conditioned medium for 2 hours at 25°C and 12

hours at 4 °C (row a ).

Multiwell plates were coated with 1 mg/ml

poly-D-lysine for one hour. The bulk of the

poly-lysine was removed, the plates were air dried,

washed with distilled water and incubated for two

hours at 25°C with 100 micro liters of the following:

b. PC-12 conditioned medium

c. 1 mg/ml heparin (Upjohn Co.)

d. 1 mg/ml shark chondroitin sulfate (Sigma Co)

Wells were coated with 1 mg/ml poly-glutamate in

the same manner as poly-lysine coated wells and were

incubated for two hours at 25°C with 100 micro liters

of conditioned medium (row e).

The plates were washed, incubated with hybridoma

culture fluid and finally iodinated goat-anti-mouse Ig

serum (solid phase radioimmunoassay described in

MATERIALS AND METHODS). The plates were dried and the

wells were counted in the gamma counter. Controls for

each type of well (untreated, poly-lysine coated and

poly-glutamate coated) involved substituting 5% calf
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serum for the monoclonal antibody incubation step.

Values cited are c pm. over the control wells incubated

in calf serum. Antibody #48 binds to synaptic

vesicles (Matthew et al., in press) and #9 recognizes

galactose moieties on myelin and desmin inter mediate

filaments (Matthew and Reichardt, in preparation).

Neither of these antibodies will compete with antibody

#3 for binding sites on PC-12 membranes or synaptic

membranes (TABLE 1).
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TABLE 4

ANTIBODY

3 15 22 31 42 48 9

c pm BOUND

a : PC-12 CM 301 270 330 210 270 216 201

b: POLY-LYSINE

+ CM 4168 2596 101.77 59.43 85.42 220 198

C. : HEPARIN 422 715 251 744 466 210 198

d : CHONDROITIN

SULFATE 936 874 477 1310 780 315 305

e : POLY - GLUTAMATE

+ CM 110 115 102 108 100 105 120
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(Sigma Company, St. Louis, Missouri) is shown in TABLE 4,

rows c and d. All five antibodies have a low affinity for

both heparin and chondroitin. The two strongest signals
are obtained with antibodies #3 and #31 on chondroitin. I

suspect the binding of these antibodies to purified GAG

reflects weak cross reactivity. An antibody with a high

affinity for chondroitin would not display such specificity

for cell types or be rat specific -- chondroitin is common

to a variety of different cell types and species (Hasca 11

and Heinegard, 1979; Margolis and Margolis, 1979). There

could be a modification of the GAG chains which is

responsible for these determinants or the determinants may

consist of both GAG and protein. The fact that these

antibodies have an affinity for purified GAGs argues that

the antigen contains GAG. Therefore, the properties of

this antigen -- contains protein, contains GAG, has a net

negative charge and is localized to the ce 11 surface --

argues that it might be a proteoglycan.

BIOCHEMICAL CHARACTERIZATION OF THE PROTEOGLYCAN

The antigen has been purified from PC-12 cells and

characterized biochemically. PC-12 cells have many

advantages over synaptic membrane preparations in these

experiments. The antigen can be obtained in large

quantities in a soluble, non-denatured form, it can be
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endogenously labeled with radioactivity and because it is a

clonal cell line it might synthesize a more homogeneous
antigen. The disadvantage of characterizing the antigen

from PC-12 cells is that this is a tumor cell line and may

not synthesize the antigen exactly as it is in vivo. The
fact that all five antibodies recognize the PC-12 antigen

and that the determinants in the PC-12 antigen are oriented

in approximately the same manner as in synaptic membranes

(TABLE 1), argues that the antigen is the same. When it

was possible, characterizations were repeated on both

synaptic membrane antigen and thymocyte antigen. All three

sources appear to synthesize very similar antigens.

When cultured cells are grown in [35S] sulfate, the

vast majority of label is incorporated into sulfonated

glycosaminoglycans (GAGs) (Okayama et al., 1976; Hassell et

al., 1980). Methionine and cysteine do not incorporate

this label. Therefore, [35S] was used to specifically

1abel GAGs and [*H1-amino acids were used to label

proteins produced by PC-12 cells in culture. The secreted

antigen was immuno-purified from conditioned medium using
three different antibody affinity columns (#3, #22 and #42)

as described in Materials and Methods. This

immuno-purified antigen has been characterized.
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CsCl DENSITY GRADIENT CENTRIFUGATION

Equilibrium, density gradient centrifugation was used

to establish that this antigen has a buoyant density

consistent with it being a proteoglycan. By this technique

a good separation is obtained between proteins (buoyant

density lower than 1.35 g/ml) and glycoconjugates, which,

depending on the protein/carbohydrate ratio and on the

number of charges, will equilibrate at densities between

1.30 and 1.70 g/ml. Radio-labelled PC-12 conditioned

medium was fractionated in a CsCl density gradient

containing 4 M guanidine. The distribution of

[*H]-protein and [*s]-GAG across the density gradient

is shown in FIGURE 3A. 70% of the protein secreted by

these cells equilibrates at a density less than 1.35 g/ml.

There is a peak of protein which co-equilibrates with GAG
and this fraction is centered at 1.45 g/ml. The bottom of

the gradient (density greater than 1.6 g/ml) is highly

enriched in [*s] labeled material. The distribution of
antigen in these fractions was determined using a

radioimmunoassay . The binding of antibody #22 is shown in

FIGURE 3B. The other four antibodies gave identical

binding patterns (data not shown). The antigen has an

average density of 1.45 g/ml. Thus, it is very likely that

this antigen is a proteoglycan.
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FIGURE 3: CS C1 DENSITY GRADIENT

ULTRACENTRIFUGATION OF CONDITIONED MEDIUM.

PC-12 cells were grown in (*s-sulfate to label

glycosaminoglycans (Okayama et al., 1976; Hassell et

al., 1980) and [*H1-amino acids to label protein

chains as described in MATERIALS AND METHODS. The

de Salted, spent medium from the se cells was

centrifuged in a CsCl gradient containing 4 M

guanidine HCl as described in MATERIALS AND METHODS.

Fractions were collected from the bottom of the tube.

A1 iduots from each fraction were used to :

1. determine the density of the fraction

2. determine the amount of [3H] and

[35S]
3. determine the presence of antigen in a

radioimmunoassay.

These three procedures are described in detail in

MATERIALS AND METHODS.

Graph. A shows how the protein ([*H) 1abe 1) and

GAGs ( [35S] label) were distributed across the

density gradient. Graph B shows the results of the

radioimmunoassay which detected the binding of

monoclonal antibody #22 to these same fractions.
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The immuno-pur ified antigen was centrifuged in the same

manner (FIGURE 4). It has an average density of 1.45

g/ml. This immuno-purified proteoglycan appears quite

pure. It has been purified away from the majority of the

protein (density less than 1.35 g/ml) and free GAG (density

greater than 1.6 g/ml) which is found in conditioned medium

(FIGURE 3A). Since the antigen was purified under

non-denaturing, associative conditions and the gradient is

run under dissociating (4 M guanidine) conditions, it is

likely that the protein and free GAG which is present in

this gradient is specifically associated with the antigen

complex.

MOLECULAR WEIGHT ESTIMATION

The size of this immuno-purified proteoglycan has been

estimated by ge1 chromatography. Under non-denaturing,

associative conditions, this antigen has a molecular weight

of approximate 1y 10 million daltons (TABLE 5). Under

denaturing (4 M guanidine) conditions, this antigen has

been sized on a variety of matrixes and the molecular

weight is approximately 330 kilodaltons (TABLE 5). Each of

these columns were calibrated with the proteins designated

in the legend of TABLE 5. This should give a good

estimation for molecular weight; in 4 M guanidine, the

protein standards should be partially extended and be a

relatively good standard for a proteoglycan.
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FIGURE 4: CsCl DENSITY GRADIENT CENTRIFUGATION OF THE

IMMUNO- PURIFIED ANTIGEN.

The antigen was purified from radio-1abeled medium

conditioned by PC-12 cells (■ ’H]-protein,
[*sj-GAG, described in MATERIALS AND METHODS) .

This purification was accomplished by three

immuno-affinity columns -- antibodies #3, #22 and #42

as described in MATERIALS AND METHODS.

The purified antigen was centrifuged in a CSC1

gradient containing 4 M guanidine HC1 as described in

MATERIALS AND METHODS. Fr actions were collected from

the bottom of the tube. The density and the [*H)
and [35S] content was determined for each fraction.

This figure shows the distribution of protein and GAG

across the density gradient.
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TABLE 5:

SIZE ESTIMATION OF IMMUNOPURIFIED PROTEOGLYCAN.

The immuno-purified Proteoglycan was

chromatographed in 4 M guanidine HC1, 50 mM Tris, pH

7, on Sephadex G-200, Sepharose CL-4B, Sepharose CL-6B

(Pharmacia), Bioge 1 P-300, and Biogel A-1.5 m
(Bior ad).

A sample of immuno-purified Proteoglycan was run

through a Biogel P-3 column which Was equilibrated

with PBS. The void material (mw. greater than 1800

daltons) was collected and chromatographed in PBS on
the matrixes described above.

A molecular Weight was determined for the

Proteoglycan according to how it eluted from each

Column. The columns were calibrated with pr Ote in

Standards (MATERIALS AND METHODS G200 --

chymotrypsinogen A, IgG and catalase; CL4B -- IgG,

ferritin and IgM ; CL-6B –– chymotrypsinogen A, IgG and

IgM ; P-300 -- IgG, catalase and ferritin; A- 1.5m--IgG,
ferritin and IgM); therefore, the molecular weight
estimation is based on protein mobility, not dextran.
G.T. = greater than.
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TABLE 5

SIZE OF PROTEOGLYCAN ESTIMATED BY

GEL CHROMATOGRAPHY

MW PROTEIN

PBS 4 M GUANIDINE

Sephadex G-200 G. T. 600,000 330,000

Sepharose CL-4B 10,000,000 300,000

Sepharose CL-6B G. T. 4,000,000 350,000

Biogel P-300 G. T. 400,000 360,000

Bioge 1 A-1.5m G. T. 1,500,000 300,000

10,000,000 330,000AVERAGE MW
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Radio-labeled conditioned medium was fractionated on

Sepharose CL-4B. The elution profiles of protein and GAG

are shown in FIGURE 5A. The free (*H1-amino acids and

(35
migrate at the total bed volume. This shows that the

S]- sulfate were not removed from the medium and they

efficiency of incorporation of these labels into protein

and GAG is excellent. About 50% of the [35S] is present

in GAG and 75% of the [*H) has been incorporated into

protein. When antibody #3 binding is assayed in these

fractions, (FIGURE 5B), the antigen is detected in the

[35S] GAG fraction. The other four antibodies gave

identical binding patterns (data not shown). The antigen

has eluted from this column with an estimated molecular

weight of 300 kilodaltons.
When the immuno-purified antigen is fractionated on

Sepharose CL-4B, it elutes as a single peak with coincident

[*H) and [35S] counts (FIGURE 6). This reconfirms the

purity of this preparation. The proteoglycan has been

purified free of other proteins which are evident in
condition medium (FIGURE 5A). This purified antigen

migrates with a molecular weight of 300 kilodaltons as

estimated by the migration of protein standards. This is

probably a good weight estimation for a proteoglycan since

the standards will be partially extended in 4 M guanidine.

The purity of the immuno-purified proteoglycan has been
established by CsCl centrifugation (FIGURE 3A and FIGURE 4)
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FIGURE 5: GEL CHROMATOGRAPHY OF CONDITIONED MEDIUM.

PC-12 conditioned medium containing [*H1-amino
acids, [*H]-protein, (*s-sulfate and [*s]-GAG
(described in MATERIALS AND METHODS) was

chromatographed on Sepharose CL-4B in 4 M guanidine
HC1, 50 mM Tris, pH 7. 1 ml fractions were collected
and an aliquot of each was counted in a scintillation
counter. The elution profile of each label is shown
in Graph A.

Each fraction was assayed for the binding of
monoclonal antibodies in a solid phase

radioimmunoassay described in MATERIALS AND METHODS.
Graph B shows the distribution of antigen in these
fractions.

This Sepharose CL-4B column was calibrated as

described in MATERIALS AND METHODS (with IgG, ferritin
and IgM standards).
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FIGURE 6: GEL CHROMATOGRAPHY OF

THE IMMUNO- PURIFIED ANTIGEN.

Immuno-purified proteoglycan which has [*H)
labeled protein and [35S] labeled GAG 's

(MATERIALS AND METHODS) was chromatographed on

Sepharose CL-4B in 4 M guanidine HC1, 50 mM Tris, pH 7

as described in MATERIALS AND METHODS and the legend

for FIGURE 5.. This graph shows the elution of

protein and GAG from this column.
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and by ge1 chromatography (FIGURE 5A and FIGURE 6);

therefore, it was used to determine the size of the protein

chains and GAG chains.

ESTIMATION OF PROTEIN AND GAG MOLECULAR WEIGHTS

The purified antigen was subjected to a

beta-e limination reaction which separates protein-GAG o

linkages (Simpson et al., 1972). This sample was

chromatographed under dissociative conditions on Bioge 1

P-150. FIGURE 7 shows the elution profiles of protein and

GAG. The protein chain has been purified free of GAG and

migrates at 80,000 da1 tons.

the protein chain and that the protein-GAG linkage is of

Therefore, we know the size of

the O type. The GAG chains are only slightly excluded in

this matrix. This would indicate a molecular weight of

approximately 10–15 kilodaltons.

To be certain of the size of the GAG chains,

immuno-purified proteoglycan was digested with Pronase and

chromatographed on Sephadex G-150 (FIGURE 8). The GAG

fraction does not contain any [3H] and elutes from this

column with a molecular weight of approximately 13,000

This column was calibrated with proteindaltons.

