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Maturation of spinal motoneurons in rodents is characterized by a

period of cell loss in the embryo, but researchers have claimed that some cell

death occurs postnatally. This form of cell death is called apoptosis and

involves active participation of the cell. Apoptotic cells have certain

recognizable morphological and molecular features.

I have used a monoclonal antibody against ubiquitin, (a putative

marker of apoptotic cells), to do immunochemistry on mouse spinal cords at

various postnatal ages till early adulthood. Staining is seen in large a-

motoneurons in the ventral horn. Staining is intense till P28, and faint

thereafter. Substantial proportions of motoneurons stain till P21, followed

by a sharp decline in the number of immunopositive cells. None of the cells

exhibit signs of apoptosis.
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INTRODUCTION

General outline

The development of the spinal cord involves the genesis of neurons and

glial cells, followed by the migration of neurons to their final positions.

Next, neurons undergo neuritogenesis when they put forth processes which

compete amongst themselves to make connections (synapses) with target

cells. The invading axons of the descending pathways are then myelinated.

This is followed by extensive remodeling during which most of the

connections are lost and the associated neurons die (programmed cell

death). The surviving neurons and their connections constitute the adult

pattern.

Periods of growth and maturation of neurons are marked by synthesis

of membrane and cytoskeletal proteins. Other periods are associated with

the turning on of different sets of genes whose products are expressed

transiently. These small molecules mediate various developmental events.

I began my investigation of the molecular development of the central

nervous system by studying the synthesis of proteins in the developing

lumbar spinal cord of postnatal mice (Stewart and Chaube 1991,

unpublished data). The profile of total protein synthesis showed some

interesting peaks and valleys during the first two weeks after birth. Of

particular interest was the sudden and dramatic reduction in protein

synthesis between days 5-7. This nadir might indicate either a hitherto
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uninvestigated period of cell death, or simply a period of stasis of protein

synthesis by the survivors of the remodeling process.

I decided to investigate these fluctuations further, narrowing down my

quest to a single protein, ubiquitin, which has attracted a great deal of

attention as a versatile, omnipresent protein that is involved in functions

like selective proteolysis (Ciechanover et al. 1984), as a molecular

"chaperone" (Wittliff et al. 1990), and the response of cells to stress
(Finley et al. 1987). It is also consistently found in the cytoplasmic

inclusion bodies of neurons in degenerative disorders like Alzheimer's

disease, motor neuron disease, amytrophic lateral sclerosis and diffuse

Lewy body disease (Leigh et al. 1989; Lennox et al. 1988; Lowe et al.

1989; Lowe and Mayer 1990).

We are especially interested in the role ubiquitin plays in the

programmed cell death of intersegmental muscle neurons in the moth

(Schwartz et al. 1990) and the lateral motor column of the chick spinal

cord (McKay et al. 1991). If ubiquitin is indeed involved in this process it
would be interesting to explore if it has a similar function in the

developing mammalian spinal cord. I am therefore using a monoclonal

antibody against ubiquitin to determine whether ubiquitin is expressed in
lumbar spinal motoneurons at different ages. I will then attempt to

correlate the expression with other known developmental milestones, with

special emphasis on postnatal cell death.
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Development of motoneurons in the rodent spinal cord

The spinal cord develops from the caudal part of neural tube. Neurons are
born, differentiate, migrate, extend processes and make connections with
target cells. The connections are later modified to give rise to the pattern
seen in the adult. In the following description of the developing spinal
cord the day of conception is designated embryonic day 0 (EO), the
"birthday" of a cell is taken as the day it leaves the mitotic cycle

(experimentally determined by the cessation of uptake of [ 3 H]-thymidine),

and the day of birth of the animal is called postnatal day 0 (PO).

The developing spinal cord is divided into three zones that form
concentric rings around the central canal. From within outward these are
the ventricular zone (the germinal layer where neurons are generated), the
intermediate zone (to which neurons migrate) and the marginal zone
(which is invaded by ascending and descending tracts). Somatic
motoneurons, the oldest cell type in the spinal cord, are born at the ventral
side of the ventricular zone between El i-E13 in rats (Nornes and Das
1974; Smith and Hollyday 1983), with a peak period of generation at Ell
(Phelps et al. 1988). In mice they are born slightly earlier (E9-E10), with
a generation peak at ElO in the lumbar spinal cord (Nornes and Carry

1978), and can be recognized using the neurofilament antibody C2
(Yamamoto et al. 1986). Thereafter their number increases and they

project axons through the ventral roots (Yamamoto et al. 1986). At E13,
motoneurons in rats are round or stellate, have a full complement of
primary dendrites, and have smooth perikarya ranging from 15-25 m
(Cummings and Stelzner 1984). At this age they also start to express the
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neurotransmitter acetylcholine (ACh). The enzyme responsible for ACh

synthesis is cholineacetyltransferase (ChAT). Staining with a monoclonal

antibody against ChAT is a way of assessing a motoneurons determination

to a cholinergic phenotype. ChAT is present both in the soma and in the

axons, and at E13 axons positive for ChAT are seen exiting the ventral

roots (Phelps et. al. 1990).

The projection of motoneuron axons through the ventral roots happens

before the primary sensory neurons project their central processes through

the dorsal roots (Hockfield and McKay 1985). This is one of the many

examples of the general principle that the development of the ventral

(motor) part of the spinal cord precedes that of the dorsal (sensory) part

(Hockfield and McKay 1985; Nornes and Das 1974; Phelps et al. 1988).

The embryonic nervous system has many more neurons than that of the

adult, implying that many die somewhere along the road to adulthood. The

phenomenon was first noticed in the spinal ganglia of chick embryos

(Hamburger and Levi-Montalcini 1949), and has later been seen in

visceromotor neurons, ciliary ganglia, the retina and the superior

colliculus (briefly reviewed by Server and Mobley 1991). This

phenomenon of programmed cell death is called apoptosis, and can lead to

a loss of as many as 75% of the embryonic spinal motoneuron population

between Eli and E18 (Scarisbrick et al. 1990; Rootman et al. 1981;

Harris-Flanagan 1969).

A direct accounting of motoneuron number was made by Lance-Jones

by injecting the enzyme horseradish peroxidase (HRP) into the muscles of

mouse embryos (Lance-Jones 1982). The enzyme is taken up by the axons

of motoneurons supplying the muscle and transported retrogradely to
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appear in the soma after about one day. Counts of cells labeled at each age

showed that 85% of motoneuron death occurred between E13-E15, and

that the population stabilizes after E18.

In a study with thionin staining Oppenheim found losses of 41% and
45% in the lumbar and brachial motoneurons in rats between the ages of
E15-PO (Oppenheim 1986). In rat embryos ranging from E14-E21, Harris

and McCaig counted the ventral root fibers of the fifth cervical segment

(C5) and found that 80% of the axons were lost between E15-E16. Two

thirds of the axons seen at E15 had vanished at E16. Since the

disappearnce of axons occurred during the period of motoneuron loss
noted by Lance-Jones, Harris and McCaig concluded that loss of
motoneurons was probably the major cause of the loss of axons. The
biggest reduction in dorsal root axons also occurred in the same period.

