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PREFACE 

Although there are over 400,000 people each year in the United States alone who 
suffer from traumatic injury to the central nervous system (CNS), no phar
macological treatment is currently available. Considering the enormity of the 
problem in terms of human tragedy as well as the economic burden to families 
and societies alike, it is surprising that so little effort is being made to develop 
treatments for these disorders. Although no one can become inured to the victims 
of brain or spinal cord injuries, one reason that insufficient time and effort have 
been devoted to research on recovery is that it is a generally held medical belief 
that nervous system injuries are simply not amenable to treatment. At best, 
current therapies are aimed at providing symptomatic relief or focus on re
habilitative measures and the teaching of alternative behavioral strategies to help 
patients cope with their impairments, with only marginal results in many cases. 

Only within the last decade have neuroscientists begun to make serious 
inroads into understanding and examining the inherent "plasticity" found in the 
adult CNS. Ten years or so ago, very few researchers or clinicians would have 
thought that damaged central neurons could sprout new terminals or that intact 
nerve fibers in a damaged pathway could proliferate to replace inputs from 
neurons that died as a result of injury. 

It would have been even more radical to propose that specific phar
macological agents might serve to salvage or spare brain or spinal neurons from 
the devastating effects of traumatic injury. Anyone who proposed that injured 
brains produce special proteins that enhance neuronal survival and promote new 
axonal growth, or that glial cells may playa pivotal role in the enhancement of 
functional recovery from CNS trauma, would have found his scientific cred
ibility at stake. 

Today, neuroscience is in the midst of a scientific revolution. Long-held 
beliefs and research paradigms are being seriously reevaluated in the face of new 
discoveries about the nature of neuronal and glial plasticity in the central nervous 
system. These discoveries are dramatically altering the way we think about 
recovery and are permitting, for the first time, some optimism that brain injury 
might be treated with pharmacological agents. 

Both of us have studied various ways of promoting recovery from severe 
brain injuries, and in the course of our research, we realized that there was no 
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current overview of this important field. In July, 1986, an international con
ference on experimental approaches to the treatment of brain and spinal cord 
injuries was held in Walferdange, Luxembourg. A number of American and 
European colleagues who have been deeply concerned with finding the means to 
promote functional recovery from brain and spinal injuries were invited to dis
cuss and share their research findings in an informal, collegial setting. 

The present volume summarizes the contemporary research in this area, 
ranging from clinical neuropsychology to the possible role of oncogenes in 
neuroplasticity. Each of the participants brought a special expertise to discuss. 
Some investigators were primarily concerned with neurotransmitter biochemistry 
in the brain or spinal cord and the alterations that occurred after injury; others 
discussed the question of how endogenous or exogenous "trophic" substances 
might work to promote survival of damaged neurons or new axonal growth. We 
also invited colleagues who sought to determine how some of the secondary 
damage that accompanies CNS injury could be characterized and prevented. 
Finally, there were others with behavioral concerns who were interested in 
determining whether new, experimental substances could be used to enhance 
cognitive and functional recovery after traumatic brain injury. 

As with previous Clark University/Luxembourg meetings, this one, too, 
was made possible through the generosity of Mr. Henry J. Leir, a Clark Univer
sity benefactor who has long been interested in fostering international coopera
tion in the sciences and the humanities. We were also fortunate to receive 
generous grants from the following pharmaceutical companies that enabled us to 
bring colleagues to Luxembourg from ten countries. We wish to thank Fidia 
Research Laboratories of Italy; P.F. Medicament, France; American Cyanamid, 
U.S.A.; Schering, AG, Fed. Rep. Germany; Abbott Laboratories, U.S.A.; 
Cybila, GmBH, Fed. Rep. Germany; Travenol Laboratories, U.S.A.; Eli Lilly & 
Company, U.S.A.; and E.!. DuPont Pharmaceuticals, U.S.A., for their support, 
interest, and encouragement of this meeting. 

As was the case in the past, we were very happy to have the continued 
support of Dr. Gaston Schaber, Luxembourg Ministry of Education, as well as 
the kindness and hospitality of the Mayor of Walferdange and the excellent staff 
of the Institute Pedagogique, who did everything in their power to ensure a 
successful and pleasant meeting; we eagerly look forward to future collabora
tions with them. 

Finally, we owe a warm and grateful "thank you" to our respective 
spouses, Darel Stein and Elizabeth Sabel, for their unswerving support and 
patience through the good and the bad times. 

D.G.S., B.S. 
Worcester, Massachusetts 
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THERAPEUTIC ApPROACHES IN 

SUBJECTS WITH BRAIN LESIONS 

SIMON BRAILOWSK Y 

ABSTRACT. The pharmacological treatment of subjects who sustain a brain lesion, either acciden
tally (trauma, stroke) or surgically (tumor excision, stereotactic lesions, etc.) is generally aimed at 
preventing further damage from pathology such as edema, hemorrhage, infection. seizures, or renal 
or cardiopulmonary failure. The efficacy of these treatments can be observed in the period immedi
ately following the insult. However, the long-term effects, if any, of these treatments, or any 
interactions between the drugs used and mechanisms involved in functional recovery, have often 
been ignored. 

A brief review of some basic aspects of the response of neural and nonneural cells to injury is 
offered, with some comments on events occurring during histogenesis and in the initiation and 
regulation of inflammatory and immune responses that might be relevant to the problem of brain 
plasticity. I then discuss some of the mechanisms of cell damage common to different forms of injury 
(e.g., trauma, hemorrhage, thrombosis) such as membrane permeability changes, intracellular cal
cium alterations, and the role of certain neurotransmitters in the genesis of acute neuronal loss. 
Special emphasis on ischemia is made, with a review of the pharmacological treatment of stroke and 
comments on the importance of the management of the medical and neurological complications of a 
brain lesion. I conclude with a discussion of the requirements in the design of clinical trials oriented 
towards the individualization of drug therapy. 

Finally, I summarize our own investigations with a pharmacological model of reversible brain 
dysfunction using GABA, an endogenous inhibitory neurotransmitter, in both rats and monkeys. 

1. INTRODUCTION 

In a previous paper, 7 we referred to the common attitude of clinicians dealing with 
brain-injured patients. These cases often generate a mixed feeling of pessimism 
not only among medical personnel but also in the patient's family. The limited 
availability of specific drugs to treat brain lesions has, however, stimulated efforts 
both to understand the mechanisms involved in the pathophysiology of neural 

SIM6N BRAILOWSKY National Institute of Sciences and Technology, D.I.F., Mexico 14000 
D.F., Mexico. Present address: Laboratory of Neurophysiology, C.N.R.S., 91190 Gif sur 
Yvette, France. 
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injury and to find new remedial interventions to help these patients. In Table I we 
have assembled some of the theories and mechanisms invoked to explain the 
recovery processes found clinically and experimentally. Far from being ex
haustive, this list demonstrates that (1) many changes occur after a brain lesion, as 
most of the mechanisms proposed are not mutually exclusive, (2) that there are 
many possible levels of pharmacological intervention to alter the course of a brain 
lesion, and (3) that some confusion exists among researchers when naming a 
phenomenon related to the already vague term of "plasticity. " For example, what 
is the difference between "redundancy" and "multiple control"? 

Generally speaking, the main objective in the medical treatment of patients 
with brain injury is to reduce neurological deficits and prevent the progression of 
neural damage. In spite of undeniable progress in the neurosciences and the 
increasing power of new electrophysiological and brain-imaging techniques 
(PET scanning, nuclear magnetic resonance, etc.), we are still unable to dis
tinguish between reversible and irreversible damage in the period immediately 
following brain injury. Nevertheless, every clinician recognizes that some pa
tients will show spontaneous recovery. This fact, in conjunction with the 
awareness of the dynamic character of brain lesions, should provide the basis for 
investigation of therapies aimed at favoring the recovery process. 

As Norman Geschwind stated23 : 

It is a salient principle that one can probably never speak of a fixed neurological 
lesion. Damage in every location is followed by a sequence of changes, both local and 
distant, some instantaneous and others proceeding over years .... It is possible that 
many [of these 1 changes, perhaps the majority, are unfavorable, serving to prevent the 
expression of latent restorative processes. Study of these unfavorable mechanisms 
may be even more important than investigations of spontaneous recovery in leading to 
improved methods of therapy. 

Geschwind's insight will serve to establish our framework for the discussion 
of some of the factors to be considered in the medical treatment of patients with 
brain injury. 

TABLE I. Brain Plasticity after Injury: 

Proposed Theories and Mechanisms 

Theories 

Sparing 
Redundancy 
Multiple control 
Substitution 
Compensation 
Diaschisis ("neural shock") 
Restoration (restitution) 
Vicariation 

Mechanisms 

Reactive synaptogenesis 
Regenerative sprouting 
Postsynaptic supersensitivity 
Presynaptic hyperactivity 
Silent afferents ("unmasking") 
Sustained collaterals 
Remote disinhibition 
Release of occlusion 
Release or reactivation of 

developmental processes 
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Stroke is one of the main causes of neurological disability. For this reason, 
many attempts have been made to alter its progression toward stabilization or 
reversal of neurological impairment. The epidemiologic importance of this syn
drome warrants a brief review of the rationales employed by clinicians in the 
pharmacological treatment of these patients. We use this pathological condition 
to examplify current efforts to influence functional recovery after eNS damage. 
Information on drug treatment of other types of neural injury is more limited, 
although promising (for review, see ref. 19). It should be stressed that progress 
in the pharmacological treatment of patients with brain injuries should be based 
on our understanding of normal brain mechanisms: from receptors to behavior, 
from environmental influences to genetics, all levels should be considered. 

I review briefly some basic aspects of the response of neural and nonneural 
cells to injury with some comments on events occurring during histogenesis that 
we consider relevant to the problem of brain plasticity; Dr. Moonen and co
workers (Chapter 13) and Dr. Nieto-Sampedro (Chapter 15) refer to some of 
them in more detail. A short discussion of some of the reactions and mechanisms 
of cell damage linked to ischemia with special emphasis on those changes that 
may be common to other forms of injury follows. I then examine some of the 
more specific pharmacological aspects of stroke with comments on some of the 
drugs used to treat ischemic damage; the importance of the management of 
medical and neurological complications of a brain lesion is emphasized with a 
discussion of the requirements for the design of clinical trials aimed at the final 
goal, individualization of drug therapy. Finally, I summarize our own investiga
tions with a pharmacological model of reversible brain dysfunction using 
GABA, an endogenous inhibitory neurotransmitter, in both rats and monkeys. 

2. DEVELOPMENTAL, DEGENERATIVE, AND REGENERATIVE 

F ACTORS RELATED TO BRAIN PLASTICITY 

When a nerve fiber is cut, a complex sequence of events is triggered inside 
the neuron and in neighboring cells (see Fig. 1). The detailed mechanisms of 
many of these events are still to be clarified; for example, the character of the 
signal produced by the severed axon to induce the well-known chromatolytic 
changes in the cell soma is still unknown,28 and the processes by which an 
injured neuron loses all incoming terminals after axotomy and recovers them if 
the axon reestablishes contact with its target55 are also obscure. We know that 
many trophic factors exist between neurons and between neurons and glia and 
that these must play a role in plastic phenomena. The identification of mac
romolecules implicated in cell recognition, cell adhesion, axonal guidance, and 
regulation of gene expression offers new possibilities of intervention in the 
healing process after injury. 

The increased resolution of separation and immunologic techniques has 
permitted the isolation of molecular markers of many of the nonneural cells that 
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FIGURE I. Schematic view of neuronal and glial responses to nerve injury. An approximate time 
course of these events is included to illustrate the dynamic character of the process. The participation 
of glia (astrocytes and oligodendrocytes) at the central level and of Schwann cells in the periphery 
should be considered an integral element of both positive and negative reactions of the nervous 
system to noxious influences (for details, see text). 

participate in developmental, degenerative, and regenerative processes. Use of 
antibodies to these markers has made it possible to identify which cells react in 
response to a lesion or in an eventual recovery response. The interactions be
tween neurons and glia are now better understood. We know, for example, that 
extracts of Schwann cell cultures promote regeneration of cholinergic processes 
in vivo,33 that adult oligodendrocytes proliferate only in presence of neurons and 
not when neurons are absent,60 and that mitogenic activity of regrowing axons 
has been observed in Schwann cells during Wallerian degeneration (see ref. 11). 
We know also that nonneural cells secrete molecules that promote neurite exten
sion in culture by formation of substrate adhesion molecules (SAM) such as 
laminin, fibronectin, and heparan sulfate proteoglycanl2; SAMs are major com
ponents of the basal lamina, a structure thought to determine which areas of the 
nervous system will remain intrinsic (i.e., inside the brain-blood barrier) rather 
than peripheral after an injury. 59 The laminin-induced promotion of neurite 
outgrowth is much higher in developing tissues, whereas in the adult nervous 
system its immunoreactivity is limited to basement membranes. 12, 13 After ax
otomy, Schwann cells proliferate and provide laminin-rich pathways that may 
guide and stimulate axonal regrowth. 33 ,48 

Characterization of cell adhesion molecules (CAM) can help understand 
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how neural and nonneural cells establish contact. Specific CAMs exist in neuron
to-neuron communication (N-CAM), in neuron-to-astrocyte adhesion (Ng
CAM), in neuronal migration (Ng-CAM and L-1), and in myelination (MAG). 
Failure of axonal regrowth after injury might be caused by abortive expression of 
these guiding and promoting signals. 