Standards. Since protein chains will only be partially

extended in 4 M guanidine, 13 kilodaltons is only a rough

estimate of the molecular weight.
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FIGURE 7: GEL CHROMATOGRAPHY OF BETA-ELIMINATED,

IMMUNO-PURIFIED ANTIGEN: ESTIMATION

OF PROTEIN MOLECULAR WEIGHT

Immuno-purified proteoglycan which has [*H,
labeled protein and [35S] labeled GAG

(MATERIALS AND METHODS) was subjected to . 2 M sodium

sulfate, pH 11.5, for 24 hours at 25°C in order to

complete a beta-elimination reaction. This reaction

separates the GAG-protein o linkages (Simpson et al.,

1972). The solution was adjusted to 4 M guanidine HC1

and chromatographed on a Biogel P-150 column in 4 M

GuHCl, 50 mM Tris, pH 7. This graph shows the elution

of [*H)-protein and [*sj-GAG.
This Bioge1 P-150 column was calibrated as

described in MATERIALS AND METHODS (protein standards

= chymotrypsinogen A, ovalbumin and bovine albumin).
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GEL CHROMATOGRAPHY OF PRONASE DIGESTED,

ESTIMATION OF GAG MOLECULAR

FIGURE 8:

IMMUNO- PURIFIED ANTIGEN:

WEIGHT.

Immuno-purified proteoglycan which has [*H)
labeled protein and I’s labeled GAG
(MATERIALS AND METHODS) was digested with 1 mg/ml

Pronase as described in MATERIALS AND METHODS. This

protease will degrade virtually all peptide bonds.

The remaining GAG was chromatographed on Sephadex

G-150 in 4 M guanidine HCl, 50 mM Tris, pH 7. This

graph shows the elution profile of (*sj-GAG.
This Sephadex G-150 column was calibrated as

described in MATERIALS AND METHODS (protein standards

ribonuclease A, chymotrypsinogen A, and bovine

albumin).
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ANTIBODY BINDING TO PURIFIED PROTEIN AND PURIFIED GAG

Each of the monoclona 1 antibodies were assayed for

their ability to bind products of the beta-e limination

reaction (FIGURE 7). As shown in TABLE 6, it was

determined that antibodies 15, 22 and 4.2 bind to the

purified, 80 kilodalton protein and antibodies 3 and 31

bind to the fraction which contains the sulfonated GAG

chains. It is almost certain that antibodies 3 and 31 are

binding to GAG chains which are contained in this

fraction. There is virtually no protein contained in this

fraction and it was previous 1y shown (TABLE 4) that

antibodies 3 and 31 had an affinity for purified GAGs.

Since this radioimmunoassay is dependent on the efficiency

with which each form of the antigen adheres to the plastic

plate, it is not accurate to compare values between

columns. Therefore, we cannot say to what extent the

antibody binding affinities have been changed by separating

the proteins from the GAG chains. It is clear, however,

that the antibodies distinguish between the protein and GAG

fractions.

This antigen has been immuno-purified and contains both

protein and sulfonated GAG. Under dissociative conditions,

this antigen has a molecular weight of approximately 330

kilodaltons (TABLE 5). Since the protein chain is about 80

kilodaltons and the GAG chain has a molecular weight of

!
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TABLE 6: BINDING TO PROTEIN AND GAG CHAINS.

The immunopurified antigen, and the purified

protein and GAG chains from the beta-e limination

reaction (see FIGURE 7), was assayed by the standard

solid phase radioimmunoassay as described in

MATERIALS AND METHODS. As says were done in triplicate

and did not vary by more than 3%. Controls included

no mouse antibody (1ess than 100 cpm) and antibodies 9

and 48 which do not bind this proteoglycan.
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TABLE 6

1251) GOAT ANTI-MOUSE Ig SERUMcpm. I

IMMUNOPURIFIED PROTEIN GAG

ANTIGEN CHAIN CHAIN

3 98.64 107 2098

15 43.63 470 176

22 8265 750 190
-

■

31 61.90 115 1789 ■

42 7542 387 156

º

9 109 98 85

101 10748 135
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about 13 kilodaltons, there is on the or der of 20

carbohydrate chains per protein chain.

appears to be a true proteoglycan.

Thus, this antigen
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DISCUSSION

Five different monoclonal antibodies have been isolated

from mice immunized with synaptic membranes and synaptic

junctions. These five antibodies bind a proteoglycan

complex on the surface of neurons, thymocytes and on an

unidentified cell type to be described later. Based on

their ability to block each other 's binding to antigen

(TABLE 1) and their distribution on various ce 11 types

(TABLE 2), it has been determined that they recognize a

single complex. The five determinants appear to be

distinct from one another. Some of them define

subpopulations of neurons and thymocytes and there are

differences in how they are distributed among thymocytes.

Antibodies 15, 22 and 42 bind to the protein whereas 3 and

31 bind to glycosaminoglycan chains (TABLE 6).

Since car tilage is a very rich source of proteoglycans,

it has been used extensively to study the composition and

Structure of proteoglycans. The difficulty with studying

brain proteoglycans has been the ability to obtain a highly

purified, homogeneous preparation of proteoglycan. The

brain has many different cell types and, most likely, makes

a wide variety of proteoglycans. Therefore, studies done

on brain proteoglycans have involved a heterogeneous

population of molecules. Information has been obtained on

total GAG content of brain; however, histological probes
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have not been developed which distinguish different

proteoglycans. Hence, these molecules are not we 11

under stood. Because monoclonal antibodies can be developed

which recognize individual determinants in a complex

immunogen, in theory, they should have to capacity to

purify different proteoglycans and provide

immunohistochemical probes for these molecules. We have

identified five antibodies which bind a proteoglycan on

neurons and thymocytes.

These monoclonal antibodies have been used to purify

the complex. Under dissociative conditions, it has a

molecular weight of approximately 330 kilodaltons

(FIGURE 5, TABLE 5) and consists of roughly 20 GAG chains

(mw. 13 kd.) (FIGURE 8) which are covalently attached to a

protein (mw. 80 kg. ) (FIGURE 7) through o linkages. Under

physiological conditions, this antigen aggregates into a

complex with a molecular weight of approximately 10 million

daltons (TABLE 5). These antibodies will be used to purify

a homogenous preparation of brain proteoglycan and to

localize this molecule in situ. Undoubtedly, they will be

valuable in analyzing neural proteoglycans.

The fact that this proteoglycan is restricted to

neurons, thymocytes and a fibroblast-like cell (described

in detail later) is interesting. An antigen with a very

similar cellular distribution has previous 1y been defined

-- the Theta antigen (Thy 1). This is a membrane
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glycoprotein (mw = 18,000 daltons) found on thymocytes,

fibroblasts and neurons. Although Thyl has been well

studied, its function has not been determined. The

characteristics of the antigen for 3, 15, 22, 31 and 42

rule out the possibility that these antibodies recognize

the Thyl antigen. However, there is a possibility that

Thyl inter acts with this proteoglycan. If such an

inter action can be found, it would suggest a function for

the Thyl antigen -- the molecule which anchors the

proteoglycan to the plasma membrane.

None of these antibodies bind to dissociated rat spleen

ce 11s which is reported to contain approximately equal

numbers of B and T lymphocytes. Therefore, this

proteoglycan is only found on immature T cells contained in

the thymus not on mature circulating T ce 11s. Again, this

is exactly the distribution of the Thyl antigen in rat

(Acton et al., 1974), further implying an association

between these molecules. Antibodies #31 and #42 did not

bind to subpopulations of thymus derived thymocytes. They

may be distinguishing thymocytes at different stages of

maturation. This proteoglycan may be important in T cell

development -- a field where the role of proteoglycans has

not been considered.

Synaptic membranes and junctions contain a plethora of

proteins and possible antigens (Mahler, 1977). Why, then,

might five different antibodies be cloned which bind a
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single antigen 2 One can only assume that this antigen is a

major brain proteoglycan and is highly antigenic.

Immunohistochemical localization of this antigen will

establish how widespread this antigen actually is.

The function of proteoglycans is unknown. It has been

speculated that they may play a role in a variety of

ce 11ular processes in the nervous system. Proteoglycans

have been postulated to function in determining electrical

conductivity, nerve impulses and impedance changes (Szabo

and Roboz-Einstein, 1962; Wang and Adey, 1969; Van

Harreveld et al., 1971; Custod and Young, 1968),

controlling tissue hydration (Margolis et al., 1975;

Polansky et al., 1974), maintaining structural integrity

(Ashhurst and Costin, 1971; Mustafa and Kamat, 1973),

neuronal migration and differentiation (Margolis et al.,

1975), modifying cellular expression (Hay and Meier, 1974),

and stor age and secretion of associated molecules

(reviews: Bennett and Leblond, 1977; Cook, 1977). There

have been consider able difficulties in testing these

hypotheses. There is no method to specifically disturb the

expression or function of a single proteoglycan.

Presently, the best procedures alter all proteoglycans to a

partial extent (Lohmander et al., 1979). Monoclonal

antibodies may supply the means to solve this problem. If

specific probes can be developed for individual

proteoglycans, then the antibodies might be used to bind
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the antigen and block its function. Alternatively, the

antibodies could be used to select mutant cell lines which

do not synthesize the antigen. Such mutants would be

useful in studying both the function and synthesis-assembly

of proteoglycans. I have selected a pheochromocytoma

(PC-12) cel 1 1 ine which does not display this antigen on

its surface and intend to use this mutant to study this

proteoglycan.

Even with mutant ce 11s lacking a particular

proteoglycan, it is not obvious what functions should be

tested. Since this antigen is found on the surface of

thymocytes, a non-adhesive cell type, one might anticipate

that this antigen does not play an adhesive role. Possibly

it has a function in secretion, molecular sorting or some

Other process.

These monoclonal antibodies have allowed us to begin to

under stand how these complexes are constructed and

distributed in the nervous system.
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CHAPTER 7

MUTANT PC-12 CELLS USED TO STUDY THE FUNCTION OF AN

EXTRACELLULAR MATRIX PROTEOGLYCAN
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SUMMARY

A neuron-1 ike, pheochromocytoma cell 1 ine (PC-12)

synthesizes the proteoglycan defined by five monoclona 1

antibodies -- #3, #15, #22, #31, and #42. It has

previously been shown that antibodies 15, 22 and 42

recognize the protein in this complex while antibodies 3

and 31 bind to the glycosaminoglycan chains. Normal PC-12

cells contain all five determinants internally and on the

cell surface as we 11 as secreted into the culture medium.

Using antibody #15 and complement, mutants were selected

which do not display this antigen on their surfaces. This

mutant does not synthesize any of the protein-associated

determinants. Radioimmunoassays preformed on these mutants

have determined that the determinants for antibodies 3 and

31 can be found internal and secreted into the culture

fluid but not on the cell surface. Mutants display normal

morphology, response to nerve growth factor, quantity and

distribution of synaptic vesicles (as judged by monoclonal

antibodies #30 and #48), amount of Thyl antigen on their

Surface, and adhesiveness to collagen and tissue culture

plastic.
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INTRODUCTION

Monoclona 1 antibodies have been used to recognize cel1

types, to purify cells and organelles and to identify

important molecules in the nervous system. The ultimate

goal of monoclonal antibodies is to discover the function

of specific antigens. Antibodies have been generated

against synaptic membrane material and some of the antigens

appear to be localized to synaptic regions of the brain and

spinal cord. It is of interest to determine the function

of these antigens. Depending on cellular location, there

are a variety of approaches for determining the function of

an antigen. Cell culture has many advantages for studying

cell surface molecules. The cells are complete ly

accessible to antibodies and are maintained in an

environment which can be rigorously controlled. Ce 11 to

ce 11 inter actions are quite sophistocated in culture.

Synapses on to skeletal muscle fibers have been formed by

spinal cord explants and dissociated spinal cord neurons

(Robbins and Yonegawa, 1971; Fischbach, 1972; Fischbach et

al., 1975; Kidokoro et al., 1975), by principal sympathetic

neurons (Nurse and O'Lague, 1975), by a

neuroblastoma-glioma hybrid (Nelson et al., 1976; Puro and

Nirenberg, 1976) and by a rat pheochromocytoma (Schubert et

al., 1977). Therefore, cell culture may be a very useful

System for studying synaptic antigens.
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Polyclonal antiser a have been used to block or mimic

cellular inter action by binding appropriate receptors

(Greaves and Janosy, 1973; McClay et al., 1977; Rapport,

1980; Rhee and Hokin, 1979; Baldwin et al., 1980).

Monoclonal antibodies however, have a disadvantage in these

types of experiments. Since they are directed against a

single determinant, a monoclonal antibody may not block the

functional site of its antigen. Another problem with using

antibodies to disrupt function is to maintain saturating

concentrations of antibody. Therefore, monoclonal

antibodies are difficult to use in functional studies. One

way to avoid this problem is to use somatic cell genetics

to select mutants of c10nal cell lines lacking individual

antigens.

A variety of techniques are available for mutagenesis,

selection, isolation and characterization of cell lines.

Mutants have been isolated with alterations in drug and

lectin resistance, auxotrophy, temperature-sensitive

lethality and loss of differentiated products (reviewed by:

Siminovitch, 1976). Antisera and complement have been used

to isolate variant cell lines lacking particular surface

antigens (Simantov and Sachs, 1972). Such techniques, when

applied to cell lines which form synapses (Nelson et al.,

1976; Puro and Nirenberg, 1976; Schubert et al., 1977),

have the potential of determining the function of antigens

defined by monoclona 1 antibodies and of dissecting synapse

morphogenesis.
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Using a rat pheochromocytoma ce 11 line (Greene and

Tishler, 1976; Schubert et al., 1977), monoclonal

antibodies have been used to select mutants which do not

have a specific proteoglycan on their cell surfaces. These

mutants will be used to study the function of this antigen

and how it is synthesized and assembled.

