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Abstract

Circuit reorganization after injury was studied in a cerebellar culture model. When cerebellar

cultures derived from newborn mice were exposed at explantation to a preparation of cytosine

arabinoside that destroyed granule cells and oligodendrocytes and compromised astrocytes,

Purkinje cells surviving in greater than usual numbers were unensheathed by astrocytic processes

and received twice the control number of inhibitory axosomatic synapses. Purkinje cell axon

collaterals sprouted and many of their terminals formed heterotypical synapses with other Purkinje

cell dendritic spines. The resulting circuit reorganization preserved inhibition in the cerebellar

cortex. Following this reorganization, replacement of the missing granule cells and glia was

followed by a restitution of the normal circuitry. Most of these developmental and reconstructive

changes were not dependent on neuronal activity, the major exception being inhibitory

synaptogenesis. The full complement of inhibitory synapses did not develop in the absence of

neuronal activity, which could be mitigated by application of exogenous TrkB receptor ligands.

Inhibitory synaptogenesis could also be promoted by activity-induced release of endogenous TrkB

receptor ligands or by antibody activation of the TrkB receptor.
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1. The Issues

The nervous systems of subhuman mammals and man have a remarkable capacity to change

and reorganize after various insults resulting from disease or injury. The purpose of these

changes is to preserve some functional capacity. The degree to which function can be

retained or restored depends on many factors, including the stage of maturity of the affected

individual, the critical location and/or magnitude of the area affected, and whether the

involved nervous system cells are completely destroyed or only partially damaged. Changes
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can occur at the level of single cells, such as altering the type of neurotransmitter expressed

by a nerve cell, to reorganization of a significant portion of the circuitry of the nervous

system. Our interest was in injury-induced reorganizational changes in the central nervous

system (CNS). Given the complexity of the CNS, the changes that take place to preserve

function cannot be random, but must follow some rules or patterns, as had been indicated by

experimental animal studies from a number of laboratories (Cotman et al., 1981; Lynch et

al., 1976; Raisman and Field, 1973; Tsukahara et al., 1975). In these studies, axon collateral

sprouting by neurons whose projections overlapped those of lesioned neurons were

identified as a key element in circuit reorganization after injury in septal nucleus (Raisman

and Field, 1973), red nucleus (Tsukahara et al., 1975) and dentate gyrus of the hippocampal

formation (Cotman et al., 1981; Lynch et al., 1976) in adult animals. Synapses formed with

different presynaptic elements from those originally present, but the newly formed synapses

were functional. In order to obtain further definition of some of these rules, my colleagues

and I undertook a series of experiments with a simplified CNS in which the injury to the

system could be controlled and the subsequent reorganizational changes could be

documented.

Why use a simplified CNS? The brain contains a very large number of neurons, each of

which is a compartmentalized unit consisting of a cell body (soma) with multiple processes,

one of which, the axon, projects electrical impulses away from the soma and the remainder,

the dendrites, project electrical impulses toward the soma. Most neurons are either

excitatory or inhibitory, their axon terminals, or endings, releasing chemical

neurotransmitters in response to electrical impulses at specialized junctions (synapses) with

a dendrite or cell body of a target cell. The released neurotransmitter either promotes or

inhibits discharge of electrical impulses in the target neuron. The soma acts as an integrator

of excitatory and inhibitory signals impinging on its dendrites and somatic membrane, the

sum of which determines whether or not an electrical impulse is discharged down its axon.

The magnitude of the complexity of the system is in the realization that a neuron may have

thousands of synapses, and the number of neurons in a human brain may be on the order of

86 billion (Azevedo et al., 2009).

In addition to neurons, the central nervous system is composed of an even greater number of

glia, or supporting cells. Aside from ependymal cells, which line the fluid filled cavities of

the brain, there are two major glial types, oligodendroglia and astrocytes. Oligodendroglia

form the myelinated sheaths that facilitate conduction of electrical impulses in axons of

nerve cells. Myelin is formed by the wrapping of axons in “jelly roll” fashion by processes

of oligodendroglia, followed by the extrusion of cytoplasm from the oligodendroglial

processes so that the membranes of the processes become closely compacted, providing a

multilayered sheath with insulation-like properties along the lengths of the axons. Astrocytes

have multiple functions, including structural support for neurons, secretion of a variety of

factors that promote neuron survival and growth of neuronal processes, taking up

neurotransmitters and ions released into the extracellular space after neuronal discharge,

serving as guides for neuronal migration and axonal pathfinding during development, and

taking up debris and forming glial scars after injury. Astrocytes also have some function in

compartmentalizing the nervous system and in some cases isolating neuronal membranes by
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ensheathing neuronal somata and dendrites, even covering the somatic and dendritic

synapses. Still other functions have been attributed to astrocytes.

There is another category of glia whose origin and function differ from the previously

described categories, namely the resident microglia. These cells are derived from the

primitive mesodermal layer, as opposed to the ectodermal origin of other glia and neurons,

and they enter into the nervous system and become widely distributed early in development.

They function as macrophages, cells that become active during pathological conditions, such

as after trauma, infection or loss of blood supply. Their role is to attack foreign elements in

the CNS, like invasive bacteria, and to scavenge and digest neural cell debris (phagocytosis).

They work in conjunction with the immune system to monitor and respond to adverse

conditions in the nervous system and activate immune responses by presenting antigens

(molecules that trigger immune or inflammatory reactions) to lymphocytes, immunoreactive

cells of the immune system. They are an important part of the nervous system's defense

mechanism, but their role in the experiments to be described is minor, and thus they will not

have a prominent place in the following discussion.

In selecting a simplified central nervous system to use as a model for studies of circuit

reorganization, a desirable feature was a system with a limited number of major neuronal

types whose interconnections and functions were known. Thanks to the efforts of Santiago

Ramón y Cajal (1960), John Eccles, Masao Ito and Janos Szentágothai (1967,1984), and

Sanford Palay and Victoria Chan-Palay (1974), as well as other notable neuroanatomists and

neurophysiologists, the structural and functional relationships of the rodent cerebellum have

been well characterized. The cerebellar cortex contains five major neuronal types, only one

of which, the Purkinje cells, projects axons to other parts of the nervous system, and this

projection is primarily to the deep cerebellar nuclei, which underlie the cortex. Purkinje cell

axons also emit collateral axonal branches that project to all other cortical neurons,

including other Purkinje cells. Purkinje cells are inhibitory, and their neurotransmitter is

gamma-aminobutyric acid (GABA). Granule cells are the only excitatory neurons in the

cerebellar cortex, their neurotransmitter being glutamic acid (glutamate). Most of the

excitatory inputs to the cerebellum from other areas of the nervous system (extracerebellar

afferents), which are excluded in standard cerebellar cultures (see below), enter as axons

called “mossy fibers.” Mossy fibers are cholinergic and synapse with the dendrites of

granule cells. The granule cells relay excitatory impulses from the mossy fibers to the

dendrites of all other cortical neurons via bundles of parallel axons known as “parallel

fibers,” as well as to Purkinje cell dendrites and dendritic spines via their ascending fibers.

The remaining three neuronal groups, the basket, stellate and Golgi cells, all inhibitory, are

interneurons, with their afferents and efferents confined to the cerebellar cortex. Their

presumptive neurotransmitter is GABA. Basket cells project to Purkinje cell somata and

proximal dendrites, while stellate cells project their axons to more distal portions of Purkinje

cell dendrites. Golgi cells give rise to complex axons that project to dendrites of granule

cells. The relationships of the cerebellar cortical neurons, minus the mossy fibers, are

summarized in the simplified circuit diagram in Figure 1.

There are other extracerebellar inputs in the intact animal. Another excitatory input is via the

climbing fibers, which originate in the inferior olivary nuclei in the brain stem and project
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directly to Purkinje cell dendrites, where they form numerous synapses while branching to

conform to the branching of the Purkinje cell dendrites. Still other inputs include

catecholaminergic fibers (both norepinephrine and dopamine) from the locus coeruleus in

the brain stem and serotoninergic fibers, originating from raphe nucleus neurons, also in the

brain stem. All of these extracerebellar inputs are absent in the isolated cerebellum unless

special efforts are made to include tissues that give rise to these projections in the culture

system to be described.

The cerebellum can be studied in isolation and the system further simplified by preparing

organotypic cultures derived from newborn mice and allowing them to develop structural

and functional characteristics in vitro (Seil, 1979). Such cultures are prepared by removing

the cerebellum and underlying brain stem en bloc from anesthetized neonatal Swiss-Webster

mice and then isolating the cerebellum by cutting the cerebellar peduncles, the connections

between the cerebellum and the brain stem, close to the cerebellum. After removal of the

lateral cerebellar tips, the remainder is divided into 7-8 parasagittal slices (explants) and

each explant is placed on a collagen coated glass coverslip with a drop of nutrient medium

and incorporated into a sealed Maximow chamber and incubated at 35.5-36° C. Maximow

slides are thick glass slides with a well that holds the air (oxygen) for the cultures, and when

combined with an outer coverslip that covers the well, forms a Maximow chamber or

assembly, originally adapted for neural cultures by Margaret Murray and Arthur Purdy Stout

(Murray, 1965). The explants are fed twice weekly with fresh nutrient medium, during

which the Maximow assemblies are unsealed and the cultures, attached to their original

collagen coated coverslips, are transferred to clean sterile Maximow chambers. They are

generally incubated in this manner for two weeks or more.

The advantage of this type of culture system is that all of the cortical cell types, including

neurons and glia, that have developed by the time that the mice are born are incorporated

into the explants, and the intercellular relationships that have been developed to that point,

not only within the cortex, but between cortical and deep cerebellar nucleus neurons, which

are included in the explants, are preserved. The mouse cerebellum is in an early stage of

development at birth, but observations of cultures in the living state indicated that some

development continued in vitro, including such features as myelination of axons and cortical

lamination. However, the explants are not only slices of cerebellum, but, as already noted,

are also deafferented with regard to most extracerebellar inputs, and it was not clear as we

began our studies that these isolated cultures were capable of developing a circuitry

resembling that of the mature cerebellum in vivo. The initial object then was to define the

structural and functional characteristics of organotypic cerebellar cultures after development

in vitro.

2. The Model

Definable cortical and subcortical regions were readily evident by light microscopy of

cerebellar explants after two or more weeks in vitro (Seil, 1972; Seil and Leiman, 1977)

(Figure 2). Bands of myelinated fibers, mostly Purkinje cell axons projecting from cortex to

deep nucleus neurons, formed a white matter zone between cortical and subcortical areas,

similar to the white matter of the cerebellum in vivo. Myelinated fibers were initially evident
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at 6-7 days in vitro (DIV), but most of the myelin appeared between 9-12 DIV, a schedule

similar to myelination in the intact cerebellum of the same strain of mouse. Cortical

lamination, or layering, which results from postnatal migration of granule cells from the

cortical surface downward past the Purkinje cells, was evident in stained preparations after

two weeks in culture. The migration of the granule cells in vitro was only partial, resulting

in the presence of four cortical laminae rather than the characteristic three. In the intact

mature mammalian cerebellum the molecular, or outer lamina of the trilaminar cortex,

contains dendrites of the interneurons and the Purkinje cells, where they come into synaptic

contact with perpendicularly oriented bundles of parallel fibers separated by astrocytic

processes. The second cortical lamina is composed of Purkinje cells constituting a single cell

layer. The innermost cortical lamina, the internal granular layer, consists of multiple layers

of granule cell somata and dendrites. In the cerebellum in vitro, the outer lamina consisted of

a persistent external granular layer (as during early development) containing packed granule

cell somata and dendrites. The molecular layer was less well developed than in vivo, but the

same relationships existed between parallel fibers and target dendrites, albeit the parallel

fibers were 90° out of phase with their course in vivo because of the plane of section during

preparation of the explants. As in vivo, parallel fibers in cultures appeared in bundles

separated by astrocytic processes (Seil and Herndon, 1970). Purkinje cells did not become

single layered in vitro, but were at least two or more cell layers thick. Possible reasons for

this include the lack of complex cortical folding and expansion in culture that are

characteristic of cerebellar development in the animal. The fourth and innermost lamina was

an internal granule cell layer of similar thickness to the persistent external granular layer,

representing the granule cells that successfully completed their downward migration before

this developmental phase came to a premature halt.

All of the five major cortical neuronal types present in the intact mouse cerebellum were

represented in vitro (Figure 1). Granule cells, the most numerous of the cortical neurons,

projected parallel fibers to all other cortical neurons. As evident by electron microscopy,

typical synapses were formed with Purkinje cell dendritic spines. Such synapses were

virtually absent after 5 days in culture, were apparent in small numbers by 8 DIV and were

numerous by 12 DIV (Herndon et al., 1981). Granule cell dendrites were in synaptic contact

with Golgi cell axon terminals in isolated cerebellar cultures without mossy fibers. If the

explants were modified to include portions of vestibular or other brain stem neurons, mossy

fiber terminals as well as Golgi axon terminals synapsed with granule cell dendrites,

forming complex axon terminal-dendrite synaptic relationships called “glomeruli,” as occurs

in vivo (Seil, 1979; Woodward et al., 1982).

Purkinje cells, the “effector” cells of the cerebellar cortex in that only their axons project

from the cortex, survived well in vitro (Seil, 1972, 1979). Their axons were directed toward

the deep cerebellar nuclei, in which they terminated in the proximity of dendrites of deep

nucleus neurons. Each of these axons gave rise in the early part of its trajectory to a large

collateral. Such recurrent axon collaterals typically made U-turns and were directed back

toward the layers of Purkinje cells, where they synapsed with other Purkinje cells, as well as

with basket, stellate and Golgi cells. Both axons and recurrent axon collaterals developed

myelin sheaths. Purkinje cell dendrites did not achieve the complex arborization (branching)
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characteristic of the mature rodent cerebellum. Nevertheless, typical appearing dendritic

spines developed, even on larger dendritic branches, and these were in synaptic contact with

parallel fiber terminals (Seil and Herndon, 1970). Smooth portions of Purkinje cell dendrites

were occasionally contacted by terminals consistent in appearance with those of stellate

cells, as well as by terminals of basket cell axons and Purkinje cell recurrent axon collaterals

(Blank and Seil, 1982). Contours of Purkinje cell somata were smooth and only rarely

demonstrated persistent somatic spines after two weeks or more in culture. Such spines

appear early in Purkinje cell development, but disappear with development in concert with

astrocytic ensheathment of Purkinje cell somata. Both basket cell axon terminals and

terminals of Purkinje cell recurrent axon collaterals, in approximately equal numbers,

synapsed with Purkinje cell somata. The Purkinje cell somata and dendrites, including all of

their synapses, were completely ensheathed by astrocytic processes. Purkinje cells are the

only cerebellar cortical neurons to have complete astrocytic sheaths, the others having no or

partial sheaths.