The peak period of motoneuron loss was at E14 (Harris and McCaig 1984).

Muscle activity had a bearing on the death of motoneurons, probably by
the mechanism of secretion of a trophic factor that is taken up by the axons
of motoneurons and transported back to the soma (Kandel et al. 1991).
The secretion of this trophic factor depends on the activity of the muscle in

an inverse relationship--the more the activity, the less the trophic factor

secreted (Kandel et al. 1991). This hypothesis is borne out by the fact that

motoneurons that are axotomized during the period of cell death fail to

restore innervation to their target muscles, presumably because they are

dead (Sheard et al.1984).

In the adult animal, a group of muscle fibers are controlled by the
axons of a single motoneuron. A single motoneuron and all the muscle

fibers controlled by its axons is called a motor unit. Initially there is
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considerable overlap between motor units, as multiple motoneurons contact

the same muscle fiber. Also, the size of the motor unit is much bigger in

the embryo than in the adult, i.e., the number of axons from a single

motoneuron is higher than the number in the adult. Starting in the

embryonic stage this overlap and excess number decreases, and the process

continues postnatally until the adult pattern is established (Kandel et al.

1991). A maximum number of muscle fibers are contacted by

motoneurons (as assessed by count of axons, synaptic inputs and muscle

units) shortly before birth, and this number remains constant for several

days postnatal until the paring down to the adult number (Harris and

McCaig 1984; Sheard et al. 1984).

The surviving motoneurons cluster into characteristic groupings called

motor nuclei, which are clearly visible in the ventral horn of the rat spinal

cord by E15 (Marti et al. 1987). A single nucleus projects to one group of

muscles, and the projection pattern is maintained lifelong (Janjua and

Leong 1984; Nicolopoulos-Stournaras and Iles 1983; Rootman et al. 1981).

There is a clear distinction between gray and white matter by this age. In

keeping with the opening observation about the precedence of

motoneurons, there are few cells present in the dorsal horn at this time

(Marti et al. 1987).

By E17 the dorsal and ventral horns are well defined, and the

commissures that connect the two halves of the spinal cord have started to

form. The well known zones called Rexed's laminae can now be

recognized in the gray matter (Marti et al. 1987). At E18 the perikarya of

motoneurons are 20-30 pm in size (Cummings and Stelzner 1984).
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Postnatal growth and development of rat spinal motoneurons in the

cervical, thoracic and lumbosacral spinal cord have been studied using

Golgi-Cox impregnation, thionin staining and a monoclonal antibody

against ChAT (Bellinger and Anderson 1987; Oppenheim 1986; Phelps et

al. 1984). Motoneurons grow in size after birth until they are 50% larger

at about 3 weeks (Phelps et al. 1984) and more than twice in size by

adulthood (Bellinger and Anderson 1987). At PO the neurons in the

ventromedial and ventrolateral cell columns have completed their

migration. They are well developed with oval somata and short, thick

dendrites radiating symmetrically around the soma. Two subpopulations

can be distinguished, with the large ones ranging from 19 pm to 25 jpm in

size, and the smaller ones from 12 pm to 16 pm. The nuclei of the large

motoneurons range from 8-12 pm (Oppenheim 1986).

During the first five postnatal days the dendrites develop spines, which

is presumably associated with the development of synapses (Cummings and

Stelzner 1984). By P4 the dendrites show a preference for rostrocaudal

(longitudinal) orientation and start intertwining (bundling). At P5 the cell

bodies of the large motoneurons range from 20-35 tm (Cummings and

Stelzner 1984). Between P4-P9 the first spurt of growth in motoneuron

size occurs. The period P5-P11 is one of rapid disappearance of spines

from the dendrites (Cummings and Stelzner 1984). At P7 dendritic

bundles course into the lateral white matter. By P9 the soma are larger,

and dendrites are longer longitudinally than transversely (Bellinger and

Anderson 1987; Phelps et al. 1984). At this time each motoneuron is

projecting to multiple muscle fibers (polyneuronal innervation) (Brown et

al. 1976).
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The cell bodies of the large motoneurons are between 30-40 m in size

at P11 (Cummings and Stelzner 1984). Between P10-P13 dendrites from

the ventrolateral motoneurons have almost reached the outer edge of the

lateral funiculus and project medially into lamina VII (Bellinger and

Anderson 1987). The latter half of the second postnatal week is also the

time when the hindlimbs start maturing and become capable of supporting

the weight of the pelvis, so that a rat starts walking at P12 (Altman and

Sudarshan 1975). At P14 the bundling of the motoneuron dendrites looks

like the adult pattern, with a lot of long, intertwining dendrites, most of

them oriented longitudinally (Bellinger and Anderson 1987; Scheibel and

Scheibel 1966). These bundles are well recognized in the adult and are

called the ventromedian and ventrolateral dendritic bundles (MDB and

LDB). The longitudinal orientation of these bundles might be the result as

well as the cause of receiving appropriate axonal inputs (Bellinger and

Anderson 1987). The period P10-P15 also sees the elimination of

polyneuronal innervation to muscle (Brown et al. 1976).

From P14-P19 a second spurt of growth in motoneuron size occurs, so

that the average somal diameter at P18 is 37.5 m (Cummings and Stelzner

1984). By this time a rat can rear on its hind legs, signalling the functional

maturing of the hind limbs (Altman and Sudarshan 1975). By P21

motoneurons have their most rapid growth behind them, and subsequent

growth is considerably slower (Ford and Cohan 1968). Motoneurons

observed between P20-P27 are 50% larger than at birth, with the large

motoneurons ranging from 27 pm to 39 pm in diameter. Dendrites

continue to grow until P30 (Bellinger and Anderson 1987; Phelps et al.

1984), and by P31 virtually all dendrites lose their spines, and the
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perikarya have attained their adult size of 35-60 gm (Cummings and

Stelzner 1984),

The case for and against postnatal cell death

Although it was widely accepted that the period of motoneuron cell death is

over before birth (Brown et al. 1976; Hardman and Brown 1985; Janjua

and Leong 1984; Lance-Jones 1982; Oppenheim 1986; Sakla 1958; Sakla

1969), there is considerable recent evidence to the contrary (Baulac and

Meininger 1983; Bellinger and Anderson 1987; Bennett et al. 1983; Fraher

1974; Romanes 1946; Romanes 1964; Rootman et al. 1981; Scarisbrick et

al. 1990; Tada et al. 1979). Tada et al. reported a fivefold (80%) decline

in the number of HRP labeled biceps brachii motoneurons in postnatal rats

(Tada et al. 1979). Rootman et al. reported a 50-75% loss in the same

part of the cord between P10 to adulthood (Rootman et al. 1981).

A similar study showed a 40% loss in HRP labeled motoneurons

projecting to the biceps brachii and triceps in the first ten postnatal days

(Bennett et al. 1983). All the labeled cells were large and of roughly the

same size, i.e. they were all alpha motoneurons. Fraher et al. found

decreases of up to 60% in the number of ventral root axons at similar

levels of the spinal cord (C6-C7) between P2 and P9. They followed axons

in the ventral roots for considerable distances in serial sections and

concluded that the lost axons were not (a) transient sprouts in the ventral

roots, (b) loops of immature dorsal root axons in the ventral roots (c)

thoracic autonomic preganglionic neurons projecting up to inappropriate

cervical levels or (d) dorsal root axons running in the ventral roots. Hence
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the loss of axons could be the result of motoneuron death in the C5-C6

ventral horn regions (Fraher 1974; Fraher and O'Sullivan 1989).