Finally, astrocytes appear to playa major role in the initiation and regula
tion of intracerebral inflammatory and immune responses. 57 In the brain, and 
more specifically, in the vicinity of blood vessels, astrocytes can behave as 
specialized antigen-presenter cells (APC). T lymphocytes recognize antigen only 
when it is presented on the membrane of an APe. Astrocytes and other APCs 
(monocytes, macrophages) release interleukin-l (lL-l), which stimulates T cells 
to produce IL-2, an essential factor for the full expression of the T-cell cycle, and 
,,-interferon, which stimulates further APC expression, IL-l release, and secre
tion of prostaglandin E (PGE). Recently, IL-2 has been shown to induce pro
liferation and differentiation of oligodendrocytes, suggesting a role in the inflam
matory lesions of multiple sclerosis and in gliosis consecutive to brain injury. 4 

The glial proliferation in which all types of nonneural cells participate34 

may impede reorganization through displacement of synaptic terminals6 or inter
fere with growing axon sprouts. Raisman45 considers the latter to be the main 
limiting factor in recovery through reinnervation. Recently, Wells and Bem
stein59 reviewed the data on the influence of scar formation and neuronal re
generation after trauma. They concluded that the failure of the axon to reestablish 
synaptic connections results from a combination of both inadequate neuronal 
growth properties and the scar formation processes rather than either alone (see 
also ref. 21). Nevertheless, as Nieto-Sampedro discusses (Chapter 15), astro
cytes may also play a beneficial role after neural injury. 

3. MECHANISMS OF CELL DAMAGE LINKED TO ISCHEMIA 

The neurodegenerative changes observed after a brain lesion depend on the 
characteristics of the etiopathogenic agent. For example, neurological disorders 
such as epilepsy, Huntington's chorea, parkinsonism, and olivopontocerebellar 
atrophy show neuronal losses localized to different structures, suggesting differ
ent causative factors, whereas common mechanisms have been proposed for 
brain damage induced by excitotoxins and by anoxic/ischemic accidents. 47 ,49 

I consider briefly some of the mechanisms of cell damage linked to ischemia 
from the clinical point of view and then examine, in some detail, how distur
bances in intracellular calcium occupy a center position in the sequence of events 
leading to neuronal death. I finally refer to some recent evidence on the role of 
neurotransmitters in the genesis of acute neuronal loss. 

The possible causes of reduction in cerebral blood flow (CBF) are many. 
They can occur either acutely, i.e., circulatory arrest, cerebral embolism, trauma 
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with hemorrhage, rupture of an aneurism, etc., or they may evolve progressively 
as in asphyxia, transient focal ischemic attacks, progressing stroke, etc. The 
latter category is sometimes difficult to define, particularly in cases of acute 
carotid system infarction (see ref. 29). It is of paramount importance to establish, 
as soon as possible, the etiology of the ischemic accident, particularly in cases of 
intracranial bleeding or evolving hypertensive encephalopathy. The physician 
must take into account this time window when choosing a medical treatment for 
his patient, as neuronal damage increases proportionally with progressing 
ischemia. 

Concerning the acute progressing stroke, the general impression is that 18 to 
24 hr without progression, in cases where the site of focal ischemia is in the 
carotid system, is sufficient to categorize the stroke as "completed." If the 
lesion is in the vertebrobasilar territory, a longer period of time (up to 72 hr) is 
necessary. Completed stroke then refers to a condition in which the focal neu
rological deficit is stable. 

A focus of ischemia usually presents three zones: (1) a central ischemic 
zone where the blood flow is under 10 mlllOO g per min and that eventually will 
progress to infarction, (2) a bordering zone, now called "ischemic penumbra," I 
where blood flow is between 10 and 15 mlllOO g per min, and (3) a collateral 
zone, frequently hyperemic. 58 

There are many factors that can influence the outcome of an ischemic 
attack: completness of ischemia (incomplete ischemia appears to be more haz
ardous than complete ischemia), collateral circulation, duration of ischemia, 
presence of edema (see ref. 58), pH, and serum glucose concentration. The latter 
has been shown to be a critical factor: the level of carbohydrate in the brain will 
determine whether the ischemic zone will cause cerebral infarction or will result 
in more limited damage. Plum's44 hypothesis is that hyperglycemia induces a 
chain of events: high tissue lactoacidosis ~ neuronal death, astrocyte swelling, 
endothelial leakage, and disintegration ~ infarction ~ severe extracellular 
edema. Therefore, special care should be taken in patients at risk for 
hyperglycemia. 

The pathophysiology of neural injury from ischemia is shown in Fig. 2. 
Independently of the origin, local ischemia will eventually produce an increase in 
intracellular calcium, triggering what has been called "the calcium cascade." 

The Ca2 + cascade refers to the chain of events produced by an abnormal 
increase in cytosolic calcium. The disruption of membranal Ca2 + -ATPase pump 
activity can be the consequence of energy failure (depletion of high-energy 
phosphates) or prolonged depolarization. The increased intracellular Ca2 + will 
activate two subclasses of protein kinases: the calcium and calmodulin-depen
dent protein kinase and the calcium and phosphatidylserine-dependent kinase or 
protein kinase C39; these kinases will trigger different mechanisms normally 
tightly controlled, including neurotransmitter release (via stimulation of inositol 
triphosphate and diacylglycerol formation) and hydrolysis of arachidonic acid 
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(AA) via phospholipase A2 . Increased neurotransmitter release will induce in
ositol phospholipid (IP) turnover; in general, this turnover is associated with an 
increase in the intracellular concentration of calcium. In this way, occupation of 
both neuronal and glial receptors by the released molecules will induce degrada
tion of IP to produce diacylglycerol (DAG) and inositol triphosphate (IP3). The 
former, operating within the plane of the membrane, will activate protein kinase 
C (PKC) , whereas IP3 will be released into the cytoplasm to mobilize Ca2 + 

stores. 5 The PKC can phosphorylate several target proteins to induce physiologi
cal responses. Interestingly, PKC can be selectively activated by tumor-promot
ing phorbol esters (see ref. 40) substituting for DAG. Recently, phorbol esters 
have been shown to potentiate synaptic transmission in the hippocampus,37 a 
structure in which plastic phenomena such as long-term potentiation (L TP) have 
been well characterized. Moreover, glutamate, an excitatory amino acid that 
participates in hypoxic cell damage (vide infra), has been shown to be involved 
in the generation of L TP and in stimulation of IP in the brain. 50 

The enzymatic reactions associated with stimulation of PKC and with mobi
lization of intracellular Ca2 + through IP 3 have been proposed to be the site of 
action of certain oncogenes (see ref. 5) known to stimulate cell proliferation. Dr. 
Schwartz and co-workers (Chapter 14) presents evidence on the possible role of 
oncogenes in regeneration and nerve repair. 

The increased formation of arachidonic acid, a precursor of vasoactive 
substances (prostaglandins and leukotrienes), will further worsen blood now 
and, as a substrate for xanthine oxidase and cytochrome P450, will give rise to 
free radicals, which will cause peroxidation of lipid membranes of neurons and 
endothelial cells affecting their selective permeability. The release of AA will 
also stimulate several cyclases with the formation of cyclic nucleotides and the 
resulting activation of various protein kinases. This will result in further altera
tion of neurotransmitter release and inactivation mechanisms. 20 Drs. Demediuk 
and Faden (Chapter 2) elaborate further on this "AA cascade." 

Increased synaptic activity, probably mediated by release of excitatory neu
rotransmitters, will eventually produce cell death.46 The cell death observed 
after treatment with agonists of excitatory amino acid receptors such as kainic 
acid or N-methyl-D-aspartate (NMDA) is also a calcium-dependent phenomen
on. 22 Interestingly, these authors found that as early as 1 min after incubation of 
cerebellar slices with kainate (100 j.LM), Golgi cells started showing signs of 
degeneration, and a 4-min exposure to this drug was enough to cause irreversible 
damage. 25 These authors suggest that massive release of excitatory neurotrans
mitters is responsible for acute neuronal necrosis, a hypothesis put forward by 
Olney44 and supported by the protective effects of excitatory amino acid receptor 
blockers in a rat model of forebrain ischemia.49 The deleterious effects of ago
nists like NMDA seem to be mediated by an intracellular increase in calcium 
concentration. 36 

If excitotoxic influences may explain ischemia-induced infarction, we are 
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still unable to understand the mechanisms involved in the temporary depression 
of the surviving systems that mediate functional recovery. This point is discussed 
further in Section 8 of this chapter. 

4. DRUGS USED TO TREAT ISCHEMIC CELL DAMAGE 

As we have seen, the abnormally elevated intracellular concentration of 
calcium is both the consequence of several mechanisms and the origin of a 
number of reactions that can lead to cell damage. All these levels of calcium's 
action may be modified by drugs (see ref. 56). 

l. Chelating agents. Drugs such as EDTA have the ability to bind extra
cellular Ca2 + . However, to our knowledge, there are no clinical studies 
with these agents in stroke patients. 

2. Calcium channel blockers: nifedipine, nimodipine, flunarizine, ve
rapamil. Most of these drugs have shown mainly a vasodilator activity. 
However, their action on ischemic tissue is different from that observed 
in normal cells: they may prevent vasospasm in the absence of ischemia 
and increase edema formation when the latter is present. 58 Recently, 
calcium antagonist receptors have been localized to specific synaptic 
regions in the brain,24 but their functional significance remains to be 
elucidated. 

3. Inactivators of the Ca2 + -calmodulin complex: phenothiazines. Intra
cellular calcium accumulation can be prevented by pretreatment with 
chlorpromazine. However, in hypoxic or ischemic conditions, prom
ethazine had lethal effects on 75 to 80% of the animals. 

4. Arachidonic acid antagonists. To date, there are no agents that can 
specifically inhibit AA hypermetabolism. However, a number of drugs 
have been used against the negative effects of some of its byproducts. 
Reducing agents such as a-tocopherol, ascorbic acid, glutathione, etc. 
may protect cells from hydroxyl radicals (OH·). Xanthine oxidase inhib
itors such as allopurinol may decrease production of superoxide anions 
and hydrogen peroxide. Inhibitors of prostaglandin synthesis such as 
indomethacin reduce thromboxane levels when given before ischemia 
and protect adenylate cyclase from ischemic changes53 in gerbils. How
ever, in ischemic baboons, it significantly increases edema. Prostacyclin 
(PGI2), a vasodilator and inhibitor of platelet aggregation, has been 
administered to stroke patients with controversial results. More tests are 
needed before any conclusion can be reached about this agent. 

5. Pharmacological protection: barbiturates. Properties such as stabilization 
of neuronal membranes, decreased calcium influx, lowering of intra
cranial pressure, diminished release of AA, and overall decrease of 
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cellular metabolism have made these drugs interesting candidates for 
protection against brain ischemia. However, the experimental and 
clinical evidence of their efficacy is not resolved. For instance, the 
dosages used are much larger than those ordinarily employed, and treat
ment, when effective, had to be given within the first 60 min of the onset 
of ischemia. Moreover, removal of barbiturates may be followed by fatal 
elevation of intracranial pressure. 61 More data are needed from carefully 
controlled randomized clinical trials with long-term follow-up to vali
date the usefulness of barbiturate protection. 

6. Opioids. Endogenous morphinelike substances have been suggested to 
participate in the pathophysiology of both ischemic and traumatic inju
ries. 3 ,15 Naloxone, the commonly used antagonist for opiate toxicity, 
has been tested in stroke patients with controversial results. 17 Animal 
experiments also show conflicting results; for example, Baskin et al. 3 

report beneficial effects of an opiate agonist, dynorphin(1-13), in cats 
with occlusion of the right middle cerebral artery, whereas Tang52 did 
not find this protective effect in gerbils with bilateral carotid occlusion. 
Moreover, this author reports protective effects of a specific K opioid 
receptor agonist (U-50,488E) in his gerbil model, and Faden and Jac
ObS,16 using a selective antagonist for the same receptor, find improve
ment in neurological recovery after ischemic spinal cord injury in rab
bits. Finally, use of drugs with mixed agonist-antagonist actions on the 
opiate receptor (in this case, levallorphan) has been reported to reverse 
neurological deficits in patients with acute ischemic stroke. 26 Perhaps 
the differences in animal models or in drugs used may account for these 
discrepancies. Meanwhile, naloxone continues to be used in many 
clinical settings. 61 

To summarize, Table II illustrates some therapeutic measures and their 
rationale in patients with completed stroke. 