Basket, stellate and Golgi cells were more difficult to identify by light microscopy in

cerebellar cultures, and therefore it was more problematic to ascertain their relative

numbers. They were recognizable by electron microscopy, and typical axosomatic and

axodendritic synapses were evident. As already noted, basket cell terminals were present on

the somata and proximal dendrites of Purkinje cells, stellate cell terminals synapsed with

smooth portions of more distal Purkinje cell dendrites, and Golgi cell axon endings were in

synaptic contact with granule cell dendrites. If the cultures were modified and portions of

brain stem were included with the cerebellar explants, not only were mossy fiber terminals

found synapsing on granule cell dendrites, but levels of choline acetyltransferase, the

enzyme that synthesizes acetylcholine, the mossy fiber excitatory neurotransmitter, were

four- to six-fold higher (Woodward et al., 1982). Cerebellar cultures could also be prepared

to include brain stem tissue containing locus coeruleus (Seil and Leiman, 1985) or co-

cultured with fragments of brain stem containing inferior olive (Blank et al., 1983). In the

case of the former, fluorescent catecholaminergic fibers were observed projecting from

locus coeruleus to cortex, and in the latter case, characteristic climbing fiber synapses were

apparent on Purkinje cell dendritic spines.

Functional studies further validated the cerebellar culture model. Extracellular recordings of

cortical regions of cerebellar explants after two weeks in vitro revealed spontaneously

occurring large spikes of Purkinje cell origin discharging in both regular and phasic patterns,

the latter being more frequent (Leiman and Seil, 1973; Seil and Leiman, 1979). Phasic

discharges appeared later during development in culture, and reflected synaptic interactions

of Purkinje cells with inhibitory interneurons. Electrical stimulation of cortical surfaces to

activate parallel fiber discharge evoked excitation-inhibition-excitation sequences similar to

parallel fiber stimulation in vivo (Murphy and Sabah, 1971). Such sequences represent

excitation of Purkinje cells by parallel fiber activation, followed by basket-stellate cell

inhibition, followed by rebound Purkinje cell excitation. Stimulation of Purkinje cell axons

in order to activate the Purkinje cells antidromically (in a direction opposite to the normal

direction of transmission) resulted in transient increases in Purkinje cell discharge rates (i.e.,

disinhibiton) due to inhibition of the inhibitory interneurons by Purkinje cell recurrent axon
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collaterals (Seil et al., 1980). Similar disinhibition occurs with antidromic stimulation of

Purkinje cell axons in vivo (Eccles et al., 1967). The development of functional activity in

cerebellar cultures correlated with the morphological development of synapses (Herndon et

al., 1981; Seil and Leiman, 1979). Occasional spontaneous cortical spikes were observed

after 1 DIV. Groups of large-amplitude spikes were initially recorded at 8 DIV, and the

mature pattern of phasically occurring spontaneous cortical discharges was established by 15

DIV. Single cortical spikes in response to parallel fiber stimulation were initially evident at

8 DIV, while barrages of evoked cortical spikes first appeared at 12 DIV. Inhibitory evoked

responses were also initially seen at 8 DIV, and developed progressively thereafter.

Sequences of excitation-inhibition-excitation in response to cortical stimulation were first

noted at 12 DIV, and had assumed a mature pattern by 15 DIV. The developmental sequence

in vitro paralleled that of development in vivo.

3. The Initial Experiments

Having established that our tissue culture model of the mouse cerebellum was a reasonable

facsimile of the intact animal cerebellum, we were in a position to manipulate certain

aspects of cerebellar development in vitro. We initially sought to characterize changes in

cerebellar organization that might occur in response to destroying one group of neurons, the

granule cells, early in development. Cerebellar developmental studies in other laboratories

using both animals and tissue cultures revealed aberrant Purkinje cell development after

exposure to antimitotic agents (Jones and Gardner, 1976; Kim, 1977; Privat and Drian,

1976; Yamano et al., 1978). Both cytosine arabinoside (Ara C) and methylazoxymethanol

(MAM) destroyed or reduced the population of granule cells. In the culture studies, Purkinje

cell dendritic spines without presynaptic elements or in synaptic contact with terminals of

Purkinje cell recurrent axon collaterals were reported. In the case of exposure to MAM,

increased numbers of myelinated Purkinje cell axons and axon collaterals were also

observed. We chose to expose our cultures to Ara C (Seil et al., 1980), an inhibitor of DNA

synthesis and an agent possibly having more potent destructive effects on dividing cells,

which was the state of the cerebellar granule cells in the mouse at birth.

Exposure of cerebellar explants to Ara C (Sigma Chemical Company, St. Louis, MO,

purchased in 1978) for the first 5 DIV, followed by subsequent maintenance in standard

culture medium, resulted in the loss of granule cells and in an increased number of surviving

large cortical neurons, consisting primarily of Purkinje cells. At 15 DIV, the large cortical

neurons appeared closely packed and without lamination. A follow-up quantitative study

affirmed a three- to four-fold increase in the number of surviving large cortical neurons

(Seil, 1987). In spite of the absence of parallel fibers, Purkinje cell dendrites were studded

with spines (Seil et al., 1980). The numbers of Purkinje cell axons and especially axon

collaterals were markedly increased, but were not myelinated. The increase in Purkinje cell

recurrent axon collaterals was out of proportion to the increase in the number of Purkinje

cells, and represented a significant sprouting of recurrent axon collaterals.

With regard to the increased number of Purkinje cells, neurons are overproduced in most

areas of the intact animal nervous system during development, usually by twice the final

number (Oppenheim, 1985). As development proceeds, the excess neurons are pared by a
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process known as “programmed cell death,” in which neurons that fail to make adequate

synaptic connections die by apoptosis, a sequence of events leading to cell death that is

different in its histological features from necrosis, the more usual means of cell death

following insult or injury. Neurons destined for programmed cell death can be “rescued” if

the size of the target with which synaptic connections are made is increased, so that the

neurons survive if they have available target sites (Hollyday and Hamburger, 1976). In the

cerebellar culture model without extracerebellar afferents, the elimination of granule cells

left a great many sites on Purkinje cell dendritic spines available for synapse formation,

which was accomplished by recurrent axon collaterals from other Purkinje cells, resulting in

the survival of a large excess of Purkinje cells, analogous to neuronal rescue during

development (Seil, 1987, 1988).

Extracellular electrophysiological examination of Ara C exposed cultures after 15 or more

DIV revealed both regular and phasic spontaneous cortical discharges, as was the case with

normal control cultures (Seil et al., 1980). Also similar to control cultures was the rate of

spontaneous cortical discharges (a surprising finding in the face of the vastly increased

numbers of inhibitory synapses found in these preparations). Ara C treated cultures were

less excitable in response to single cortical electrical shocks, but trains of stimuli evoked the

same range of cortical responses as were seen in untreated control cultures. The most

remarkable difference was evident upon antidromic stimulation of Purkinje cells in Ara C

treated preparations, as inhibition of spontaneous cortical discharges was induced, in

contrast to the disinhibition found in control explants. It appeared that Purkinje cell

inhibition by the sprouted recurrent axon collaterals of other Purkinje cells, rather than

basket-stellate cell inhibition, had become the dominant form of inhibition in the granule

cell depleted cultures.

A subsequent study with intracellular recording demonstrated further differences between

untreated control cultures and Ara C exposed preparations (Drake-Baumann and Seil, 1995).

Spontaneously discharging Purkinje cells in control cultures revealed a pattern of

predominantly complex spikes, with occasional simple spikes interposed. Only simple

spikes were evident in Purkinje cells in comparably aged Ara C treated cultures. Complex

spikes consisted of an initial large spike (fast action potential), representing a rapid

membrane depolarization, followed by a prolonged lower magnitude depolarization on

which one or more spike-like components were superimposed (Figure 3). Simple spikes had

only the fast action potential components (Figure 3). There were also differences in

membrane properties of Purkinje cells in the two preparations. Although the resting

membrane potentials (the voltage difference between the inside and outside of the cells)

were similar in both situations, Purkinje cells in Ara C treated cultures had a membrane

change (lower input resistance) which made them less sensitive to inhibitory innervation,

providing a possible explanation as to why Purkinje cells in Ara C exposed cultures

discharged spontaneously at the same rate as Purkinje cells in control explants.

Electron microscopic examination after 15-20 DIV confirmed the almost complete absence

of granule cells (Blank et al., 1982). Also absent were mature oligodendrocytes, and

correspondingly there were no myelinated axons in Ara C treated cultures. This was not

surprising, as oligodendrocytes were also dividing at the time of exposure to Ara C.
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Unexpectedly, astrocytes were reduced in treated explants and the survivors were

functionally compromised in that their processes failed to appose neuronal membranes. Thus

Purkinje cell somata, dendrites and dendritic spines did not have their usual astrocytic

ensheathment. Unensheathed Purkinje cell somata appeared scalloped rather than rounded

because of multiple abutting recurrent axon collateral terminals, some of which formed

synapses with the somata. The average number of axosomatic synapses per Purkinje cell

section in Ara C exposed cultures was 4.9, compared with an average of 2.2 axosomatic

synapses per section in control explants, and the synapses were predominantly with

terminals of recurrent axon collaterals (the numbers of Purkinje cell axosomatic synapses

with basket cell and recurrent axon collateral terminals were equal in untreated control

cultures). Persistent Purkinje cell somatic spines were evident in Ara C treated explants, and

some of them were in synaptic contact with recurrent axon collateral terminals, while others

were unattached. As noted previously, such spines are present normally in early stages of

Purkinje cell development, but disappear with maturation. Their persistence on

unensheathed Purkinje cell somata is another indication of interrupted maturation of

Purkinje cells in Ara C treated cultures.

Recurrent axon collateral terminals also formed numerous synapses with Golgi, basket and

stellate cell somata. The most dramatic finding, however, was an abundance of synapses

between inhibitory recurrent axon collateral terminals and Purkinje cell dendritic spines

(heterotypical synapses), sites normally occupied by excitatory parallel fiber terminals

(homotypical synapses). Thus dendritic spine synapses usually formed with excitatory

presynaptic elements were now in contact with inhibitory presynaptic elements, and

functionally these synapses were inhibitory. This represented a complete reversal from the

situation found in untreated control cultures. The anatomical changes are diagrammatically

represented in Figure 4 (Standard and AraC).

In terms of the sequence of changes after exposure of cerebellar cultures to Ara C at the time

of explantation, we found in a timed electron microscopic study that granule cell

degeneration was widespread by 2 DIV, when oligodendrocyte degeneration was also

beginning (Seil et al., 1991). No recognizable oligodendrocytes remained after 7 DIV, at a

time when myelin was beginning to appear in control explants. Purkinje cell recurrent axon

collateral sprouting began at 3 DIV in treated cultures. The sprouted terminals initially

synapsed with Purkinje cell somata, somatic spines and dendritic shafts and later formed

synaptic contacts with dendritic spines, at about the same stage as parallel fiber terminals

synapsed with Purkinje cell dendritic spines in control cultures. This was consistent with the

notion that the sequence of synapse development is a function of the maturational state of

the postsynaptic components. While astrocytic ensheathment of Purkinje cell somata was

well underway by 6 DIV in control cultures, glial ensheathment of Purkinje cells did not

occur in Ara C exposed explants, and Purkinje cell somata were scalloped by excess

impinging recurrent axon collateral terminals by 7 DIV, never attaining the smooth contours

of control Purkinje cell somata. Structural reorganizational changes in Ara C treated

cerebellar cultures were well established by 9 DIV and completed by 12 DIV.

The occurrence of recurrent axon collateral synapses with Purkinje cell dendritic spines,

coupled with increased Purkinje cell axosomatic synapses with recurrent axon collateral
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terminals, was consistent with the electrophysiological results of inhibition of cortical

discharges upon antidromic stimulation of Purkinje cell axons, as opposed to disinhibition.

These findings reinforced the notion that in the cortical remodeling that had occurred as a

consequence of granule cell destruction in isolated cerebellar explants, inhibition by

recurrent axon collaterals had become the dominant mode of inhibition of Purkinje cell

discharges, as contrasted with basket-stellate cell inhibition in control cultures or the intact

animal cerebellum, where basket-stellate cell inhibition is the more effective mode of

cortical inhibition.

In summary, exposure of cerebellar cultures to the antimitotic agent, Ara C, resulted in 1)

destruction of cerebellar granule cells, 2) destruction of oligodendrocytes with associated

absence of myelination and 3) reduction of the astrocyte population and functional

compromise of surviving astrocytes, so that they failed to ensheath neurons and their

processes. Consequent effects included 1) a three- to four-fold increased survival of large

cortical neurons, 2) a profuse sprouting of Purkinje cell recurrent axon collaterals with

hyperinnervation of Purkinje cell somata and formation of inhibitory heterotypical synapses

with Purkinje cell dendritic spines, 3) a persistence of Purkinje cell somatic spines, 4) an

absence of complex spikes in Purkinje cells, 5) a reduced sensitivity of Purkinje cells to

inhibitory inputs, and 6) the inhibition of spontaneous cortical discharges upon antidromic

activation of Purkinje cells. We speculated that the increase in numbers of Purkinje cells in

Ara C treated cultures and the sprouting of recurrent axon collaterals were products of a vast

expansion of the target field for recurrent axon collaterals in the form of available Purkinje

cell dendritic spines created by the absence of parallel fibers (granule cell axons). The

persistence of Purkinje cell somatic spines and the absence of complex spikes were

consistent with incomplete Purkinje cell maturation, due to a number of possible factors,

including a lack of interaction, trophic or otherwise, with granule cells or the absence of

astrocytic ensheathment.

What kinds of changes take place in the intact animal cerebellum if granule cells are

destroyed early in development? When granule cells were destroyed by treatment of ferrets

with panleukopenia virus, excitatory extracerebellar afferents, primarily mossy fibers, were

reported to project to sites on basket, stellate, Golgi and Purkinje cells usually occupied by

parallel fiber terminals, including the Purkinje cell dendritic spines (Llinás et al., 1973).

Sprouting of Purkinje recurrent axon collaterals was not described. Stimulation of the

extracerebellar afferents induced cortical excitation-inhibition sequences, the excitation

attributed to Purkinje cell activation and the inhibition to activation of inhibitory

interneurons. In this case, excitatory terminals replaced missing excitatory terminals, even if

the neurotransmitters were different (acetylcholine vs. glutamate), and sprouting of

inhibitory axon collaterals was not induced. In the case of the isolated cultured cerebellum

without extracerebellar afferents, inhibitory axons sprouted and inhibitory terminals

replaced the missing parallel fiber terminals on Purkinje cell dendritic spines (Blank et al.,

1982; Seil et al., 1980).