EXPERIMENTAL

MUTANT SELECTION

A rat pheochomocytoma ce 11 line (PC-12) synthesizes the

proteoglycan recognized by monoclonal antibodies #3, #15,

#22, #31, and #42. As described previously in Chapter 6,

these five antibodies recognize five determinants on a

single antigen complex. The determinants for antibodies

15, 22 and 42 are associated with the protein in this

complex; 3 and 31 bind glycosaminoglycan chains (Matthew

and Reichardt, in preparation). Indirect

immunofluorescense experiments and radioimmunoassays have

localized this antigen to the surface of PC-12 cells.

Mutants were selected which do not display this antigen on

their surface. Now, by studying the properties of normal

PC-12 ce11s and mutants cells, the function of this

antigen can be investigated.
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PC-12 ce 11s were cloned before mutagenesis and this

parent ce 11 line was designated B2. Antibody #15 and

guinea pig complement was used to select PC-12 mutants as

described in Materials and Methods. The mutant cells were

cloned and grown for 3 months in culture to be certain they

were stable clones. Indirect immunofluorescense

experiments determined that none of the five antibodies

bind the surface of these mutant ce 11s (data not shown).

These mutants have normal properties with respect to

morphology, response to nerve growth factor, adhesiveness

to collagen and tissue culture plastic, the amount of

vesic le antigen (monoclonal antibodies #30 and #48) and the

amount of surface Thyl antigen (based on indirect

immunofluorescense). One clone, designated F3, was chosen

to study the proper ties of this proteoglycan.

DISTRIBUTION OF DETERMINANTS IN NORMAL AND MUTANT CELLS

The determinants have been assayed in each cellular

compartment -- internal, surface and secreted into the

culture medium. Secreted determinants were assayed in

filtered culture media; surface determinants were measured

using living cells; and internal antigens were assayed by

thorough trypsinization to remove the surface antigen prior

to homogenization. TABLE 1 shows the distribution of these

determinants in normal and mutant cells. Normal cells have
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TABLE 1: DISTRIBUTION OF DETERMINANTS IN MUTANT AND

NORMAL PC-12 CELLS.

Fifty milliliter cultures of normal (B2) PC-12

ce 11s and mutants (F3) were grown to 2 x 10°
ce 11s/ml in DME- H21, 5% horse serum, 10% calf serum.

The cells were shaken from the dish after gentle

pipeting of medium against the cell layers. The ce1ls

were washed three times with 10 mls of medium by

centrifugation at 500 x g for 10 minutes. B2 and F3

cells were suspended at 10° ce 11 s/ml.

Cells were plated into 24 well Falcon tissue

culture dishes (1 ml per we 11) and allowed to settle

and adhere for 90 minutes. The following assay was

adapted from the standard solid phase radioimmunoassay

described in MATERIALS AND METHODS. All subsequent

incubations and washes were done with ice cold PC-12

growth medium. The wells were r insed 3 times and 1 ml

of hybridoma fluid was incubated in the cultures for 1

hour on ice. The cultures were r insed 4 times and 1

m1 (1 JuCi) of iodinated goat anti-mouse Ig serum (20

jl Ci/pig) in PC-12 growth medium was added. After 1

hour on ice, the cultures were washed 5 times. The

cultures were digested with 100 ul of 1 mg/ml pronase

(Cal-Biochem) for 1 hour, 25°C. 0.4 ml of 10% SDS was

added and the contents of each we 11 was removed and
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counted in the gamma counter. These values are cited

as surface antigen in column a.

Both ce1l types were grown for 24 hours in growth

medium at 2 x 10° cells/ml. The cells were pelleted

at 500 x g for 10 minutes and the conditioned medium

was filtered through a Millipore filter (0.22 pum pore)

to remove all ce 11s and debris. The medium was

aliquoted into poly-lysine coated multiwell as say

plates (MATERIALS AND METHODS) and uncoated as say

plates and the standard solid phase radioimmunoassay

was completed as described in MATERIALS AND METHODS.

The values cited are from poly-lysine coated wells and

reflect secreted antigen -- column b. The uncoated

plates gave identical results but the signals were

only 10% of those obtained with poly-lysine coated

we 11s.

107 cells (B2 and F3) were trypsinized with 2

mg/ml TPCK treated trypsin for 30 minutes at 25°C.

The cells were washed twice in DME by pelleting at

1000 x g for 5 minutes. All subsequent steps were

done at 4°C. The cells were retrypsinized for 10

minutes and washed once in DME + 5% fetal calf serum,

once in DME + 5% fetal calf serum + 5 mg/ml Soybean

trypsin inhibitor (Sigma Co.) and 3 times with DME.

Aliquots of each ce11 type were maintained at 4°C and

assayed for surface antigen. Ce 11s were incubated
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with monoclonal antibody and iodinated goat anti-mouse

in suspension and washed 3 times between each step.

Neither cell type bound any of the five antibodies.

This verified that all the surface antigen had been

removed by trypsinization. 80% of the trypsinized

cells were frozen immediately after the wash steps.

These were thawed and homogenized. Solid phase

radioimmunoassays were done on poly-lysine coated and

uncoated multiwell plates. Both plates gave identical

results except the signals were greater in the

poly-lysine coated plates. The values cited are for

poly-lysine coated wells and reflect internal antigen

-- column c.

All as says were done in triplicate and did not

vary by more than 4%. Controls included no mouse

antibodies (less than 100 cpm.) and antibodies which

do not bind this proteoglycan -- antibody #9 binds

terminal galactose moieties, #48 binds a 65 kilo dalton

protein on synaptic vesicles and #64 binds a complex

polysaccharide not found in PC-12 cells.

B2 is the normal, parent PC-12 cell line. F3 is

the selected mutant line.
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TABLE 1

cPM. [**11 GOAT ANTI-MOUSE Ig SERUM

3. b C.

SURFACE SECRETED INTERNAL

B2 F3 B2 F3 B2 F3

15 747 88 500 74 1300 89

22 2036 101 1416 83 3485 136

42 3465 92 2208 65 3310 77

3 2503 97 2300 1276 5216 3508

31 106.8 102 1206 1312 3618 3416

9 106 100 62 52 76 80

48 125 115 82 79 3.357 3400

64 110 103 62 65 102 97
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a11 five determinants, both protein (15 22 and 42) and

glycosaminoglycan chains (3 and 31), internal, on their

surface and secreted into the medium. Radioimmunoassays on

unpermeabilized cells verified that none of the

determinants were on the mutant cell surface. However,

radioimmunoassays done on cell homogenates show that the

glycosaminoglycan determinants (#3 and #31) are found on

the inside of the mutants and are secreted into the medium.

DISCUSSION

Since the protein-associated determinants (15, 22 and

42) are not found in any compartment of the mutants

(TABLE 1), it appears the glycosaminoglycan chains are

secreted without the protein component of the antigen. It

is possible that the glycosaminoglycan chains are attached

to the normal protein but this protein has been altered

such that the determinants for 15, 22 and 42 are deleted.

The molecular weight of the antigen secreted by the mutant

has not been determined. It is also possible that the

glycosaminoglycan chains are secreted in association with a

different protein or are free of protein. As previously

shown, antibody 22 will completely block the binding of

antibody 3 and the proteoglycan purified from PC-12 cells

contains a single molecular weight species of protein.
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Therefore, it seems unlikely that there is more than one

protein which contain these glycosaminoglycan chains. If

the glycosaminoglycans are not attached to protein, then

these mutants challenge the currently accepted mechanism of

GAG synthesis -- that the core protein serves as the

initiator for GAG chains and that chain elongation requires

attachment to this protein (Reviewed: Lennar z, 1980)

It would be relatively easy to generate many different

mutants which do not display normal antigen on their

surfaces. Each mutant could be identified as a unique

deficiency based on radioimmunoassays and by fusing various

pair s of mutants and scoring for recovery of proteoglycan

synthesis. Such mutants could be used to establish how

this proteoglycan is synthesized and assembled.

The F3 mutant is being used to determine whether this

proteoglycan deficiency has an effect on adhesiveness to

cells or to proteoglycans. It will be used in PC-12, C2

(neur on-muscle cell lines) co-cultures to determine if this

antigen has a role in this cell to cell inter action.

Finally, this mutant has been found to have an atypical

distribution of acetylcho linester ase. Normal PC-12 cells

only synthesize the 16 S form of acetylcho line ster ase in

response to nerve growth factor and 100% of the 16 S enzyme

has been localized to the cell surface (Inestrosa et al. ,

1981). The mutants synthesize a greater amount of the 16 S

form of the enzyme and have 50% of it inside the cells
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(Reiness and Ine strosa, personal communication).

Therefore, these mutants have already determined that the

16S form of acetylcholine ster ase is assembled before

secretion (at least in these cells) -- a question which was

previously unanswered. These cells are being studied to

determine how acetylcho line ster ase is assembled.
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CHAPTER 8

A MONOCLONAL ANTIBODY TO GALACTOCERE BROSIDE BINDS A

COMPONENT OF DESMIN INTERMEDIATE FILAMENTS
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SUMMARY

A monoclonal antibody, which binds to white matter in

sections of cerebellum, recognizes galactocerebroside

contained in myelin membranes. Simple saccharides, which

contain galactose, will compete for the binding of this

antibody to myelin. This antibody is specific for the

surface oligodendrocytes in dissociated cultures of

cerebral cortex.

The same antibody binds to the inter mediate filaments

in cells which synthesize desmin and is enriched by cycles

of desmin polymerization-depolymerization. This antigen

has a molecular weight of approximately 700 daltons.
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INTRODUCTION

Myelin is a highly specialized plasma membrane of glial

or schwann cells (Bunge et al., 1961; Bunge et al., 1962).

It is laid down along certain nerve fibers functioning as

an insulator to increase the speed with which stimuli are

transmitted from nerve ce 11 bodies to targets (Waxman,

1977). Myelin is present in a11 parts of the nervous

system but is concentrated in fiber tracts, such as the

white matter of the brain and spinal cord and peripher a1

nerves that contain large motor fibers. This specialized

membrane is a major component of brain. In the whole brain

of adult rat, myelin is approximately 25% of the dry weight

and accounts for at least 40% of the total brain lipid

(Norton and Podu slo, 1973b ; Norton, 1977). The fact that

myelin is a very plentiful substance combined with its

unique physical properties (very high lipid-protein ratio

and therefore a very low buoyant density) enables it to be

isolated in high yield and purity by conventional

fractionation procedures (Laatsch et al., 1962; Cuzner and

Davison, 1968; Shapira et al., 1970; Norton and Podu slo,

1973).

CNS myelin has been we 11 characterized and, as

expected, there are many molecular components, both protein

and lipid, that are unique to myelin (for reviews: Folch-Pi

and Stoffyn, 1972; Eylar, 1973; Carnegie and Dunkley, 1965;
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Nussbaum et al., 1963; Eng and Noble, 1968; Norton and

Podus lo, 1973b). One group of myelin-specific molecules

are galacto lipids -- the major component being

galactocerebroside. This molecule consists of galactose

bound to two hydrocarbon chains. This cerebroside is very

antigenic. If myelin is injected into test animals, the

majority of the organ-specific antibodies appear to be

directed toward cerebroside (Rapport, 1970). Work has

shown that it is the galactose moiety of galactocerebroside

that is the major brain hapten (Gregson et al., 1974).

Therefore, it is not at all surprising for a

galactocerebroside-specific monoclonal antibody to be

obtained from a mouse immunized with a synaptic membrane

preparation (Jones and Matus, 1974). Myelin is so

ubiquitous to brain that it is certainly a contaminant of

this prepartion. Cerebroside, a major component of myelin,

is known to be highly antigenic. There is no reason,

however, to suspect that an anti-galactocerebroside

antibody would bind to cytoskeletal components. The

monoclonal antibody described in this paper does bind to a

defined class of filaments.

The electron microscope has been used to identify a 100

A filamentous system in the cytoplasm of eukaryotic cells

which is distinct from microtubules (250 A), actin

filaments (60 A), and myosin filaments (150 A). These 100
A filaments are referred to as inter mediate filaments.
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Biochemical and immunofluorescent techniques have shown

that inter mediate filaments are truly a distinct fibrous

system (reviewed: Lazarides, 1981). Different cell types

synthesize different subunit proteins which associate to

form inter mediate filaments. There are in fact, five major

classes of inter mediate filaments that can be distinguished

both biochemically and immunologically: keratin (Sun et

al., 1979; Franke et al., 1978), desmin (Hubbard and

Lazarides, 1979; Granger and Lazarides, 1979), vimentin

(Brown et al., 1976; Starger et al., 1978), neurofilaments

(Liem et al., 1978), and glial filaments (Schlaepfer,

1977). Each class of filaments has subunit (s) with unique

antigenic determinants. Every subunit in every type of

inter mediate filament also shares at least one antigenic

determinant which is defined by a monoclonal antibody that

binds every major subunit in every filament class (Pruss et

al., 1981). This is not entirely surprising since all

these filaments are alike morphologically. The reason for

five distinct types of filaments is not known but must

reflect a distinct function. Unfortunately, except for

their implied role as a structural skaffold, the specific

function of inter mediate filaments is unknown.

Desmin filaments have been purified from chicken

gizzard and studied biochemically (Lazarides and Hubbard,

1976). In addition to the major subunit, with a molecular

weight of 50,000 daltons, actin co-purifies with desmin
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(Hubbard and Lazarides, 1979) as well as at least one high

molecular weight associated protein (Granger and Lazarides,

1980). Apparently, the organization of these filaments is

complex and needs to be rigorous ly characterized.