5. MANAGEMENT OF MEDICAL AND NEUROLOGICAL 

COMPLICA TIONS 

The management of medical and neurological complications of a brain 
lesion is as important as the treatment of the lesion itself. Special attention should 
be paid to cardiac and pUlmonary functions, the nutritional and metabolic status, 
excretory functions, dermatological and vascular risks arising from bed rest and 
immobility, and neurological complications such as seizures or alterations of 
consciousness. It is also crucial to control underlying pathological conditions 
such as ischemic heart disease, diabetes, or hypertension. 27 ,61 
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TABLE II. Therapy of Completed Strokesa 

Microcirculation 
Rationale: To improve blood flow to the "ischemic penumbra" (ischemically impaired but 

viable brain tissue) 
Drugs 

Prostacyclin or its stable prostaglandin analogues: Unproven value 
Naloxone: May be used acutely (0.4 to 0.8 mg) 
Aminophylline: Without benefit in controlled studies 

II 

Vasopressors: May be beneficial during angiography, but of unproven efficacy (and may be 
hazardous) in thromboembolic strokes 

Hypotensors: Acutely may aggravate the ischemic stroke 

Platelet antiaggregation drugs 
Rationale: To prevent platelet hyperaggregability associated with stroke 
Drugs 

Aspirin: Reduces stroke recurrences 
Dipyridamole: Dubious synergistic activity with aspirin 
Sulfinpyrazone: No more effective than aspirin 
Clofibrate and flurbiprofen: More clinical trials are needed 

Anticoagulation 
Rationale: To prevent possible coagulation and a thromboembolic stroke syndrome 
Drugs 

Anticoagulants: Of little use in completed strokes; heparin may be used if recovery is in 
progress or the deficit is small 

Fibrinolysins (streptokinase, urokinase, and tissue plasminogen activators): Of theoretical 
value from studies in coronary artery disease 

Biorheologic factors 
Rationale: To reduce blood viscosity and improve blood flow to the "ischemic penumbra" 
Drugs 

Dextran or albumin infusion: May improve neurological status 
Perfluorocarbons (fiuosol): Carry oxygen; may be useful by exchange transfusion 
Pentoxyfilline: Reduces red blood cell deformability and therefore blood viscosity 
Ancrod (snake venom): To reduce fibrinogen (experimental) 

Antiedema agents 
Rationale: To improve "vasogenic" edema associated with brain tumors but rarely with stroke 
Drugs 

Steroids (dexamethasone, methylprednisolone): Have not been shown to be of any benefit in 
acute ischemic strokes; their use should be abandoned 

Dehydrating agents (mannitol, glycerol): As a temporary measure to prevent herniation 
syndromes 

Pharmacological protection 
Rationale: To decrease cerebral metabolic rate until circulation is restored, to reduce 

intracranial pressure, to block the' 'calcium cascade," and to decrease free radical 
generation 

Drugs 
Barbiturates: No carefully controlled, randomized clinical trials support their use in man 

(continued) 
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TABLE II. (Continued) 

Calcium channel blockers (nifedipine, nimodipine, etc.): Of theoretical value from studies in 
myocardial infarction; potential of side effects (vasodilatation and increased edema) 

Allopurinol: To block xanthine oxidase, which generates free radicals; effects on human 
brain ischemia not yet known 

Other agents: Piracetam, prexilene, imidazole derivates, etc.; more information is needed 

"From: Kistler et al.," Fishman,2o and Yatsu et al. 61 

6. REQUIREMENTS IN THE DESIGN OF A CLINICAL TRIAL 

It is unfortunate to realize that part of our inability to reach valid conclu
sions concerning the efficacy of a given medical treatment in patients with brain 
lesions arises from incorrect design of clinical trials. 5! The alarming frequency 
of improperly applied statistical tests is one of the reasons, but not the only one. 
The difficulty of establishing a group of patients with comparable degree of 
pathology, and in sufficient number, should not prevent the proper evaluation of 
potentially useful treatments. 

Many designs for clinical trials have been proposed (for example, see refs. 
42 and 43), and the importance of having a statistical consultant has been repeat
edly underlined. 5 ! In this chapter, we can only make a few recommendations 
worth considering by both clinicians and experimentalists concerned with 
clinical trials: 

1. Specific outcomes of therapy must be measured. 
2. The accuracy of diagnosis and the severity of the disease must be 

comparable. 
3. Dosage should be individualized in order to be able to compare relative 

efficacy at equivalent toxicity or relative toxicity at equivalent efficacy. 
4. Placebo effects must be controlled (evaluation of subjective effects). 
5. Compliance should be assessed before assignment of experimental reg-

imen. 
6. Sample size should be estimated before the beginning of a clinical trial. 
7. Sufficient follow-up duration must be established. 
8. Ethical considerations may determine the choice of control groups. 

Finally, I should mention the fact that the acceptance of a medical treatment 
for a defined population is also based on national policies. For example, drug 
approval regulations in the United States have been considered too long (an 
average for a new drug, from initial studies in normal volunteers to the condi
tional approval by FDA, is from 8 to 10 years). A better design for clinical trials 
may abbreviate this duration. 
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7. INDIVIDUALIZATION OF DRUG THERAPY 

I should make a short comment on some of the possible sources of vari
ability in response to drug treatment (see Table III), as they are variables that 
have to be taken into account before conclusions can be reached on the beneficial 
or deleterious effects of any substance. 

A detailed analysis of these factors and others not mentioned here, such as 
gender, psychological variables (emotional state, motivation, familial support, 
etc.), pre- and postlesion exposure to drugs, and socially determined variables, 
has been dealt with elsewhere. 7 The age factor is considered below. 

Pharmacokinetic and pharmacodynamic parameters are quantifiable vari
ables that can be manipulated experimentally, but other sources of variability are 
more difficult to control. Patient compliance is one of them. In this context, the 
interaction between the physician and the patient may determine the success or 
failure of a medical treatment. We believe that compliance can be facilitated 
when both parties, physician and patient, share information concerning the dis
ease, the treatment, and the expectancies of this treatment. Unfortunately, this 
information is frequently confined to the patient's medical record. 

Finally, we should add that the context in which a drug is administered can 
significantly alter drug response. Both the family environment and the social 

T ABLE III. Individualization of Drug Therapy: 
Sources of Variability in Response to 

Drug Treatment 

Patient compliance 
Medication errors 
Pharrnacokinetic parameters 

Availability 
Urinary excreation 
Binding to plasma proteins 
Clearence 
Volume of distribution 
Half-life 
Effective and toxic concentrations 
Physiological variables 
Pathological variables 
Genetic variables 
Drug interactions 
Tolerance 

Pharmacodynamic parameters 
Drug-receptor interactions 
Functional state 
Placebo effects 
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setting in which the patient lives have to be considered in the optimization of 
medical treatment. Drugs are not the only solution for brain-injured patients. 
Rehabilitation measures have to include social support, for a patient with a 
positive mood has a much better opportunity to develop fully the potentials 
offered by the plasticity of the brain. 

8. THE GABA TECHNIQUE OF REVERSIBLE BRAIN 

DYSFUNCTION 

It is conceivable that both functional deficits and behavioral recovery fol
lowing a brain lesion are the result of alterations in neurotransmitter regulation. 
In an already classic book on restoration of function after brain injury, Luria35 

pointed to this fact and proposed that pharmacological modification of neuro
transmitter levels could be a valid form of intervention. Based on his experiments 
with inhibitors of cholinesterase in man, he stated: 

There is reason to suppose that the mediator metabolism does not remain undisturbed 
in a synapse which is affected by edema as a result of trauma. Long before the 
terminal filaments and their endings show signs of gross fragmentation and destruc
tion, the mediator metabolism is probably deranged, which would explain the inactive 
state of synapses in which no gross structural damage is apparent. If this hypothesis is 
correct, it may also be postulated that modification of the mediator metabolism (the 
chemical mechanism of transmission at the synapse) by activation of acetylchohne 
will help to restore normal synaptic transmission and to revive temporarily inhibited 
functions. 

Drs. Feeney and Sutton (Chapter 7) and Zivin (Chapter 4) describe this 
approach employing catecholaminergic agonists and serotonin antagonists, re
spectively, to influence the outcome of brain injury. 

We have been interested in the GABA system both to elucidate its participa
tion in the lesion and recovery processes and as a pharmacological tool to 
reproduce the phenomenology of a brain deficit. This inhibitory neurotransmitter 
is particularly sensitive to changes in cerebral blood flow (see references in ref. 
9), and significant increases in its extracellular concentrations have been detected 
after ischemia and/or hypoxia. 

Using chronic, localized perfusion of GAB A into the motor cortex of freely 
moving animals, we have been able to induce a reversible hemiplegia in the rat. 9 

Focal administration has several advantages including a reduction in intra- and 
interanimal variability in cerebral drug concentration and a reduction in collateral 
drug effects on other organs. Moreover, this technique permits us to overcome 
variations related to blood-brain barrier permeability or effects on other distant 
structures. 

The technique consists of the chronic delivery of minute quantities of 
GABA directly into the structure of interest through osmotic minipumps. These 
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devices are implanted subcutaneously and connected through a plastic catheter to 
an intracerebral cannula. We have infused the rat motor cortex with GABA (100 
,...,g/l.d) or saline for 7 days (1 ,...,Vhr) and studied the temporal evolution of the 
clinical deficit, as evaluated with a motor test of coordinated walking on an 
elevated narrow wooden beam. In this test, trained rats maintain all four paws on 
the upper surface of the beam while walking towards their home cage, located at 
the opposite end of the bar, whereas animals with motor deficits are either unable 
to run (maximal deficit score), drag the limb contralateral to the operated side, or 
show slips, falls, or defects in paw placing (for a full description of the scoring 
system, see ref. 9). A dose of 100 ,...,g/,...,l was chosen based on previous experi
ments in which the effects of the amino acid were evaluated using the evoked 
potential technique. 

The GABA-infused group showed significant differences (higher deficits) 
in 4 of the 7 days of treatment. The motor deficit found in the saline-treated 
animals was similar to the one produced by motor cortex aspiration, even in 
those cases in which the excision of cortical tissue included bigger areas. From 
these experiments we conclude that the GAB A-induced deficit lasted longer than 
that produced by the trauma of the cannula itself or by deficits provoked by 
aspiration or large cortical areas. 

After our findings of significant differences in motor deficit between 
GABA-treated and saline-infused animals (both groups having the same extent of 
structural lesion), we compared the deficit induced by the inhibitory neurotrans
mitter in young adult (6-9 months) and aged (24 months) rats. The latter group 
showed longer and more pronounced deficits after GABA infusion than the 
young rats (see Fig. 3). 

Originally, we proposed9 the usefulness of this rat model of reversible 
hemiplegia for screening pharmacological agents used in patients with brain 
lesions or to study substances that might facilitate recovery processes. Because 
we were interested in possible interactions between GABA and drugs claimed to 
interact with this amino acid, we studied the effect of phenytoin (a widely used 
anticonvulsant both in neurology and neurosurgery) in our rat model. IO Admin
istration of phenytoin concurrently with chronic GABA infusion resulted in a 
significant increase in the severity of the hemiplegic syndrome. The drug had no 
deleterious effects on motor function when administered either before GABA 
(always in trained animals) or after GABA, when the animals had already re
covered from the motor deficit (14 days after intracortical implantation of the 
cannulas used to deliver the amino acid). 

We have also employed this method to evaluate the effects of dopaminergic 
manipulation in both young adult and aged hemiplegic animals. 32 Haloperidol, a 
dopaminergic antagonist widely used in humans, has been reported to induce a 
reappearance of the motor disturbances produced by cortical lesions in recovered 
animals54 and to antagonize the facilitation of recovery produced by ampheta
mine in motor-cortex-Iesioned ratsl8 (see also Chapter 7). For these reasons, we 
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FIGURE 3. Comparison of motor performance of young adult (filled circles) and aged (triangles) 
GABA-treated animals and saline-infused young rats (open circles). The solutions (1 fLlIhr for 7 
days) were administered to the left somatosensory cortex via osmotic minipumps. Implantations are 
indicated by the arrow ("surgery"). All groups showed a trend towards better performance in the 
training period. The GABA-treated animals had greater deficits than the saline-treated animals. Note 
that the aged group slowly recovered after the end of drug treatment, although they never attained 
presurgery performance levels (represented on a log scale). Further details and references in the text 

studied the effects of the neuroleptic on young and aged animals who had 
recovered from GAB A-induced motor dysfunction (15 to 45 days after mini
pump implantation). After confirming stability in motor performance on the 
beam test for at least 3 days, 0.1 mg/kg i.p. of the drug was given. All the 
animals, including the controls (unoperated), showed some degree of deficit 
under the effects of the drug (see Fig. 4), consisting mainly of hesitation and a 
wider hindlimb base while walking but without any evidence of lateralized 
defects. The GABA-treated animals showed a deficit contralateral to the lesion 
that was identical to the one produced during the GABA infusion period and 
much more severe than the dysfunction seen in the control group. 

An interesting trend was observed between the young and the aged groups: 
the aged subjects showed, as in the GABA infusion period, a slower and less 
complete recovery (see Fig. 4). These data indicate differential sensitivity of 
aged and young animals to both GABAergic and dopaminergic manipulation. 