The development in Ara C treated cultures of inhibitory heterotypical synapses with

Purkinje cell dendritic spines plus hyperinnervation of Purkinje cell somata by recurrent

axon collaterals allowed retention of cortical inhibition, as indicated by the occurrence of
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inhibitory responses to cortical stimulation. In the control situation, where granule cells are

present, parallel fiber discharges excite Purkinje cells and basket-stellate cells, which then

inhibit Purkinje cells. In the absence of parallel fibers, it may be difficult to recruit sufficient

numbers of basket and stellate cells to inhibit spontaneous or directly activated Purkinje cell

discharges, a situation which could be compensated by the presence of a greatly expanded

recurrent axon collateral projection. Without some form of inhibition in the system, Purkinje

cells might discharge hyperactively or discharge continuously in a totally unchecked

manner. Given the premise that remodeling of the nervous system after injury (the loss or

reduction of granule cells and glia in the case of Ara C treated cerebellar cultures) is to

maintain or restore neural function, the circuit reorganization that took place accomplished

exactly that, with the retention of cortical inhibition in response to stimulation and with the

preservation of a pattern of spontaneous cortical discharges that was like that seen in

cerebellar cultures with a full complement of granule cells and glia.

4. The Corollary Experiments

The immediate question that occurred to us after noting the changes in organotypic

cerebellar culture organization consequent to destruction of granule cells and

oligodendrocytes and reduction and functional compromise of astrocytes was what would

happen if the missing elements were restored? Would a second round of reorganizational

changes occur with a return to a normal (i.e., control) structural and functional state? To

address this question, we turned to another model with which we had been working, namely

cerebellar cultures treated with the glutamic acid analogue, kainic acid (Seil et al., 1978,

1979). When cerebellar explants were exposed to kainic acid for the first 5 DIV, all neurons

except granule cells were destroyed, while the glia were unaffected. Thus kainic acid treated

explants were a perfect complement to cerebellar cultures exposed to Ara C, the former

containing the components missing in the latter.

Cerebellar cultures exposed to kainic acid for the first 5 DIV and then maintained in

standard nutrient medium were dissected at 9 DIV from their collagen coated coverslips and,

with the use of a dissecting microscope, superimposed upon host cerebellar explants treated

with Ara C for the first 5 DIV and subsequently maintained in standard medium to either 9

or 16 DIV (Seil and Blank, 1981; Seil et al., 1983). The cultures were observed in the living

state for the appearance of myelin, which was initially seen associated with larger axons

(such as Purkinje cell axons or recurrent axon collaterals) 3 days after superimposition of the

culture pairs. Most of the myelin appeared within the 2 days thereafter, and the proportion of

superimposed cultures that myelinated was 78%, which was comparable to the 80-85% seen

in control cultures. Light microscopic studies of stained preparations 10 days after

superimposition revealed numerous granule cell nuclei within the cortical regions of the host

Ara C treated explants, the granule cells having migrated from the kainic acid exposed

culture implants. Purkinje cells were reduced in numbers to control levels, presumably

because of reduction of their target fields, and space was evident between Purkinje cells,

some of it occupied by granule cells. The density of cortical axons was remarkably reduced,

resembling that of control cultures, consistent with a reduction of both Purkinje cell axons

and sprouted recurrent axon collaterals. All of these changes were evident only in

superimposed cultures, and not in pairs of Ara C treated and kainic acid exposed explants
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placed side by side, indicating that the observed changes were not induced by diffusible

factors. Moreover, in cases in which superimposition was not exact, i.e., in which cortex in

host cultures was not overlain by cortex from kainic acid treated implants, the host cortex

that was not overlapped did not show the changes that resulted from superimposition, and

appeared indistinguishable from cortex in Ara C treated, non-superimposed cultures,

suggesting that granule cells and glia migrated directly downward from the implants into the

host cultures, with insignificant lateral migration.

Electron microscopic examination at 10 days after superimposition confirmed the presence

of granule cells and myelinated large axons in the host explants, as well as the presence of

mature differentiated oligodendrocytes (Blank and Seil, 1983; Seil and Blank, 1981).

Purkinje cell somata appeared rounded, were ensheathed by astrocytic processes and had

lost their somatic spines. The number of axosomatic synapses per Purkinje cell section was

reduced to 2.4, almost to the control level of 2.2. Bundles of parallel fibers were present in

cortical areas of superimposed explants, and these were unmyelinated, as in control cultures.

Parallel fiber terminals formed synapses with most of the available Purkinje cell dendritic

spines, although some heterotypical synapses between Purkinje cell dendritic spines and

recurrent axon collaterals remained, as well as some unattached dendritic spines. Granule

cell dendrites formed synapses with Golgi cell axon terminals, and in occasional cultures

with a few mossy fibers, mossy fiber terminals also synapsed with granule cell dendrites,

forming complete glomeruli, as seen in some control cerebellar cultures with incorporated

fragments of brain stem. Astrocytes were abundant and well differentiated in superimposed

cultures, ensheathing not only Purkinje cell somata, but also dendrites and dendritic spine

synapses.

Extracellularly recorded spontaneous cortical discharge rates in superimposed cultures were

similar to those in control cultures (Seil et al., 1983). However, superimposed (implanted,

transplanted) cultures were less excitable than controls, requiring trains of stimuli rather than

single shocks to evoke cortical activity, similar to Ara C treated cultures. The most

significant functional difference between Ara C exposed explants and Ara C treated cultures

superimposed with granule cells and glia was the absence of cortical inhibition upon

antidromic activation of Purkinje cells in the latter. This difference was consistent with the

reduction of Purkinje cell axosomatic synapses with recurrent axon collateral terminals and

the reduction of inhibitory heterotypical recurrent axon collateral-Purkinje dendritic spine

synapses in implanted cultures.

To summarize, implantation (transplantation) of reorganized Ara C treated cerebellar

cultures at either 9 or 16 DIV with granule cells and competent glia triggered a second round

of circuit reorganization that restored the structural and functional states of the cultures to

those similar to controls. Granule cells migrated into cortical regions of host explants and

their axons, the parallel fibers, formed synapses with Purkinje cell dendritic spines as the

number of heterotypical synapses between Purkinje cell dendritic spines and recurrent axon

collateral terminals was remarkably reduced. Oligodendrocytes myelinated large axons and

astrocytes ensheathed Purkinje cell somata, dendrites and dendritic spine synapses. The

excess numbers of Purkinje cells and sprouted recurrent axon collaterals were reduced to

control levels. Antidromic stimulation of Purkinje cells no longer induced inhibition of
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cortical discharges. The anatomical changes are illustrated diagrammatically in Figure 4

(KA Implant).

While the results of our studies indicated that there seemed to be an ordered pattern or set of

rules by which circuit reorganization took place in the central nervous system after injury or

other induced changes, many more questions were raised. For example, what is the role of

the individual neuronal and glial elements in bringing about restitutional changes after

insertion into a reorganized neural circuit? How are synapses eliminated and what role, if

any, do astrocytes have in synapse control, given the association of astrocytic ensheathment

with numbers of Purkinje cell axosomatic synapses? Do parallel fiber terminals replace

recurrent axon collateral terminals on existing Purkinje cell dendritic spines when

heterotypical synapses are eliminated, or do they form synapses with newly developed

spines? Do glia promote neuronal maturation, as in the loss of Purkinje cell somatic spines

concomitant with astrocytic ensheathment, or is maturation dependent on interaction with

specific presynaptic elements, such as Purkinje cells with granule cells? How are excess

Purkinje cells eliminated when the control cerebellar culture circuitry is restored? What after

implantation of granule cells and glia triggers the reduction of sprouted Purkinje cell

recurrent axon collaterals, which are present out of proportion to increased numbers of

Purkinje cells in Ara C treated cultures? What is the specific sequence of events that takes

place after granule cells and glia are inserted into reorganized cerebellar explants devoid of

these elements?

5. Variations on the Theme

Our first attempt to define the role of the specific elements of the tissue superimposed upon

Ara C treated explants was with a preparation containing only glia without granule cells,

namely fragments of 7-day-old mouse optic nerve (Meshul et al., 1987). When such optic

nerve fragments were superimposed upon Ara C exposed cultures, myelin was first observed

after 7 DIV, 4 days behind the schedule seen with superimposition of kainic acid treated

cerebellar explants, and only 53% myelinated, as opposed to 78%. Host cultures

superimposed with optic nerve also had fewer myelinated fibers than cultures superimposed

with kainite exposed explants. We attributed these differences to a possible relative

impedence of oligodendrocyte migration from optic nerve fragments. Sprouted recurrent

axon collaterals were not appreciably reduced by light microscopic observation of stained

preparations, but there was a 27% reduction of the population of Purkinje cells, though far

less than the reduction occurring with the superimposition of both granule cells and glia

upon host explants (diagrammatically shown in Figure 4).

There was no lack of evidence of astrocyte migration from the optic nerve fragments, as

mature astrocytes were present in the host cultures by electron microscopic examination,

Purkinje cells were rounded and ensheathed by astrocytic processes, and the number of

Purkinje cell axosomatic synapses was reduced to control levels. As the overabundance of

sprouted recurrent axon collaterals was not significantly changed, the reduction of Purkinje

cell axosomatic synapses correlated with astrocytic ensheathment, not with loss of recurrent

axon collaterals. These findings were consistent with results of previously reported animal

studies in which loss of glial ensheathment of rat supraoptic nucleus neurons led to
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increased axosomatic synapse formation, followed by restoration of normal synapse

numbers upon reestablishment of the astrocytic sheaths (Tweedle and Hatton, 1984). These

results led us to speculate upon the role of astrocytes in the regulation of synapse density, at

least in neurons with astrocytic sheaths. Cortical synapses (axodendritic and axospinous)

were also reduced in host cultures with superimposed optic nerve, the reduction being on the

order of one-half the number present in Ara C treated explants (Meshul et al., 1987). The

mechanism of such synapse reduction was not apparent, but it also occurred in the presence

of mature astrocytes and the absence of recurrent axon collateral degeneration. The synapse

reduction could have relevance for the observed reduction of the Purkinje cell population, as

it represented a restriction of the target field for recurrent axon collaterals.

A surprising finding in host Ara C treated cultures implanted with optic nerve fragments was

the presence of clusters of Purkinje cell dendritic spines without attached presynaptic

elements and without direct astrocytic apposition, although astrocytic processes were in the

vicinity (Meshul and Seil, 1988). Similar groups of unattached spines had not been observed

in either control or Ara C treated cerebellar explants. The occurrence of unattached spines in

clusters suggested the possibility of their having arisen in local regions of dendritic branches

in response to some diffusible factor, perhaps one secreted by nearby astrocytes. As

astrocytes were known to secrete a variety of neuronal maintenance and growth promoting

factors (Rudge et al., 1985), Ara C treated cultures were exposed to astrocyte conditioned

medium, that is, a culture medium that had been collected from dissociated cell cultures of

purified rat astrocytes and then concentrated prior to incorporation into the standard medium

for organotypic cerebellar cultures (Seil et al., 1992b). Such a medium would be expected to

contain a variety of diffusible astrocyte secreted factors. Electron microscopic examination

of Ara C treated cultures after 5-6 days of exposure to astrocyte conditioned medium

revealed a proliferation of Purkinje cell dendritic spines as manifested by large clusters of

spines, most of which were unattached, diffusely distributed throughout the cortical regions

of the explants. Subsequently, a series of known neurite promoting factors secreted by

astrocytes were screened for dendritic spine inducing capability (Seil, 1998). The

extracellular matrix molecule, laminin, was found to be a potent promoter of Purkinje cell

dendritic spine proliferation. Dendritic branching was not affected, and dendritic spine

proliferation was not induced by two laminin-derived peptides with known neurite

promoting effects, indicating that the site on the laminin molecule that induced spine

proliferation was different from sites that promoted outgrowth of neural processes such as

axons or dendrites.

To further define the role of glia in restorative changes, we overlaid Ara C treated explants

with dissociated cell suspensions of cultured purified oligodendrocytes. Myelination was the

only change observed in the host cultures (Seil et al., 1989). Myelin appeared 2-5 days after

application of oligodendrocytes, and 92% of the cultures myelinated. By electron

microscopic examination, mature oligodendrocytes were visible in the host explants, as well

as axons with normal appearing compact myelin. Also evident were spherules of compact

myelin unassociated with axons. Similar formations of myelin-like membrane had been

observed in cultures of dissociated oligodendrocytes, leading to speculations that the

formation of myelin membranes is an intrinsic property of oligodendrocytes, and does not

require induction by axons (Poduslo et al., 1982). We did not see empty spherules of myelin
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membranes in control cerebellar cultures, in Ara C treated explants or in Ara C exposed

cultures superimposed with kainic acid treated explants or fragments of optic nerve. While

formation of myelin membranes may well be an intrinsic property of oligodendrocytes, we

felt that the formation of such empty myelin spherules represented a form of

oligodendrocyte hyperreactivity induced by the extreme conditions of isolation imposed by

dissociated cell culture, and therefore was an aberrant occurrence, and not one seen in

conditions in which normal axon-glia interactions prevail. None of the other changes that

occurred after superimposition of Ara C treated cultures with fragments of optic nerve were

evident in host cultures overlain with purified oligodendrocytes.

To complete the analysis of the roles of glia and granule cells in restoring a circuitry similar

to that of control cerebellar cultures after superimposition on Ara C treated explants, we

exposed the latter to granule cells alone (Seil, 1994). Granule cells, like oligodendrocytes,

can be prepared as dissociated cell cultures, but application of granule cell suspensions to

Ara C treated explants resulted in too few granule cells penetrating into the host cultures to

effect appreciable changes. Whereas relatively few oligodendrocytes are necessary to

achieve observable axonal myelination, a great many granule cells are necessary to innervate

target cells in host cultures. The granule cell suspensions could be concentrated by pelleting,

and the pellets superimposed on host explants, but the pellets restricted migration into the

host explants. The solution was to expose cerebellar explants to kainic acid for the first 5

DIV to destroy all neurons but granule cells, followed by exposure to Ara C for the next 4

DIV, by which time most granule cells had completed their division, to destroy or

compromise the glia. The resulting explants, containing only granule cells without

functional glia, could then be dissected from their collagen coated coverslips and

superimposed on Ara C treated host cultures.

Myelin was not evident in host cultures superimposed with granule cells alone. By light

microscopic examination of stained preparations, granule cell nuclei were visible in the host

explants, but the density of sprouted recurrent axon collaterals was not appreciably reduced.