In another study with HRP labeling, Baulac and Meininger found loss of
sciatic motoneurons (present in the fourth to the sixth lumbar segments) in

mice between birth and 3 months. The total loss was 31%, with 17%

occurring during the first postnatal week and 14% thereafter. Also, there
was no labeling outside the motoneuron pool of the sciatic nerve,

signifying that the HRP did not leak to adjacent muscles (Baulac and

Meininger 1983; Nicolopoulos-Stournaras and Iles 1983).

In contrast to the above studies, other researchers have found no

significant postnatal difference in the numbers of HRP labeled lumbar
lamina IX motoneurons (Hardman and Brown 1985; Janjua and Leong
1984). Staining lumbar and brachial motoneurons with thionin also
revealed no significant losses between PO-P4 (Oppenheim 1986). Brown et
al. combined electrophysiology and histology of motor units in the soleus
muscle (segmental innervation L4-L5) in postnatal rats from birth to
adulthood, and concluded that there is no postnatal loss of neurons (Brown

et al. 1976).

Below the age of P10 virtually all muscle fibers are innervated by
several axons. The elimination of multiple synaptic input starts sometime

during the first week and is virtually complete by the end of the second
postnatal week (Brown et al. 1976; Sheard et al. 1984). The most dramatic

period was P10-P15, when the percentage of fibers receiving multiple
inputs went down from 91 % to 2.5%. The size of individual motor units
decreased drastically (five times smaller at P15-P18 than at P2-P3). In
contrast, the total number of motor units in the soleus muscle did not
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change significantly from birth to adulthood, implying that there is no

death of motoneurons (which would decrease the total number of motor

units)(Brown et al. 1976).

One potential marker for cell death is the heat-shock protein, ubiquitin.

It is expressed in motoneurons that are slated for apoptotic death in the

moth (Schwartz et al. 1990) and in the embryonic chick spinal cord

(McKay et al. 1991). The following segment is a description of our state

of knowledge of ubiquitin.

The biochemistry of ubiquitin

Ubiquitin is a 76 amino acid polypeptide with a molecular weight of ~8.5

kilo Daltons (kD). It has been found in all eukaryotes studied so far

(Schlesinger et al. 1975), and is present in a wide variety of cell-types and

tissues like hepatocytes, red blood corpuscles (RBCs), monocytes,

reticulocytes, neurons and testis. Its amino acid sequence is the most

conserved among all proteins (Wittliff et al. 1990). It is heat stable over a

wide range of temperature, and remains functional up to 900C. It has a

compact globular structure and a hydrophobic core containing four

protruding amino acids containing carboxyl groups. The external amino

acids of ubiquitin are hydrophilic, which makes it soluble in aqueous

solutions. These structural properties may be important for the

"chaperone" function of ubiquitin (Wittliff et al. 1990)(see below).

Ubiquitin in the cytosol is found both free (as a monomer and as

polyubiquitin), and conjugated to proteins. The proteins to which it

conjugates include histones, actin, growth hormone receptor and the

neurofibrillary tangles (NFTs) of Alzheimer's disease. Conjugation
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involves the formation of an isopeptide bond between the C-terminal

glycine residue of ubiquitin and the e-amino group of a lysine residue in

the acceptor protein.

Ubiquitin in proteolysis

The most extensively studied role of ubiquitin is in selective proteolytic

degradation. This process depends on the presence of adenosine

triphosphate (ATP). Conjugation of ubiquitin to damaged, abnormal and

denatured proteins usually targets them for degradation. Some natural

substrates for ubiquitin-mediated proteolysis are cyclin (see below),

phytochrome, MATa2 repressor (involved in deciding yeast mating type),

p53, Myc, Fos (both protooncogene productsXRechsteiner 1991), a-
crystallin (a lens protein) and actin (involved in cell motilityXMayer et al.

1989).

In vitro ubiquitin mediates degradation of denatured hemoglobin,

canavanine-labelled proteins (canavanine is an arginine analogue), B-
galactosidase fusions (Rechsteiner 1991), lysozyme, globin, a-lactalbumin

(Ciechanover et al. 1984), bovine serum albumin (BSA) (Mayer et al.

1989), casein and ribonuclease A (RNase A) (Glotzer et al. 1991).

Ubiquitin mediated proteolysis occurs in lysosomal and non-lysosomal

compartments. Degradation of short-lived proteins is associated with the

non-lysosomal compartment. Ubiquitin also mediates the breakdown of

long-lived proteins under conditions of stress in the lysosomal

compartment (Ciechanover et al. 1984). Although a single ubiquitin

moiety may attach to a protein molecule, for the purpose of degradation,
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several ubiquitin moieties form a chain of branched ubiquitin-ubiquitin

conjugates, which in turn attaches to the protein (multiubiquitination).

In the first step of conjugation, ubiquitin is activated by the ubiquitin-

activating enzyme, El. Then activated ubiquitin is transferred to ubiquitin-

carrier proteins, E2s. The kinds of proteins degraded by the ubiquitin

system is determined in part by the variety of conjugating enzymes (E2s),

each of which recognizes different proteins (7 different kinds of E2s have

been found in yeast). Next, activated ubiquitin is covalently conjugated to

the protein substrate in a reaction catalyzed by ubiquitin-protein ligase

(E3). The conjugated protein is then degraded by a specific high molecular

weight protease (Gropper et al. 1991), although there is some evidence that

ubiquitin has intrinsic proteolytic activity (Fried et al. 1984). Ubiquitin is

removed from its conjugate by the enzyme ubiquitin hydrolase.

One specific case of selective proteolysis through the ubiquitin system

involves the protein cyclin. This protein must be broken down in order

for the cell to progress through the cell cycle from metaphase to anaphase,

i.e. the end of one mitotic cycle (Glotzer et al. 1991). Prior to its

degradation cyclin is multiubiquitinated. (Finley et al. 1984; Goebl et al.

1988; Kulka et al. 1988)

The "chaperone" function of ubiquitin

All proteins conjugated to ubiquitin need not be targets for proteolysis.

Ubiquitin may reversibly bind to an acceptor protein to modulate its

function, without metabolically destabilizing the protein. In fact, this

stabilizing property of ubiquitin has been used to improve the quantity and

quality of proteins produced as ubiquitin fusion genes (cotranslation).
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When gene regions coding for ubiquitin are included with those coding for

vitamin D, progesterone, and estrogen receptor proteins the transcriptional

yield of those proteins is greatly improved in E. coli and yeast (Wittliff et

al. 1990). This is the "chaperone" function of ubiquitin. When ubiquitin is

cotranslated with a protein the efficiency of translation is also improved.