This class of filament, their subunits, and possible

associated molecules are poorly under stood at this time.

Antibodies directed toward inter mediate filaments will be

useful in deter mining the structural components, function

and regulation of this system.

EXPERIMENTAL

THE ANTIBODY BINDS GALACTOCEREBROSIDE IN MYELIN

Solid phase radioimmunoassays have been used as a rapid

method for determining the localization of antigens defined

by monoclonal antibodies. For the most part, because brain

cannot be fractionated efficiently, these as says have been

ambiguous. However, in a few cases radioimmunoassays on

fractionated brain were quite accurate and valuable. In

TABLE 1 the binding of antibody #9 to various brain

fractions is shown. This antibody binds very strongly to

myelin membranes and binds homogenates of whole brain

better than synaptic membranes. Based on this assay it was
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TABLE 1: BINDING OF ANTIBODY #9 TO

FRACTIONATED RAT BRAIN.

Synaptic membranes, myelin and mitochondria were

recovered from the sucrose gradient described by Jones

and Matus (1974). Synaptic junctional material was

prepared according to Wang and Mahler (1976). Brain

homogenate was prepared in PBS -- brain membranes were

pe 1 leted at 20,000 x g for 20 minutes. All

preparations were adjusted to 1 mg/ml of total protein

and 100 micro liters was adsorbed to each well of

microtiter plates. A solid phase radioimmunoassay was

then completed as described in MATERIALS AND METHODS.
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TABLE 1

MATERIAL ASSAYED 125
CPM. [ I] goat anti-mouse.

MYELIN

BRAIN MEMBRANES

BRAIN HOMOGENATE

SYNAPTIC MEMBRANE

MITOCHONDRIA

SYNAPTIC JUNCTIONS

37,500

18,000

11, 700

10, 800

2, 750

1, 760
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assumed that antigen #9 is associated with myelin

membranes.

To be certain that this antibody recognizes myelin, the

antigen was 10calized in rat cerebellum using

immunohistochemical procedures. The organization of the

cerebellum is we 11 defined -- each folium has an under lying

layer of myelinated axons, distinct layers of granule and

purkinje cell bodies and a dendritic layer which contains a

high density of synapses. In FIGURE 1 the #9 antigen has

been localized in sections of rat cerebellum by peroxidase

immunocytochemical techniques (procedure described in

Materials and Methods and by Vaughn et al., 1980). At the

light level (FIGURE 14) the antibody binds myelinated,

axonal layers. This layer contains a heavy deposition of

reaction product. The peroxidase reaction in this

particular section has been over developed to show there is

light staining in the molecular layer. It is uncertain

whether this reflects myelinated fibers in this 1ayer or

binding to molecules besides those in myelin. The binding

to the molecular layer accounts for a relatively small

amount of antigen. Sections can be developed which show

heavy staining to white matter and no staining of the

molecular layer. When immuno-reacted sections of white

matter were examined in the electron microscope, it was

determined, after analyzing hundreds of sections, that

antibody #9 binds to mye 1 in membranes. Reaction product is
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FIGURE 1: IMMUNOHISTOCHEMICAL LOCALIZATION OF ANTIGEN

IN RAT CEREBELLUM.

Rat cerebellum was sectioned and stained as

described in MATERIALS AND METHODS. Light microscopy

on a 8 micron, frozen section is shown in photograph

a. Peroxidase reaction product is associated

primarily with the white matter, not ce 11 bodies and

only lightly with synaptic layers. In photograph b is

an electron micrograph showing the antigen is

associated with the myelin membranes.

Controls for the immunohistochemical localization

included no mouse antibody and normal mouse serum,

neither of which showed any binding to cerebellar

sections and a variety of monoclonal antibodies which

either showed completely different specific patterns

or no binding to sections.
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accumulated on whirls of membrane which surround axonal

processes. The per oxidase reaction product is particularly

dense where the myelin membrane is partially unwrapped.

When this occured, it was easier to determine that this

antibody was truly binding the myelin membrane and not a

cytoplasmic component. A representative electron

micrograph is shown in FIGURE 1B.

Hoping that antibody #9 would be a useful marker for

oligodendrocytes, cerebral cortex and corpus collosum

dissociated cultures were prepared using methods described

by Sotelo et al. (1980). Indirect immunofluorescent
experiments on unpermeabilized cells determined that this

antibody does bind the surface of oligodendrocytes. An

example of this staining is shown in FIGURE 2 . This

antibody did not bind neurons, astrocytes, or fibroblasts

identified in these cultures nor do they recognize the

surfaces of schwann cells, lymphocytes, red blood cells,

myocytes, or PC-12 cells.

Solid phase radioimmunoassays determined that this

antibody bound to Folch extracts of brain suggesting the

antigen has lipid-1ike characteristics (TABLE 2). It is
reasonable that galactocerebroside, a major component of

myelin, could be responsible for this binding. Antibody #9

was assayed against galactocerebroside adsorbed to
multiwe 11 plates. The results in TABLE 2 show this

antibody has a very high affinity for galactocerebroside.
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FIGURE 2:

INDIRECT IMMUNOFLUORESCENT LABELING OF CEREBRAL

CORTEX DISSOCIATED CULTURES.

Cultures were prepared from newborn rats following

the procedure of Sotelo (1980). Unfixed cells were

incubated with culture fluid from hybridoma #9 and

fluorescein coupled goat anti-mouse Ig Sera as

described in MATERIALS AND METHODS. Cells were

identified by morphology and with immunological

markers -- antisera against: Thyl, galactocerebroside,

tetanus toxin, and GFAP. Antibody #9 only bound to

oligodendrocyte surfaces. The staining pattern is
shown.
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TABLE 2: BINDING OF ANTIBODY TO LIPIDS.

Myelin membranes (10 Jug/ml protein) were obtained

from the sucrose gradient used in the preparation of

synaptic membranes (Jones and Matus, 1974;

MATERIALS AND METHODS) .

A Folch extract of five rat brains was prepared as

described by Folch et al. (1957). This procedure

involves the purification of chloroform-methanol

soluble lipids. The lipids were dried under nitrogen,

solubilized in ether and redried under nitrogen. Ten

m1s of PBS was added and the solution was sonicated 10

times for 10 seconds while on ice. The suspension was

immediately aliquoted into multiwell plates and left

for 2 hours at 25°C.

5 x 107 PC-12 cells (Greene and Tischler, 1972)

were homogenized in 10 mM Tris, ph 7 and the membranes

were pe 11eted at 10,000 x g for 20 minutes. A sample

of these membranes (10 ug/ml protein) were aliquoted

into multiwells. The rest of the membranes were used

to prepare a Folch extract as described above and

aliquoted in multiwells.

Brain cerebrosides were purchased from Sigma Co.

One milligram of galactocerebroside was added to 1 ml

of PBS and the solution was sonicated and aliquoted as

described above.
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The standard solid phase radioimmunoassay was

completed (MATERIALS AND METHODS) with antibody #9.

Controls for the lipid preparations included the

substitution of antibody #9 with : #3 (binds a

proteoglycan on neurons and thymocytes, Matthew and

Reichardt, in preparation), #48 (binds a 65 kilodalton

protein on synaptic vesicles, Matthew et al., 1981),

normal mouse serum and no mouse antibody. All four

controls had negligible binding -- 200 +/- 100 cpm.

on the brain Folch extract, 190 +/- 60 c pm. on the

PC-12 Folch extract, and 210 +/- 85 cpm. on

cerebrosides. Normal mouse serum and no mouse serum

were used as controls on myelin and PC-12 membranes.

Neither showed significant binding to the se

preparations -- 180 +/- 50 cpm.
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TABLE 2

BINDING OF ANTIBODY #9

l
MATERIAL ASSAYED CPM. I 251) GOAT ANTI-MOUSE Ig

MYELIN MEMBRANES 26, 300

FOLCH EXTRACT OF BRAIN 29, 700

GALACTOCEREBROSIDE 35, 200

PC-12 MEMBRANES 480

FOLCH EXTRACT OF PC-12 390
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This antibody binds brain homogenates of rat, mouse, cow,

rabbit, chicken, frog and fish (data not shown). It is

assumed that this antibody binds the galactocerebroside

found in a11 species of myelin.

THE ANTIGEN IS ASSOCIATED WITH INTERMEDIATE FILAMENTS

IN FIBROBLASTS AND MUSCLE

Antibody #9 has been used for indirect

immunofluorescent staining of cells in culture which were

permeabilized. Under these conditions, an unsuspected

specificity was discovered -- the antibody binds a

cytoskeletal filament of fibroblasts (FIGURE 3a). The

distribution of these filaments in the cytoplasm is

characteristic of intermediate filaments (IF). To verify

this, cells were grown in colcemid before staining. Under
these conditions microtubules are de-polymerized, IFS

collapse around the nucleus and actin filaments are
unaffected (Sun and Green, 1978). Colcemid treated cells
are shown in FIGURE 3b. Antibody #9 clear ly binds to some

component of fibroblast inter mediate filaments.

This antigen has been localized to Z-lines of muscle

fibers. Myofibrils, prepared from rat skeletal muscle,

were stained by indirect immunofluorescense with antibody

#9. FIGURE 4 shows the phase image (a) and corresponding

fluorescent pattern (b). The antigen is confined to the
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FIGURE 3:

INDIRECT IMMUNOFLUORESCENSE ON PERMEABILIZED

FIBROBLASTS.

As described in MATERIALS AND METHODS, mouse

embryo fibroblasts were grown on collagen coated

cover slips, fixed in methanol and ethanol-acetic acid,

and stained with antibody #9 and fluorescent goat

anti-mouse Ig. Staining is seen only if the cells

have been permeabilized. The binding pattern seen in

photograph a is very similar to the distribution of
inter mediate filaments (IF) in these cells. The cells

shown in photograph b were grown for 12 hours in .4

mg/ml colcemid prior to fixation. Under these

conditions mic trotubules are dissociated and the IF's

form a halo around the nucleus.
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FIGURE 4 :

INDIRECT IMMUNOFLUORESCENSE ON MUSCLE MYOFIBRILS.

Myofibrils were prepared from r at leg muscles

(Lazarides, 1978) and stained with antibody #9 and

fluorescent goat anti-mouse Ig serum as described in

MATERIALS AND METHODS. The fibers are shown as viewed

with phase optics in each photo labeled a. The
corresponding fluorescent binding patterns are 1abeled

b. The antigen is localized to the Z lines in these

fibers.

-
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phase-dense Z-lines of muscle. This is exactly where the

inter mediate filament proteins vimentin and desmin have

been localized in myofibrils (Granger and Lazarides,

1978). Thus, the antigen is associated with inter mediate

filaments in at least two different ce 11 types.

THE ANTIGEN IS ASSOCIATED WITH DESMIN INTERMEDIATE

FILAMENTS

Fibroblast and muscle IFs are composed of the same

subunits -- vimentin and desmin (Lazarides, 1980). This

antigen could be associated with one of these, both or even

other types of subunits. In order to determine if this

antibody has any specificity for a particular type of

inter mediate filament, a variety of cells were tested by

indirect immunofluorescent labeling. Cells were chosen

that express each of the classes of IF subunits. TABLE 3

shows the antigen was found in fibroblasts and Schwann

cells, not neurons, glia or the PTK2 cell line. The IF

subunits produced by each of these cells has been

determined (reviewed by: Lazarides, 1980) and is cited in

TABLE 3. The distribution of this antigen correlates best

with the desmin subunit. This does not mean that the

determinant is actually on the de Smin subunit protein. The

antigen could be a molecule associated with desmin.
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TABLE 3: TYPES OF CELLS WHOSE INTERMEDIATE FILAMENTS

STAIN WITH ANTIBODY #9.

Indirect immunofluorescence was done on

permeabilized cultures of : dorsal root ganglion (DRG),

cerebral cortex (CNS), heart fibroblasts and the

PTK, ce 11 line (rat kangaroo epithelial line) as

described in MATERIALS AND METHODS. Specific cell

types were identified in primary cultures on the basis

of morphology and immunological markers as described

in MATERIALS AND METHODS. Fibroblasts were identified |

in DRG, CNS and heart cultures by counter staining with

anti-Thy 1 and anti-LETS. Schwann cells were

identified in DRG cultures with anti-RAN 1. Tetanus

toxin staining was used to visualize neurons in DRG

and CNS cultures. Glia were obtained from CNS and

counter stained with anti-GFAP. The results of such

experiments are shown . The type of inter mediate

filament subunit contained in each ce1l type is cited

according to Lazarides (1980).
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TABLE 3

SOURCE DRG, CNS DRG DRG, CNS CNS CELL

OF CELLS HEART LINE

CELLTYPE FIBROBLAST SCHWANN NEURON ASTROCYTE PTK 2

#9 stain: + +
- - -

SUBUNIT

DESMIN + +
- - -

VIMENTIN + + - + +

KERATIN
- - - - +

GFAP
- - - +

-

NEUROFILAMENT –
-

+ -
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MOLECULAR WEIGHT OF DESMIN ASSOCIATED ANTIGEN

The size of the inter mediate filament antigen was

estimated by chromatography on Biogel P-2. This matrix

will separate molecules between 100 and 1800 daltons. An

inter mediate filament enriched fraction was prepared from

cultured mouse embryo fibroblasts (described in Materials

and Methods). The filaments were solubilized in 8 M urea,

25 mM mercaptoe thanol and chromatographed. The elution of

antigen (as determined by radioimmunoassay) is shown in

FIGURE 5. Under reduced conditions, the antigen runs as a

peak centered at 700 daltons. Under non-reducing,

denaturing (8 M urea) conditions the antigen forms

aggregates with molecular weights between 30 and 300

kilodaltons (FIGURE 6). When the fraction which e luted

from Sephadex G-200 (FIGURE 6, non-reduced) at 40

milliliters (molecular weight of 200 kilodaltons as judged

by ge1 chromatography) was iodinated and electrophore sed on

an SDS polyacylamide gel, the major protein band was

between 50 and 55 kilodaltons (data not shown). This

corresponds to the molecular weight of vimentin and

de smin. Thus, the aggregation of this 700 dalton molecule

under non-reducing conditions might reflect its inter action

with partially assembled inter mediate filaments.
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FIGURE 5:

GEL CHROMATOGRAPHY OF INTERMEDIATE FILAMENT ANTIGEN

Mouse embryo fibroblasts were grown and extracted
as described in MATERIALS AND METHODS. Material which

was in soluble in Triton X-100 and 0.6 M KCl was

extracted with 8 M urea, 25 mM mercaptoethanol for 1

hour at 25°C. The solution was centrifuged at 10,000

x g for 10 minutes. The urea soluble fraction was
loaded onto a Biogel P-2 column equilibrated with 8M
urea, 25 mM mercaptoethanol, 50 mM phosphate, 1ImM

EDTA, 1 mM EGTA, 1 mM phenyl methyl sulfonyl floride
(PMSF), pH=8.