These experiments with phenytoin and haloperidol suggest that GABAergic 
mechanisms are involved in the initial stages of functional deficit after a brain 
lesion and that phenytoin administration in brain-damaged individuals in the 
initial postlesion stage may be deleterious, whereas dopaminergic neurotransmis
sion is implicated in the late stages of functional recovery after motor cortex 
lesions. Moreover, aged animals appear to be more sensitive to dopaminergic 
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FIGURE 4. Effects of haloperidol (0.1 mg/kg) on motor performance of young adult and aged rats 
studied for six consecutive days. The drug was administered on day "H," and its effects were 
studied 30 min after injection and on the next 2 days. Each bar represents the day's mean ± S.E.M. 
The control group (unoperated animals) showed nonspecific impairment in motor performance with
out any evidence of lateralization. The " aged " and "young" animals received the drug after 
recovery or stabilization from the GABA-mediated potentiation of cortical hemiplegia. Haloperidol 
induced the reappearance of the unilateral motor deficit in these animals. The aged group showed 
significantly slower recovery after the drug, whereas the young animals returned to predrug motor 
scores on the day after administration. For details, see text. 

blockade once the recovery process has begun. The clinical implications of the 
latter observation are that aged patients can also recover from brain lesions but 
that this recovery is slower and more easily disruptable than that in younger 
subjects. Definite strategies for rehabilitation can thus be suggested: aged, brain
damaged patients require longer training, and more attention should be exercised 
when administering drugs that influence the dopaminergic system. Conversely, 
pharmacological manipulation of this system may be attempted to enhance re
covery . The findings of Feeney and Sutton (Chapter 7) with amphetamine in 
stroke patients represent a good example . 

Functional deficits may result not only from processes that decrease brain 
excitability, such as the ones considered above, but also after epileptic processes, 
that is, consequent to increased neuronal activity. An irritative focus may disrupt 
normal function of the implicated structure and of all those areas to which the 
affected area projects. In the case of epilepsy, there is a clear correlation between 
the affected area and the resulting functional abnormality. Moreover, we have 
proposed a possible relationship between the motor syndrome observed after 
GABA infusion and Todd's phenomenon, also called postepileptic paralysis.9 
This "paralysis" can affect any area of the cortex, depending on where the 
epileptic focus is located, and is reversible. The clinical deficits reported can be 
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motor (from hemiparesis to aphasia) or sensory (paresthesias), but it is also 
possible that cognitive dysfunctions exist and pass undetected. The generality of 
the phenomenon suggests a common inhibitory mechanism. 14 

We are presently applying the technique of chronic intracortical GABA 
infusion in the photosensitive baboon, Papio papio. This animal has been con
sidered one of the best animal models of human epilepsy because the only 
manipulation necessary to induce clinical manifestations of epilepsy in this 
monkey is intermittent light stimulation. 38 Electrophysiological experiments 
have shown that there is a discrete area in the frontorolandic cortex from which 
epileptic discharges triggered by light stimulation that precedes myoclonic ac
tivity are generated. We infused GAB A into this region in a manner similar to 
that described for the rat, producing a complete blockade of the photosensitivity. 
No other clinical deficit was observed. As in the case of hemiplegia, these effects 
were reversible, as the animals returned to their previous state of photosensitivity 
in the week following GABA application. 

However, at the end of the GAB A infusion period (7 days), we observed the 
appearance of spontaneous epileptic discharges originating in the GABA-treated 
areas. This "GABA withdrawal syndrome" lasted for 3 to 4 days, with return to 
normal electrical activity afterwards. The spontaneous hyperactivity of this cor
tical region after GABA infusion seems to be a rebound in excitability after 
chronically elevated inhibitory neurotransmission. It is possible that this rebound 
represents a local disinhibition after chronic enhancement of GABA levels or 
facilitatory activity from other structures projecting to this cortical area. If the 
latter is the case (remote effects), we should be able to demonstrate some "di
aschisislike" phenomenon such as the compensatory excitability changes that 
may be common to lesion experiments in which recovery processes are also im
plicated. 

Further experiments are necessary to explore the applicability of this tech
nique to reversible inactivation of other structures and the mechanisms involved. 
The temporal evolution of both the deficit and the recovery process after GABA 
inactivation offers a good time window through which we can examine brain 
plasticity. 
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ARACHIDONIC ACID 

METABOLITES AND MEMBRANE 

LIPID CHANGES IN CENTRAL 

NERVOUS SYSTEM INJURY 

PAUL DEMEDIUK AND ALAN I. FADEN 

ABSTRACT. Following various fonus of trauma to the brain and spinal cord, a series of membrane 
lipid changes occur that include large increases in free fatty acids and diacylglycerols and decreases 
in selected phospholipids and cholesterol. Occurrence of peroxidative damage is also indicated by 
decreased levels of membrane antioxidants and increased levels of peroxidation products. Among the 
free fatty acids, arachidonate shows the largest relative increase. A consequence of arachidonate 
release is its metabolism through the cyclooxygenase and lipoxygenase pathways to produce pros
taglandins, leukotrienes, and other eicosanoids, compounds with very potent physiological effects. 
The potential consequences of the membrane lipid alterations include changes in membrane per
meability, edema induction, and reductions in activities of membrane-bound enzymes such as 
Na + ,K + -ATPase. The production of the eicosanoids may be related to the platelet aggregation, 
reduction in blood flow, and capillary damage seen following central nervous system trauma. 

Using two different animals (cat, rat) and two different models of mechanical spinal cord injury 
(compression, weight drop), we have demonstrated a biphasic response in membrane lipid metabo
lism. Very early changes (1 min to 1 hr) are characterized by increases in free fatty acids and 
eicosanoids, which peak at 30 min and are declining by 1 hr post-injury. There is also a more delayed 
secondary increase in free fatty acid levels with associated decreases in selected phospholipids; these 
changes appear to peak at 24 hr post-injury. 

By using specific drugs as pharmacological probes to inhibit release or effects of the lipid 
changes, we are currently studying the role of arachidonic acid metabolites on secondary CNS injury 
following trauma or ischemia. 

PAUL DEMEDIUK AND ALAN I. FADEN • Department of Neurology, University of California, 
San Francisco, and Center for Neural Injury, Veterans Administration Medical Center, San Francis
co, California 94121. 
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1. INTRODUCTION 

Delayed, progressive injury may follow a variety of insults to the central nervous 
system (CNS), including hypoglycemia, hypoxia, seizures, ischemia, and me
chanical trauma. There is increasing evidence to indicate that a major component 
of this delayed injury is the release or production of endogenous pathophysiolog
ical factors in response to the initial insult. It is believed that these factors may 
contribute to the propagation of the injury through a variety of mechanisms 
including reductions in blood flow, alterations in the local metabolic environ
ment, and cell membrane damage with effects on membrane-dependent en
zymes. In addition to the postulated role of direct membrane damage in the 
trauma process, glycerophospholipid components of the cell membrane may also 
act as a source of release of potentially injurious molecules including free fatty 
acids (FFA), platelet-activating factor, prostaglandins, and leukotrienes. 

2. MEMBRANE LIPID CHANGES IN CNS INJURY 

2.1. DIRECT MEMBRANE EFFECTS 

2.1.1. LIPID HYDROLYSIS 

The delayed, self-propagating cell death that is characteristic of certain 
types of CNS injury appears to be related to biochemical changes. One very early 
target of biochemical changes that cause cellular damage appears to be the cell 
membrane via activation of lipid hydrolytic enzymes (lipases). Experiments by 
Bazan and co-workerss demonstrated that global ischemia and epileptic seizures 
are accompanied by a rapid increase in brain FFA levels, with the largest relative 
change being observed in arachidonic acid. Similar increases in FFA concentra
tion have since been observed in brain during hypoxia,38 hypoglycemia,2 cold
induced injury, 13 and severe focal ischemia8s and in spinal cord following me
chanical trauma22 (Table I). Diacylglycerols (DO) have also been documented to 
accumulate following CNS trauma. 

In normal brain and spinal cord, the concentrations of FF A and DO are very 
low. The lowest reported FF A values for brain are those of Yoshida et aI., 116 
who measured a concentration of 64 nmol! g wet weight for rat brain frozen in 
situ with liquid nitrogen. However, the range of brain FFA concentrations typ
ically found in the literature varies from 140 to 170 nmol! g wet weight, including 
more recent results from Yoshida et al. llS Control FFA levels of feline spinal 
cord in situ average 95 nmol! g wet weight. 23 Rat spinal cord has been found to 
have control FFA levels of 150 nmol!g wet weight (A. I. Faden, P. H. Chan, and 
S. Longar, unpublished results). In all cases, the polyunsaturated arachidonate 
and docosahexaenoate species represent extremely small proportions of the total 
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TABLE I. Changes in Eicosanoid Levels following Traumatic Injury 

Injury type PGE2 PGF2a TXA2 PGI2 LTs References 

Cold injury (brain) f f Not Not Not 80 
measured measured measured 

Brain ischemia f f f f f 15,74 
Concussive brain trauma f f Not ~ Not 28 

measured measured 
Seizures (brain) f f f Not Not 6 

measured measured 
Spinal cord trauma i f t No t 22, 55 

change 

FFA fraction. Control DG concentrations in brain and spinal cord have been 
measured at 100-170 nmol/g and 65 nmol/g wet weight, respectively. 22,23,60,99 

Traumatic insults to the brain or spinal cord produce marked increases in 
total FFA and DG levels (Fig. 1). Regional variability and gray/white matter 
differences in lipid hydrolysis have been demonstrated. 9 ,22,87 Observable dif
ferences occur very rapidly (as early as 30 sec) after initiation of trauma. Insults 
that cause no apparent permanent functional loss (i.e., induced seizures) are 
subject to a relatively modest increase in FFA levels to approximately 450 
nmol/g wet weight. More severe injury states (i.e., complete brain ischemia) that 
result in permanent measurable losses of CNS function elevate FF A and DG 
levels to 800-1200 nmol/g and 450-520 nmol/g wet weight. In most cases, 
these changes are monophasic over the experimental time period with a pro
nounced maximum and then a decline within 60-180 min. Unfortunately, only 
relatively short time periods have been studied «3 hr), and very little is known 
regarding the fate of membrane lipids at longer times following injury. Recent 
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FIGURE 1. Typical phospholipid structures and points of enzymic hydrolysis by various lipases. In 
the CNS, approximately 15-20% of the total phospholipid is in the 1-0-alkenyl or plasmalogen 
form, primarily as plasmenylethanolamine. 
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preliminary data indicated that more delayed time-dependent changes also occur, 
with peak: effects at 24 hr (Table II). 

Theoretically, the released FF A could arise by hydrolytic activity acting on a 
number of different lipid pools that are known to be rich in fatty acids. Cholesterol 
esters, mono-, di-, and triacylglycerols, and the glycerophospholipids all contain 
esterified fatty acyl groups. The sphingolipids contain a fatty acyl group in an 
amide linkage, which is very resistant to hydrolysis. In the CNS the most abundant 
and easily liberated fatty acids are those attached through ester linkages to the 
glycerolipids. I9 Within the glycerolipid fraction, the phosphoglycerides greatly 
predominate in the CNS and have thus received the greatest attention. The increase 
in DG levels is also most probably related to altered glycerophospholipid 
metabolism. 

Phospho glycerides can be conveniently depicted as consisting of a glycerol 
backbone with various functional groups attached to the glyceryl alcohols by ester 
or ether linkages (Fig. 2). The 2 position is generally much higher in polyunsatu
rated acyl content than the 1 position. As seen in Fig. 2, {l,2)-diacyl- or 1-0-
alkenyl,2-acylphospholipids are subject to hydrolytic attack by five classes of 
lipases. I9,102 

Phospholipases of the A type produce a FFA and lysophospholipid; phos
pholipases C and D produce a DG and phosphatidic acid, respectively. Alkenyl 
phospholipids (plasmalogens) may undergo hydrolysis at the 1 position via a 
plasmalogenase. The remaining fatty acyl group in a lysophospholipid produced 
by the action of phospholipase AI' A2 , or plasmalogenase is then susceptible to 
hydrolysis by lysophospholipases, which are very active in brain. 97 Free fatty 
acids may also be liberated by the sequential action of diacylglycerol lipase and 
monoacylglycerollipase. Diacylglycerols can be formed nonhydrolytically from 
glycerophospholipids by reversal of the synthetic enzyme 1 ,2-diacylglycerol : 

TABLE II. Changes in Biochemical Parameters following Impact Trauma 
to the Rat Spinal Corda 

Variable Control 2hr 24 hr 1 week 

Total FFA 265.8 329.7 502.6 32l.2 
(nmol/mg wet weight) 

20:4 19.6 ± 4.9 17.9 ± 6.2 58.2 ± 20.1 16.7 ± 6.2 
(nmol/mg wet weight) 

Total lipid P 74.1 ± 8.8 67.7 ± 7.9 46.2 ± 6.7 67.9 ± 9.3 
(nmol/mg wet weight) 

Na+, K+-ATPase 7.5 ± 2.1 15.9 ± 2.6 1.7 ± 1.2 1.7 ± 0.9 
( ..... mol Pi/mg protein/hr) 

H20 (%) 68.2 ± 0.3 69.7 ± 0.5 72.2 ± 0.5 70.0 ± 0.6 

aData expressed as mean ± S.D., n = 6. 
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FIC;tJRE 2. Maximal total free fatty acid levels resulting from the following types of trauma to the 
eNS: (a) induced brain seizures, (b) brain hypoglycemia, (c) brain ischemia, (d) spinal cord com
pression. Data for e and f are control brain and spinal cord values, respectively. (Taken from 
references 2, 5, 22, 23, 115, 116.) 