Further, ubiquitin facilitates the stabilization of the protein. This might be

the result of three possible mechanisms: (1) the compact globular structure

of ubiquitin prevents proteolytic cleavage of the protein; (2) ubiquitin

facilitates folding of fusion protein because its own folding is very fast; (3)

ubiquitin is highly soluble and thus helps solubilization of the newly

produced protein. (Witliff et al. 1990)

The genetics of ubiquitin

The three human genes that code for ubiquitin are the A, B and C genes.

The A gene codes for a ubiquitin monomer that has an unrelated amino

acid sequence fused to its carboxyl terminal. Such amino acid sequences

are called jjkquitin carboxyl-terminal Vxtension Uroteins (UbiCEPs), and

are thought to be ribosomal proteins (Monia et al. 1989), with the property

that they bind RNA (Lowe and Mayer 1990). The three genes in yeast that

are analogous to the human A gene are the UBIl, UBI2, UBI3 genes,

whose gene products are ubiquitin monomers whose carboxyl terminals

have three different amino acid sequences attached. These amino acid

sequences are the called the "tails" of ubiquitin. They are also ribosomal

proteins whose cotranslational fusion to ubiquitin facilitates the assembly of

the protein into a ribosome. The fact that they are attached to ubiquitin at

their N-terminals might be an advantage because (1) the ubiquitin
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attachment might protect the tails' N-terminal from degradation, and, (2)

there is no need for a recognition site in the "tail" for recognition of

ubiquitin, because ubiquitin is attached from the moment the "tail" is

synthesized. Like the structure of ubiquitin itself, the structure of its

"tails" is also highly conserved between yeast and mammals. (Finley et al.

1989)

During stress the polyubiquitin molecule is the main supplier of

ubiquitin (Finley et al. 1987), and the polyubiquitin genes are under the

control of heat shock protein (HSP) promoters (Lowe and Mayer 1990).

The human ubiquitin B and C genes code for polyubiquitin, and have three

and nine tandem repeats. The analogous gene coding for polyubiquitin in

yeast is the UBI4 gene (Finley et al. 1987).

Ubiquitin production

The production of ubiquitin in the cell may be induced by a variety of

stresses like high temperature (Carlson et al. 1987; Ferguson et al. 1990;

Finley et al. 1987; Fornace et al. 1989), starvation (Finley et al. 1987),

exposure to DNA damaging agents (Lowe and Mayer 1990) and alkylating

agents, and irradiation with ultraviolet rays and X-rays (Fornace et al.

1989). Damage to a large macromolecule like DNA (rather than cell

proteins) might be the signal for the induction of ubiquitin (Fornace et al.

1989).

Yeast cells that are unable to produce ubiquitin in response to stress do

not survive (Finley et al. 1987). Thus, the ability of cells to produce

ubiquitin in response to stress seems to be essential. Ubiquitin is also

induced in yeast cells during meiosis (Madura et al. 1990). Ubiquitin is
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formed by proteolytic cleaving of precursors in which ubiquitin is joined

either to itself (the linear polyubiquitin protein UBI4), or to 'tail' amino

acid sequences (the hybrid proteins UBI1, UBI 2 and UBI3). The enzyme

responsible for cleaving polyubiquitin to produce ubiquitin monomers is an

endoprotease-ubiquitin-carboxy terminal hydrolase (Lowe and Mayer

1990).

Ubiquitin in the nucleus

Ubiquitin and its activating enzyme, El, are found in the nucleus (Cook et

al. 1991). Ubiquitin in this location is bound to histone H2A. This

conjugate is called semihistone uH2A, and is located in areas of active

transcription. The purpose of this might be to enable ubiquitin to control

gene expression (Ciechanover et al. 1984 a and b; Hershko et al. 1980;

Hershko 1988; Finley et al. 1984; Finley et al. 1985). Two possible

mechanisms are: (1) ubiquitination of histones might destabilize the

nucleosome, leading to localized unfolding which would enable

transcription to occur (Ciechanover et al. 1984); (2) the ubiquitinated

histones might be proteolysed and removed from the activated

chromosomal region.

Ubiquitin--clinical relevance

The clinical significance of ubiquitin is evident from the wealth of research

done on neurodegenerative disorders such as Alzheimer's disease, Pick's

disease, diffuse Lewy body disease, Parkinsonism, motoneuron disease

(MND), and amyotrophic lateral sclerosis (ALS), as well as alcoholic liver

disease and cerebellar astrocytomas. The one common feature in all these
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disease states is the cytoplasmic presence of inclusion bodies made of

filaments derived from the cytoskeleton. These inclusions are called

neurofibrillary tangles (NFTs) in Alzheimer's, Lewy bodies in diffuse

Lewy body disease, Rosenthal fibers in cerebellar astrocytomas and

Mallory bodies in alcoholic liver disease. All of these inclusion bodies

stain positively with anti-ubiquitin antibodies. Before the advent of

ubiquitin immunostaining there was no technique that could consistently

detect the presence of all these inclusion bodies, hence no definitive

diagnosis could be made. Thus, immunostaining for ubiquitin is a great

step forward in our detection of these diseases. Exploration of the role of

ubiquitin in these inclusion bodies should tell us more about the

pathological processes underlying these disorders. The presence of
ubiquitin in these inclusion bodies has led to the grouping of all these

diseases into a single family called ubiquitin filament diseases (Leigh et al.

1989; Lennox et al. 1988; Lowe and Mayer 1990; Lowe et al. 1989).

Although the presence of ubiquitin immunopositive inclusion bodies is
the common denominator in these disorders, the function of ubiquitin in
the various inclusions is far from clear. For example, the NFTs of

Alzheimer's lack the hydrolase that deconjugates ubiquitin. This might

represent a failure of ubiquitin mediated proteolysis. On the other hand,

there is actually increased hydrolase activity in Lewy bodies and in

Rosenthal fibers. These inclusion bodies may be seen as active new

organelles that are trying to proteolyse abnormal proteins. Yet another

picture is seen in MND, where high hydrolase activity is seen in neurons,

independent of the presence of inclusion bodies (Lowe and Mayer 1990).
Ubiquitin mRNA is increased in the brain and spinal cord of MND
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patients, indicating that the response to cell stress is active in these patients.

Thus, ubiquitin might have multiple roles in the pathology of these

diseases.

The far-flung clinical relevance of ubiquitin is underscored by the

presence of anti-ubiquitin antibodies in the serum of patients suffering

from systemic lupus erythematosus (SLE), an autoimmune disorder. The

sera from these patients shows antibodies against a host of cell and tissue

types. This biochemical fact temptingly dovetails with the widespread

presence of ubiquitin in the body. However, it is yet to be elucidated

whether ubiquitin in these patients is part of the pathogenic process or

represents the body's response to the disease (Muller et al. 1988).

Ubiquitin in the developing nervous system

The role of ubiquitin in the developing nervous system has been studied

in the moth Manduca sexta. A well characterized set of neurons

degenerates as part of the normal remodeling of the motor neurons that

control flight muscles. Just prior to this neuronal death, at day 18, an

increase in free ubiquitin leads to a ten-fold increase in ubiquitin

conjugates. Presumably this is because ubiquitin is increasing protein

degradation in the neurons marked for programmed death (Schwartz et al.

1990).