One milliliter fractions were collected and
fractions were assayed for antigen in a solid phase

radioimmunoassay as described in
MATERIALS AND METHODS.

This Biogel P-2 column was calibrated as described

in MATERIALS AND METHODS. Molecular weight standards
included: bromophenol blue , bromocre sol purple,
thymophthalien and methyl red.
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FIGURE 6: INTERMEDIATE FILAMENT ANTIGEN AGGREGATES

UNDER NON-REDUCING CONDITIONS.

Mouse embryo fibroblasts were grown and extracted

as described in MATERIALS AND METHODS. The

cytoskeletal preparation (insoluble in Triton X-100

and 0.6 M KC1) was extracted in 8 M urea for 1 hour at

25°C. The solution was centrifuged at 10,000 x g for

10 minutes and the urea solubilized material was

loaded onto a Sephadex G-200 column equilibrated with

8 M urea, 50 mM phosphate, 1 mM EDTA, 1 mM EGTA, 1 mM

phenyl methyl sulfonyl floride (PMSF), pH 8.

One milliliter fractions were collected and

as Sayed for protein content and antigen content was

determined in a solid phase radioimmunoassay

(MATERIALS AND METHODS) .

This Sephadex G-200 column was calibrated as

described in MATERIALS AND METHODS. Molecular weight

Standards included: chymotrypsinogen A, IgG and

ferritin.
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ANTIGEN IS ENRICHED BY CYCLES OF INTERMEDIATE FILAMENT

POLYMERIZATION-DEPOLYMERIZATION

The molecular interactions which are responsible for

desmin filament polymerization are very strong -- these

filaments are resistant to extraction in Triton X-100 and

0.6 M KC1 (Gard et al., 1979). The filaments are stable at

pH 4, but are depolymerized in 1 M acetic acid (Hubbard and

Lazarides, 1979). To determine if this antigen

co-polymerizes with desmin through cycles of polymerization

and depolymerization (Hubbard and Lazarides, 1979), a

cytoskeletal preparation, obtained from detergent and KC1

extracted fibroblasts, was subjected to four cycles of

depolymerization (1 M acetic acid) and polymerization (pH

4). The amount of antigen relative to total protein was

quantitated in a radioimmunoassay throughout this

purification. The data in TABLE 4 shows that two cycles of

polymerization - depolymerization results in at least a 12

fold purification over the detergent/KCl extracted

cytoskeletal preparation. The relative specific activity

of this antigen decreases with subsequent cycles because

the antigen is unstable in acetic acid. If twice cycled

desmin is left at room temperature for six hours in 1 M

acetic acid the specific activity of the antigen is

decreased by 35%. Similarly, if it is stored frozen for 1

week in acetic acid the specific activity is decreased by
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TABLE 4: THE ANTIGEN IS PURIFIED BY CYCLES OF

POLYMERIZATION-DEPOLYMERIZATION

Inter mediate filaments were purified from mouse

embryo fibroblasts according to the procedures of Gard

et al. (1979) and Hubbard and Lazarides (1979) as
described in MATERIALS AND METHODS.

Aliquots were saved frozen at pH 7 from each step

in the procedure and assayed for antibody #9 binding

in a quantitative radioimmunoassay described in

MATERIALS AND METHODS. The values cited are relative

specific activities (*RSA) which reflect the

concentration of antigen relative to the cytoskeletal

preparation (material which is insoluble in Triton

X-100 and 0.6 M KCl). The samples from each cycle of

purification were assayed within 24 hours. Samples

which were stored frozen for one week were also

assayed to determine the stability of this antigen.

*RSA = [ antigen units / mg of protein }

antigen units / mg cytoskeletal protein
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TABLE 4

RSA*

CYTOSKELETAL ELEMENTS 1. 0

1 CYCLE OF PURIFICATION 11.8

2 CYCLE 12.1

3 CYCLE 9.8

4 CYCLE 7. 0

2 CYCLE STORED IN 1 M ACETIC

ACID FOR 6 HOURS AT 25 °C 7. 9

2 CYCLE STORED IN PBS

pH 7 FOR 1 WEEK AT -20°C 11.9

2 CYCLE STORED IN 1 M ACETIC

ACID FOR 1 WEEK AT - 20°C 2.2
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80%. Despite this rapid inactivation, the antigen is

enriched by cycles of polymerization – depolymerization.

Hence, it can be considered an integral component of
inter mediate filaments.

MOLECULAR NATURE OF THE DETERMINANT

Antibody #9 binds to the surface of myelin membranes,

Supposedly recognizing galactocerebroside. This same

antibody recognizes a component associated with desmin

containing inter mediate filaments. The characteristics of

these antigens make it impossible for them to be identical

molecules. The determinants, however, must have similar

structures. Since galactocerebroside is the likely antigen

on myelin (TABLE 2), this antibody might be recognizing the

sugar moiety. In order to define the common component, a

series of competitive radioimmunoassays were initiated

(FIGURE 7). Various concentrations of sugars were used to

inhibit the binding of antibody #9 to myelin. It was

discovered that simple saccharides and di-saccharides would

mimick the determinant. Galactose and galactose containing

sugars inhibit the binding of antibody #9 to myelin

(TABLE 5) at quite low concentrations. Glucose containing
disaccharides and a wide variety of monosaccharides do not

compete for antibody binding even at concentrations greater

than 750 mM. The antibody has a specific affinity for the
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FIGURE 7: COMPETITION ASSAY FOR #9 BINDING.

A rat brain myelin membrane fraction was purified

on a sucrose density gradient (Jones and Matus, 1974)

and used to saturate multiwell assay plates. A serial

dilution of each sugar was prepared in 5% calf

serum- PBS. An aliquot of iodinated ascites #9 was

added to each concentration of sugar and incubated for

one hour at 25°C. Each as cites— sugar mixture was

added to a myelin coated well and incubated for 12

hours at 4°C. The plates were r insed, dried and

counted in the gamma counter. Values from control

samples which did not have added sugar were taken as

100% binding. The binding curves for sucrose and

me libiose are shown as examples.
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galactose alpha 1-6 linkage or the alpha conformation of

the galactose ring (me libiose) -- glucose alpha 1-6

(isomaltose) does not inhibit binding and galactose beta

1-4 (lactose) does not inhibit binding as well as the alpha

1-6 linkage. This shows that antibody binding can be

specifically inhibited by galactose containing sugars.

This argues that the determinant for antibody 9 contains

galactose and the antibody has specificity for a particular

linkage or conformation of the galactose ring.

The results in TABLE 5 make it likely that this 700

dalton component of desmin contains terminal galactose,

possibly in a 1,6 linkage. Since galactose has a molecular

weight of 180 daltons, a tetra-saccharide would have a

molecular weight close to 700 daltons. To further

investigate the properties of this molecule it was digested

with a variety of enzymes to determine what would affect

antibody binding. The results are shown in TABLE 6.

Incubation with galactose oxidase, which oxidizes the 06
position of galactose and some galactose derivatives in

both free and polymeric forms (Cleveland et al., 1975),

increases binding by 28%. The specificity of galactose

oxidase argues that the antigen in inter mediate filaments

contains terminal galactose. Galactose oxidase catalyzes

the oxidation of the primary alcohol of galactose at the

Ca position (Cleveland et al., 1975). Galactose oxidase
has no affinity for glucose (Schlege 1 et al., 1968) and any
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TABLE 5: SUGARS WHICH COMPETE WITH MYELIN

FOR ANTIBODY #9 BINDING.

The concentration of sugar needed to inhibit 50%

of antibody #9 binding is cited from binding curves

like those in FIGURE 7.

GT = greater than.

sº
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TABLE 5

SUGAR USED DISACCHARIDE CONCENTRATION (m/M) OF

TO INHIBIT LINKAGE SUGAR NEEDED TO

INHIBIT 50% OF BINDING

MELIBIOSE GALACTOSE alpha 1,6 GLUC0SE 14

LACTOSE GALACTOSE beta 1,4 GLUCOSE 209

ISOMALTOSE GLUCOSE alpha 1,6 GLUC0SE GT 750

CELLOBIOSE GLUCOSE beta 1,4 GLUCOSE GT 800

GALACTOSE 123

GALACTOSAMINE (2-deoxy, 2-amino) 834

GT 750GLUCOSE

I
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TABLE 6: SUSCEPTIBILITY OF INTERMEDIATE FILAMENT
ANTIGEN TO ENZYMES

A cytoskeletal preparation which was purified from

mouse embryo fibroblasts by extraction with Triton

X-100 and KC1 (described in MATERIALS AND METHODS and

the legend to TABLE 4) was adjusted to PBS, ph 7.4 and

adsorbed to multiwell plates in order to assay the

antigen in a solid phase radioimmunoassay
(MATERIALS AND METHODS). After the antigen was

adsorbed, the plate was r insed with PBS containing 5%

calf serum and then washed with PBS. Enzymes were

prepared at 1 mg/ml in PBS -- beta-galactosidase
(Worthington), galactose oxidase (Worthington),
neur aminidase (Worthington) and pronase
(Cal-Biochem). The enzymes were incubated in wells

for 30 minutes at 25°C. Control wells were incubated
in PBS. Next the wells were thoroughly washed with

PBS containing calf serum and the radioimmunoassay
was completed as usual.
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PBS

GALACTOSE OXIDASE

BETA- GALACTOSIDASE

NEURAMINIDASE

PRONASE

TABLE 6

% OF BINDING RELATIVE

TO UNDIGESTED SAMPLE

100

128

99

101

96
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modification of the C4 position in galactose abolishes

activity (Cleveland et al., 1975). Further more, galactose

residues having glycosyl substituents at C3 are not

oxidized by this enzyme (Schlegel et al., 1968). Therefore

internal galactose residues cannot be a substrate for

galactose oxidase (no linkage is permitted at the 3, 4 or 6

positions). Thus galactose oxidase has specificity for

terminal galactose (Radin and Evange latos, 1981). The fact

that this antigen is a substrate for galactose does not

determine the glycosyl linkage in this molecule. However,

it definite ly argues that terminal galactose is the

determinant in inter mediate filaments. Beta-galactosidase,

which will hydrolyze beta 1, 4 linkages of galactose, has no

effect on the antigen. This supports the fact that

me libiose, which has an alpha linkage, fits the antibody

binding site better than other disaccharides tested

(TABLE 5). Neur aminidase splits N-acetyl neur aminic acid

(sialic acid) from carbohydrate chains. As expected, this

digestion does not alter binding nor does digestion with

pr Onase .

DISCUSSION

A monoclonal antibody has been described which binds

galactocerebroside on the surface of oligodendrocytes. The

antibody can be used to localize myelin in situ using
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immunocytochemical techniques (FIGURE 1) and to identify

oligodendrocytes in culture (FIGURE 2). This same antibody

binds inter mediate filaments containing desmin (FIGURE 3,

FIGURE 4 and TABLE 3) and is highly enriched by methods

designed to purify desmin (TABLE 4). The molecular weight

of this inter mediate filament antigen has been estimated by

ge 1 filtration. Under reducing conditions, it has a

molecular weight of 700 daltons (FIGURE 5). It was

determined that this antibody recognizes galactose moieties

(TABLE 5).

It is perfectly reasonable that an antibody that

recognizes galactose would bind galactocerebroside. This

antibody has remarkable specificity for oligodendrocytes --

it does not bind any other cell surface in culture. Many

surface glycoproteins have sugar moieties composed partly

of galactose. One might think that this antibody would

bind many glycoproteins. The most reasonable explanation

for the specificy of this antibody is that it recognizes

terminal galactose. Most mammalian glycoproteins that have

been characterized have a terminal sialic acid (Morrell et

al., 1968; Morre 11 et al., 1970).

This antibody must recognize a galactose moiety on

de Smin inter mediate filaments. This was unsuspected, but

there is at least one precedent for such a molecule.

Tinberg and Mednick (1980) have described a lectin-like

activity in purified alcoholic hyaline (100 A filament
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structures from alcoholic livers). They reported that a

variety of monosaccharides including galactose, would

inhibit the binding of glycoprotein to these filaments.

This 700 dalton component has a high affinity for

inter mediate filaments since it associates even in 8 M urea

(FIGURE 6). It is unusual that sulfhydryl reagents would

dissociate a protein-sugar linkage. This implies covalent

di-sulfide bridging. There still exists the possibility

however, that the sugar associates non-covalently with

de Smin and the mercaptoe thanol functions by totally

denaturing the protein chain (s). This would imply a strong

non-covalent inter action in order to maintain this

association in denaturing (8 M urea) conditions. The

actual forces responsible for this inter action must be

determined conclusively. This antigen must play a role in

the function or regulation of de Smin inter mediate

filaments. A thorough investigation of this molecule and

its inter action with desmin will lead to a better

under standing of intermediate filaments.