CDP-choline cholinephosphostranferase, which catalyzes the reaction of CMP 
with phosphatidylcholine to produce CDP-choline and DG. 26 

Based on current data, it is not possible to pinpoint either the particular 
phospholipid source(s) of trauma-induced FFA and DG or the specific lipases 
that are activated following CNS injury. However, it seems likely that multiple 
phospholipid classes and lipases are involved. Increases in the activities of phos
pholipase Al and A2 (acting on phosphatidylcholine and phosphatidylethanol
amine) and lysophospholipase have been seen in ischemic dog and gerbil 
brains. 22 ,27,52 Phospholipase C activity has been found to increase in cat brain 
after experimental concussive injury. 106 Phospholipid degradation has been 
demonstrated following brain ischemia7 and cold injury to the brain. 13 The 
specific phospholipid species that are hydrolyzed vary with type of injury and 
with time after initiation of injury, further indicating activation of multiple 
lipases. 

The mechanisms leading to the disruption of normal metabolism of mem
brane lipids after CNS injury are poorly understood. Both cAMP and Ca2 + have 
been postulated to be involved. An elevation of cAMP (possibly via trauma
related release of neurotransmitters) may trigger activation of phospholipases 
through phosphorylation of lipomodulin (lipocortin, macrocortin), a protein that 
inhibits phospholipases by binding to the enzyme.51 When phosphorylated, 
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lipomodulin dissociates from phospholipases, and the enzymes become active. 
Increases in intracellular free Ca2 + are also associated with alterations in lipid 
metabolism both through direct activation of phospholipases of the A and C types 
and through calcium-dependent binding of calmodulin to phospholipase A2. 75 
There is strong, albeit indirect, evidence for early elevation of intracellular free 
Ca2 + after CNS trauma. 96, 117 Phospholipids are normally recycled through a 
series of energy-dependent reactions. As a result, the steady-state phospholipid 
content of cellular membranes is not depleted, and the intracellular concentra
tions of FFA are maintained at low levels. In CNS injury, however, requisite 
energy stores are depleted. As a result, the reacylation of liberated fatty acids 
into phospholipids may be impeded and thus contribute to the injury-induced rise 
of FFA.8,97 

Elevations in FFA and DO following CNS trauma may damage cells and 
affect physiological processes by altering membrane structure and fluidity. At 
low concentrations, FFA and DO readily intercalate into membranes, producing 
significant changes in the packing and acyl group motion of the constituent lipid 
molecules. Typical control values of both FFA and DO are approximately 0.4 
mol% of the pool of total phospholipids. In severe CNS trauma these values 
increase to as high as 8 mol %, levels at which fatty acids have been shown to 
perturb both model and biological membranes. 50.57 ,61,101 In addition, DO, 
which can undergo rapid transmembrane flip-flop (unlike phospholipids), may 
affect membrane curvature. 3,93 

Physiologically, a number of membrane-related effects of FFA and DO 
have been observed. In erythrocytes, low levels of FFA stabilize cells against 
osmotic fragility, whereas higher concentrations facilitate osmotic hemolysis in 
hypotonic medium. 84 Free fatty acids have also been shown to inhibit calcium 
uptake by sarcoplasmic reticulum vesicles from rabbit skeletal muscle. 58 In 
addition, FF A inhibit the Na + -dependent synaptosomal uptake of proline, aspar
tate, glutamate, and ,),-aminobutyric acid and reduce synaptosomal Na + ,K +
ATPase activity. 13,84,86 Intracerebral injections of arachidonic acid in rats selec
tively destroy the outer leaflet of capillary plasma membranes in white matter. 105 
Diglycerides stimulate transepithelial sodium transport in frog skin epithelium 114 
and the Ca2 + -activated, phospholipid-dependent protein kinase C from rat 
brain.72 Diglycerides also markedly increase phospholipase-catalyzed hydrolysis 
of phospholipid bilayers. 2o 

Because proper membrane structure is essential for function, perturbations 
of cell membranes may result in functional deficits that contribute to cell death. 
An often-cited indicator of membrane damage is the change in activity of the 
enzyme Na+ ,K+-ATPase. This enzyme is membrane bound and phospholipid 
dependent, with its activity requiring an intact membrane structure. 35,40, 107 
Membrane damage would be expected to alter the structural configuration of the 
Na + ,K + -ATPase, with resultant reduction in enzymatic activity. The Na + ,K +-
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ATPase has shown rapid and persistent declines in activity after reversible brain 
ischemia,39 spinal cord injury, 16 and cold injury to the brain. 13 

2.1.2. PEROXIDATION 

The univalent reduction of molecular oxygen in living tissues produces free 
radicals such as superoxide anions, hydrogen peroxide, and hydroxyl radicals. 37 
These activated oxygen species can initiate a chain peroxidation process with 
polyunsaturated fatty acyl side chains of membrane lipids. 68 Glycerophospholi
pids of the CNS are very rich in polyunsaturates. The first step in lipid peroxida
tion is the abstraction of a hydrogen atom from a fatty side chain by an oxygen
derived free radical, resulting in a lipid radical that undergoes molecular rear
rangement to form a conjugated diene. The radical diene then undergoes reaction 
with molecular oxygen to give a peroxy radical, which can abstract a hydrogen 
from an adjacent polyunsaturate to form a hydroperoxide and new lipid radical, 
which propagates the chain reaction. Additional reactions of hydro peroxides lead 
to a variety of products, including aldehydes and alkyl radical fragments that can 
form cross links with similar products as adjacent acyl chains. The resultant 
change in the chemical nature of the affected fatty side chains should be accom
panied by physical changes in the membrane structure and function. 18,56.103 
There is strong indirect evidence to indicate that peroxidative damage to mem
brane lipids of the CNS contributes to the progressive pathophysiology of CNS 
injury. 14,24,64, 100.116 A more thorough discussion of lipid peroxidation and CNS 
injury is beyond the scope of this text. However, several excellent reviews have 
recently been published. 46,47 

2.2. EICOSCANOID PRODUCTION 

The eicosanoids are biologically active metabolites of free arachidonic acid 
that have been implicated in the response of the CNS to injury. Eicosanoids 
include prostaglandins (PGs), leukotrienes (LTs), thromboxane A2 (TXA2), 
prostacyclin (PGI2), and hydroperoxy- and hydroxyeicosatetraenoic acids 
(HPETEs, HETEs). The PGs and LTs are designated by letters and numbers 
(e.g., PGF2, LTC4), with the letters referring to ring substituents and amino acid 
substituents, respectively (see Fig. 3). The numbers indicate the number of 
double bonds. All 2 and 4 series PGs and LTs are biologically active. The normal 
levels of these compounds in brain and spinal cord are very low but rise markedly 
in response to injury. Eicosanoids have been shown to rise in animals following 
drug-induced and electroshock convulsions,6 ischemia,15,74 cold injury, 80 and 
fluid concussive injury. 28 Compression trauma and impact trauma to spinal cord 
have also recently been shown to cause eicosanoid increases.22 ,55 

Most mammalian cells generate eicosanoids in response to a wide variety of 
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FIGL:RE 3. Arachidonic acid and some 
representative cyclooxygenase and 
lipoxygenase metabolites. 

stimuli. I II Because these compounds are not stored in cells, synthesis immedi
ately precedes release. The overall rate-limiting step of eicosanoid biosynthesis 
is the hydrolytic production of free arachidonate. Arachidonic acid may be 
metabolized through two different multienzyme systems, cyclooxygenase and/or 
lipoxygenase. The cyclooxygenase pathway catalyzes the formation of biolog
ically active PGs and TXA2 through the unstable endoperoxides PGG2 and 
PGH2. Conversion of PGG2 to PGH2 is accompanied by generation of oxygen 
free radicals. Prostaglandin H2 acts as precursor for PGD2, PGE2, PGF2, PGI2, 
and TXA2. Lipoxygenases act on arachidonate to generate HPETEs with hydro
peroxy groups at differing carbon atoms. 5-Lipoxygenase produces 5-HPETEs, 
which are the precursors for the biologically active LTB2, LTC4 , LTD4 , and 
LTE4 . A new group oflipoxygenase derivatives, the lipoxins, have recently been 
demonstrated to be synthesized via the 15-lipoxygenase product 15-HPETE.92 

Because a variety of different denominators (milligrams protein, grams wet 
weight, nanomoles lipid P) have been used for normalizing tissue eicosanoid 
levels, it is difficult to compare literature values directly among various studies. 
Qualitative comparisons, however, show that although many forms of CNS 
trauma are characterized by eicosanoid increases, the particular pattern, magni
tude, and time scale of these increases differ depending on the type of injury and 
the species used. For example, compression trauma of feline spinal cord and 
impact trauma of rabbit spinal cord result in 2.5- and fivefold increases in PGI2, 
and five- and 14-fold increases in TXB2; in contrast, impact trauma to dog spinal 
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cord caused no measurable increase in PGI2 and a 16-fold increase in 
TXB2.22,23,55 In cat, rabbit, and dog spinal cord, postinjury TXB2 levels were 
three- to tenfold higher than PGI2 levels. Reversible cerebral ischemia in the gerbil 
has been found to increase PGI2 and TXB2 two- and fourfold. In contrast to spinal 
cord, though, the postinjury levels of gerbil brain PGI2 were 20- to 40-fold higher 
than those of TXB2. Significant increases in PGE2 and PGI2 have been found in 
several trauma states. Cold injury to rat brain causes large increases in PGF2a . so 
Compression of feline spinal cord and impact injury to canin spinal cord results in 
significant elevations of PGE2 and PGF2a . 22 Substances with leukotrienelike 
immunoreactivity have been found to increase following brain ischemia in ger
bils 74 and after compression of the feline spinal cord.4 See Table I for a summary 
of eicosanoid changes in CNS trauma. 

Because of the variety of biological and pathophysiological actions at
tributed to the eicosanoids,73,90,111 these metabolites of arachidonic acid have 
been proposed to contribute to the progression of CNS injury. In addition to their 
role in cellular inflammation, eicosanoids have effects on CNS vascular home
ostasis. lOs Thromboxane A2 is the most potent naturally occurring vasoconstric
tor and promoter of platelet aggregation, whereas PGI2 is a strong opposing 
vasodilator and antiaggregant. Prostaglandin F2 is a vasoconstrictor and platelet 
aggregator. Leukotrienes C4, D4, and E4 have been shown to have potent vas
oconstrictor activity.29,s8,98 In the CNS, these compounds (with the exception of 
PGI2) may therefore contribute to postischemic and postconcussive hypoperfu
sion, formation of platelet microthrombi, and impairment of microcircula
tion. 21,83 The oxygen free radicals released during eicosanoid biosynthesis may 
also produce membrane damage, as previously discussed. Leukotrienes B4, C4' 
and D4 also may act to increase permability of vascular tissue, resulting in 
extravasation of blood elements into surrounding tissue. SI.1I2 Finally, LTB4 is a 
potent chemoattractant, which may be a factor in the accumulation of leukocytes 
that has been observed following brain ischemia and spinal cord compres
sion. 45 .69 The specific cell types from which eicosanoids are released following 
CNS trauma have not yet been clearly delineated. Neurons and astrocytes in 
culture have both been reported to synthesize PGF2, PGE2, and TXB2,59,76 
whereas astrocytes have also been demonstrated to have a very low PGI2-syn
the sizing capacity. Cerebral blood vessels have a significant biosynthetic capaci
ty for PGI2 but lack the ability to synthesize TXA2.1,41 Platelets, which accumu
late in injured CNS tissue, may also act as a source of eicosanoids. 