Ubiquitin in the developing human central nervous system shows the

following patterns. The brains and spinal cords of young human subjects (2

months to 8 years) are lightly stained by ubiquitin antibody. The most

consistently stained structures are tanycytes (neuronal precursors), which

show staining in the cytoplasm. There is no staining in the cortex. Nuclei
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of neurons are stained (probably ubiquitin bound to histones). White

matter stains consistently higher than grey matter at all ages, though axons

are rarely stained. The ubiquitin immunostained structures in normal

brains are often non-filamentous, as opposed to the disease states discussed

above (Dickson et al. 1990).

The purpose of this study

The first three weeks after birth see the occurrence of certain dramatic

developmental events such as the arrival of the corticospinal axons and

their arborization in the dorsal, intermediate and ventral horns. This

period also sees ventral horn motoneurons undergo maturation and

establish connections.

It has been observed that a developing animal has many more

motoneurons in the embryonic stage than are found in the adult, which

means that some motoneurons die during development (Kandel et al. 1991;

Oppenheim et al. 1990). In rodents this loss occurs between the 11th and

18th embryonic days (Harris-Flanagan 1969, Lance-Jones 1982). What is

contentious about the issue of cell death is whether it occurs after birth or

is confined to the embryo. The case for postnatal death has been bolstered

considerably over the years (Baulac and Meininger 1983; Bellinger and

Anderson 1987; Bennett et al. 1983; Fraher 1974; Romanes 1946;

Romanes 1964; Rootman et al. 1981; Scarisbrick et al. 1990; Tada et al.

1979).

We address the question of postnatal motoneuron loss in this study. If it

is indeed the case that ubiquitin is a reliable molecular marker of

motoneuron death in the moth, then it would be interesting to see whether
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it is also expressed in the mammalian nervous system postnatally at times

when cell-death is reported. The finding of ubiquitin expressing

motoneurons with morphological features of apoptotic death would resolve

the controversy of postnatal cell-death. I have chosen the ventral horn

motoneurons in the murine lumbar spinal cord as my field of study

because: (1) cell death in this area of the nervous system has been

extensively studied and reported on; (2) data on protein synthesis from my

laboratory point to a possible period of cell-death during the 1St postnatal

week, between P5 and P7; (3) the large size of ventral horn motoneurons

enables easy identification and cell-counting; (4) these cells are cultured

and studied for electrophysiology in this lab, and it would be useful to

know if cultures from certain postnatal ages are proscribed in order to

avoid moribund neurons.

If it turns out that ubiquitin expression does not coincide with any

reported periods of cell-death, then it would be interesting to correlate

periods of high expression with other known molecular and cellular

milestones of motoneuron development.



MATERIALS AND METHODS

Animals used

All animals used in this study were BALB/c mice, aged postnatal days 0

(day of birth; PO) through P14, P21, P28, P35, P42 and adults. Four

animals were used for each age. Only female animals were used, so as to

avoid gender differences in the organization of the lumbar spinal cord.

(Males have an extra set of large motoneurons in the L4-L6 segments to

innervate the bulbocavernosus muscle).

Procurement of spinal cords

All animals were killed by decapitation, the vertebral column was removed

intact, immersed in ice-cold phosphate buffered saline (PBS) and the

lumbar portion of the spinal cord was quickly dissected, covered with

mounting medium (OCT compound, Tissue-Tek, Miles Laboratories Inc.,

Elkhart, IN, U.S.A.; active ingredients polyvinyl alcohol and carbowax)

and frozen by immersion in cold isopentane. Spinal cords were preserved

at -80 oC until slicing. Thin sections (10 gym) were cut on a cryostat

(Tissue-Tek II, Miles Laboratories Inc., Elkhart, IN, U.S.A.), thaw

mounted on gelatin-subbed slides and preserved at -80 OC until processing.

The size of the nucleus of an adult motoneuron is ~12 pm (Nicolopoulos-

Stournaras and Iles 1983), so a 10 m thick section minimizes chances of

the same neurons being counted twice in adjacent sections. Six sections

91
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were preserved on eight slides from each animal, so that each slide had

sections representing the entire length of the lumbar cord.

Ubiquitin immunohistochemistry

The primary monoclonal antibody (MAB 1510) was from Chemicon

International, Inc., Temecula, CA, U.S.A. The aqueous mounting medium

(Crystal/Mount) was from Biomeda Corp., Foster City, CA, U.S.A. All

other chemicals used were from Biogenex Laboratories, San Ramon, CA,

U.S.A.

The primary antibody (MAb) against mouse ubiquitin binds to free

ubiquitin and ubiquitin conjugates. The spinal cord slices were incubated

for two hours at 4 oC with antibody diluent (carrier protein and Tween 20
in PBS) to block nonspecific binding. The slices were washed in PBS after
this step and after each subsequent incubation. Next, the sections were

incubated successively with primary antibody (1:500 dilution) for 24 hours

at 4 C, with the link antibody (biotinylated anti-mouse immunoglobulin)

for 20 minutes at room temperature, with streptavidin alkaline

phosphatase for 20 minutes at room temperature, and finally with New

Fuchsin substrate for 30 minutes at room temperature. Levamisole was

added to the substrate to block endogenous alkaline phosphatase activity.

The slides were mounted in Crystal/Mount, examined and photographed at

maginifications of 20x, 80x and 128x with a light microscope (Zeiss IM35,

Zeiss, Germany). Motoneurons were identified on the basis of their

characteristic morphology (large cells with oval or round somata, large

nuclei) and their position in the lateral and ventral parts of the ventral

horns. Additional slides were stained for Nissl material using toluidine
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blue. Motoneurons in each half of the spinal cord (hemisection) were

counted on both the antibody- and the Nissl-stained sections.

Controls

Additional spinal cord slices incubated with heat-inactivated monoclonal

antibody were used for negative controls. Epithelial cells from cheek

mucosal smears were incubated on each control and test slide. I have

investigated these cells for positive (with monoclonal antibody) and

negative staining (with boiled monoclonal antibody) for ubiquitin

(Ishibashi et al. 1991; Stewart and Chaube, 1992; unpublished data). These

cells consistently show clear pink staining of the cytoplasm with the anti-

ubiquitin antibody. No staining is seen with the boiled antibody.

Statistical Analysis

Animals were included for analysis if immunohistochemical data had been

gathered from at least two independent ubiquitin immunohistochemistry

experiments. Only those slides from each animal were included that

showed staining of epithelial cells (positive control).

Motoneuron counts from all the intact ventral horn sections from an

animal were subjected to a one factor analysis of variance (ANOVA) to

determine the variation in ubiquitin-positive motoneuron counts

throughout the extent of the animals' spinal cord (inter-hemisection

variation). Next, ubiquitin-positive motoneuron counts from at least two

independent slides from the same animal were subjected to a one factor

ANOVA to determine the variation between immunohistochemical

experiments (inter-run variation). Motoneuron counts from all sections
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taken from an individual animal were pooled together and descriptive

statistics were generated for the animal (mean number of ubiquitin-positive

motoneurons per hemisection, mean number of Nissl stained motoneurons

per hemisection, standard deviation etc.). The last comparison was done

on inter-animal variability for each age using a 1 factor ANOVA. Finally,

all immunological and Nissl counts per hemisection for an age were

averaged to compute a mean count per hemisection for that age.