We have shown that this antibody detects a relative ly

small amount of antigen in the molecular layer

(FIGURE la). Since we now know that this antibody binds

both myelin membranes and desmin-containing inter mediate

filaments, we need to determine the source and localization

of the antigen in the molecular layer. The molecular layer

contains a high density of synapses. Since various
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filaments have been implied as being integral components of

synapses (Matus et al., 1975; Toh et al., 1976; Mahler,

1977), it should be determined what this antibody is

binding in the molecular layer.

It is not surprising that this molecule has evaded most

investigations. There was no reason to suspect that a

small sugar was associated with desmin. This illustrates

however, the potential of monoclonal antibodies prepared

against complex immunogens to discover unsuspected

molecules.
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CHAPTER 9

SUMMARY AND DISCUSSION
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My original purpose for making monoclonal antibodies to

synaptic membranes and junctions was to identify synapse

specific molecules. We have identified at least one such

molecule -- a 65,000 dalton protein contained in synaptic

vesicles. The two antibodies which bind this protein have

been used in cytochemical experiments to localize synapses

and sites of exocytosis. The antigen is found associated

with secretory vesicles in a wide variety of neuronal and

neurosecretory tissues. This protein is found in fish,

amphibia, birds and mammals.

A proteoglycan has been identified in the brain which

is neuron specific, but probably not synapse specific.

Five different antibodies bind this proteoglycan. This

antigen has been immuno-purified from a neuron-like cell

line and characterized biochemically. This antigen appears

quite homogeneous and consists of an 80 kilodalton core

protein and approximately 20 glycosaminoglycan chains. All

five antibodies bind the purified antigen synthesized by

PC-12 cells and are capable of blocking each other s binding

to synaptic membranes and PC-12 cells. This argues that

all five determinants are on a single antigen. However,

some immunohistochemical experiments, not presented in this

thesis, suggest that two of the five determinants are

preferentially localized to synapses. These findings are

not conclusive and extensive histochemical experiments need

to be done with these antibodies. If these five
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determinants are distributed differently in vivo, these

antibodies will be useful in determining how this

proteoglycan is synthesized, assembled and modified. It is

possible that there is some heterogeneity in this antigen

in vivo and there may be difference between the antigen, or

its conformation, as it appears at synapses. Thus, there

is still hope that these antibodies can be used to study

synaptic molecules.

In one case, initial radioimmunoassays made it

immediately obvious that the antibody recognized myelin and

there was no hope that the antigen was synaptic. We

characterized this antigen and it turned out to be

galactocerebroside. Since many polyclonal antiser a have

been prepared to galactocerebroside, we were skeptical

about how interesting this monoclonal antibody might be.

Surprisingly, this antibody has proven very useful. This

antibody recognizes terminal galactose and has been used to

identify a carbohydrate associated with desmin inter mediate

filaments.

Of the antigens studied, only one is clearly synaptic

-- the vesicle protein. In retro spect, we realize that

there are better ways to identify monoclonal antibodies

which bind synapse-specific molecules. More recently,

immunohistochemical localization has been used as an

initial screen for synaptic antigens. This strategy

appears very efficient for identifying the monoclonal

antibodies which bind synaptic molecules.
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The use of monoclonal antibodies to analyze neural

molecules has proven to be quite effective. The brain's

complex organization of cells can be over come using this

approach. We have shown that highly specific antibodies

can be developed even though a very he terogeneous membrane

preparation was used as an immunogen. Antibodies were

obtained which recognize neuron- and synapse-specific

molecules. These antigens were purified and characterized

biochemically and the antibodies have proven to be valuable

biological probes. The anti-proteoglycan antibodies have

been used to identify a previously unidentified cell type,

to select mutant cell lines with altered synthesis of this

antigen, as a neur on specific marker in ce 11 cultures and

to discover that proteoglycans have some function in

thymocytes. The antibodies which bind the synaptic vesicle

protein have been used to purify synaptic vesicles, to

localize synapses in situ and to monitor the distribution

of synaptic vesicles in nerve-muscle cultures.

Undoubtedly, these antibodies will be useful in a variety

of studies on neurons and synapses. Monoclonal antibodies

have achieved exactly what we had hoped -- they supply

highly specific probes for studying the nervous system.

We have shown that monoclonal antibodies can be used to

identify, purify and study important molecules in the
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nervous system. The ultimate goal, however, is to

determine the function of these molecules. Currently, this

has not been accomplished. There are many problems

encountered in attempting to define the function of an

antigen. First, one needs to determine what possible

functions a molecule might be involved in. This requires

information about the localization of the antigen in vivo
and a biochemical characterization of the molecule.

Second, one needs a system which can be easily manipulated

and contro 11ed to use in trying to disrupt function. If

possible, cell culture is ideal for such experiments -- the

environment can be rigorously controlled. Third, a

saturating concentration of antibody must be maintained for

the duration of the experiment. Finally, and possibly the

most difficult to achieve with an antibody directed against

a single determinant, the antibody must block the

functional site of the antigen.

Now that the antigens defined by my monoclonal

antibodies have been characterized biochemically, we are

prepared to initiate experiments designed to study the

function of these molecules. Since the vesicle antigen is

associated with vesicles in a wide variety of neuronal and

neurosecretory tissues, it is likely to be involved in

exocytosis. We intend to microinject antibodies into PC-12

cells in or der to block exocytosis. A polyclonal

anti-serum has been made against the purified antigen and
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will be used if the monoclonal antibodies do not block the

functional site of the molecule.

The proteoglycan which as been described could be

involved in a wide range of functions. One likely

possibility is that is involved in molecular sorting or

secretion. Again, we intend to use tissue culture to test

the function of this antigen. Since this proteoglycan is

continually secreted by PC-12 cells, it is difficult to

maintain chronic saturating concentrations of antibody.

Also, there is the problem that a monoclonal antibody may

not block the functional site of the antigen. Therefore,

we have selected PC-12 mutants which do not display the

proteoglycan on their surface. These mutants have normal

adhesive properties, morphology and response to nerve

growth factor. They are, however, altered in the secretion

of acetylcho linester ase. Therefore, we feel this

proteoglycan may play a role in secretion. Among other

things, these cells will be tested for the ability to

release transmitters.

Ultimately, I feel these antibodies will be used to

define the function of their antigens. Hence, monoclonal

antibodies have proven to be very useful in studying neural

antigens.
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APPENDIX 1

EFFICIENT PROCEDURE FOR DIGESTING MOUSE IgM INTO SMALL,

ACTIVE FRAGMENTS
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SUMMARY

A simple method is described for digesting mouse

immunoglobulin M into active fragments with molecular

weights between 110 and 230 kilodaltons. The major

fragments are molecules with a 1:1 ratio of intact heavy

and light chains. Approximately 70% of the specific IgM

protein will still bind antigen after digestion with only a

small decrease in binding affinity. Both anti-kappa and

anti-mu chain specific antisera recognize these fragments.
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INTRODUCTION

There are five classes of antibodies produced by

mammals: IgG, IgM, IgA, IgE and IgD (reviewed by Porter,

1973). A11 five immunoglobulins have a common basic

structure consisting of two types of polypeptide chains

(heavy and light) linked together by disulfide bridges of

cysteine residues (reviewed by Porter, 1973). IgG and IgM

are the two most common immunoglobulins in sera or secreted

by hybridoma cell lines. IgG molecules are divalent and

consist of two heavy (gamma) chains and two light chains

totaling a molecular weight of 150 kilodaltons. IgM

molecules consist of ten heavy (mu) chains and ten light

chains (reviewed by Metzger, 1970; Feinstein and Beale,

1977). Carbohydrate is attached at five sites on each mu

heavy chain; the oligosaccharides are of two different

sizes and affect the conformation and properties of

macroglobulins (Shimizu et al., 1971). IgM molecules have

a molecular weight of approximately one million daltons --

much greater than IgG immunoglobulins.

Several difficulties arise when using IgM

immunoglobulins for in vitro experiments. In particular,

immunohistochemical studies are restricted because IgM

molecules do not penetrate tissues well. There is,

therefore, a need for good methods for producing active

fragments of IgM immunoglobulins.
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Standard methods have been developed for cleaving

rabbit IgG with pepsin and papain have been used to produce

smaller fragments of these molecules (Porter, 1959;

Nisonoff et al., 1960). Similarly, methods have been

described for producing small fragments of human IgM

(Dorrington and Tanford, 1970; Chapuis and Koshland,

1974). However, it is known that different species and

sub-classes of immunoglobulins behave differently during

enzymatic degradation (Kunkel et al., 1966). Mouse IgM

immunoglobulins have very different di-sulfide arrangements

than human or rabbit IgM (Milstein et al., 1975). These

differences are shown in FIGURE 1. The IgM oligosaccharide

moieties are also different between species and therefore

may protect different regions from proteolysis. Hence,

optimal procedures for digesting or selectively reducing

human IgM are not useful with mouse IgM. Since large

numbers of mouse IgM secreting hybridoma cells have been

produced in many laboratories, digestion procedures for

mouse IgM would be particularly valuable.

EXPERIMENTAL

IgM ANTIBODIES USED IN DEVELOPING PROTOCOL

Four different monoclonal antibodies of the

immunoglobulin M (IgM) class were chosen for study

(designated 3, 9, 17, 64). These clones were identified as
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FIGURE 1: ARRANGEMENT OF DISULFIDE BONDS

IN HUMAN AND MOUSE IgM.

Adapted from Milstein et al., (1975).
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DISULFIDE BRIDGES

MOUSEHUMAN
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secreting IgM antibodies based on the size of the secreted

immunoglobulin molecules (mw. = 106 daltons) and

recognition of the antibodies by goat anti-mouse mu chain

specific antisera. Balb/c mice immunized with synaptic

membrane material (Jones and Matus, 1974; Wang and Mahler,

1976) were used to generate the hybridomas secreting these

antibodies. These particular antibodies recognize very

different antigens. Antibody #3 recognizes a

protein-glycosaminoglycan complex on the surface of

neurons. Antibody #9 binds terminal galactose moieties on

glycolipids and glycoproteins. Antibody #17 binds vimentin
intermediate filaments and #64 binds a complex

polysaccharide (Matthew and Reichardt, in preparation).
As cites prepared from these four hybridoma clones were used
to develop a procedure for obtaining small, active
fragments of mouse immunoglobulin M.

To verify that all the synaptic membrane specific

binding activity was the size of pentameric IgM, each

antibody was iodinated and chromatographed on a Biogel

P-300 column. A representative elution profile is shown in

FIGURE 2A. As expected, all the binding activity migrated

in the void volume. Ge1 chromatography was used as an

assay for developing a procedure for digesting IgM.
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FIGURE 2: GEL CHROMATOGRAPHY OF IgM ASCITES.

2A. As cites was iodinated as described in

MATERIALS AND METHODS and layered onto a Biogel P-300

column equilibrated with PBS. One milli liter

fractions were collected and counted in a gamma

counter to plot protein elution. Each fraction was

assayed for its ability to bind antigen in a solid

phase radioimmunoassay.

2B. Iodinated ascites was digested with trypsin

and partially reduced (MATERIALS AND METHODS) prior to

being layered onto the Biogel P-300 column.
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DIGESTION OF IgM MOLECULES YIELD SMALL, ACTIVE FRAGMENTS

Samples of as cites were digested with a variety of

proteases (pepsin, papain, trypsin, subtilisin and

chymotrypsin) and reduction methods. The concentrations of

proteases and reducing agents, incubation times and

temperatures were varied. Combinations of proteases and

reduction reactions were also tested for their ability to

generate immunologically active proteins that were

partially included in the Biogel P-300 column matrix. One

method was found to be very successful for digesting all

four antibodies. The procedure involves digestion with

trypsin and a mild reduction and alkylation (Materials and

Methods).

The elution profile of ascites digested according to

this procedure is shown in FIGURE 2B. A.11 the antigen

binding activity migrates as fragments with molecular

weights between 100 and 250 kilodaltons and more than half

the protein has maintained its ability to bind antigen. The

majority of the active fragments migrate with a molecular

weight of about 200 kilodaltons. This peak is rather

broad, suggesting that there are several active fragments.

There are, of course, a variety of fragments that could be

generated in this size range. To determine how the

immunoglobulins were fragmented, samples were run on SDS

Polyacrylamide gels.
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SDS ge1 e 1ectrophores is can be used to estimate the

molecular weight of proteins (Weber and Osborn, 1969;

Shapiro et al., 1967). When proteins are denatured in

sodium dodecylsulfate, the peptide chains are unfolded and

dodecylsulfate is bound to the linear chains of protein

(Tanford, 1968; Weber and Osborn, 1969 ; Shapiro et al.,

1967). Provided the protein conformation is completely

disrupted and the dodecylsulfate confers a uniform charge

density on different proteins, their migration rates will

depend strictly on molecular weight. Since the sugar

residues of glycosylated proteins do not bind

dodecylsulfate, glycoproteins do not run as quickly in a

electric field and their molecular weights are generally

overestimated on SDS gels (Shapiro et al., 1967; Weber and

Osborn, 1969). In addition, proteins with disulfide bonds

must be totally reduced in order to produce linear chains

and accurate molecular weights. For instance, bovine serum

albumin will run as 68 kilodaltons on a reduced gel, but

will migrate as a 52 kilodalton protein on an unreduced gel

(Matthew, personal observation). Therefore, the molecular

weights obtained for immunoglobulins from unreduced samples

are merely approximations.