Electron microscopic examination confirmed the presence of clusters of granule cells in the

host cultures, along with bundles of parallel fibers. Purkinje cell somata had scalloped

contours, lacked astrocytic sheaths and were hyperinnervated to the same degree as Purkinje

cells in unimplanted Ara C treated cultures. Homotypical parallel fiber-Purkinje cell

dendritic spine synapses were evident in cortical areas, in numbers not significantly different

from Ara C treated cultures that had been superimposed with granule cells and glia (4 vs. 3.6

per 100 μm2 cortex). However, almost twice as many heterotypical recurrent axon collateral-

Purkinje cell dendritic spine synapses persisted in cultures superimposed with granule cells

alone than in those in which glia had been included in the implanted tissue (2.8 vs. 1.5 per

100 μm2 cortex), supporting the concept that astrocytes have a role in the elimination of

heterotypical dendritic spine synapses, a concept gained from the study with optic nerve

fragments, in which some reduction of heterotypical synapses on Purkinje cell dendritic

spines occurred in the absence of granule cells (Meshul et al., 1987). Granule cells, when

present, formed homotypical synapses with dendritic spines, accounting for some of the

reduction of heterotypical synapses, but the reduction of heterotypical synapses was twice as

efficient when functional astrocytes were also present (Seil, 1994).
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To summarize what we learned from this set of studies, when Ara C treated cerebellar

cultures were overlain with cell suspensions of purified oligodendrocytes, the only change of

note was myelination of axons in host explants. When optic nerve fragments containing

oligodendrocytes and astrocytes, but no granule cells, were superimposed, axons in host

cultures were myelinated, the number of sprouted recurrent axon collaterals was not

appreciably reduced, the Purkinje cell population decreased by 27%, Purkinje cells aquired

astrocytic sheaths, the numbers of axosomatic synapses were reduced to control levels, the

number of cortical synapses was halved and clusters of unattached Purkinje cell dendritic

spines persisted in the absence of parallel fibers with which to form synapses. When granule

cells alone were implanted, homotypical synapses were formed but no myelination occurred,

sprouted Purkinje cell recurrent axon collaterals were not appreciably reduced, Purkinje

cells did not acquire astrocytic sheaths, their somata remained hyperinnervated by recurrent

axon collateral terminals, and twice as many heterotypical recurrent axon collateral-Purkinje

cell dendritic spine synapses persisted as when glia were also included in the superimposed

tissue. To place the loss of heterotypical synapses in these various conditions in perspective,

we had determined from another study that the number of heterotypical recurrent axon

collateral-Purkinje cell dendritic spine synapses in Ara C treated cultures was 8.3 per 100

μm2 cortex (Seil and Drake-Baumann, 1995). In the study with implantation of granule cells

without glia, this number was reduced to 2.8 heterotypical synapses per 100 μm2 cortex, a

loss of 66% (Seil, 1994). From the same study, comparison cultures in which host Ara C

treated explants were implanted with granule cells and glia, the number of heterotypical

synapses was reduced to 1.5 per 100 μm2 cortex, a loss of 82%. The effect of the presence of

astrocytes was quite evident, though the mechanism by which glia reduced heterotypical

synapses was not.

The relationship of glial ensheathment to the numbers of Purkinje cell axosomatic synapses

was intriguing (Meshul et al., 1987), especially since a similar relationship had been

observed in a different group of ensheathed neurons in animal studies (Tweedle and Hatton,

1984). The possibility of a direct stripping of excess synapses by astrocytic processes

seemed likely, but had not yet been demonstrated. Other mechanisms, such as an astrocyte

secreted factor, were also among the contenders.

Another point of interest from these studies related to the source of the signal for glial

ensheathment. Not all neurons have astrocytic sheaths, such as the granule cells in the

cerebellum, while the Purkinje cells, as noted earlier, are completely ensheathed. The glia

whose processes ensheath Purkinje cells are specialized astrocytes, called “Golgi epithelial

cells” by Palay and Chan-Palay (1974), and they are also the origin of the “Bergmann

fibers,” radial fibers that guide migration of some cerebellar cortical neurons. Optic nerve

astrocytes were totally naïve to Purkinje cells, yet they were fully capable of ensheathing

Purkinje cells when placed in their vicinity, suggesting that the signal for ensheathment

emanated from the neurons. The signaling molecule has not been identified, but it does not

appear to be the neuronal cell adhesion molecule, N-CAM, as antibodies to N-CAM failed

to inhibit Purkinje cell ensheathment (Seil and Herndon, 1991).

The finding of Purkinje cell dendritic spine proliferation after superimposition of Ara C

treated cultures with glia in the absence of granule cells was unexpected (Meshul and Seil,
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1988). Clusters of unattached dendritic spines had not been observed when cultures were

examined by electron microscopy 10 days after superimposition with granule cells and glia

(Blank and Seil, 1983). In this situation, of course, parallel fibers were available to form

homotypical synapses with Purkinje cell dendritic spines. In the absence of granule cells,

unattached spines persisted in Ara C treated cultures superimposed with optic nerve

fragments throughout the period of observation, up to 35 DIV. That the spine proliferation

was associated with the presence of astrocytes was strongly indicated by induction of spine

proliferation by an astrocyte conditioned medium (Seil et al., 1992b), and subsequently by

an astrocyte secreted product, laminin (Seil, 1998). It was known from animal studies that

Purkinje cells could form dendritic spines autonomously, that is, presynaptic elements were

not necessary for their induction (reviewed in Seil, 1997a), but this was the first link to

induction of dendritic spines by an astrocyte secreted factor.

Laminin is secreted by immature astrocytes, so that it is present during development, but is

downregulated as astrocytes mature (reviewed in Seil, 1998). As a developmental molecule,

laminin is supportive of neurite growth and may also have a role in synapse formation. As to

the possible significance of a factor that induces dendritic spine proliferation, this may be a

mechanism for elaborating postsynaptic sites available for innervation. During development,

astrocytes appear to guide the directional growth of axons. A parallel role might be the

expansion of postsynaptic sites on target dendrites prior to the arrival of presynaptic axon

terminals. In the postdevelopmental state, if the mature nervous system is injured, astrocytes

proliferate, so that a mixed population of astrocytes in various stages of differentiation is

present. Immature astrocytes may reassume characteristics that were downregulated in

mature astrocytes, thus the same mechanisms that were available during development may

be available for repair of the mature nervous system.

6. Further Variations

As we had been working with another cerebellar culture model that included portions of

locus coeruleus, whose catecholaminergic axons projected to all regions of the cerebellar

cortex (Seil and Leiman, 1985), we wondered if these axons would also sprout if the cultures

were exposed to Ara C for the first 5 DIV. The fine catecholaminergic fibers did not stain

with silver, but they were easily visualized at the light microscopic level by their

histofluorescence after reaction with glyoxylic acid. Such axons were present in the

outgrowth zones of the explants as well as within the cortical regions. Stimulation of locus

coeruleus neurons evoked complex inhibitory extracellular cortical responses similar to

those recorded after locus coeruleus stimulation in vivo. In contrast to locus coeruleus

neurons in vivo, however, dopamine (DA) was the predominant catecholamine synthesized,

stored and released by locus coeruleus neurons in culture, while levels of norepinephrine

(NE) were very low (Woodward et al., 1987). Concentrations of dopamine-β-hydroxylase,

the enzyme that converts DA to NE, were comparable to in vivo concentrations, and addition

of dopamine-β-hydroxylase cofactors to the culture nutrient medium did not change the

DA/NE ratio. The reason for the reversal of the DA/NE ratio in vitro was not elucidated.

Catecholaminergic axons did indeed sprout after treatment of coeruleocerebellar cultures

with Ara C, and levels of DA were more than twice those of control coeruleocerebellar
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cultures (Seil et al., 1985). The density of histofluorescent axons was remarkably increased

in cortical and subcortical regions of Ara C treated cultures, as well as in the outgrowth

zones surrounding the explants. The locus coeruleus neuron somata were unaffected by

exposure to Ara C. The sprouting of catecholaminergic axons was similar in its intensity to

the sprouting of Purkinje cell recurrent axon collaterals after treatment with Ara C. Whether

the two axonal systems responded to the same signal to sprout or to different signals was not

clear. Our postulate was that recurrent axon collaterals sprouted in response to an abundance

of synaptic sites made available by the absence of cerebellar granule cells in a system

without competing extracerebellar afferents in the form of mossy and climbing fibers. While

catecholaminergic axons project to Purkinje cells, most do not form true synapses, so that

sprouting may not necessarily be induced by an increased availability of synaptic sites in the

case of catecholaminergic axons. On the other hand, Purkinje cells survive in three- to four-

fold greater numbers in Ara C treated cerebellar cultures, providing a larger target projection

field for catecholaminergic fibers.

In an attempt to gain further insight into these possibilities, we superimposed 9 DIV

cerebellar cultures that had been exposed to kainic acid for the first 5 DIV upon the

cerebellar cortical portions of 9 DIV coeruleocerebellar cultures that had been treated with

Ara C for the first 5 DIV (Seil and Woodward, 1988). The explants were observed in the

living state for myelination and processed after 15 DIV for silver staining or glyoxylic acid

reaction or quantitative cathecholamine determinations. The results of adding granule cells

and glia to Ara C treated coeruleocerebellar cultures were myelination of the host explants,

reduction of the Purkinje cell population and reduction of the excess sprouted Purkinje cell

recurrent axon collaterals. However, catecholaminergic fibers remained hyperdense in such

preparations, and tissue levels of DA and NE were not significantly different from those in

Ara C treated coeruleocerebellar cultures not superimposed with granule cells and glia.

These results indicated that once formed, the catecholaminergic axons were not dependent

upon the continued presence of target tissue for their maintenance. This could be related to

the lack of true synaptic contacts with Purkinje cells or possibly to the presence of

noradrenergic receptors on astrocytes. In either case, the persistence of hyperdense

catecholaminergic fibers in the presence of homotypical synapse formation after granule cell

superimposition suggests a mechanism other than availability of synaptic sites for induction

of sprouting in this class of axons.

As noted in Section 3, the Ara C preparation to which we had exposed cerebellar cultures in

all of the above described studies had been purchased from the Sigma Chemical Company

(St. Louis, MO) in 1978. Another cerebellar culture model was serendipitously presented to

us when we began testing other preparations of Ara C, including others from Sigma, but

especially one manufactured by Pfanstiehl Laboratories (Waukegan, IL) (Seil et al., 1992a).

When cerebellar explants were treated with this preparation for the first 5 DIV, subsequently

maintained in standard culture medium and then subjected to light microscopic examination,

they failed to myelinate, excess numbers of closely packed large cortical neurons, primarily

Purkinje cells, were present in unlaminated cortex, small nuclei characteristic of granule

cells were absent or scarce and numbers of sprouted recurrent axon collaterals were greatly

increased, similar to what had been observed in Sigma Ara C treated cultures. By electron

microscopy, however, differences were evident, as Purkinje cell somata were rounded, had
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astrocytic sheaths, had a normal complement of axosomatic synapses and rarely had somatic

spines. Recognizable oligodendrocytes were absent and granule cell numbers were vastly

reduced, but there were abundant mature appearing astrocytes and astrocytic processes.

Frequent heterotypical synapses between Purkinje cell dendritic spines and sprouted

recurrent axon collateral terminals were present, many of which were ensheathed by

astrocytic processes. Unattached Purkinje cell dendritic spines were also evident and

sometimes appeared in small clusters. Some of the unattached spines were apposed by

astrocytic processes, which rarely occurred in cultures exposed to Sigma Ara C. In essence,

while Pfanstiehl Ara C destroyed oligodendrocytes and eliminated or greatly reduced

granule cells, it had no significant effect on astrocytes.

Antidromic stimulation of Purkinje cells in Pfanstiehl Ara C exposed explants evoked

inhibition of cortical spike discharges, similar to what was recorded in cultures exposed to

Sigma Ara C and dissimilar from control cultures, in which disinhibition of cortical activity

followed antidromic activation of Purkinje cells. This response indicated that, in spite of the

absence of somatic hyperinnervation of Purkinje cells by recurrent axon collaterals in

Pfanstiehl Ara C treated cultures, inhibition after antidromic activation of Purkinje cells was

still present on the basis of the massive inhibitory innervation of Purkinje cell dendritic

spines by recurrent axon collaterals.

Extracellularly recorded spontaneous cortical discharge rates were slower in Pfanstiehl Ara

C treated cultures than in Sigma Ara C treated or control cultures. Intracellular recording of

membrane properties of Purkinje cells indicated that the resting membrane potentials in

Pfanstiehl Ara C exposed explants were comparable to those of Purkinje cells in Sigma Ara

C treated and control cultures (Drake-Baumann and Seil, 1999). However, the input

resistence of Purkinje cells in Pfanstiehl Ara C exposed explants was like that of control

cultures, Purkinje cell somata having astrocytic sheaths in both cases, in contrast to a

significantly lower input resistence in unensheathed Purkinje cells in Sigma Ara C treated

cultures. While a lower input resistence may indicate a lower sensitivity to inhibition,

accounting for a cortical discharge rate in Sigma Ara C treated explants similar to that of

control cultures, a normal sensitivity to inhibition coupled with a large inhibitory input via

recurrent axon collateral innervation of Purkinje cell dendritic spines can account for the

reduced cortical discharge rates in cultures exposed to Pfanstiehl Ara C.

Purkinje cells in Pfanstiehl Ara C treated cultures had a pattern of predominantly complex

spike discharges, similar to Purkinje cells in control cultures but different from Purkinje

cells in Sigma Ara C treated cultures, where only simple spikes were recorded. As noted

previously, complex spikes are characteristic of mature Purkinje cells, while simple spikes

are seen in immature Purkinje cells. As the primary difference between Purkinje cells in

Pfanstiehl and Sigma Ara C treated preparations was the presence of astrocytic sheaths in

the former, and absence thereof in the latter, support was provided for the concept that

astrocytic ensheathment may play a role in the development of complex spikes during

Purkinje cell maturation.

This Pfanstiehl Ara C preparation, which drastically reduced or destroyed granule cells and

oligodendrocytes while having no effect on astrocytes, allowed us a different look with
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regard to astrocyte functions. With astrocytes present and ensheathing Purkinje cells,

hyperinnervation of Purkinje cell somata by abundant sprouted recurrent axon collaterals did

not take place (Seil et al., 1992a), adding another claim to a role for astrocytes in the

regulation of synapse numbers in specific situations. Remarkable in this regard is the

presence of numerous heterotypical recurrent axon collateral-Purkinje cell dendritic spine

synapses, many with astrocytic sheaths, in Pfanstiehl Ara C treated cerebellar cultures,

suggesting that in this case astrocytes were at least permissive of heterotypical synapse

formation. In a study from another laboratory, it was reported that in cultures of retinal

ganglion cells, the presence of astrocytes was required for the formation and maintenance of

synapses (Ullian et al., 2001). How can astrocytes both control and promote or permit

synapse formation? One possible explanation relates to the opposing functions astrocytes

have during their different maturational states, such as promotion of axonal growth by

immature astrocytes (Müller et al., 1990) and inhibition of axonal growth by mature

astrocytes (Eng et al., 1987). Laminin secreting astrocytes may induce the elaboration of

postsynaptic membrane in the form of dendritic spines while mature astrocytes may reduce

excessive synapses. Given these opposite functions, and knowing that astrocytes may co-

exist in different maturational states (Hatten et al., 1991), it is conceivable that signals

emanating from Purkinje cells could attract astrocytes in different maturational stages to

different sites on the same cell to achieve opposite outcomes.