The particular phospholipid precursor(s) from which arachidonate is re
leased for eicosanoid production is also not known. Only 1-2% of the total 
arachidonate released by brain or spinal cord following injury is converted to 
eicosanoids. This observation may indicate that only those arachidonate mole
cules that are released in close proximity to the cyclooxygenase and lipoxygenase 
systems are metabolized. 
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3. PHARMACOLOGICAL INTERVENTION 

3.1. DIRECT MEMBRANE PROTECTION 

3.1.1. INHIBITION OF HYDROLYSIS 

Following CNS trauma, lipid hydrolysis products may lead to direct mem
brane perturbation. Lipid hydrolysis products may also be metabolized to biolog
ically active factors that may exacerbate the injury state. Therefore, inhibitors of 
lipase activity are of potential interest, both as pharmacological probes and as 
possible therapeutic agents. Unfortunately, at the present time there are few and 
relatively nonspecific lipase inhibitors. A further drawback to many of these 
compounds is that they may have diverse systemic effects umelated to lipid 
metabolism. Compounds that have been shown to inhibit phospholipases or 
acylglycerol lipases generally work either by binding to the enzyme or by asso
ciating with the substrate so as to alter interaction with the enzyme. An example 
of a binding inhibitor is the previously discussed protein lipomodulin,34,51 which 
can be induced by glucocorticoids. Lipomodulin inhibits both phospholipase A2 
and phospholipase C. Lipase inhibitors that interact with the substrate encompass 
a wide range of chemical types. Cationic amphiphilic drugs such as the anti
malarial quinacrine (mepacrine) and chlorpromazine inhibit phospholipases A2 
and C,54,66,67 as do the polyamines spermidine and putrescine. 91 Some anesthet
ics also appear to inhibit lipase activity.94,104 RHC 80267 [6-di(O-carbamo
lyl)cyclohexanone oxime)hexane], which was originally developed as a di
acylglycerol lipase inhibitor, has recently been shown to also inhibit 
phospholipases A2 and c.78 Vitamin E (a-tocopherol), a naturally occurring 
antioxidant, has been suggested to retard the action of phospholipases by interac
tions with unsaturated phospholipids. 65 

In the context of CNS injury, lipase inhibitors other than corticosteroids 
have received little attention. Synthetic corticoids such as dexamethasone and 
methylprednisolone, which induce lipomodulin, have been used clinically and 
experimentally for treatment of ischemic stroke, head injury, and spinal cord 
injury with conflicting claims of efficacy. 11,31,42,77 

3.1.2. ANTIOXIDANTS 

The strong indirect evidence for the role of lipid peroxidation in cellular 
damage following CNS trauma suggests that antioxidant compounds may be of 
therapeutic importance. A number of substances have been proposed as possible 
pharmacological antioxidant agents. These include such diverse molecules as 
dimethylsulfoxide (DMSO), ascorbic acid, selenium, desferrioxamine, vitamin 
E, superoxide dismutase, methylprednisolone, and disulfiram. 25 ,46,71,llO,115 
However, only a few have been tested in CNS injury states, with vitamin E (a
tocopherol) receiving the most attention. Yoshida and co-workers12,1l5 have 
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shown that vitamin E supplementation in the rat diminishes compression-induced 
brain edema and increases blood flow, whereas vitamin E deficiency enhances 
edema and blood flow reduction in the same model. Yamamoto et al. ll3 have 
reported improvement in brain energy metabolism and neurological function as a 
result of pretreating rats with vitamin E prior to reversible cerebral ischemia. 
Pretreatment of rats with vitamin E has also been reported to lessen Fee 12-
induced focal brain edema. 109 

3.2. EICOSANOID BLOCKADE 

3.2.1. INTRODUCTION 

In addition to blocking lipolytic arachidonic acid release, there are numer
ous points at which the synthesis of cyclooxygenase and lipoxygenase metabo
lites of arachidonate may potentially be inhibited (Fig. 4). In recent years, the 
pharmaceutical industry has been active in synthesizing and testing a wide vari
ety of cyclooxygenase and lipoxygenase cascade inhibitors as well as eicosanoid 
receptor antagonists. 

3.2.2. CYCLOOXYGENASE CASCADE INHIBITORS 

The initial step in the cyclooxygenase pathway is the conversion of arach
idonate to PGG2 by prostaglandin endoperoxide synthase. This reaction is inhib
ited by a wide variety of substances, thereby preventing production of further 
biologically active metabolites.33 These types of inhibitors, which include fatty 
acid analogues and ibuprofen, bind to the active site of the enzyme but are not 
themselves metabolized. Irreversible inhibitors include aspirin and act by 
covalently modifying the active site. Reversible noncompetitive inhibitors are 
represented by indomethacin, which is thought to work via a free-radical-trap
ping process. Another set of drugs that have been of interest are the imidazole 
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FIGURE 4. Biosynthetic pathways of eicosanoid production. 
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and pyridine derivatives, which selectively inhibit TXA2 synthesis, I7 presum
ably by coordinating with a heme unit that is necessary for activity of thrombox
ane synthetase. Prostacyclin, which acts as a vasodilator and antiaggregator of 
platelets, has also been postulated to be of potential use in cerebrovascular 
disease. 

Cyclooxygenase and thromboxane synthetase inhibitors have been used in 
both clinical and experimental settings, including human stroke and animal mod
els of ischemia and spinal cord injury. Both positive and negative trials of aspirin 
in human stroke have been reported. Certain of the negative reports may have 
reflected inadequate sample size. There is also a question as to whether optimal 
doses have been used.53 The cyclooxygenase inhibitors ibuprofen and meclofe
namate have recently been shown to preserve posttraumatic spinal cord blood 
flow in contusion-injured cat. 43 Indomethacin administration has given inconsis
tent results in both experimental and clinical brain ischemia. 44.48 One suggestion 
for these inconsistencies is that inhibition of cyclooxygenase may increase sub
strate availability to the lipoxygenase system, thereby increasing leukotriene 
levels. The pyridine-based thromboxane synthetase inhibitor has been shown to 
prevent loss of energy metabolites and elimination of electrophysiological re
sponse in arachidonate-induced cerebral platelet thromboembolism in rats.36 To 
date, only a very small number of multidisciplinary studies have been performed 
that correlate cyclooxygenase metabolite inhibitors with improvements in bio
chemistry, physiology, and neurological function following any CNS injury. 

3.2.3. LIPOXYGENASE AND MIXED CYCLOOXYGENASE-LIPOXYGENASE 

INHIBITION 

As with cyclooxygenase, the lipoxygenases are inhibited by a number of 
different compounds including nordihydroguaiaretic acid (NDGA), acetylenic 
fatty acids, and pyrazoline derivatives. 10,49,82 Acetylenic fatty acids and NDGA 
are reversible competitive inhibitors that bind to the enzyme active site and have 
differential inhibitory potencies toward the three major forms of lipoxygenase. 89 
The pyrazoline derivatives such as nafazatrom [2,4-dihydro-5-methyl-2-
(naphthyloxy)ethyl-3H-pyrazol-3-one] and BW755C [3-amino-l-(m-[trifluoro
methyl]-phenyl)-2-pyrazoline] can also inhibit cycIooxygenase activity, with 
BW755C being a much more potent cyclooxygenase inhibitor than nafaza
trom. 82 To date, there are no published reports of the use of these drugs in 
studies of CNS injury. 

3.2.4. RECEPTOR ANTAGONISTS 

There are a few drugs available that may block the physiological effects of 
certain cyclooxygenase and lipoxygenase metabolites of arachidonic acid 
through their actions as specific receptor antagonists. Antagonists have been 
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developed for TXA2 and for LTD4.62.79 However, no antagonists are currently 
available for any of the prostaglandins or for the other leukotrienes. As yet there 
are no reports evaluating the effects of TXA2 or LTD4 receptor antagonists in 
CNS injury. 

4. RESEARCH IN PROGRESS 

Our laboratories have been actively involved in a multidisciplinary study of 
the role of membrane lipid changes and arachidonic acid metabolites in the 
progression of experimental spinal cord injury. Quantified changes in lipid me
tabolites and membrane function following impact trauma are being correlated 
with pharmacological intervention and behavioral outcome. Studies to date have 
used two different species (cat and rat) and two different injury models (compres
sion and impact) to examine early « 1 hr) and delayed (2 hr to 1 week) changes 
in membrane lipids (Table II). Compression of feline spinal cord with a 170-g 
weight for 5 min caused rapid increases in FFA and eicosanoid levels. Thirty 
minutes of recovery after removal of the compression resulted in a 35% decline 
in total FFA, with the largest decrease occurring in arachidonate. Eicosanoid 
levels continued to rise at this time. No significant change was observed in total 
phospholipid levels in spite of a statistically significant decline in the eth
anolamine glycerophospholipid fraction. Studies using impact trauma in the rat32 
have extended the time periods at which lipid alterations have been determined to 
1 week, with additional sampling points at 2 and 24 hr. As seen in Table II, 
traumatic spinal cord injury in rats caused a delayed time-dependent increase in 
free fatty acids (FFA) and concomitant decreases in total phospholipids. The 
largest percentage increases were found for polyunsaturated fatty acids, includ
ing arachidonic and docosahexaenoic acid. Associated with these changes were a 
reduction in the activity of N a + ,K + -ATPase and the development of spinal cord 
edema (data not shown). Quantitation of eicosanoid levels is in progress. All 
future experiments will utilize this rat model of spinal injury. 

5. CONCLUSION 

It has been proposed that the progressive tissue necrosis observed following 
a traumatic injury to the CNS is mediated through the release of endogenous 
factors that exert deleterious physicochemical or physiological effects. Factors 
that are postulated to playa role in the progression of CNS injury include, among 
others, endogenous opioids,30 excitatory amino acids,7o and metabolites of 
membrane glycerophospholipids. This chapter has focused on the potential ef
fects of changes in membrane lipid metabolism. 

Lefer63 has recently set forth several criteria that should be met in order to 
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demonstrate the involvement of a putative mediator in an injury state. First, the 
potential mediator(s) must be demonstrated to increase either at the injury site or 
in the blood. Second, the pathophysiological action(s) of the putative mediator(s) 
should be such that it induces or contributes to the injury state. Finally, phar
macological intervention that inhibits formation or antagonizes the action of the 
putative mediator(s) should significantly attenuate the degree of injury and im
prove functional outcome. In this chapter, evidence has been presented that 
glycerophospholipid hydrolysis products and arachidonic acid metabolites of the 
cyclooxygenase and lipoxygenase enzymic pathways meet the first two criteria 
for eNS trauma and ischemia. Pharmacological studies are currently being per
formed to determine if the third criterion will also be met. It is hoped that studies 
of this type will lead to the identification of pathophysiological factors that are of 
major importance in secondary eNS injury following trauma or ischemia. It may 
then be possible to design clinically relevant therapies for treating patients rela
tively early after eNS injury, which may prevent or greatly attenuate functional 
deficits. 
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ABSTRACT. Much of the current research on mechanisms and treatments of injury to the spinal cord 
employs techniques for controlled impaction of the cord after laminectomy. The resultant injury and 
its sequelae are often conceived in terms of an acute phase, when progressive degradation occurs, and 
a chronic phase, when whatever compensatory mechanisms available must act. This chapter reviews 
previous attempts to affect the outcome of spinal cord contusion injuries using pharmacological 
approaches aimed at both the acute and chronic phases, attempts to relate studies of contusion injuries 
to studies of recovery of function after spinal transections and funiculotomies, and suggests future 
strategies for intervention that recognize the widely distributed effects of spinal lesions on the central 
nervous system. The use of a new, feedback-controlled impaction device in such studies is discussed, 
and the importance of careful, longitudinal assessments of motor function in animal models is 
stressed. Advances in the treatment of spinal cord injury will depend on the creative application of 
advances in basic neurobiology to controlled laboratory models incorporating behavioral, physiologi
cal, and morphological criteria of recovery. 

1. INTRODUCTION AND A BRIEF HISTORY OF SPINAL CORD 

INJURY RESEARCH 

In 1911, Allen introduced a technique for the production of experimental spinal 
cord contusion in dogs that has remained one of the most widely used methods 
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for the laboratory simulation of human spinal cord injury. Since then, a large 
number of studies have been conducted to determine the nature of the lesion 
resulting from various kinds of trauma to the cord and the potential for phar
macological intervention to ameliorate its deleterious consequences. Several sub
stantive reviews of this literature have appeared. 8,30,38,99, 126 Much of the work 
done to date has focused on the acute effects of trauma, i.e., on the events and 
mechanisms responsible for the degradation of neural tissue subsequent to an 
injury that does not primarily sever axons or destroy neurons. The concept of a 
progressive lesion has been central to much of spinal cord injury research, with 
the thought that ameliorating progressive destruction might be an effective strat
egy for treatment soon after injury.4,126 This emphasis on the early posttrauma 
events in spinal cord injury is, at least in part, in contrast to neuropsychological 
studies of recovery from damage to telencephalic structures (see refs. 
44,81,108), which have emphasized the mechanisms of long-term recoveries 
from eNS damage. In this chapter, we review methods for the experimental 
production of spinal cord injury and strategies for pharmacological intervention, 
touching both on treatments aimed at stopping the progression of the lesion and 
on treatments and behavioral strategies that might serve to enhance long-term 
recovery. We discuss in some detail the features of experimental spinal cord 
lesions with emphasis on the relationship of these features to interventive strat
egies, including those aimed at both short-term and long-term reduction of 
deficits. 

2. CURRENT METHODS FOR LESION PRODUCTION 

In research on spinal cord regeneration, the traditional approach has been 
complete surgical transection (see review by Windle I22), and particular attention 
has been paid to the documentation of transection completeness. 61 The goal of 
injury models, on the other hand, has been to produce tissue damage like that 
seen in fracture-dislocation injuries, penetrating injuries, or progressive com
pression such as that which occurs with spinal metastatic tumors. 