FIGURE 3 shows autoradiographs of as cites and the

digested fragments which were immunoprecipitated with

synaptic membrane and run on SDS gels. In gel 3A, samples

were not reduced with mercaptoethanol; in 3B, identical

protein samples were reduced.
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FIGURE 3: SDS GEL ELECTROPHORESIS OF

DIGESTED IMMUNOGLOBULINS.

Iodinated as cites proteins were immunoprecipitated

with synaptic membranes and separated on SDS ge1s with

a linear gradient of acrylamide concentration going

from 8% to 15%. Autoradiographs are shown. In ge1 3A

the protein samples were dissolved in SDS without

mercaptoethanol. Gel 3B has identical samples except

the proteins were reduced with mercaptoethanol.

Samples were loaded in the same order on each ge1.

Columns :

a. #64 as cites which bound synaptic membrane (SM).

b. #64 after digestion which bound SM.

c. #3 after digestion which bound SM.

d. #9 after digestion which bound SM.

e. #17 after digestion which bound SM.

The molecular weights of the major bands are shown

and were determined by protein molecular weight

standards visualized with coomassie blue.
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Greater than 99% of as cites #64 protein which

recognizes synaptic membrane will not enter the 5%

acrylamide stacking ge1 (FIGURE 3A, column a), and must

have a molecular weight greater than 500 kilodaltons. The

other three as cites preparations also failed to enter the

gel (data not shown). After the as cites proteins were

digested with trypsin and partially reduced, the active

antibody fragments (FIGURE 3A, columns b, c, d and e)

migrate on non-reducing SDS gels with molecular weights of

110, 180, 200 and 230 kilodaltons. These molecular weights

are consistent with the results of gel chromatography shown

in FIGURE 2A.

When these samples were reduced with mercaptoethanol,

(FIGURE 3B), the mu chains (undigested mw = 82 kilodaltons)

and kappa chains (undigested mV = 25 kilodaltons) were

Separated. FIGURE 3B, column a, shows the migration

pattern of the undigested, synaptic membrane specific

immunoglobulin from as cites 64. The proteins correspond to

intact heavy and light chains. FIGURE 3B, columns b, c, d

and e show the migration patterns of the fragments of the

four digested antibodies which retain binding activity.

Molecular weights of the reduced fragments are very similar

to those of intact heavy and light chains. Consequently,

each of the active fragments (molecular weights ranging

from 110 to 230 kilodaltons) must be a combination of

intact, or nearly intact, heavy and light chains. Thus,
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the decreased molecular weight of the immunoglobulins

cannot be explained by trypsin cleavage of either kappa or

mu chains.

RATIO OF HEAVY: LIGHT CHAINS IN ACTIVE FRAGMENTS

To determine the ratio of heavy to light chains in each

active fragment, a ge1 identical to that in FIGURE 3A,

column b (active digested as cites purified with antigen)

was cut into small pieces immediately after

electrophoresis. The pieces were counted in a gamma

counter and the major bands were identified, reduced and

electrophoresed on another gel. FIGURE 4 is the

autoradiograph of such a gel. Each of the bands -- 1:10,

180, 200 and 230 kilodaltons seen in FIGURE 3A, column b --

consists of intact heavy and light chain.

Heavy and light chain bands were cut from the gel shown

in FIGURE 4 and counted in the gamma counter. The ratio of

radioactivity in the 82 and 25 kilodalton bands was

determined in order to establish the stoichiometry of each

molecule in FIGURE 3A, column b. The results in TABLE 1

show that each of the four bands (110, 180, 200, 230

kilodaltons on an unreduced gel) has a 1 to 1 ratio of

heavy to light chains.
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FIGURE 4:

SDS GEL ELECTROPHORESIS OF INDIVIDUAL BANDS.

Iodinated, digested proteins were precipitated on

synaptic membrane (SM) and separated on an unreduced

10% acrylamide ge1. Half the gel was cut into 1

millimeter pieces which would contain individual

protein bands. Each band was counted in the gamma

counter and the major bands were then frozen, thawed

and boiled in sample buffer containing

mercaptoethanol. These samples were electrophores ed

on a 10% acrylamide gel. The autoradiograph is shown

for antibody #64. Column a is undigested, SM

precipitated #64. Columns b thru e correspond to

bands seen in FIGURE 3B, column b. Column b in this

figure is the 230 kilodalton band; c = 200 kq.; d =

180 kg. ; e = 110 k.d. The other half of the gel was

Stained with coomassie blue to visualize protein

molecular weight standards, dried and

auto radiographed. This was done to verify the

molecular weights of the excised bands.
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TABLE 1: RATIO OF HEAVY TO LIGHT CHAINS

IN EACH FRAGMENT.

The radioactive bands identified in the

autoradiogram in FIGURE 4 were cut from the ge1 and

counted in the gamma counter. Ratios of cpm. in heavy

to cp.m. in light chains were adjusted so that

undigested, immunoprecipitated IgM had a ratio of 1.
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TABLE 1

RATIO OF HEAVY TO LIGHT CHAINS

UNDIGESTED IgM 1.00

110 KILODALTON BAND

180 KILODALTON BAND

200 KILODALTON BAND

230 KILODALTON BAND

1. 10

0.93

0.91

1.02
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ACTIVE FRAGMENTS ARE RECOGNIZED BY ANTI- KAPPA AND ANTI-MU

ANTISERA

For these fragments to be useful for

immunohistochemistry, it is necessary to know what kind of

antisera can be used as secondary probes. In other words,

how efficiently do anti-kappa and anti-mu chain antibodies

bind these fragments. Solid-phase immunoprecipitations

were done on each as cites before and after digestion with

trypsin/reduction. The results with anti-kappa and anti-mu

Sera are shown in TABLE 2, columns a and b. After

degradation, 97% of the counts can be precipitated by

anti-kappa and 95% by anti-mu. This means that the

determinants recognized by anti-kappa and anti-mu are not

affected by this protocol.

The percent of antibody binding that persists after

digestion has been estimated in TABLE 2, column c. After

degradation, 60 - 75% of the radioactivity remains

associated with antibody fragments which bind antigen.

Therefore, this procedure produces immunologically

active proteins whose molecular weights range from 110 to

230 kilodaltons. The subunit chains do not appear to be

cleaved, since they migrate in SDS gels in the same

positions as the undigested chains (FIGURE 3B).

Furthermore, they are recognized by anti-kappa and anti-mu

antisera and a high proportion of the binding sites are

viable.
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TABLE 2:

IMMUNOPRECIPITATION OF ASCITES AND DIGESTED ASCITES.

Plastic multiwell plates were incubated with 100

111 of anti-mouse kappa and anti-mouse mu affinity

purified antibodies. The plates were incubated for 12

hours at 4 °C at protein concentrations of 100 11g/ml.

After washing with 5% calf serum in PBS, 10,000 cpm.

of both undigested and digested as cites protein (5

nanograms) in 5% calf serum was added to each well.

After 24 hours at 4 °C, the plates were washed, dried

and counted in a gamma counter. Values cited

correspond to [100 x cp.m. adsorbed of digested

protein/cpm. adsorbed of undigested protein]
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TABLE 2

PERCENTAGE OF ACTIVITY LEFT AFTER DIGESTION

a b C

Z Precipitable Ž Binding toAntibody Z Precipitable

Number With Anti-Kappa With Anti-Mu Synaptic Membrane

3 98 95 67

9 96 95 64

17 98 95 61

94 7464 97
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EQUILIBRIUM BINDING CONSTANTS

To compare the affinities of digested and undigested

antibody molecules, serial dilutions of iodinated as cites

and iodinated digested as cites were tested for antigen

binding in solid phase radioimmunoassays. The binding

curves shown in FIGURE 5 were used to calculate equilibrium

binding constants. TABLE 3 lists these binding constants.

The binding affinity of antibody #9 was decreased the
greatest amount -- by a factor of 7.6. Antibody #3

affinity was only decreased by a factor of 3.5. The
binding constants of these antibodies were not altered
appreciably, considering that the number of binding sites

on each molecule was reduced at least five fold. Steric

hindrance in pentameric IgM must inhibit cooperativity

between binding sites.

DISCUSSION

A method has been developed to reduce the size of mouse

IgM from a molecular weight of 106 daltons to molecules

of approximately 200 kilodaltons. The size of these

proteins has been estimated by gel chromatography and SDS

polyacrylamide gel electrophoresis. The major unreduced

species on SDS gels have apparent molecular weights of

■
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FIGURE 5: BINDING OF ANTIBODIES TO SYNAPTIC MEMBRANE.

Multiwell assay plates were saturated with

synaptic membrane (SM). Serial dilutions of as cites

were incubated in these wells for 12 hours at 4°C.

Identical dilutions of digested protein were incubated

in separate wells. The amount of iodinated goat

anti-mouse Ig which was required to saturate the mouse
antibodies used at 10* M concentration was
determined by serial dilution of the iodinated probe
(approximately 1 ng/ml). An excess of iodinated goat

anti-mouse kappa chain serum was used to quantitate
binding.

The protein concentration of each as cites was

adjusted to 1 mg/ml and 1 ml samples were digested

with trypsin/reduction. Undigested as cites was

diluted to 0.1 mg/ml and 10 fold serial dilutions were

prepared. 0.1 mg/ml protein is approximately

equivalent to 10-6 molar concentration of binding

sites (assuming 100 kilodaltons/binding site). The

digested as cites was diluted to a volume of 5 ml total
–6

and serially diluted. The CP" recorded for 10 M

concentration of each as cites and digested as cites was

taken as 100% of the antigen bound.
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TABLE 3: EQUILIBRIUM BINDING CONSTANTS.

The concentration of antibody binding sites needed

before and after digestion to bind 50% of each antigen

was recorded from the binding curves in FIGURE 5.

Keq = —[*]
[Ab ] [Ag]

When 50% of the antigen is bound by antibody,

[AbAg] = [Ag] and Kro = 1

[Ab ]

the concentration of antibody binding sites

corresponding to 50% antigen bound were recorded from

each graph (FIGURE 5) and used to calculate K50
binding constants. The concentration of binding sites

after digestion were corrected according to the values

cited in TABLE 2, column c. Thus, the actual

Concentration of viable binding sites was used in each

calculation.
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TABLE 3

IgM # Kso-Ascites K50-Digested As cites

3 1.3 x 10" 3.7 x 1019

9 1.6 x 10" 2.1 x 104°

17 7.1 x 10° 1.0 x 10°

64 1.1 x 10° 1.7 x 10°
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roughly 110, 180, 200 and 230 kilodaltons. Each of these

molecules consist of equal numbers of intact, or nearly

intact, mu chains (mw = 82 kd) and kappa chains (mw = 25

kd). Integral multiples of the sum of the molecular

weights of the two reduced chains do not equal the apparent

molecular weights of the digested molecules because

migration rates of unreduced glycoproteins on SDS gels

depend on many variables in addition to molecular weights.

The 110 kilodalton fragment is almost certainly a univalent

antibody with one light and one heavy chain. The 180, 200

and 230 kilodalton fragments are probably divalent

antibodies with two light and two heavy chains.

There are several reasons why three species with the

same molecular weight and subunit composition might have

different migration rates in SDS gels. In particular, the

differences in molecular weight may be caused by

differences in the arrangement of disulfide bridges in

these molecules. There is already evidence that there is

rearrangement of disulfide bridges during selective

reduction of IgM (Kownatski, 1973; Parkhouse, 1975;

Milstein et al., 1975). Many different rearrangements are
possible since there are several different disulfides which

can be preferentially reduced. If disulfide bonds are not

reduced, the protein chains do not unfold and the molecule

runs in SDS gels as though it had a smaller molecular

weight (Tanford, 1968; Weber and Osborn, 1969; Shapiro et
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al., 1967). In developing hypothetical structures, two

criteria must be met according to the data presented. The

molecules must have a 1 to 1 ratio of heavy and 1 ight

chains (TABLE 1) and these protein chains must have

molecular weights of 82 and 25 kiloda 1 tons (FIGURE 4).

Hypothetical structures which are consistent with these

results are shown in FIGURE 6. We suggest that the

different IgM fragments may have the same subunit

composition, but different disulfide linkages. The logic

behind assigning these structures to the 180, 200 and 230

kilodalton bands was that the tightest structure would

migrate with a 10w molecular weight and the loosest

structure would migrate as a high molecular weight band.

There are, however, many arrangements which are possible.

The fragments produced by this method are roughly the

size of IgG antibodies -- less than one fifth the size of

IgM molecules -- yet the heavy and light chains are intact

or nearly intact. Trypsinization is necessary since

as cites which was reduced, but not trypsinized, did not

contain low molecular weight species which bind antigen. A

possible explanation is that trypsin preferentially attacks

the J chain. This in turn would reduce the stability of

pentameric IgM and mild reduction would dissociate the

molecule. Reduction is also necessary, since as cites which

was trypsinized without reduction did not yield small,

active fragments. These fragments are efficiently
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FIGURE 6:

HYPOTHETICAL STRUCTURES OF ACTIVE FRAGMENTS.

The structures in this figure represent IgM

fragments with monomeric or dimeric antigen binding
sites and different conformations based on different

disulfide linkages.



º ºf
180 kq.

º º
2OO k d. 230 k.d.



308

recognized by anti-kappa and anti-mu chain specific

antisera and they maintain a high percentage of their

binding sites (TABLE 2). Their binding affinities are

decreased very little (TABLE 3).

In many immunological applications, it is particularly

valuable to have smaller antibody fragments derived from

parent molecules. The procedure described in this paper

reduces IgM molecules from 1000 to 200 kilodaltons. Such

molecules will be very useful in immunohistochemistry where

IgM molecules are limited in their ability to penetrate

tissues. Approximately 20% of the active digested

molecules have a molecular weight of 110 kilodaltons

(FIGURE 2 and FIGURE 3). This material can be purified by

gel chromatography. Hence, a preparation of monovalent

active molecules with a molecular weight of 110 kilodaltons

can be easily obtained. These molecules will be useful in
assays when the valency of IgM poses a problem.