RESULTS

The monoclonal antibody against ubiquitin stained large cells in lateral and
ventral parts of the ventral horn at all ages (Figs. 1B, 2B, 3B, 4B, 5B 6B).
The staining was confined to the cytoplasm, and at ages where it was
possible to distinguish processes these also showed staining (Fig. 4B).
Staining was heavy (dark pink) at ages PO to P28 (Figs. 1B, 2B, 3B, 4B)
and faint (light pink) at P35 and P42 (Fig 6B). The nuclei of these cells
were unstained except for nucleoli which showed as dark spots (Fig. 2B,
4B) From the size and morphology of the stained cells and from their
positions in the spinal cord I concluded that these were a-motoneurons,

and this was confirmed by Nissl staining of sections from the same spinal
cords, which showed cells with similar positions and dimensions (comnpare
Figs. lA with lB, 3A with 3B, 5A with SB). None of the cells seen had
any changes suggestive of apoptosis, such as blebbing of cell membranes,

crinkling of nuclear membranes and broken or pyknotic nuclei. The
change in mean maximum diameter of the cells with age is shown in Table
1.

The range of sizes of motoneurons from PO to P31 quoted in literature
are in accord with these data (Cummings and Stelzner 1984; Oppenheim
1986).
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VH=ventral horn; SA=spinal artery; DR=dorsal root; VR=ventral root.

Arrows point to location of motoneurons in the lateral motor columns of

the ventral horn. Magnification is 20 X. Scale bars=50 .
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Figure 2. Nissl stain (Fig. 2A) and anti-ubiquitin antibody stain (Fig. 2B)
of spinal cord transverse sections from a PO animal. DR=dorsal root.
Arrows point to motoneurons. Note the dark spots in the nuclei (nucleoli)
in both pictures Magnification is 80 X. Scale bars=50 .
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Figure 3. Nissl stain (Fig. 3A) and anti-ubiquitin antibody stain (Fig. 3B)
of spinal cord transverse sections from a P8 animal. DH=dorsal horn;
VH=ventral horn; SA=spinal artery; DR=dorsal root. Arrows point to
location of motoneurons in the lateral motor columns of the ventral horn.
Magnification is 20 X.
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Figure 4. Nissl stain (Fig. 4A) and anti-ubiquiti antibody stain (Fig. 4B)

of spinal cord transverse sections from a P8 animal. Arrows point to

processes of motoneurons in the lateral motor columns of the ventral horn.

Note intense pink staining of cytoplasm, and the dark nucleoli.
Magnification is 20 X. Scale bars=50t.
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Figure 5. Nissl stain (Fig. 5A) and anti-ubiquitin antibody stain (Fig. 5B)
of spinal cord transverse sections from a P42 animal (young adult).
SA=spinal artery; VR=ventral root. Arrows point to location of
motoneurons in the lateral motor columns of the ventral horn.
Magnification is 20 X. Scale bars=50 .

30

40

SAq



31

IL;Jt

Cfw

4~w454
2 AYAAi. 5'

9 j

a
0

a

A
I

a

z
4

9
4

V
Oa

I
I

Figure 6. Nissl stain (Fig. 6A) and anti-ubiquitin antibody stain (Fig. 6B)
of spinal cord transverse sections from a P42 animal (young adult). Note
the faintness of antibody staining at this age. Arrows point to motoneurons
in the lateral motor columns of the ventral horn. Magnification is 80 X
(Fig. 6A) and 128 X (Fig. 6B). Scale bars=50 .
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Figure 7. Cheek epithelial cells

ri

stained with anti-ubiquitin antibody
(positive controls). Magnification is 20 X (Fig 7A) and 128 X (Fig. 7B).
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Figure 8. Cheek epithelial cells (Fig. 8A) and a spinal cord section from
a P4 animal (Fig. 8B) stained with anti-ubiquitin antibody heat-inactivated
for 10 minutes at 100 oC (negative controls). Magnification is 128 X (Fig

8A) and 20 X (Fig. 8B).
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Table 1. Average maximum diameters of ubiquitin-immunopositive cells

in the ventral horn at various postnatal ages. n=number of cells measured

for that age.

A graphic representation of these data is shown in Figure 9.

Every slide that showed staining of epithelial cells (positive control)
with the anti-ubiquitin antibody also showed staining of motoneurons.

Conversely, slides stained with heat-inactivated antibody presented a very

faint pink, homogenous appearance, and there was no specific staining of
epithelial cells (Fig. 8A), motoneurons or any other structure (Fig. 8B).

Agein days Mean diameter n S.D.
(microns)

0 18.33 48 3.03

7 24.08 62 4.50

14 25.52 59 3.98

21 28.98 59 3.89

28 36.02 55 5.01

35 36.46 71 4.64

42 38.95 40 4.99
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Age in days

Figure 9. Graph of average maximal diameters of ubiquitin-
immunopositive cells in the ventral horn at various postnatal ages (data in
Table 1). Error bars represent standard deviations of average maximum
diameters for that age.

Cells with morphologies other than those of a-motoneurons did not
show staining with the anti-ubiquitin antibody. The only other stained
structures were the dorsal and ventral roots, which showed numerous
heavily stained processes (Fig. 1B, 2B, 3B, 5B), and the dorsal spinal
artery and the pia mater at all ages. The faint pink staining seen in the rest
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of the spinal cord at all ages may be either non-specific background

staining or staining of processes.

A cursory comparison of the immunostained and Niss-stained spinal
cord sections from each animal gave the impression that the number of

ubiquitin-immunopositive motoneurons seen in the ventral horn was lesser

than the number of Nissi-stained motoneurons from the same animal. To
test this impression I counted the number of immunopositive motoneurons
in every intact ventral horn in the left and right halves (hemisections) of

the spinal cord of each animal. Thus each 10 thick spinal cord section
gave rise to two numbers (# of immunopositive motoneurons seen in the

right ventral horn and the left ventral horn). The immunopositive

motoneuron counts for each animal were pooled together and averaged

over all the hemisections examined, thus giving a single, average number
of immunopositive motoneurons in a hemisection. Similarly, the spinal
cord sections stained for Nissl material were examined and the number of

Nissi-stained motoneurons seen in each hemisection was counted and

averaged for each animal. The descriptive statistics on motoneuron counts

at different ages are summarized in Table 2. Thus, for example, the first
animal in Table 2 was a newborn; 10 thick sections were cut from its
spinal cord, each section being composed of two (left and right)

hemisections; 23 such hemisections showed clear antibody staining, and the
average number of immunopositive motoneurons seen in each hemisection

was 6.78, with a standard deviation of 2.09. In the same animal 11
hemisections showed clear Nissl staining, and each hemisection had on the
average 21.45 motoneurons, with a standard deviation of 4.6. It can be
seen from Table 2 that in every animal examined the average number of
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ubiquitin-immunopositive motoneurons per hemisection is less than the

average number of Nissl stained motoneurons seen per hemisection. This

confirmed my initial impression that the anti-ubiquitin antibody was not
staining every motoneuron, only a fraction of the total. Although no clear
trend is visible for the younger ages, it can be said that on the average
about one third to half of the total motoneurons stain positively for

ubiquitin.