2.1. IMPACT INJURIES 

Models of fracture-dislocation injuries have been based primarily on AI
len's2 method; a weight of known mass is dropped through a vented tube onto the 
exposed dorsal surface of the spinal cord from varying heights. The magnitude of 
the resultant impact has often been expressed as the product of the mass times the 
distance dropped, i.e., "g-cm," although it is widely recognized that this unit is 
not very meaningful in any physical sense (e.g., the force imparted to the cord by 
a 5-g weight dropped 20 cm does not equal that produced by a 10-g weight 
dropped 10 cm). Since the physical properties of the impact itself are not readily 
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measured, however, the convenience of this measure has encouraged its con
tinued use in the literature, usually with careful attention to reporting both the 
weight and surface area of the impactor and the distance dropped. Although the 
lack of interlaboratory reliability of the method is by now notorious,125 recent 
careful applications of the method have indeed shown that different levels of 
injury can be produced by varying the distance or mass. 12,46,123 An attempt to 
reduce variability use has been made of a curved "anvil" to provide support for 
the spinal cord in situ. 46 This approach seems to have promise, but even with this 
technique, it is clear that the production of an intermediate lesion is difficult. 
Rather, there was a sharp transition zone (in terms of "g-cm" of impact) be
tween animals showing rapid and complete recovery and those showing per
sistent paralysis. 

Some attempts have been made to measure the physical parameters of 
impact injuries using the weight-drop method (see ref. 30 for a review). These 
studies provided the background for the development of the feedback-controlled 
impactor developed at Ohio State and described below. 

2.2. SLOW(ER) COMPRESSION INJURIES 

Tarlov l15 and Rivlin and Tator95 ,96 have used an epidural balloon and 
aneurysm clip to compress the spinal cord, respectively. Slow compression of 
the spinal cord has also been accomplished by static loading of the surface of the 
spinal cord for varying lengths of time35 , 78 or by slowing compressing the cord 
with a vicelike apparatus. 101 

3. THE TIME COURSE OF EVENTS FOLLOWING INJURY 

It is convenient to divide the effects of impact (especially) or compression 
injury into "acute" and "chronic" stages. Acute effects are those that are the 
immediate effects of the lesion or a direct consequence of it (e. g., shearing forces 
that disrupt axons and cellular components). Chronic effects might be classified 
as those that persist after the effects of edema or swelling have subsided and must 
include the possible effects of reorganization and neural and behavioral plas
ticity, which may be both positive and negative. 

The categorization of the putative progressive events following injury is 
difficult, since the delineation of degenerative and reparative processes is not 
always obvious. In addition, the roles of blood flow changes, edema, ischemia, 
autolytic enzymes, etc. are difficult to categorize as "acute" or "chronic," 
since they may develop and persist over time courses overlapping those in which 
reparative processes may be taking place. It is clear, however; that the long-term 
consequences of the lesion must be evaluated only after a considerable length of 
time. Periods of 3 to 4 weeks or longer have often been considered adequate for 
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stabilization of the anatomic and neurological consequences of impact injuries. 
Less attention has been focused on the very-long-term outcome of experimental 
injuries. This is in some degree because of the time-consuming nature of such 
studies, but it may well be that most studies of partial lesions fail to describe 
adequately the residual capacities of the subjects involved. This may be particu
larly important in evaluating the effects of pharmacological agents; multiple 
measures over the full time course of potential recovery may be needed to 
evaluate adequately the effects of any particular agent. Attention to whether a 
drug effect represents actions on initial destructive events or on the residual 
capacities of organisms with chronic lesions may have theoretical importance for 
planning treatment strategies aimed at different aspects of spinal trauma. 

3.1. THE ACUTE PHASE AND THE CONCEPT OF A PROGRESSIVE 

LESION 

One of the most striking features of spinal cord impact injuries is the lack of 
obvious damage immediately following the impact; spinal cords removed rapidly 
after an impact injury appear surprisingly intact. In contrast, functional deficits 
are apparent immediately, even in the absence of gross pathology. For example. 
after a "400 g-cm" impact injury to the cat thoracic spinal cord, somatosensory 
evoked potentials (SEPs) are completely abolished just after impact. 126 These 
may then return transiently, only to disappear again at times coincident with the 
development of obvious white matter pathology. 

Young126 has pointed out that the lack of obvious pathology at early postim
pact times does not necessarily mean that cells and axons remain intact; the 
manifestations of even immediate cell death take time. Functional or biochemical 
studies may reveal alterations not observable with standard anatomic techniques. 
For example, studies by LaMotte and colleagues74 ,I09 showed enhanced per
meability to horseradish peroxidase (HRP) in axons, even at the periphery of the 
white matter, between 15 min and 3 hr post-impact, suggesting that axonal 
membranes are altered even though electron microscopy shows little or no evi
dence of membrane breakdown. 23 In addition, there is clear evidence for a rapid 
depression in Na+ ,K+-ATPase,28 a membrane- bound enzyme, and the rapid 
appearance of arachidonate metabolites as soon as a few minutes after injury5 
(see P. Demediuk and A. I. Faden, Chapter 2). The release of these metabolites 
is paralleled by rapid increases in lipoxygenase activities, suggesting that the 
injury initiates a progressive cascade of membrane-related biochemical events 
that may be irreversible. Such observations suggest that the destructive effects of 
the trauma are initiated almost immediately. 

The evidence for a truly progressive lesion, then, comes from additional 
observations (e.g., ref. 126). First, the transient return of SEPs noted above 
suggests that there is an initial conduction block in white matter axons, followed 
by recovery. The secondary loss of the transient SEP recovery might then reflect 
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the spread of the destructive events initiated by membrane alterations, ischemia, 
etc. Second, spinal white matter blood flow probably remains stable for 2 to 3 hr 
following impact,126 although recent data dispute this claim. 69 A third line of 
evidence for lesion progression comes from studies that have purported to show 
protective effects of early interventions, e.g., naloxone, spinal cord hypother
mia, high-dose corticosteroids, and opiate antagonists. 

3.2. THE CHRONIC PHASE: POTENTIAL REORGANIZATION AND 

REHABILITATION 

After these destructive events have subsided and the lesion is established, 
i.e., the irreversibly damaged neurons have died and the remaining affected 
neurons have recovered either from direct damage or from denervation, a new 
steady state is reached. This new organization reflects direct and indirect altera
tions produced by the lesion and is the product of such dynamic processes as 
regeneration, collateral sprouting, denervation supersensitivity, and transsynap
tic changes. It is this reorganized system that must be used to reestablish func
tional integrity, and understanding the reorganization should help in the appro
priate design of treatment strategies. 

4. THE FEATURES OF THE LESION 

Although considerable attention has been paid to the site of impact itself and 
to the resulting tissue degradation, axonal destruction, glial changes, etc., it is 
clear that an impact lesion to the spinal cord results, in the long term, in a highly 
distributed lesion. This is illustrated schematically in Fig. lA, where an impact 
site in the rat spinal cord is shown in relation to the whole eNS. The distributed 
nature of the lesion results, of course, from the fact that disruption ofaxons 
passing through the impact site has both anterograde and retrograde effects on 
diverse and distant neuronal cell groups in both the distal spinal segments and 
rostral spinal cord, brainstem, and forebrain centers. 

4.1. AT THE IMPACT SITE 

The first macroscopic signs following impact injury are petechial hemor
rhages in the gray matter followed by central hemmorrhagic necrosis. Destruc
tion ofaxons is first evident in the region close to the gray matter and progresses 
in a central-to-peripheral direction. 12.23 The rate of this progression depends on 
the degree of severity of the injury. 6,23 Axonal disruption is characterized by the 
damming of the products ofaxoplasmic transport in the stumps of transected 
axons and, later, Wallerian degeneration of the isolated distal segments (see Fig. 
2). Axons surviving the injury are characteristically located at the periphery of 
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FIGURE 1. A schematic diagram of a lesion in the thoracic spinal cord. A: The spinal cord and braiL 
of a rat with an indication of the impact site. The histological appearance of the spinal cord at the 
impact site is shown in cross section below. B: The normal spinal cord with several neurons 
indicated. The sensory input from dorsal root ganglion neurons (ORG) to the caudal portion of the 
spinal cord as well as their branches to the brainstem sensory relay neurons (RN-I) are indicated. 
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the cord,12,13,23 tend to be smaller in diameter, 13 and tend to have reduced 
myelin sheaths. 12 Dying back of the severed axons27. 70 occurs for a few milli
meters on either side of the injury impact site, and it is possible that some of 
these axons attempt regeneration.27,75,122 The degenerative debris at the lesion 
epicenter is phagocytosed by macrophages, which constitute 30% of the volume 
of the lesion site by 1 week after an impact injury .12 Degenerating axons away 
from the lesion site are also phagocytosed by macrophages, which have been 
observed to enter still intact myelin sheaths to gain access to the degenerating 
debris.23 By 2 to 3 weeks post-lesion, cystic cavities are beginning to be formed 
by fibroblasts, which separate the cavities from the remaining neural and glial 
tissue,? and by several weeks later, well-developed scars with collagen fibrils 
can be observed.23 Remyelination ofaxons at the lesion site is accomplished by 
both oligodendroglia and Schwann cells. 12,23 

4.1.1. THE PARTIAL LESION 

As discussed above, spinal cord contusion rarely results in complete destruc
tion of all spinal axons. A peripheral rim of fibers typically remains. 12,13,23-25,33 
These fibers may have abnormal physiological properties with reduced conduction 
velocities and increased refractory periods and temperature sensitivity. 126 Howev
er, less than 10% of the white matter is sufficient to subserve locomotor function in 
animal experiments. 1,12,24,36,121 Those in the ventral funiculus are of particular 
importance. 1,36 

4.1.2. FACTORS LIMITING POTENTIAL RECOVERY 

Factors limiting potential recovery include the extent of gray matter loss, 
which determines the degree of segmental and autonomic denervation of the 
periphery, as well as the loss of second-order neurons relaying somatosensory 

Ascending tract neurons (ATN-I and -2), spinal intemeurons (IN-I and -2), motor neurons (MN-I 
and -2), and autonomic preganglionic neurons (PGN-l) in the spinal cord are also shown. Additional 
relay neurons in the rostral spinal cord (RN-3) and brainstem (RN-2) are indicated as well. Descend
ing tract neurons (DTN-I and -2) are shown projecting from rostral sites to the spinal cord. After a 
spinal cord injury at the site indicated as the trauma region, axotomy, denervation,and compensatory 
processes ensue. The final status of some of the processes is indicated inC. The ascending tract 
neurons (ATN-l and -2) are axotomized, and the rostraIly projecting collaterals of DRG neurons 
(DRG) are pruned. The intemeurons (IN-I), motor neurons (MN-l), and preganglionic neurons 
(PGN-I) at the impact site are destroyed by the lesion. Axons passing through the lesion are also 
mostly destroyed, although some at the periphery (axon of DTN-2) survive, but with some alterations 
of conduction properties. The degeneration of the isolated distal segments of the axons produces 
denervation of neurons both rostrally and caudally. Vacated postsynaptic sites may induce collateral 
axonal sprouting of intact neurons (e.g., IN-l and RN-3) or of neurons that have had their axonal 
arbors pruned (e.g., DRG). Other functional alterations produced by the lesion include denervation 
supersensitivity and unmasking of previously ineffective synapses (see text for further explanation). 
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and proprioceptive input to rostral and caudal centers. The limiting factors for 
sensory and locomotor recovery in models using thoracic cord impacts are the 
extent to which long ascending and descending fibers are functionally spared and 
the extent to which distributed lesion effects can be overcome. It is especially 
relevant here that a rim of fibers be spared. Their functional status, the role they 
play in sensorimotor function in the normal animals, and their potential capacity 
to interfere with or mediate recovery are important in understanding how phar
macological agents might better the outcomes of actual traumatic injuries. 

4.2. THE DISTRIBUTED NATURE OF THE LESION 

The wide distribution of axonal degeneration in the eNS seen following 
impact injuries in macaques25 serves to illustrate the considerable extent of 
denervation both rostral and caudal to the lesion proper, including brainstem and 
thalamic structures. Such widespread denervation might be expected to contrib
ute to widespread and diverse functional effects. 