Equally interesting is an apparent role for astrocytes in promoting Purkinje cell maturation

(reviewed in Seil, 2001a). Persistent somatic spines, some with synapses with sprouted

recurrent axon collateral terminals, were evident in unensheathed Purkinje cells in Sigma

Ara C treated cultures. We had shown that such spines disappeared during development in

control organotypic cerebellar cultures, and also from Sigma Ara C treated cultures after

superimposition of granule cells and functional glia, in both of which cases Purkinje cells

acquired astrocytic sheaths. Somatic spines were rare in Pfanstiehl Ara C treated cultures,

which contained both ensheathed Purkinje cells and numerous sprouted recurrent axon

collaterals, suggesting that the developmentally programmed loss of Purkinje cell somatic

spines was related to glial ensheathment. Similarly, complex spikes, characteristic of mature

Purkinje cells, were recorded from ensheathed Purkinje cells in control and Pfanstiehl Ara C

treated cultures, while only simple spikes, associated with immature Purkinje cells, were

recorded from unensheathed Purkinje cells in Sigma Ara C treated cultures. The

development of Purkinje cell membrane input resistence was also affected by astrocytic

ensheathment, as this resistence was lower in unensheathed Purkinje cells in Sigma Ara C

exposed explants than in Purkinje cells with astrocytic sheaths in control and Pfanstiehl Ara

C treated cultures. The apparent Purkinje cell maturation promoting effect of glial

ensheathment would appear to be a direct contact effect, but contact effects might also be

mediated by secreted factors.

It turned out that the effect of the 1978 Sigma Ara C preparation on cerebellar cultures in

reducing the astrocyte population and functionally compromising the survivors was unique

to this preparation, and was not a property of any other Ara C preparation that we tested.

The preparation had been manufactured for Sigma by a company that subsequently went out

of business. Sigma analyzed a sample of this Ara C and determined that it contained 1%
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impurities, but the impurities were not identified. We never did discover what in this

particular Ara C preparation had such a potent effect on astrocytes.

7. A Unifying Study

A serial electron microscopic study of the sequence of events that took place after

superimposition of Ara C (Sigma) treated cerebellar cultures with intact granule cells and

glia in the form of kainic acid exposed explants brought together much of what had been

learned from preceding studies (Seil, 1997b). By 1 day after superimposition, numerous

granule cells were evident in cortical regions of host cultures, having migrated from the

superimposed explants. Differentiated astrocytes were also present in host cultures, and their

processes were beginning to ensheath Purkinje cell somata and to separate intact or

degenerating axon terminals from the somata. At this time there were occasional Purkinje

cells with degenerative changes.

Remarkable changes appeared at 2 days after superimposition. Astrocytic ensheathment of

Purkinje cells was extended and ensheathment of Purkinje cell dendrites was beginning.

Axon terminals continued to be separated from Purkinje cell somata by interposed astrocytic

processes, and the number of axosomatic synapses was reduced from a count of 4.9 per

Purkinje cell section prior to superimposition to 3.9 per Purkinje cell section. Parallel fibers

were evident in cortical regions, some with terminals whose structure was compatible with

that of growth cones. More mature parallel fiber terminals were also present, some of which

had formed early synaptic contacts with Purkinje cell dendritic spines and with smooth

portions of smaller dendrites of other cortical neurons. The most remarkable finding at this

stage was the onset of Purkinje cell dendritic spine proliferation, often in small and larger

clusters in the vicinity of astrocytic processes. Purkinje cells with degenerative features were

now more frequently encountered.

Myelin in host cultures was initially noted at 3 days post superimposition. Astrocytic

ensheathment of Purkinje cell somata and dendrites continued, and astrocytic processes were

seen inserting themselves between Purkinje cell somata and axon terminals, appearing to lift

the terminals off the somatic membranes. The number of axosomatic synapses per Purkinje

cell section was now reduced to 3.2. More parallel fiber-Purkinje cell dendritic spine

synapses were present, but they were still outnumbered at this stage by dendritic spine

synapses with recurrent axon collateral terminals. Purkinje cells undergoing cell death were

now frequently evident. By 4 days after superimposition, Purkinje cell somata had fewer

abutting axon terminals and began to lose their scalloped appearance as astrocytic

ensheathment progressed. Axosomatic synapses per Purkinje cell section had now been

reduced to 2.5 (compared with 2.2 in control Purkinje cell sections), a point from which

little further change occurred. Glial ensheathment was extended to Purkinje cell dendritic

spine synapses, including both heterotypical and recently developed homotypical synapses.

Proliferation of Purkinje cell dendritic spines had accelerated and occasional synapses with

presumptive parallel fiber terminals were present near clusters of proliferated spines.

Contours of Purkinje cell somata were increasingly smooth at 5 days after superimposition,

and there was a notable reduction of persistent somatic spines. Proliferated unattached
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Purkinje cell dendritic spines remained numerous, but there were increasing numbers of

parallel fiber-Purkinje cell dendritic spine synapses. Purkinje cells assumed a mature

appearance by 6 days after superimposition, as their fully ensheathed somata were rounded,

had smooth contours and somatic spines were infrequent. In cortical regions in which

Purkinje cell dendritic spines had proliferated, increasing numbers of axospinous synapses

were evident. In more developed areas of cortex, homotypical parallel fiber-Purkinje cell

dendritic spine synapses now predominated, as heterotypical recurrent axon collateral-

Purkinje cell dendritic spine synapses were reduced. Purkinje cells undergoing degeneration

were still evident.

While there were no further changes in Purkinje cell somata, axosomatic spines or astrocytic

ensheathment at 7 days after superimposition, synapse formation among clusters of

proliferated Purkinje cell dendritic spines continued to increase and fewer unattached spines

remained. Well-formed parallel fiber synapses were also present on smooth portions of

basket, stellate and Golgi cell dendrites, as parallel fibers had fully established contacts with

all of their usual targets. By 8 days post superimposition, space between mature appearing

Purkinje cells in host explants had progressively increased, resembling the appearance of

control cultures. Parallel fiber-Purkinje cell dendritic spine synapses were the most frequent

synapses in all cortical regions, while some heterotypical synapses and occasional clusters of

unattached dendritic spines persisted. The numbers of such clusters had decreased as more

synapses formed in areas of Purkinje cell dendritic spine proliferation. No further changes

were evident at 9 days after superimposition, except for an increased difficulty with finding

residual clusters of unattached dendritic spines. A few Purkinje cells with degenerative

changes were still evident. At this stage the host explants resembled the host cultures that we

had previously observed at 10 days after superimposition (Blank and Seil, 1983).

A clear relationship between astrocytic ensheathment and reduction of Purkinje cell

axosomatic synapses was shown in this study (Seil, 1997b), including the stripping of excess

synapses by astrocytic processes interposed between the pre- and postsynaptic elements. The

mechanism for reduction of heterotypical recurrent axon collateral-Purkinje cell dendritic

spine synapses, while associated with the presence of astrocytic processes, was not so clear.

A direct attack on heterotypical synapses similar to the stripping of axonal terminals from

Purkinje cell somata was never observed. In fact, astrocytic processes ensheathed both

homotypical and heterotypical synapses. The mechanism by which heterotypical synapse

reduction is accomplished may be more complex, and may involve other components, such

as astrocyte secreted factors, as well.

The first homotypical parallel fiber-Purkinje cell dendritic spine synapses noted were at 2

days post superimposition, in areas of cortex in which there were no clusters of proliferated

spines, suggesting that these synapses were with established dendritic spines. The first

clusters of proliferated spines were evident at 2 days after superimposition, and had

increased in number by 4 days after superimposition, at which time some early synapses

with parallel fiber terminals were present among the proliferated spines. Synapse formation

within clusters of spines had accelerated by 6 days post superimposition, after which the

spine clusters were progressively reduced to where they were sparsely present at 9 days post

superimposition. We did not find them at all in our initial electron microscopic study, which
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was done 10 days after superimposition. The regional and temporal differences in

appearance of homotypical synapses were consistent with parallel fiber innervation of both

established and newly formed Purkinje cell dendritic spines.

Purkinje cells undergoing cell death were present throughout the post-superimposition

period. The changes observed in degenerating Purkinje cells more closely fit criteria for

apoptosis than necrosis, although distinction between these forms of cell death cannot

always be absolute. An apoptotic form of cell death would be consistent with a programmed

cell death associated with a reduction of the Purkinje cell target field. From studies with

superimposition of Ara C treated cultures with fragments of optic nerve, it appeared that glia

by themselves were able to induce some reduction (27%) of excess Purkinje cells,

presumably by elimination of some heterotypical recurrent axon collateral-Purkinje cell

dendritic spine synapses (Seil, 1987). However, excess Purkinje cells were reduced to

control levels only after both granule cells and glia were superimposed, indicating that the

formation of homotypical parallel fiber-Purkinje cell dendritic spine synapses, concurrent

with heterotypical synapse elimination, is critical for the process of full reduction of excess

Purkinje cells.

The neuron-glial interactions that we have described in various cerebellar culture conditions

are summarized diagrammatically in Figure 5. In untreated control cultures, Purkinje cell

somata had astrocytic sheaths which were penetrated in a few places by approximately equal

numbers of basket cell or Purkinje cell recurrent axon collateral terminals to form inhibitory

axosomatic synapses, and their dendritic spines were the targets of excitatory parallel fibers

emanating from granule cells. On intracellular recording of spontaneous activity, Purkinje

cells had predominantly complex spike discharges. In Sigma Ara C treated cultures, which

lacked granule cells and functional glia, Purkinje cells were unensheathed by astrocytic

processes, their somata had persistent spines and were hyperinnervated by sprouted

recurrent axon collaterals, which also formed heterotypical inhibitory synapses with

Purkinje cell dendritic spines. The spontaneous discharge rate was similar to that of control

Purkinje cells, but the spikes were all simple and the membrane input resistance was

reduced. In cultures exposed to Pfanstiehl Ara C, in which granule cells and

oligodendrocytes were absent but functional astrocytes were present, Purkinje cells had

astrocytic sheaths, their somatic spines had disappeared and the number of axosomatic

synapses was like that of control cultures, even in the presence of numerous sprouted

recurrent axon collaterals that formed heterotypical synapses with Purkinje cell dendritic

spines. Purkinje cell spikes were predominantly complex, the membrane input resistance

was similar to control Purkinje cells, but the discharge rate was reduced. When Sigma Ara C

treated cerebellar cultures were superimposed (transplanted) with granule cells and glia,

Purkinje cells acquired astrocytic sheaths, somatic spines disappeared, axosomatic synapses

were reduced to control levels, sprouted recurrent axon collaterals were reduced and most

heterotypical synapses with Purkinje cell dendritic spines were replaced by homotypical

synapses with parallel fibers. When only glia were superimposed on Sigma Ara C treated

cultures, Purkinje cells were ensheathed by astrocytic processes, somatic spines were lost

and the number of axosomatic synapses was similar to that of Purkinje cells in control

cultures. Sprouted recurrent axon collaterals were not significantly reduced, but there was a

partial reduction of heterotypical synapses, even in the absence of granule cells, and there
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were clusters of unattached Purkinje cell dendritic spines (not shown). When only granule

cells were superimposed, Purkinje cells did not have astrocytic sheaths and had persistent

somatic spines. Sprouted recurrent axon collaterals were not appreciably reduced and

continued to hyperinnervate Purkinje cell somata. Most heterotypical dendritic spine

synapses were replaced by homotypical synapses with parallel fibers, but twice as many

heterotypical synapses persisted as when glia were included in the implant.

8. The Rules

As to the rules we had hoped to elucidate by which changes take place to preserve or restore

function in an injured nervous system, the results of our studies led us to the following

observations: 1) Cerebellar cultures can achieve a degree of structural and functional

reorganization in response to elimination or compromise of some of their neuronal and glial

components. 2) A further reorganization in the direction of structural and functional

restitution can occur if the missing elements are replaced. 3) As determined from both our

culture studies and animal studies by others, there is an hierarchal order of synapse

formation during circuit reorganization, with axons of similar function having priority over

dissimilar axons as replacements for missing presynaptic components. 4) In extreme

circumstances, such as the deafferented cerebellum in vitro, terminals of opposite function

may substitute for the absent presynaptic elements, and the function of the synapse is in

accordance with that of the presynaptic component, i.e., a formerly excitatory synapse will

become inhibitory if the new presynaptic terminal is inhibitory. 5) When missing neuronal

elements are restored, appropriate synapses are formed, replacing heterotypical synapses

even if the latter have become functional. 6) Competent astrocytes and oligodendrocytes

may restore the normal glial milieu when inserted into an area devoid of functional glia. 7)

Astrocytes have a role in the regulation of the numbers of axosomatic and axospinous

synapses in some neurons, such as Purkinje cells, and direct axon terminal stripping by

astrocytic processes may be one of the mechanisms of such control. 8) Astrocytes may also

promote synaptogenesis by inducing the elaboration of postsynaptic membranes, such as the

proliferation of dendritic spines in response to the presence of astrocyte-secreted laminin in

the case of Purkinje cells. 9) Astrocytes may promote the structural and functional

maturation of some neurons, such as Purkinje cells, and this effect appears to be related to

astrocytic ensheathment of the neurons. 10) Survival of neurons can be enhanced in vitro as

well as during development in vivo by expanding the neuronal target field. Subsequent

restriction of the target field results in reduction of the neuron population.