A large number of mouse IgM secreting hybridoma cell

lines have been produced in many laboratories. This method

for digesting IgM will alleviate some of the difficulties

encountered with these antibodies. In our work using

immunohistochemistry, we have been able to 1ocalize

antigens with digested IgM molecules wich could not be
identified with intact IgM. Thus, the Proble" of IgM

penetration was solved in these cases. This method will

undoubtedly be valuable in many applications using IgM
monoclonal antibodies.
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APPENDIX 2

A NEW CELL TYPE IDENTIFIED BY MONOCLONAL ANTIBODIES
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SUMMARY

Five monoclonal antibodies which bind a cell surface

proteoglycan on neurons and thymocytes also bind a

previously unidentified cell type in dissociated cultures

of dorsal root ganglion, sympathetic ganglion, cerebral

cortex and heart. In culture these cells are flattened and

translucent -- hence referred to as "flat cells". Flat

cells were purified from dorsal root ganglion cultures and

characterized immunologically. Indirect immunofluorescent

experiments show that flat cells synthesize the Thyl

antigen but not RAN 1, fibronectin, glial fibrillary acidic

protein, nor the ganglioside recognized by tetanus toxin.

The proteoglycan defined by the monoclonal antibodies and

the Thyl antigen have an identical distribution on the

surface of these cells.

Flat cells have a morphology very similar to that of

glioblasts described by Lim and Mitsunobo (1975) and

respond to a glial maturation factor by becoming spindly in

appearance.
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INTRODUCTION

A variety of cell type-specific molecules have been

purified and used to develop polyclona 1 antisera (Fields et

al., 1978). These antibodies specifically recognize the

type of cell which synthesize the defined antigen.

Nerve-specific and glial-specific antisera have been

prepared using clonal cell lines as antigens and adsorbing

out non-specific antibodies with other tissues or cell

lines (Schachner, 1974; Fields et al., 1975; Stallcup and

Cohen, 1976). Both these procedures have been used to

develop antisera which recognize previously identified cell

populations. Theoretically, monoclonal antibodies should

have the ability to define new cell populations which were

not anticipated on the basis of their morphology or tissue

specificity.

Five different monoclonal antibodies (3, 15, 22, 31 and

42), obtained from mice immunized with rat brain synaptic

membranes, recognize determinants on a single proteoglycan

complex. Indirect immunofluores cense experiments have

shown this antigen is on the surface of neurons, thymocytes
and an unidentified "flat cell". These "flat cells" are a

minor cell type in a variety of tissues and have a

morphology in dissociated cell culture similar to

fibroblasts. They do not, however, synthesize fibronectin
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-- a characteristic protein of fibroblasts (reviewed by:

Yamada and Olden, 1978). Therefore, monoclona 1 antibodies

actually are capable of defining cell populations which

were not anticipated.

EXPERIMENTAL

IDENTIFICATION OF "FLAT. CELLS" IN

DORSAL ROOT GANGLIA CULTURES

Dorsal root ganglion (DRG) cultures were prepared from

newborn rats according to Fields et al. (1978). The

advantage of this culture system is that the cell types

have been well characterized based on immunological markers

(Fields et al., 1978). This system is believed to have

only a few basic cell types all of which can be identified

unambiguously -- neurons can be stained with tetanus toxin

and anti-Thyl, schwann cells with anti-RAN 1, and

fibroblasts with anti-Thyl. DRG cultures were prepared and

used to screen monoclonal antibodies by indirect

immunofluorescense. Five different antibodies (3, 15, 22,

31 and 42) bound the surface of neurons. They did not

recognize schwann cells or the major population of

fibroblasts. In addition to staining neurons, however,

they bound a rare "flat cell" which comprised approximately
1% of the cells in 2 day old cultures. These cells are
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almost invisible in culture; they are extreme ly flattened

and transparent under phase optics. I refer to these cells

as "flat cells". Flat cells are mitotic and in 10 to 12

day old cultures account for about 50% of the total cells.

They appear distinct from the conventional fibroblasts in

these cultures. The various cell types grow in different

layers in culture. Fibroblasts attach firmly to the

collagen surface and display contact growth inhibition.

Schwann cells grow on top of the fibroblasts. Neurons are

in the next focal plane and send processes out over the

fibroblasts and schwann cells. Finally, in the highest

layer are the flat cells. Flat cells are not very adherent

and can be washed from covers lips by gentle pipeting.

Flat cells were purified from two week old coverslip

cultures and maintained in DME medium supplemented with 10%

calf serum for 3 months without any apparent cell death.

Their flattened, transparent morphology is evident in

FIGURE la . In FIGURE 1b is shown the typical

immunofluorescent pattern seen with the monoclonal

antibodies. They stain with a fine speckled pattern with

an occasional larger patch of fluorescense. This pattern

is the same for fixed and living cells. All five

antibodies bind these cells with very similar patterns of

fluorescense. This is expected since it has been

determined that these antibodies recognize different

determinants on a single proteoglycan complex. These
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FIGURE 1: MORPHOLOGY AND IMMUNOFLUORESCENT STAINING OF

FLAT CELLS.

Flat cells were purified from cultures of dorsal root

ganglion and grown in DME medium supplemented with 10% calf

Serum. The cells were plated on collagen-coated glass

coverslips. Photograph a shows how these cells appear

under phase optics. Antibody #22 and fluorescein coupled

goat anti-mouse Ig sera was used to stain these cells.

Photograph b shows the distribution of this antigen of the
cell surface.
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antibodies have been used to identify cells with this

flattened morphology in cultures of cerebral cortex,

superior cervical ganglion and rat heart. In each of these

systems the flat cells account for a very small

subpopulation of freshly dissociated cells.

IMMUNOLOGICAL CHARACTERISTICS OF FLAT. CELLS

Dorsal root ganglion (DRG) cultures were prepared from

newborn rats as described by Fields et al. (1978). The

flat cells were purified by differential adhesion and

stained with several immunological markers in order to

as certain what kind of cell they might be. Flat cells were

stained with antisera to : Thyl, Lets, RAN 1, GFAP and

tetanus toxin. Positive controls for these

immunofluores cent experiments included: DRG cultures

stained with anti-Thy1, anti-RAN 1, and tetanus toxin,

cerebral cortex cultures stained with anti-GFAP, and mouse

embryo fibroblasts were stained with anti-Lets and

anti-Thyl. TABLE 1 summarizes the results of indirect

immunofluoures cense experiments on flat cells purified from

DRG cultures. These cells do not synthesize fibronectin

(Lets), RAN 1, GFAP, or the ganglioside recognized by

tetanus toxin. Flat cells do make the Theta antigen

(Thyl). Therefore, based on their morphology, rather broad

tissue distribution, and immunological characteristics,
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TABLE 1: IMMUNOLOGICAL MARKERS ON FLAT. CELLS.

Flat cells were purified from dorsal root ganglion

cultures by differential adhesion. The cells were grown in

DME medium supplemented with 10% calf serum and plated on

collagen-coated glass covers lips. Covers lips were stained

with rabbit antisera to Thy 1, Lets, RAN 1, and GFAP

followed by rhodamine conjugated goat anti-rabbit Ig sera.

Cultures were also stained with purified tetanus toxin,

human anti-toxin and rhodamine coupled goat anti-human Ig

sera. The specificity of each antisera was verified by

staining cultures of DRG, cerebral cortex, and mouse embryo

fibroblasts. These cultures were prepared as described in

MATERIALS AND METHODS.
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TABLE 1

DRG DRG DRG DRG Fibro- Cerebral Astro

Flat Neurons Schwann blasts and and Cerebellar cytes

Cells Cells Mouse Embryo Neurons

Fibroblasts

Thy l + + - + + -

Let's
- - - + - -

RAN 1 - - + - - -

GFAP
- - - - - +

Tetanus

Toxin - + - - + -
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flat cells are best described as a fibroblast which does

not synthesize fibronectin.

The double labeling of flat cells with monoclonal

antibodies and anti-Thyl gave interesting results. Both

the monoclonal and anti-Thyl staining patterns were

Speckled uniformly with larger patched spots. In fact, the

patterns could be superimposed to show that they were

identical. FIGURE 2 shows two examples of this. Mouse

embryo fibroblasts and DRG flat cells were co-cultured and

stained. The patterns are identical for the monoclonal and

Thyl. Mouse embryo fibroblasts serve as an internal

control to verify that rhodamine is not viewed in

fluorescein optics and to verify that the monoclonal
antibodies are not directed against the Thyl molecule. The

exact same fluorescent pattern is seen with cells fixed

before staining and with living cells. Therefore, we see

that the proteoglycan recognized by these monoclonal

antibodies and Thyl antigen are distributed coincidently on

surface of these cells.

FLAT CELLS RESEMBLE GLIOBLASTS

These flat cells have properties very similar * * CNS

glioblast cell described by Lim and Mitsunobu (1975). The

glioblasts they have studied have an identical morphology

in culture to that of flat cells -- they are quite flat and
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FIGURE 2: FLAT. CELLS STAINED WITH ANTI-THY1 SERUM.

Flat cells have been prepared as previously described

in FIGURE 1. Mouse embryo fibroblasts (MEF) were made from

trypsinized embryos. Equal numbers of flat cells and MEF's

were plated on collagen coated glass covers lips, stained

simultaneously with one of the monoclonal antibodies and

rabbit anti-Thy 1 serum and finally fluorescein coupled

anti-mouse Ig and rhodamine coupled anti-rabbit sera.

Photographs a and c show monoclonals #15 and #42 binding

and photographs b and d are the same fields viewed with

rhodamine optics (Thyl binding).
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transparent. Glioblasts respond to a bovine brain factor

referred to as glial-maturation factor (GMF) by becoming

spindly in shape like a filamentous astrocyte in culture

(Lim and Mitsunobu, 1975; Lim et al., 1977a; Lim et al.,

1977b). Flat cells were grown in GMF purified from bovine

brain. The results are shown in FIGURE 3. Cells which did

not get GMF grew flat and transparent (FIGURE 3A). Those

grown in GMF are shown in FIGURE 3B. This is the exact

morphology shown by CNS glioblasts treated with GMF.

DISCUSSION

A previously unidentified population of cells has been

purified from dorsal root ganglion cultures. In culture

they appear translucent and are adhesive to both collagen

and tissue culture plastic. They seem best defined as a

minor population of fibroblasts which do not synthesize

fibronectin. These cells are found in a variety of

neuronal and non-neural tissues. They synthesize the Thy1

antigen and a proteoglycan complex defined by five

monoclonal antibodies. The determinants are not actually

on the Thyl antigen. The proteoglycan has properties very

different from Thyl, there are rat fibroblasts that are

Thyl positive and do not stain with the monoclona.1

antibodies (Chapter 6), and mutant PC-12 ce1ls selected not

to have the proteoglycan on their surface (Chapter 7) do
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FIGURE 3: RESPONSE OF FLAT. CELLS TO GLIAL MATURATION

FACTOR.

Flat cells were grown in DME, 10% calf serum diluted

1/6 with either PBS (photograph a) or PBS containing the

glial maturation factor (photograph b) described by Lim and

Mitsunobu (1975).
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display Thyl on their surface. There could be a possible

relationship between these two molecules. They are found

on the same cell types (TABLE 1) -- neurons, thymocytes and

fibroblasts or fibroblast-1ike cells. Also, their

distribution on flat cells is identical as displayed by

indirect immunofluorescense (FIGURE 2). The fact that Thyl

and this proteoglycan are coincident merely hints at an

association. This possibility should be pursued however.

Thyl has been well studied but a function has never been

defined. If it does interact with extracellular matrix

components then different kinds of functions might be

considered and tested.

These flat cells are similar to CNS glioblasts in

morphology and in their response to glial maturation factor

(GMF). They differ, however, in that glioblasts synthesize

glial fibrillary acidic protein (Lim, 1980) and flat ce1ls

from DRG cultures do not. Since we know that flat cells

which bind the monoclonal antibodies are found in CNS

cultures we need to stain glioblast cultures grown with and

Without glia1 maturation factor. Such cultures would then

be double labeled with monoclonal antibody and anti-GFAP.

It is very likely that the antibodies are actually binding
"glioblasts" in CNS cultures. If this is the case, then it

is possible that this proteoglycan is synthesized by

fibroblast-like precursor cells. Possibly this

Proteoglycan is a common link between the precursors for a

Variety of cell types.



326

It is intriguing that flat cells derived from dorsal

root ganglia respond to a glial maturation factor isolated

from brain. GLIAL maturation factor (GMF) has been

identified in a wide variety of tissues including brain,

kidney and heart (Lim, 1980). Based on the work of Lim and

coworkers, the working model for GMF, as proposed by Lim

(1980), is that it is a membrane bound protein on the

Surface of glioblasts. Every glioblast has a surface

receptor for GMF which then binds GMF on a neighboring

glioblast. Geometry prohibits cultured glioblasts from

spontaneously differentiating. This model argues that

glioblasts are the source of GMF in the brain. I propose

then, that flat cells are the source of GMF in tissues

which would not contain glioblasts -- heart, kidney etc.

This would explain the source of GMF outside the brain. It

is quite reasonable, since flat cells differentiate in

response to GMF (FIGURE 3) and CNS glioblasts differentiate

in response to a factor from a wide variety of non-neural

tissues, that glioblasts and glial maturation factor are

part of a general system of precursor cells. Possibly, the

proteoglycan defined by these monoclonal antibodies

distinguishes this system and the antibodies can be used to

Study these cells.
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