Further, it can be noted that the average number of immunopositive

motoneurons per hemisection is higher for the younger (P0 through P21)
than for older animals (P28, P35 and P42). The decline in the number of
immunopositive motoneurons is rapid--it begins around the third week
postnatal and by the fourth postnatal week few immunopositive neurons are

seen per hemisection.

To summarize the results, the monoclonal antibody against mouse

ubiquitin stains large cells in the ventral horn of mice at all ages from birth

to early adulthood. The morphology and positioning of these cells within
the ventral horn is similar to that of a-motoneurons seen on Nissl staining.

The cytoplasm and processes show immunopositivity while the nucleus

shows staining only in the nucleolus. Until P21 roughly a third to a half of
the motoneurons show staining with the antibody, and this proportion

drops drastically till only a few neurons are seen staining positively for
ubiquitin at P28 and thereafter. Dorsal and ventral roots show staining at

all ages, as do the pia mater and the spinal artery. No staining is seen with

the heat-inactivated antibody.
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Table 2. Average number of ubiquitin-immunopositive neurons and
Nissl stained motoneurons seen per 10 .thick spinal cord hemisection.*
Numbers in parentheses indicate the number of hemisections counted for
that animal.

Average # of Average # of
e in days immunopositive S.D. issl stained S.D. %

motoneurons/ motoneurons/ tained
hemisection * hemisection *

0 6.78 (23) 2.09 21.45 (11) 4.60 31.4
0 6.46 (24) 2.65 24.58 (12) 6.92 26.2
1 6.42 (36) 2.60 14.91 (11 4.46 43.0
2 9.10 (29) 3.81 16.75 (4) 4.03 54.3
3 7.44 1.89 15.00 (4) .56 49.6
4 8.93 71 3.90 22.50 (2) 495 39.6
6 7.87 53 3.52 18.83 (12) 5.83 41.7
7 9.97 2.49 17.40 5 1.52 57.2
8 7.83 (12) 4.00 23.82 11 6.61 521
8 10.37 (8) 2.13 19.81 (16) 5.20 52.0
8 8.67 (30) 2.76 18.40 (10)3.03 47.0

10 10.90 10) 5.15 16.64 (11 3.38 65.5
14 9. (30) 2.95 17.75 (4) 0.50 53.6

28 1.17 (35) 2.08 15.42 (12) 3.78 7.5
35 0.57 (30) 1.01 17.92 (12) 5.21 3.1
42 1.48 25 2.12 18.10 10 4.91 8.1
42 1.28 (32) 1.35 17.95 (21) 3.57 7.1
42 0.71 (24) 1.08 14.00 (6) 4.15 5.0

A graphic representation of ages P0, P8 and P42 (for which data are
available on more than one animal) is shown in Figure 10.
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Figure 10. Average number of ubiquitin immunopositive and

Nissl stained motoneurons seen per hemisection. n=2 animals at P0,3
animals at P8 and 3 animals at P42. Error bars represent standard

deviation of actual motoneuron counts per hemisection.



DISCUSSION

The process of apoptosis is fundamental not only to the maturation of
the nervous system but also to organogenesis, carcinogenesis and the,
maturation of the immune system (Tomei and Cope 1991). The apoptotic
process is believed to be of as much importance to an organism as is
mitosis, and apoptosis has been explained on teleological grounds as a
means by which a dying, mutant or virus- infected cell can remove itself
with a minimum of disruption, so as not to expose healthy neighbouring

cells to proteolytic enzymes (Kerr and Harmon 1991). The biochemical
unraveling of the mechanisms of apoptosis is thus of great interest.

One crucial aspect in which apoptosis differs from other forms of cell
death is that it needs the active collusion of the cell that is going to die--a
cell undergoing apoptosis needs to manufacture new mRNA and proteins.
This has been shown by demonstrating rescue of cells from apoptosis when
treated with inhibitors of protein and RNA synthesis (Pittman et al. 1993).
Another characteristic hallmark of apoptotic death is the peculiar

fragmentation of nuclear material called the DNA "ladder". This was first

observed in thymocytes undergoing apoptosis--when DNA from these cells
was run on an agarose gel it resolved into bands with sizes that were

multiples of a basic repeat length of about 185 base pairs (Wyllie 1980).
Since this is the length of DNA that is wrapped around histones to form
nucleosomes, it is believed that an endonuclease is either produced de novo

AA
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or is activated, and that it cleaves the cells' DNA in the inter-nucleosomal

sequences, thus giving rise to bands of lengths that are multiples of 185

base pairs.

Apoptosis is marked morphologically by a condensation of the

cytoplasm, a wavy appearance of the nuclear and cell membranes, and by

the segregation of chromatin into masses that lie close to the nuclear

envelope. Later the cell membrane blebs off into round bodies that carry

with them pieces of the fragmented nucleus (apoptotic bodies). Finally

these apoptotic bodies are phagocytosed by neighbouring cells (Kerr and

Harmon 1991).

In the nervous system apoptosis is believed to be a process by which

unwanted cells are eliminated, these being defined as those cells that fail to
make appropriate connections with post-synaptic targets (Hamburger and
Levi-Montalcini 1949). At the cellular level apoptosis of neurons is

thought to occur as a result of an inability to internalize a critical amount

of a trophic factor (Comella et al. 1994), which leads to a cascade of

intracellular signals, finally resulting in the activation of the endogenous

cell-death program. This dependence on trophic factors has been studied
in the tumour cell line, PC-12, which when grown in the presence of nerve
growth factor (NGF) stop dividing and extend processes that are strongly

reminescent of neurites (Pittman et al. 1993). On removal of NGF from

the growth medium these cells exhibit features like blebbing of the plasma
membrane, condensation and fragmentation of the nucleus, and the classic

DNA "ladder", showing that they are undergoing apoptosis.

The genes which control apoptosis are only now beginning to be

discovered, mainly as a result of genetic analysis of cell-death mutants in
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C. elegans and D. melanogaster. These studies have identified three genes

in C. elegans, ced-3, ced-4 and ced-9 (Hengartner and Horvitz 1994; Yuan

and Horvitz 1990), one of which has a homologue in mammals (Hengartner

and Horvitz 1994). It seems natural to speculate that a cell undergoing

apoptosis would also activate genes that would enable it to dismantle its

cytoskeleton and degrade its proteins, and in light of the well-studied

proteolytic function of ubiquitin this has led to the proposal that ubiquitin
might be one of the cell-death genes. The discovery that segmental
motoneurons in the moth Manduca sexta express ubiquitin when they
undergo apoptosis has supported this hypothesis (Schwartz et al. 1990), and
indeed, immunohistochemical experiments on the embryonic chick spinal
cord have revealed a large subpopulation of ubiquitin immunopositive

motoneurons with morphological changes suggesting apoptosis (Oppenheim
et al., 1992; unpublished data and personal communication). Thus
ubiquitin is demonstrably linked to apoptosis of motoneurons in an insect
system and in birds. However, no data exist on the time-course of

ubiquitin-expression in motoneurons in mammals. Also, though it is

possible that all motoneurons undergoing apoptosis express ubiquitin, it is
moot whether the converse is also true--are all motoneurons that express

ubiquitin necessarily slated for destruction?