A cautionary note in the interpretation of these studies in the context of recovery from neural

injury is that the model we have used is a developmental system, and a developing nervous

system has a greater capacity for reorganization and repair than one that is mature. However,

a known occurrence during repair after adult neural injury is the reappearance of phenomena

characteristic of development, such as the presence of undifferentiated astrocytes at sites of

injury, so that strategies available to a developing nervous system may also be available for

repair of a mature nervous system. The point of studying a developing system, then, is to

elaborate what these strategies might be, which may also lead to discovering means of

promoting the inception of such strategies during the process of neural repair and recovery

in cases of CNS disease or injury in mature subjects, including human subjects.
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9. A Different Form of Neuroplasticity

Another form of neural plasticity is activity-dependent plasticity, which refers to the role of

neuronal activity in the development or alteration of patterns of synaptic connectivity. The

presence of neuronal activity is critical for the development of some parts of the central

nervous system. Ocular dominance columns fail to form in mammalian visual cortex if

visual input is compromised by such maneuvers as enucleation of one eye (Wiesel and

Hubel, 1963) or blockade of neurotransmission during early development (Shaw and

Cynander, 1984). Auditory (Parks, 1979), olfactory (Meisami and Monsavi, 1981) and

somatosensory systems (Woolsey and Wann, 1976) are similarly dependent on neural input

for normal development. A variety of in vivo and in vitro studies have shown that neuronal

activity is necessary for the full development and maintenance of inhibitory circuitry. A

reduction of GABA immunoreactivity was found in visual cortex of animals deprived of

visual input by eye enucleation (Hendry and Jones, 1986) or blockade of retinal ganglion

cell discharge (Hendry and Jones, 1988). A decrease of GABA-reactive neurons in visual

cortex of dark-reared rats correlated with an increase in spontaneous cortical electrical

activity (Benevento et al., 1995). Increased spontaneous activity in the barrel field cortex of

neonatally sensory deprived animals (Simons and Land, 1987) was consistent with a

reduction of GABA-immunopositive synapses in the barrel field cortex (Michaeva and

Beaulieu, 1995). Continuous exposure of cerebral neocortex cultures to activity blocking

agents reduced synapse numbers (Van Huizen et al, 1985). Removal of blocking agents from

continuously exposed cultures was followed by hyperactivity of electrical discharges,

consistent with reduced inhibition in such preparations (Ramakers et al., 1990).

Augmentation of neuronal activity also produced changes in neural circuitry, such as

sprouting and synaptic reorganization in hippocampus after repeated stimulation of perforant

path fibers (Sutula et al., 1988). Frequent stimulation of CNS cultures augmented synapse

formation and increased synaptic efficacy (Nelson et al., 1990).

Chronic exposure of dissociated fetal rat cerebral neocortex cultures to the anti-GABA

agent, picrotoxin (PTX), resulted in accelerated synaptogenesis (Van Huizen et al., 1987),

reduced phasic discharges and a high incidence of very brief bursts of action potentials,

suggesting that GABAergic inhibition was stronger in cultures exposed to PTX than in

control cultures (Ramakers et al., 1991). As the organotypic cerebellar culture model

presented a system in which GABAergic inhibition played a key role, and as structural and

functional relationships in such cultures were well defined both during development and

after maturation, we thought that it was an ideal system in which to explore further the

effects of enhanced neuronal activity on cortical development. We continuously exposed

cerebellar cultures from explantation separately to two anti-GABA agents, PTX and

bicuculline (Seil et al., 1994). PTX is thought to work by uncoupling the GABAA receptor

site from the chloride channel, thus preventing the latter from opening, while bicuculline

competitively blocks the GABAA receptor. Acute application of either of these agents at a

10-4 M concentration to mature (13-16 DIV) cerebellar cultures during electrophysiological

recording resulted in immediately evident increases in cortical discharge rates.

After continuous exposure of cerebellar cultures to 2 × 10-4 M of either PTX or bicuculline

for 3 days after explantation, spontaneous cortical discharges, recorded extracellularly after
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transfer to a recording medium to be described below, were of low amplitude, but there were

more active units and higher discharge rates than in control cultures. By 13-16 days of

continuous exposure to anti-GABA agents, there was a marked overall reduction in the

frequency of large amplitude cortical spikes, which are predominantly of Purkinje cell

origin. Quantitatively, the discharge rates in PTX and bicuculline treated cultures were about

half of those in untreated control explants. At this time, electrical stimulation of the cortical

surfaces of anti-GABA agent treated cultures with stimulus trains induced prolonged

inhibition of spontaneous cortical activity, the inhibitory intervals measuring more than

twice those of control cultures. Moreover, cortical inhibition in response to electrical

stimulation developed earlier in cultures chronically exposed to PTX or bicuculline, being

consistently present by 8 DIV, compared with 12 DIV for control explants. As with the

earlier studies with dissociated cerebral neocortex cultures (Ramakers et al., 1991), our

results indicated that the strength of GABAergic inhibition in organotypic cerebellar cultures

continuously exposed to anti-GABA agents was greater than in untreated controls.

The reason for this became apparent when we looked at the morphology of the exposed

cultures (Seil et al., 1994). No differences from control explants were evident by light

microscopy, including time and degree of myelination, cortical lamination, neurite density

and overall architectural organization. On ultrastructural examination, however, Purkinje

cells in anti-GABA agent treated cultures had twice as many axosomatic synapses as

Purkinje cells in control cultures. As noted earlier, Purkinje cells average 2.2 axosomatic

synapses per section in control explants, and the ratio of basket cell terminals to recurrent

axon collateral terminals is 1:1. The average number of axosomatic synapses per Purkinje

cell section in cerebellar cultures after 14-16 days of continuous exposure to PTX was 4.8,

while the average was 4.0 in cultures chronically treated with bicuculline. In both instances,

the ratio of basket cell terminals to recurrent axon collaterals was 2:1, indicating that the

increase in inhibitory axosomatic synapses represented an increase predominantly of

synapses with basket cell terminals, suggesting a sprouting primarily of basket cell axons in

response to increased neuronal activity induced by anti-GABA agents early in development.

Evident in cultures exposed to PTX and bicuculline was an increased number of synapses on

persistent Purkinje cell somatic spines. These spines generally disappear with maturation,

but do tend to persist if they have formed synapses. The accelerated appearance of cortical

inhibition in treated cultures is consistent with the formation of synapses at a time when

more synaptic spines were still available to form synapses with inhibitory presynaptic

terminals. Also notable was the presence of intact astrocytic sheaths around the somata of

Purkinje cells in cultures continuously exposed to anti-GABA agents. The hyperinnervation

of Purkinje cell somata by inhibitory axon terminals in such cultures occurred in the

presence of functional astrocytes, indicating that the usual synapse regulatory properties of

the astroglia were overridden. As the signal for astrocytic ensheathment appears to emanate

from the Purkinje cells, these cells would also be a likely source for the override signal.

In essence, agents that increased neuronal activity early during development provoked

changes in cerebellar cultures that resulted in strengthened inhibition and reduced neuronal

activity. These changes include inhibitory hyperinnervation of Purkinje cell somata in the

presence of intact astrocytes and the early development of cortical inhibition. As neurons
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must have some mechanism for adjusting their overall activity, it is likely that these changes

occur in response to Purkinje cell hyperactivity, and represent either an exaggerated attempt

at homeostasis or a response to protect the cells from such possibilities as excitotoxic injury

or death. In any case, a rise in neuronal activity during development induced an increase in

inhibitory synaptogenesis.

The following question then was what would happen if neuronal activity was continuously

blocked in cerebellar cultures after explantation. To completely silence Purkinje cells, we

exposed them to nutrient medium containing a combination of 10-8 M tetrodotoxin (TTX) to

block somatic Na+ spikes and 11.1 mM Mg2+ to block Ca2+ dependent dendritic spikes (Seil

and Drake-Baumann, 1994). When control cultures were transferred after 13-16 DIV to our

standard electrophysiological recording medium, which consisted of Simms' X-7 balanced

salt solution (BSS) containing 1.1 mM Mg2+ additionally buffered with 1.5 × 10-2 M

HEPES, they were immediately spontaeously active, showing the usual complement and rate

of extracellularly recorded spikes. However, cultures that had been exposed to the activity

blocking agents were completely silent for at least 10 minutes after transfer to the recording

medium. Then slow spontaneous discharges began to appear in cortical regions of the

explants, after which the spikes steadily increased in frequency until the cultures were

discharging hyperactively 30-40 minutes after transfer, sometimes with bursts of rapid

spikes, similar to activity described in previous studies of cultures released from activity

blockade (Ramakers et al., 1990). High cortical discharge rates were maintained for the

duration of the recording sessions, up to 2 hours.

No structural changes were evident by light microscopy in cultures continuously exposed to

activity blocking agents (Seil and Drake-Baumann, 1994). Myelination proceeded at the

usual time and rate, not requiring the presence of neuronal activity, and overall architecture

and cortical-subcortical relationships were unaffected. Purkinje cells and granule cells both

appeared to survive well, and Purkinje cell dendritic development was indistinguishable

from that in control cultures. In particular, there was no Purkinje cell dendritic elongation

with minimal branching, as had been reported in dissociated Purkinje cell cultures exposed

to activity blocking agents (Schilling et al., 1991). On ultrastructural examination, Purkinje

cells in exposed cultures had half the number of inhibitory axosomatic synapses as Purkinje

cells in control explants (Seil and Drake-Baumann, 1994). Synapses with basket cell

terminals and recurrent axon collateral terminals were equally affected, their numbers being

the same. Astrocytic sheaths around the somata of Purkinje cells were intact. Astrocytic

ensheathment proceeded in the absence of neuronal activity, indicating that the signal for

glial ensheathment is not activity-dependent. Synapses with dendritic spines and smooth

portions of dendrites in the cortical neuropil were also counted. Axospinous synapses are

with excitatory parallel fiber terminals in cerebellar cultures, which have essentially no

climbing fibers. Axodendritic synapses in the cerebellar cortical neuropil are with a mixture

of excitatory parallel fiber and granule cell ascending axon terminals and inhibitory

terminals from Purkinje cell recurrent axon collaterals and inhibitory interneurons (Eccles et

al., 1967; Palay and Chan-Palay, 1974). Counts of cortical axospinous synapses in cultures

exposed to activity blocking agents were the same as in control cultures, indicating that

these excitatory synapses are not dependent on neuronal activity for development, consistent

with findings from earlier studies with organotypic spinal cord and cerebral neocortex
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cultures (Crain et al., 1968; Model et al., 1971). Less than half as many cortical axodendritic

synapses were present in cultures exposed to activity blocking agents as in control explants

(Seil and Drake-Baumann, 1994). The development of proportionally fewer axosomatic and

axodendritic synapses than axospinous synapses in activity blocked cultures is indicative of

an incomplete development of inhibitory circuitry. It appears that the full complement of

inhibitory synapses does not develop when there is no activity to inhibit. Incomplete

inhibitory synaptogenesis is consistent with the observed cortical hyperactivity after release

from activity blockade.

Taken together, the results of our studies indicated that continuously exposing cerebellar

cultures during development to agents that increase neuronal activity promoted formation of

excess inhibitory synapses, with correlative reduction of spontaneous cortical activity and

prolongation of inhibitory responses. In contrast, exposure to agents that block neuronal

activity during development led to reduced inhibitory synaptogenesis and sustained cortical

hyperactivity following release from activity blockade. These studies support the notion that

neuronal activity is critical for the development of adequate inhibitory transmission (Corner

and Ramakers, 1992). Excitatory synapses, on the other hand, appear to develop fully in the

absence of neuronal activity.

10. Neuronal Activity and Circuit Reorganization

Having observed the dramatic effects of neuronal activity, or the absence thereof, on the

development of cerebellar cultures, we were now interested in possible effects on the models

of neural circuit reorganization that occurred after destruction of granule cells and

compromise of glia, followed by restoration of the circuitry after implantation of granule

cells and functional glia, as described in Sections 3 and 4. We exposed cerebellar explants

for the first 5 DIV to Ara C alone or to a combination of Ara C and PTX (Seil and Drake-

Baumann, 1996a). A third group of cultures was explanted with standard nutrient medium

and maintained in this medium until electrophysiological recording or fixation. Cultures

exposed only to Ara C were subsequently maintained in standard nutrient medium, while

cultures exposed to Ara C and PTX were thereafter continuously maintained in medium with

incorporated PTX.

Spontaneous cortical discharge rates were similar in all three culture groups after 13-16

DIV. Antidromic stimulation of Purkinje cell axons in untreated control cultures induced a

transient increase in cortical discharges, while similar stimulation of Purkinje cell axons in

Ara C treated cultures maintained in standard nutrient medium evoked a pronounced

inhibition of cortical spikes, as noted previously. This latter response had been attributed to

the massive projection of sprouted inhibitory recurrent axon collaterals to the somata and

dendritic spines of Purkinje cells. Antidromic stimulation of Purkinje cell axons in Ara C

treated cultures maintained in medium with PTX also resulted in a pronounced inhibition of

cortical discharges.

No differences were evident at the light microscopic level between Ara C treated cultures

and Ara C treated cultures continuously exposed to PTX. Large cortical neurons in increased

numbers and without lamination were present in both groups. Both groups also
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demonstrated the same degree of increase in cortical neurites, previously shown to be due to

Purkinje cell recurrent axon collateral sprouting (Seil et al., 1980). By electron microscopic

examination, rounded, well ensheathed Purkinje cell somata were present in untreated

control cultures, while Purkinje cell somata in both Ara C treated groups were practically

devoid of astrocytic sheaths and were scalloped by multiple abutting inhibitory axon

terminals (Seil and Drake-Baumann, 1996a). The average number of Purkinje cell

axosomatic synapses was almost identical in the two groups, and was more than twice the

control value. Counts of axospinous and axodendritic synapses in the cortical neuropil of the

two Ara C treated culture groups were also the same.

In essence, increased neuronal activity did not appear to affect the circuit reorganization of

cerebellar cultures induced by an early elimination of granule cells. As the critical feature of

such reorganization was development of an abundance of inhibitory synapses, and since the

full development of inhibitory circuitry is dependent on the presence of neuronal activity, it

is conceivable that the PTX-induced increased neuronal activity had no effect because

inhibitory synaptogenesis was already at an optimal level in Ara C treated cultures.

Changes were evident, however, when we did the corollary experiment, namely maintaining

Ara C treated explants in medium with activity blocking agents, TTX and elevated levels of

Mg 2+ , to silence both somatic and dendritic Purkinje cell spikes (Seil and Drake-Baumann,

1995). Granule cell depleted cultures maintained in standard nutrient medium were

immediately spontaneously active when recorded from extracellularly following transfer to a

recording medium after 13-16 DIV. Similar cultures maintained in medium with activity

blocking agents were silent for 12-20 minutes after transfer to the recording medium. By

30-40 minutes after transfer, sustained hyperactivity of cortical discharges was evident, and

was maintained for the duration of the recording sessions.

No differences were observed by light microscopy between the two Ara C treated groups.

Ultrastructurally, Purkinje cells in both groups lacked astrocytic sheaths and their somata

were scalloped by abutting axons and hyperinnervated by inhibitory axon terminals.

Quantitatively, Ara C treated cultures maintained in standard nutrient medium had a mean

number of 4.9 axosomatic synapses per Purkinje cell section, whereas the mean number of

axosomatic synapses per Purkinje cell section in Ara C treated cultures continuously

exposed to activity blocking agents was 3.9, a statistically significant reduction, although

almost double the average for untreated control cultures. A more significant difference was

found on counting axospinous synapses in the cortical neuropil, where granule cell depleted

cultures maintained in standard medium had a mean number of 8.3 axospinous synapses per

100 μm2 field while Ara C treated explants chronically exposed to acivity blocking agents

had a mean of 5.7 axospinous synapses per 100 μm2 field. The difference in the number of

axodendritic synapses was not statistically significant between the two groups.

What is critical here is that the axospinous synapses in Ara C treated cultures were

inhibitory, since they were heterologous synapses with terminals from sprouted Purkinje cell

recurrent axon collaterals, as opposed to homologous excitatory axospinous synapses with

parallel fiber terminals in untreated control cultures. Excitatory axospinous synapses in

cultures with a full complement of granule cells were not reduced after exposure to activity
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blocking agents (Seil and Drake-Baumann, 1994). The decided reduction of inhibitory

axospinous synapses in Ara C treated cultures exposed to activity blocking agents, plus the

moderate reduction of axosomatic synapses, are consistent with the spontaneous cortical

hyperactivity such cultures display after release from activity blockade (Seil and Drake-

Baumann, 1995). These results again support the notion that neuronal activity is necessary

for the full development of inhibitory circuitry, even if the circuitry has been reorganized as

a consequence of depleting one of the neuronal elements.

The next step then was to determine the effects of increased or blocked neuronal activity on

the changes induced by implantation of Ara C treated cultures at 9 DIV with cerebellar

cultures exposed to kainic acid. As described in Section 4, addition of granule cells and

intact glia to reorganized Ara C treated explants resulted in restoration of the normal

morphology and circuitry of cerebellar cultures. Thus cultures exposed to kainic acid for the

first 5 DIV followed by maintenance in standard nutrient medium were superimposed at 9

DIV upon explants treated with Ara C for the first 5 DIV and then maintained in standard

medium to 9 DIV (Seil and Drake-Baumann, 1996b). One such group was maintained in

nutrient medium with added PTX after implantation, another in medium with added TTX

and elevated Mg2+, while a third group continued to be maintained in standard nutrient

medium.

After 14-16 DIV, control implanted cultures and cultures exposed to PTX after implantation

were spontaneously active immediately upon transfer to a recording medium, and the

cortical discharges remained stable thereafter. Implanted cultures maintained in medium

with activity blocking agents showed the familiar pattern of initial silence after transfer to

the recording medium, followed by the appearance of cortical spikes 15-20 minutes later and

progression to persistent hyperactive discharges by 30 minutes after transfer. Antidromic

activation of Purkinje cells did not inhibit the spontaneous cortical discharges in any of the

implanted culture groups, contrary to the cortical inhibition following antidromic stimulation

of Purkinje cells in unimplanted Ara C treated cultures.

Observation of implanted cultures by light microscopy revealed no significant differences

among the three groups. Myelination was evident in a comparable proportion of cultures at 6

days after implantation. Granule cell nuclei were visible and cortical neurite density was

reduced in all groups. Neither myelination nor reduction of excess cortical neurites (sprouted

Purkinje cell recurrent axon collaterals) appeared to be activity-dependent. In electron

micrographs of Purkinje cell sections, astrocytic sheaths were present around rounded

somata in all groups, and the numbers of axosomatic synapses in the three conditions were

similarly reduced. However, the number of axodendritic synapses (mix of inhibitory and

excitatory) in the cortical neuropil was significantly reduced (mean of 2.9 per 100 μm 2) in

cultures maintained in medium with activity blocking agents after implantation compared

with implanted cultures exposed to PTX (mean of 5.0 per 100 μm 2) or maintained in

standard medium (mean of 4.1 per 100 μm 2). The number of axodendritic synapses in PTX

treated implanted cultures appeared greater than in control implanted cultures, but this

difference did not attain statistical significance. The mean number of axospinous synapses in

the cortical neuropil was somewhat greater in activity blocked implanted cultures than in the

other groups, but the difference became significant when the synapses were classified as
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homotypical (excitatory, newly formed with parallel fiber terminals) or heterotypical

(inhibitory, with residual recurrent axon collateral terminals). The numbers of homotypical

synapses were similar in all three groups. There were, however, almost twice as many

heterotypical axospinous synapses in the activity blocked implanted cultures as in the other

two groups, suggesting that elimination of heterotypical axospinous synapses was to some

degree activity-dependent. A similar persistence of increased numbers of heterotypical

axospinous synapses was seen when Ara C treated cultures were implanted with granule

cells in the absence of functional glia (Seil, 1994). Possibly both intact astrocytes and

neuronal activity have a role in the reduction of heterotypical axospinous synapses. It is

notable that homotypical synapses in the cortical neuropil still outnumbered heterotypical

synapses by a ratio of 1.8:1 in activity blocked implanted cultures, compared with a ratio of

3:1 in the other implanted culture groups (Seil and Drake-Baumann, 1996b).

In summary, a number of changes induced by implantation of Ara C treated cultures with

granule cells and functional glia were unaffected by an increase or absence of neuronal

activity (Seil, 1996). These include (1) loss of inhibition of spontaneous cortical discharges

in response to antidromic activation of Purkinje cells, (2) myelination, (3) reduction of

excess sprouted Purkinje cell recurrent axon collaterals, (4) astrocytic ensheathment of

Purkinje cells, (5) reduction of excess Purkinje cell axosomatic synapses and (6) formation

of homotypical excitatory parallel fiber-Purkinje cell dendritic spine synapses. Changes that

were induced by an absence of neuronal activity include (1) hyperacivity of cortical

discharges after release from activity blockade, (2) reduced formation of axodendritic

synapses and (3) persistence of a greater number of inhibitory heterotypical axospinous

synapses than in the PTX treated and control implanted groups. The observed cortical

hyperactivity after recovery from activity blockade is most likely a function of reduced

axodendritic inhibitory synaptogenesis. The loss of inhibition of cortical spontaneous

activity following antidromic activation of Purkinje cells is likely due to the replacement of

the majority of cortical inhibitory heterotypical axospinous synapses with excitatory

homotypical axospinous synapses with parallel fiber terminals, combined with the reduction

of inhibitory Purkinje cell axosomatic synapses.

11. Neurotrophins and Activity-Dependent Plasticity

On the basis of evidence derived from animal studies, it seemed that neurotrophins had

essential roles in activity-dependent neuroplastic changes in the CNS (reviewed in Thoenen,

1995; Shatz, 1997). Members of the neurotrophin family include nerve growth factor (NGF),

brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4

(NT-4; also known as NT-4/5). The Trk family of receptor tyrosine kinases with which they

bind with high affinity are, respectively, TrkA, TrkB, TrkC and TrkB (reviewed in

Bothwell, 1995; Lewin and Barde, 1996; Lindsay, 1994). Neurotrohins appear to be

synthesized and released in an activity-dependent manner (Thoenen, 1995).

In a signal study, it was reported that application of TTX to dissociated visual cortex

cultures containing GABAergic interneurons and target pyramidal cells reduced the

percentage of GABA-immunopositive neurons without affecting neuronal survival

(Rutherford et al., 1997). Similar results were obtained by exposing the cultures
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continuously to the “universal” Trk receptor inhibitor, K252a. Correlative

electrophysiological studies showed that GABA-mediated inhibition onto pyramidal neurons

was decreased and pyramidal cell discharge rates were increased. All of the effects of

activity blockade were prevented by simultaneous exposure of the cultures to BDNF, but not

to NGF or NT-3 (NT-4 was not tested). The results of this study suggested to the authors

that activity regulates cortical inhibition by regulation of BDNF.

As synapses were not morphologically evaluated in this study, we determined to examine

the effects of added neurotrophins on inhibitory synaptogenesis in activity blocked

organotypic cerebellar cultures. Since TrkA, the high affinity receptor for NGF, had been

reported to be only transiently expressed on Purkinje cells during development (Ernfors et

al., 1992), we did not examine the effects of exogenous NGF application, but focused our

efforts on the other three members of the neurotrophin family, namely BDNF, NT-3 and

NT-4 (Seil, 1999). Each of these neurotrophins was applied separately in a concentration of

25 ng/ml nutrient medium, along with activity blocking agents, TTX and elevated levels of

Mg2+, at explantation and continuously thereafter until fixation at 15 DIV for ultrastructural

analysis. Cultures maintained continuously in standard nutrient medium and in nutrient

medium with activity blocking agents but without neurotrophins were set up for comparison.

Counts of Purkinje cell axosomatic synapses in cultures exposed to activity blocking agents

plus BDNF or activity blocking agents plus NT-4 were the same as those in untreated

control cultures, while equivalent counts in cultures maintained in medium with activity

blocking agents plus NT-3 were reduced to the same level as cultures exposed to activity

blocking agents without neurotrophins, which was half of the number in untreated controls.

Thus exogenous application of TrkB receptor ligands promoted development of inhibitory

Purkinje cell axosomatic synapses in the absence of neuronal activity, while this effect was

not evident with application of the TrkC receptor ligand, NT-3, to cerebellar cultures during

activity blockade. These results supported a role for TrkB receptor ligands in activity-

dependent inhibitory synaptogenesis.

When cerebellar cultures were exposed to exogenously applied neurotrophins in the absence

of activity altering agents at the same concentrations (25 ng/ml nutrient medium) as were

used during activity blockade, no changes were evident in the numbers of Purkinje cell

axosomatic synapses (Seil and Drake-Baumann, 2000). However, when the concentration of

BDNF was increased to 100 ng/ml medium, there was a 50-60% increase in Purkinje cell

axosomatic synapses (unpublished observations). A greater concentration of BDNF was

required to increase the number of Purkinje cell axosomatic synapses above untreated

control levels at baseline activity than was needed to mitigate the effects of activity

blockade.

Subsequently we examined the electrophysiological consequences of exogenous application

of neurotrophins during activity blockade and the role of endogenous neurotrophins in

inhibitory synaptogenesis (Seil and Drake-Baumann, 2000). All activity blocked cultures,

with or without neurotrophins, were electrically silent during the first 10 minutes following

transfer to a recording medium after 15 DIV, while control cultures maintained in standard

nutrient medium were immediately spontaneously active. After recovery from activity
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blockade, cultures treated with BDNF or NT-4 had spontaneous cortical discharge rates

comparable to those of untreated control explants, while cultures treated with NT-3 were

hyperactive, with twice the number of cortical discharges, like those of activity blocked

cultures without neurotrophins. These results were consistent with the morphological

findings.

To investigate the role of endogenous neurotrophins in the development of inhibitory

synapses in cerebellar cultures, we added antibodies to BDNF and NT-4 in combination (50

μg/ml each) to the nutrient medium at explantation and during subsequent maintenance.

After 15 DIV, only half the number of Purkinje cell axosomatic synapses was present in

antibody treated cultures as in control explants. The reduction in the development of

inhibitory axosomatic synapses was of the same magnitude as activity blockade over the

same time period. Antibody to BDNF alone only partially reduced Purkinje cell axosomatic

synapse formation, suggesting that both TrkB receptor ligands contributed to inhibitory

synaptogenesis in cultures with control levels of neuronal activity.

We subsequently applied the same combination and concentration of antibodies to cerebellar

cultures simultaneously exposed to PTX (10-4 M) to increase neuronal activity, which would

presumably increase the release of BDNF and NT-4. This concentration of PTX, in the

absence of antibodies to neurotrophins, resulted in a 50% increase in the number of Purkinje

cell axosomatic synapses after 15 DIV, compared to an over 100% increase when the

concentration was 2 × 10-4 M (Seil et al., 1994). When antibodies to BDNF and NT-4 were

included in the nutrient medium along with PTX, the number of Purkinje cell axosomatic

synapses was similar to that in untreated control cultures, indicating that the effect of

increased neuronal activity on inhibitory synaptogenesis had been mitigated (Seil and

Drake-Baumann, 2000). When the concentration of antibodies was doubled, the number of

axosomatic synapses was half that in untreated controls, equivalent to the results of antibody

application to cultures with control levels of neuronal activity, suggesting that the lower

dose of antibodies did not bind all of the endogenous BDNF and NT-4 released by the PTX-

induced increased neuronal activity.

The results of these studies indicated a role specifically for TrkB receptor ligands in activity-

dependent inhibitory synaptogenesis, a role not shared by the TrkC receptor ligand, NT-3,

and raised the possibility that signaling for activity-dependent inhibitory synaptogenesis

might be via the TrkB receptor. It had been shown that the TrkA receptor could be activated

by binding with specific antibody, and that antibody activation of the receptor produced

biological effects that mimicked those of the specific receptor ligand (Clary et al., 1994). For

example, the effects of monocular enucleation in rats were prevented by cortical infusion of

anti-TrkA antibody, similar to infusion of NGF (Pizzorusso et al., 1999). Following this

model, cerebellar cultures were exposed from explantation to 15 DIV to an antibody to the

extracellular domain of TrkB (1 μg/ml nutrient medium) or to an antibody that bound the

extracellular domain of TrkC (1 μg/ml medium) and examined ultrastructurally for Purkinje

cell axosomatic synapse development (Seil, 2001b). The number of Purkinje cell axosomatic

synapses in cultures maintained in antibody to the extracellular domain of TrkC was no

different than that in untreated control cultures. The number of axosomatic synapses in

cultures exposed to antibody to the extracellular domain of Trk B was approximately 60%
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greater than the average for untreated control explants. This increase was similar to that

obtained by maintaining otherwise untreated cerebellar cultures in large doses of BDNF

(100 ng/ml nutrient medium). Doubling the concentration of the anti-TrkB extracellular

domain antibody did not result in additional TrkB receptor activation, as the number of

Purkinje cell axosomatic synapses was not increased further, suggesting that TrkB receptor

binding by antibody was saturated. The results of this study support the concept that

signaling for activity-dependent inhibitory synaptogenesis is via the TrkB receptor.

12. Summary of Neuronal Activity and Inhibitory Synaptogenesis

The experimental morphological data pertinent to Purkinje cell axosomatic synapse

formation under baseline states of neuronal activity, under activity blockade, after exposure

to agents that increase neuronal activity, and the effects of exogenously applied and

endogenous neurotrophins and TrkB receptor activation are summarized in Table 1 and

presented diagrammatically in Figure 6 (Seil, 2003). The three vertical columns in Figure 6

represent the different neuronal activity states, beginning with baseline activity on the left.

Purkinje cell somata in this column are represented as blue circles and are from cultures not

exposed to activity altering agents. Purkinje cells continuously exposed to TTX and elevated

levels of Mg2+ to block neuronal activity are shown as green circles in the middle column

and the red circles in the right column indicate the somata of Purkinje cells chronically

treated with PTX to increase neuronal activity during development. Inhibitory axon

terminals forming synapses with Purkinje cell somata are represented as small yellow circles

abutting the somata. The numbers of axosomatic synapses were rounded up from mean

figures for each experimental situation, as derived from Table 1, and these figures appear in

parentheses to the left of the circles. The asterisk in parentheses in the left column indicates

unpublished data from my laboratory.