The other point of contention is the age at which motoneurons undergo

apoptosis (see Introduction for details). It is well documented that in

mammals motoneurons have a major period of apoptosis in the embryonic
period--in rodents this is around E 11-E18, with a peak loss at E14 (Harris-
Flanagan 1969; Harris and McCaig 1984; Lance-Jones 1982; Oppenheim
1986). The case for postnatal death of motoneurons is supported by
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experiments involving HRP staining and ventral root axon counts (Baulac

and Meininger 1983; Bellinger and Anderson 1987; Bennett et al. 1983;
Fraher 1974; Romanes 1946; Romanes 1964; Rootman et al. 1981;
Scarisbrick et al. 1990; Tada et al. 1979). The case against postnatal

motoneuron death rests on HRP staining experiments that contradict those
quoted above (Hardman and Brown 1985; Janjua and Leong 1984), on
electrophysiological data (Brown et al. 1976) and on the inability (despite
careful searching) of researchers to find neurons with the morphological

characteristics of apoptotic death (Oppenheim 1986).

The involvement of ubiquitin in apoptosis, and the debate on postnatal
motoneuron death in mammals provided the two goals for this study-to
investigate whether motoneurons in the postnatal mammalian spinal cord

express ubiquitin, and whether these neurons possess the light-microscopic

features of apoptosis.

Using a monoclonal antibody against mouse ubiquitin I have shown
staining of large cells in the lateral and ventral parts of the ventral horn,
whose morphology leads us to conclude that they are a-motoneurons. I
believe that this antibody is specific for ubiquitin, since it stains the
amyloid plaques and neurofibrillary tangles in brain sections of patients
with Alzheimer's disease (Chemicon International product information
sheet), and since it stains epithelial cells, which are known to express

ubiquitin (Ishibashi et al. 1991).

Since I have preserved spinal cord sections from throughout the
lumbar cord of each animal I am fairly certain that the motoneuron counts
are representative of the entire motoneuron population. This belief
receives confirmation from the results of the analysis of variance
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performed on data from single animals as well as the comparisons between

animals in the same age group.

After applying the criteria for the selection of animals for statistical

analysis (see Materials and Methods) I am in a position to make statistical

comparisons between animals for three ages--PO, P8 and P42 (early
adults), and anecdotal data from single animals at other ages is in
agreement with data from these three ages. Comparison between the

average number of ubiquitin immunopositive motoneurons per hemisection

and the average number of Nissl stained motoneurons at all ages suggests

that not all motoneurons are ubiquitin immunopositive. Between birth and
P21 roughly one half to one third of motoneurons are immunopositive, and
the proportion of immunopositive motoneurons decreases dramatically

after P21. Data on antibody staining of two 21 day-old and three 28 day-
old spinal cords lead me to suggest that this decrease in the number of

ubiquitin-immunopositive motoneurons occurs between P21 and P28,
although I do not have Nissl staining data from all these animals to enable a
statistical comparison with the total motoneuron population at these ages.

Finally, when the animals reach early adulthood the number of ubiquitin-

immunopositive motoneurons per hemisection falls off dramatically to

~one per hemisection, as opposed to a total (Nissl stained) of -17

motoneurons per hemisection.

The main finding of this study is that none of the motoneurons that

stains positively for ubiquitin shows any morphological changes indicative
of apoptosis. Despite looking at about 7000 motoneurons in over 1000
hemisections, both Nissl stained and antibody stained, I failed to detect

motoneurons with blebbing of the cell-membrane, fragmentation of the
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nucleus, condensation of chromatin or apoptotic bodies. If even 1% of the

motoneurons were undergoing apoptosis I would have expected about 70

neurons in my sample to show apoptotic changes. Since the claims for

postnatal apoptosis all quote a figure of 5% or more (Baulac and

Meininger 1983; Bennett et al. 1983; Fraher 1974; Fraher and O'Sullivan
1989; Rootman et al. 1981; Tada et al. 1979), I should have seen about
350 or more motoneurons with morphological changes. Hence I have
unequivocally shown that it is possible for neurons to express ubiquitin and
yet not show the morphological signs of apoptosis.

However, that leaves us with a mystery as to why apparently healthy

neurons are expressing ubiquitin. I confess to not knowing the answer, but
I am fairly sure that the lack of ubiquitin immunoreactivity in the nuclei of
these motoneurons suggests that ubiquitin is not involved in transcriptional

regulation. Further, I would venture to speculate that since the

immunoreactivity is seen in the cytoplasm and processes (dendrites and
axons) ubiquitin might be helping the neurons to remodel their
cytoskeleton at a time when their processes are undergoing plastic changes.

I think this is a reasonable hypothesis for the following reasons.
1. The time course of heavy anti-ubiquitin staining (PO-P28) coincides
with the time of dendritic elongation (PO-P30; Bellinger and Anderson
1987; Phelps et al. 1984), growth and loss of dendritic spines (PO-PI1;

Cummings and Stelzner 1984) and the elimination of polyneuronal

innervation (P10-P15; Brown et al. 1976).

2. Ubiquitin is known to control the rate of degradation of actin

(Rechsteiner et al. 1991), which is the major cytoskeletal component of

dendrites and the cell body.
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3. The major cytoskeletal protein of axons is tubulin, which is bundled

into microtubules whose main function is the transport of secretory

vesicles out to the axon terminals. Ubiquitin is known to be associated with

the microtubule network (Murti et al. 1988; Meyer et al. 1986), and it has
been proposed that it is involved in the coupling of the molecular motor,

kinesin, to the vesicle surface (Tsang 1991; unpublished data).

Finally, I propose an experimental approach that might be able to settle
the issue of postnatal spinal motoneuron apoptosis. Since fragmentation of

chromatin is one of the hallmarks of apoptotic death, demonstration of
such fragmentation in the postnatal spinal cord would be unequivocal

evidence of apoptosis. It is now possible by in situ nick translation to
demonstrate DNA fragmentation in cells (Edwards and Tolkovsky 1994;

Wood et al. 1993), and I propose that if some motoneurons are undergoing
apoptotic death in the postnatal spinal cord they should yield positive

results with this new methodology.

To summarize, I have demonstrated anit-ubiquitin immunoreactivity in
a significant fraction of motoneurons in the postnatal spinal cord. Staining
is heavy till four weeks postnatal and faint thereafter, and is confined to the
cytoplasm and processes. These ubiquitin immunopositive motoneurons do

not exhibit the morphological characteristics of apoptotic death, hence

demonstrating that ubiquitin expression need not be symptomatic of cell

death. The time course of ubiquitin immunoreactivity suggests that

ubiquitin might be aiding in the remodeling of the cytoskeleton. Lastly, I
propose that the question of whether or not there is apoptosis in postnatal
spinal motoneurons might be answered by using the relatively new
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methodology of in situ nick translation which is capable of demonstrating

DNA fragmentation.
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