In the left column it can be seen that both addition of BDNF (at a 100 ng/ml medium

concentration) and specific antibody activation of the TrkB receptor to saturation result in a

50-60% increase in Purkinje cell axosomatic synapse formation. Blocking endogenous

neurotrophins with a combination of antibodies to BDNF and NT-4 reduced Purkinje cell

axosomatic synapse formation to approximately half the control value, similar to activity

blockade, the latter shown at the top of the middle column. The addition of TrkB receptor

ligands BDNF or NT-4 to activity blocked cultures maintained the formation of control

levels of Purkinje cell axosomatic synapses, a property not shared by the TrkC receptor

ligand NT-3, as shown in the middle column. Looking at the right column, Purkinje cell

axosomatic synapse formation was increased by over 100% by maintenance of cultures in

2×10 -4 M PTX, while halving the concentration of PTX resulted in approximately half as

great an increase of axosomatic synapses. The effect of the presumptive release of elevated

levels of endogenous BDNF and NT-4 by increased neuronal activity was mitigated by

blocking with antibodies to BDNF and NT-4 and further reduced by a doubling of the

antibody concentrations (Seil and Drake-Baumann, 2000).

There appears to be a limit to the degree to which inhibitory synaptogenesis can be increased

at baseline neuronal activity, as shown in the left column, the limit being at approximately

60% with either addition of exogenous BDNF or with specific antibody activation of the
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TrkB receptor. However, with increased neuronal activity, such as attained with cultures

exposed from explantation to 2×10-4 M PTX, as shown in the right column, inhibitory

synaptogenesis can be increased over 100%. This suggests an effect of neuronal activity

beyond the release of neurotrophins, such as augmentation of the sensitivity of TrkB

receptors to activation by specific ligands. Thus the activity state of the neuron may not only

govern the release of neurotrophins, but may also define the neurotrophic effect.

Conclusions that can be drawn from this series of studies are that 1) neuronal activity is

necessary for the full development or reconstruction of inhibitory circuitry, 2) TrkB receptor

ligands have a role in inhibitory synaptogenesis and 3) signaling for inhibitory

synaptogenesis is via the TrkB receptor. Neuronal activity does not appear to be a

requirement for excitatory synaptogenesis, as the full complement of parallel fiber-Purkinje

cell dendritic spine synapses developed in cerebellar cultures in the absence of neuronal

activity. Also not dependent on neuronal activity are 1) increased survival of Purkinje cells

in the absence of granule cells and the subsequent reduction of Purkinje cells after the

reintroduction of granule cells, 2) plastic changes such as recurrent axon collateral sprouting

or reduction and 3) neuron-glia interactions such as myelination, astrocytic ensheathment of

Purkinje cells and stripping of excess Purkinje cell axosomatic synapses. An exception is the

reduction of excess heterotypical axospinous synapses upon reintroduction of granule cells

and glia to cultures depleted of these elements. Astrocytes appear to be involved in

heterotypical axospinous synapse reduction, but by some other mechanism than direct

stripping, as with axosomatic synapses, and this mechanism appears to be at least partially

activity-dependent.

What we have shown with these experiments is that there are at least three ways of

promoting inhibitory synaptogenesis, including 1) addition of exogenous TrkB receptor

ligands, 2) increasing release of endogenous TrkB receptor ligands by activity and 3)

activating the TrkB receptor by binding with antibody. As to the possible clinical

significance of these studies, the necessity of neuronal activity for the development or

restoration of inhibitory circuitry may be critical for recovery of function after such injurious

processes as stroke or CNS trauma, in which the balance of excitatory and inhibitory

elements may be disrupted. Activity is known to promote functional recovery in both

experimental (Nudo et al., 1996) and clinical (Dimyan and Cohen, 2011) conditions. The

finding that the effects of activity appear to be mediated via TrkB receptor ligands may have

implications with regard to therapy for CNS injury. Recent animal studies have shown that

infusion of BDNF or measures that enhance BDNF after appropriate intervals following

induction of experimental stroke improve functional recovery (Clarkson et al, 2011;

Ploughman et al., 2009; Schäbitz et al., 2004). Further developments may extend such

therapeutic possibilities to human cases of stroke and trauma, including spinal cord injury,

some forms of epilepsy, degenerative disorders and still other neurological diseases.
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their names appear as co-authors in the references to the original papers, some with recurring frequency. I would
especially like to acknowledge my late colleagues, Arnold L. Leiman for his electrophysiological studies and
Nathan K. Blank for his electron microscopic contributions. Both played critical roles in the design and
performance of this work. I am also grateful to Robert M. Herndon (electron microscopy) and Rosemarie Drake-
Baumann (electrophysiology) for their participation in these studies, along with the many other investigators who
were involved, as well as a host of technical contributors. I am indebted to the United States Department of
Veterans Affairs and to the National Institutes of Health for research support.
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Elimination of granule cells and glia induced cerebellar circuit reorganization.

Replacement of the missing elements resulted in restitution of the normal circuitry.

Most of the reconstructive changes were not dependent on neuronal activity.

Inhibitory synapses did not develop fully in the absence of neuronal activity.

Inhibitory synaptogenesis could be promoted by activation of TrkB receptors.
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Fig. 1.
Circuit diagram of the major cerebellar cortical neurons and their projections. Absent from

the diagram are the extracerebellar afferents, as would be the case in an isolated cerebellar

culture. Projecting axons from Purkinje cells are shown in the Purkinje cell on the left side

of the diagram, while projections to Purkinje cells from other neurons are shown in the

Purkinje cell in the center. Both Purkinje cells would, of course, have both afferent and

efferent projections. The only excitatory cortical neurons are the granule cells (g), and their

axons, the parallel fibers (shown as dashed lines), project to the dendrites of all other cortical

neurons. All other cortical neurons are inhibitory, and their axons are represented as solid

lines. Purkinje cells (P) are the only neurons whose axons project from the cortex,

predominantly to the deep cerebellar nuclei (not shown). Purkinje cell axon collaterals

project to all other inhibitory cortical neurons, including other Purkinje cells. Basket cell

axons (B) project to Purkinje cell somata and proximal dendrites, while stellate cell (S)

axons inhibit more distal parts of the Purkinje cell dendritic tree. Purkinje cell somata thus

receive inhibitory projections from only two cortical sources, namely basket cells and

recurrent axon collaterals from other Purkinje cells. Golgi cells (Go) project their complex

axons to granule cell dendrites. (From Seil, 1996, with permission).
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Fig. 2.
Low power view of a newborn mouse derived cerebellar culture after 23 DIV. The explant is

oriented in the parasagittal plane. The cortical region (C) is readily distinguishable from an

incorporated group of deep cerebellar nucleus neurons (N). Laminae are evident in regions

of the cortex. Axons (arrow) of Purkinje cell origin project to the deep nucleus. The gross

anatomical relationships are similar to those in the cerebellum in vivo. Whole mount

preparation, Holmes silver stain, X75. From Seil and Leiman, 1977, with permission).
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Fig. 3.
Intracellularly recorded spontaneous spike discharges from Purkinje cells in a control

cerebellar culture, 14 DIV (two spikes on the left) and in a cerebellar culture, 13 DIV, which

had been exposed to Sigma Ara C for the first 5 DIV (three spikes on the right). Spikes in

the control Purkinje cell are complex, consisting of a large spike followed by one or more

spike-like components superimposed on a prolonged lower magnitude depolarization. Only

simple spikes are evident in the Purkinje cell from the Ara C treated culture. Intracellularly

recorded complex spikes are characteristic of mature Purkinje cells with fully developed

astrocytic sheaths, while simple spikes are seen in immature Purkinje cells prior to the

development of astrocytic sheaths. Purkinje cells in Ara C treated cerebellar cultures of the

same age as mature control cultures resembled immature Purkinje cells in that they had only

simple spikes and lacked astrocytic sheaths. (From Drake-Baumann and Seil, 1995, with

permission).
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Fig. 4.
A simplified diagram showing the relationship of three cell types, Purkinje cells represented

in blue, astrocytic sheaths around Purkinje cells in red, and granule cells in black in control

(Standard) cultures and after exposure of cultures to Sigma cytosine arabinoside (Ara C) for

the first 5 DIV to destroy granule cells and compromise glia. The solid black lines represent

inhibitory Purkinje cell axons and axon collaterals and the dashed lines indicate excitatory

granule cell axons (parallel fibers), which form homotypical synapses with Purkinje cell

dendritic spines in control cerebellar explants. The Purkinje cells in Ara C treated cultures

lack astrocytic sheaths, survive in three- to four-fold greater numbers than in standard

cerebellar cultures and their axon collaterals sprout to hyperinnervate the somata of other

Purkinje cells and to form heterotypical synapses with Purkinje cell dendritic spines. If

kainic acid treated cerebellar cultures as a source of granule cells and glia are superimposed

on Ara C exposed explants (KA Implant), much of the standard circuitry is restored.

Purkinje cell numbers are reduced to approximately control levels, they aquire astrocytic

sheaths and the number of axosomatic synapses is reduced, also to control levels. Granule

cells integrate into the host explants and parallel fibers form homotypical synapses with

Purkinje cell dendritic spines, but some heterotypical synapses persist. If optic nerve

fragments as a source of glia without granule cells are superimposed on Ara C treated
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cerebellar cultures (ON Implant), the Purkinje cell population is decreased by an average of

27%, but the sprouted recurrent axon collaterals are not significantly reduced. Purkinje cells

acquire astrocytic sheaths and their axosomatic synapses are decreased to control levels.

Cortical neuropil synapses are partially reduced, even in the absence of granule cells. (From

Seil, 1996, with permission).
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Fig. 5.
Represented diagrammatically in the left column are Purkinje cells (blue) and their

astrocytic sheaths (red) in standard (Control) cultures and in cultures exposed to Sigma Ara

C to destroy granule cells and compromise glia (Sigma Ara C) and to Pfanstiehl Ara C to

destroy granule cells without affecting astrocytes (Pfanstiehl Ara C). Intracellularly recorded

Purkinje cell spontaneous spike discharge patterns and membrane input resistances (Rin) are

shown to the right of the Purkinje cells in each of the above conditions. Represented in the

right column are Purkinje cells in Sigma Ara C treated cerebellar cultures implanted with

granule cells and glia (Transplant Granule cells & Glia), with glia alone (Transplant Glia

only) and with granule cells alone (Transplant Granule cells only). Excitatory parallel fibers

and terminals are shown in black and form axospinous synapses with Purkinje cell dendritic

spines. Inhibitory fibers and terminals (predominantly of recurrent axon collateral origin in
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cultures exposed to Ara C) are colored yellow and form synapses with Purkinje cell somata,

somatic spines, proximal dendrites and heterotypical synapses with dendritic spines.

Although not illustrated, axospinous synapses are also covered by astrocytic processes

whenever functional astrocytes are present. Persistent Purkinje cell somatic spines are

indicated when astrocytic sheaths are absent. The diagram may be used to follow the

description in the text of the various changes that occur under the different experimental

conditions. (From Seil, 2001a, with permission).
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Fig. 6.
A diagrammatic representation of the data from Table 1. Purkinje cell somata are shown as

large circles colored blue, green or red, and axon terminals that form axosomatic synapses

are depicted as small yellow circles at the periphery of the somata. The numbers of these

terminals are rounded up from the means (in parentheses to the left of each Purkinje cell

representation) derived from the data in Table 1, except for the asterisk under BDNF in the

first column, as these data are from unpublished work by the author. In the left column, in

which the Purkinje cell soma representations are colored blue, none of the cerebellar

cultures were exposed to activity altering agents. Under these conditions, addition of BDNF

or specific antibody activation of the Trk B receptor increased Purkinje cell axosomatic

synapse formation, while blocking endogenous neurotrophins with a combination of

antibodies to BDNF and NT-4 reduced Purkinje cell axosomatic synapse formation to about
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half of the control value. In the middle column, in which the Purkinje cell soma

representations are colored green, the cultures were continuously exposed to elevated levels

of Mg2+ and tetrodotoxin (Mg/TTX) to block neuronal activity, which reduces axosomatic

synapse formation by about one-half. Addition of BDNF or NT-4 maintained the control

number of axosomatic synapses, while NT-3 had no effect. In the right column, in which the

Purkinje cell soma representations are colored red, cultures were continuously maintained in

picrotoxin (PTX) to increase neuronal activity. At a concentration of 2×10-4 M PTX,

axosomatic synapse formation was increased by over 100% (PTX 2X), while halving the

concentration of PTX resulted in a 50% increase above control levels. The effect was

mitigated by blocking endogenously released neurotrophins with antibody to BDNF and

NT-4, and further reduced by doubling the antibody concentrations. Additional details are

given in the text. (From Seil, 2003, with permission).
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Table 1

Quantitative data on Purkinje cell axosomatic synapses from control cerebellar cultures, cultures continuously

exposed to picrotoxin (PTX) and bicuculline to increase neuronal activity (Seil et al., 1994), to elevated levels

of Mg2+ and tetrodotoxin (Mg2+/TTX) to block neuronal activity (Seil and Drake-Baumann, 1994) to neuronal

activity blocking agents plus neurotrophins BDNF, NT-3 and NT-4 (Seil, 1999; Seil and Drake-Baumann,

2000), to antibodies to BDNF and NT-4 (αBDNF/αNT-4) to block endogenous neurotrophins (Seil and

Drake-Baumann, 2000), to PTX combined with αBDNF/αNT-4 (Seil and Drake-Baumann, 2000) and to

specific antibodies to the extracellular domains of the TrkB (αTrkB) and TrkC (αTrkC) receptors (Seil,

2001b). SEM: standard error of the mean. (From Seil, 2003, with permission).

Cultures No. of Cell Profiles No. of Synapse Profiles Mean Ratio of Synapse to Cell Profiles ± sem

Control 78 168 2.15±0.15

PTX(2×10-4 M) 58 279 4.81±0 35

Bicuculline 79 318 4.03±0.22

Control 23 44 1.91±0 34

Mg2+/TTX 45 43 0.96±0.15

Control 103 228 2.21±0.13

Mg2+/TTX 102 127 1.25±0.10

Mg2+/TTX/BDNF 102 235 2.30±0.14

Control 100 200 2.00±0.14

Mg2+/TTX 101 104 1.03±0.11

Mg2+/TTX/NT-3 103 107 1.04±0.11

Control 100 215 2.15±0.13

Mg2+/TTX 100 121 1.21±0.11

Mg2+/TTX/NT-4 104 209 2.01±0.12

Control 93 241 2.59±0.18

αBDNF/αNT-4 (50 μg/ml each) 92 124 1.35±0.11

Control 80 183 2.29±0.15

PTX(10-4M) 80 277 3.46±0.24

PTX/αBDNF/αNT-4 (α: 50 μg/ml each) 82 204 2.49±0.17

PTX/αBDNF/αNT-4 (α: 100 μg/ml each) 80 112 1.40±0.15

Control 77 157 2.04±0.14

αTrkB 80 261 3.26±0.19

αTrkC 77 158 2.05±0.17
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