As shown schematically in Fig. 1, denervation of systems rostral and caudal 
to the lesion results from the anterograde degeneration of damaged axons. Retro
grade changes also occur in surviving neurons whose axons have been disrupted. 
In addition to chromatolysis, dendritic alterations, 52 synaptic stripping, IJ and 
expansion of remaining collaterals have been reported. 84 Some neurons escape 
direct damage to both their cell bodies and axons but still can be affected by the 
lesion through denervation and whatever compensatory responses occur to that 
denervation. In the acute phase, this takes the form of spinal shock102 or di
aschisis,83 phenomena that may be important in the initial lack of function and 
the mechanisms of which are still unknown. Other functional changes in the 
acute phase may be produced by unmasking of previously ineffective syn
apses. 1l9 Some responses to denervation develop over time as spinal shock 
subsides and include denervation supersensitivity,53,106 collateral axonal sprout
ing or reactive synaptogenesis,29.54 and behavioral compensation, which in
cludes learning. Denervation has also been invoked as a possible cause of the 
central pain states frequently experienced by spinal cord injury patients. 79 In
deed, collateral axonal sprouting has been suggested as a cause of spasticity and 
hyperreflexia in caudal spinal reflexes after injury (e.g., ref. 54); perhaps senso
ry systems can exhibit "spasticity" in response to denervation as well. 

5. ASSESSING BEHAVIORAL AND NEUROLOGICAL RECOVERY 

The somatosensory evoked potential has been one of the most frequently 
employed methods of assessing neural transmission in the spinal cord.125.126 
Typically, hindlimb sensory nerves are stimulated, and evoked potentials are 
recorded over the rostral spinal cord, the brainstem, and (most frequently) the 
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somatosensory cortex. Measures of sensory function in awake, behaving animals 
after spinal lesions have been less frequently used, but most require extensive 
training and testing of the animals. II8 The hot plate test, in which the subject is 
placed on a hot plate and the latency to lick the hindpaw is measured, has been 
used as an assessment of pain perception in animals with spinal cord lesions.50 
This latter test, however, requires a complex motor response, which might be 
affected by the lesion as well, so it is not a purely "sensory" task. With the 
exception of the SEP, however, no task is purely "sensory," as all require some 
motor output to affirm reception of the sensory event. 

The most commonly used measure of motor function following spinal cord 
damage is simple rating of general locomotor ability, e.g., the Tarlov scale. II5 
More refined assessments of locomotor function include evaluation of treadmill 
walking37 ,57,58,98 and walking on narrow beams54 or wire g~dS.24,I04 A gross 
measure of postural adjustment to body displacement was developed by Rivlin 
and Tator95; this test measures an animal's ability to maintain its position on an 
inclined plane, the angle of which is gradually increased. A physiological mea
sure of the integrity of pathways descending from the brainstem that influence 
postural reflexes is muscle activity produced by free fall. 59 The vestibular free
fall responses have quantifiable components that are differentially affected by 
spinal cord lesions, and the residual responses correlate with locomotor ability. 59 
Motor evoked potentials 76 have also been used to assess the integrity of descend
ing motor pathways. 

6. EXAMPLES OF ATTEMPTS AT PHARMACOLOGICAL 

INTERVENTION 

The multifaceted nature of the spinal lesion after injury has precipitated a 
wide range of hypotheses on the nature of both the acute and chronic lesion. 
These have been matched by a search for the combination of pharmaceutical 
agents that is best able to arrest or reverse the developing pathology. Since little 
agreement exists on the mechanisms by which such changes take place, there 
continues to be much confusion about which agents to use and when to give 
them. The development of clear cause-and-effect hypotheses has also been im
peded by a lack of biomechanically defined models and well-controlled behav
ioral studies to evaluate the most important criterion of their efficacy, the recov
ery of function. Most investigators would agree, however, that any therapeutic 
approach to the pharmacology of spinal injury must take into account the bi
phasic temporal nature of lesion development. Because the acute and chronic 
phases of these sequelae may be quite different mechanistically, we discuss them 
here in separate sections. As noted above, however, this distinction does not 
always imply that separate mechanisms are involved. 
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6.1. IN THE ACUTE PHASE 

Historically, treatment modalities in experimental spinal cord injury have 
attempted to deal with the immediate sequelae of the injury itself. Certain ap
proaches such as the use of osmotic diuretics,31 hypothermia,63.73,117 anti
adrenergic compounds,66,88,91 hyperbaric oxygenation,SI,67,124 enzyme thera
py,60 and local anesthetics47 have all had their proponents but only limited 
success in reversing or arresting the damage. Two of these (hypothermia and 
hyperbaric oxygenation) have been used in a series of clinical trials that have 
been difficult to interpret because of their lack of double-blind methodology and 
the inconclusive nature of the results. 125 The remainder have found little support 
elsewhere. 

Steroids have traditionally been used to treat human spinal cord injury. Such 
clinical approaches were based on a wide range of dosages in experimental 
animal work that appear to improve neurological function5.34.78 or prevent 
changes in neural tissue normally associated with spinal trauma. 17.18 Others 
have found little effect with similar protocOIS. 41 .66 Higher-dosage paradigms 
have been suggestedI9.78.129 but have not always been clearly effective. 40 Issues 
of an increase in experimental complications and potential mortality problems 
have been raised. 4o,56 In spite of recent improvements,5.123 there is still a need 
for double-blind experimental protocols in established animal models using such 
high dosages. Until then, controversy about mechanisms of action and potential 
therapeutic use of these agents will continue. 14.20 

The endogenous opioids may playa role in the spinal injury process. Evi
dence suggests that naloxone, an opiate antagonist, leads to neurological im
provement when administered just after injury (see T. K. McIntosh and A. I. 
Faden, Chapter 5). Although not clearly established, its mechanisms of action 
were thought to be mediated through a prevention or improvement of the spinal 
ischemia known to accompany severe injuryl28; more recent evidence disputes 
this finding. 69 ,120 In addition, drugs that are known to increase blood flow 
dramatically (calcium channel blockers such as nimodipine) are without effect on 
the production of spinal lesions. 42,48 Further evidence also suggests that nalox
one, at the high dosages used, may exert its effects by nonopioid effects. These 
include its capacity to inhibit lipid peroxidation 72 and reverse the decrease of 
extracellular calcium activity.112 High doses of naloxone and the more effective 
thyrotropin-releasing hormone (TRH) therapy (see ref. 39, for example), as 
discussed by McIntosh and Faden (Chapter 5), could also have their effects 
through alternate classes of opioid receptors. A hypothesis that the K opioid 
receptor, which binds TRH and naloxone less well, is involved in these sequelae 
to injury has been presented and supported by recent evidence. 38 Agents that 
seem to perturb this putative dynorphin receptor axis beneficially may therefore 
replace TRH and naloxone for the treatment of spinal trauma. 38 
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Others have proposed that the generation of free radical reactions in trau
matized tissue32 induces lipid peroxidation and hydrolysis in cellular mem
branes. The consequent release of free fatty acids (arachidonate), activation of 
certain phospholipases, and destruction of ionic homeostasis that ensue have all 
been targets of recent attempts to reverse the pathology. 4 Such attempts have 
included a variety of antioxidants such as vitamin E,5 selenium,5 coenzyme 
Q,114 megadose corticosteroids,17 and high-dose opiate antagonists 72; TRH, 
mentioned above, may also work through such mechanisms. 77 Recent studies 
that have provided a clearer picture of the additive interaction between calcium 
and lipid peroxidation during spinal injury have resulted in newer models to test 
functional efficacy. 16 Evidence for functional recovery using such interventions 
is so far lacking, but future trials in experimental populations are likely. 

6.2. IN THE CHRONIC PHASE 

A recent study by Robinson and Goldberger97 has shown that some of the 
long-term consequences of complete spinal transection on hindlimb locomotor 
performance can be ameliorated by pharmacological interventions. These au
thors studied treadmill locomotor performance in adult cats that had received 
spinal transections at least 3 months prior to testing and found that bicuculline 
(400-600 j.Lg/kg) significantly enhanced treadmill performance and positive sup
porting reactions. Hindlimb proprioceptive placing was unaffected. Naloxone 
(l00 j.Lg/kg) had no effect on locomotor tests but induced micturition in some 
animals, as previously reported by Thor et al. 116 

Recently, it has been suggested that clonidine, an o.2-adrenergic receptor 
agonist, can improve functional recovery in cats with long-term paralysis and 
sensory loss following impact-contusion injuries. 85 However, the interpretation 
of this study has been questioned. 38 The results remain interesting in light of 
earlier work in acute spinal cats showing that clonidine and other adrenergic 
agonists can enhance the activity of isolated spinal locomotor generating 
circuits.49,58,98 

Drug treatments have more often been used to attempt to ameliorate the 
chronic effects of lesions to the brain. For example, amphetamine treatments 
reinstate visual placing responses in cats with chronic, extensive posterior cor
tical lesions. 82 Similarly, Amassian et al. 3 showed return of contact placing after 
lesions to the ventral anterior thalamus with amphetamine, and Braun et al. 21 ,22 
used amphetamine to restore visual placing and brightness discrimination in rats. 
Beattie et al.lO showed that amphetamine administration greatly improved the 
performance of a conditioned avoidance response (CAR) in rats with nearly 
complete neocortical ablations. Further, this effect was highly drug dependent: 
animals performed at normal levels under the drug but performed miserably the 
next day if saline vehicle injections were substituted for amphetamine. 80 Perfor-
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mance could be maintained, however, if a course of gradual drug withdrawal was 
employed. 80 

The significance of these studies in the present context is that drug treatment 
allowed the expression of residual capacities not evident without treatment. 
Thus, the apparent neurological status following injury is not necessarily a good 
index of the actual capability of the animal, and the possibility remains that 
pharmacological or other adjunctive therapies can increase recovery in the chron
ic stages after CNS trauma. Such enhancements after spinal cord injury might 
reflect actions of agents on regions remote from the lesion, actions enhancing 
conduction through the rim of spared fibers, 125 or actions that promote the ability 
of spared systems to compensate for both local and remote alterations caused by 
the injury. Strategies aimed at promoting the ability of the organism to use spared 
systems after spinal injury have not, to our knowledge, been attempted. Such 
experiments, using amphetamine and other agents, have recently been initiated 
in our laboratories. 

6.3. ADJUNCTS TO PHARMACOLOGICAL TREATMENT 

Adjuncts to pharmacological therapies are exemplified by the studies of 
Feeney and colleagues43 (D. M. Feeney and R. L. Sutton, Chapter 7). These 
authors showed that positive amphetamine effects in chronic decorticated cats 
depended on practice of locomotion; i.e., there was a significant drug-practice 
interaction. 

Using cats with complete spinal transections, Smith and colleagueslO3 
showed that exercise can affect treadmill locomotion mediated by the isolated 
lumbosacral spinal cord. Cats had their spinal cords transected as adults and were 
then maintained either without exercise or on a regimen of repeated treadmill 
locomotion tests. Animals with exercise exhibited significantly better hindlimb 
treadmill locomotion in that they were able to maintain alternate stepping at 
higher treadmill speeds. It is not clear whether this result arises from central 
properties of the isolated segments or from the ability of the hindlimb mus
culature to respond to central output. Perhaps both are involved. In any event, 
the performance of the function in question during the recovery period results in 
an enhancement of its expression in the long term. Although this might seem 
obvious from the perspective of rehabilitation medicine, such factors have rarely 
been studied systematically in recovery from experimental spinal cord trauma. 
The use of direct muscle stimulation as an adjunct to rehabilitation therapy in 
humans has, however, been reported90; it is clear that maintenance of muscle 
tone, bone density, and limb mobility are important for the expression of any 
central recovery that might occur or that might be enhanced by pharmacological 
approaches. 



56 MICHAEL S. BEATTIE loT AI.. 

7. STUDIES USING THE OHIO STATE IMPACTION DEVICE 

Our extensive past experience with the Allen weight-drop method confirmed 
other reports of unacceptable variability and led to the development in our center 
of a feedback-dependent, computer-controlled injury device. Details of the con
struction of the device and anatomic, behavioral, and physiological analyses of the 
consequences of the lesions produced by it are found elsewhere. 24,86,87,l04,1l3 

The major features of these studies and their potential use in pharmacological trials 
of the future are described below. 

7.1. THE OHIO STATE FEEDBACK-CONTROLLED IMPACTOR 

Since previous trials with injury devices indicated that the mobility of spinal 
tissues could vary by as much as 50% under the same injury conditions, we 
sought to construct a device that could normalize or account for these differences 
in individual variability and deliver predictable and reliable contusion injuries by 
negative feedback control. By controlling either the displacement or the force of 
the impact head of the device, we have been able to create such a range of 
predictable spinal injuries. 

A schematic of the device is shown in Fig. 3. The use of wide-bandwidth 
displacement and force transducers allows voltage signals to be generated over a 
wide range of injury protocols. These are provided to the hybrid computer, 
where they are compared with the preset impact signal selected by the investiga
tor. The difference between the actual impact and the desired impact signal is 
used to correct, on a millisecond basis, the actual output of the impact power 
amplifier. 

The waveform produced by the pattern generator is selected by the investi
gator and consists of eight independently controlled time periods during which 
displacement or force can be programmed. The probe attached to the power 
amplifier is driven into the spinal substance during the extension phase, remains 
at that position during a plateau component, and is rapidly withdrawn to a 
position well above the spinal surface to avoid the multiple contacts encountered 
using standard injury devices. The total timing sequence rarely exceeds 20 msec 
in duration. Force and displacement information from the controller is arith
metically manipulated by the Apple II + to calculate and store the six bio
mechanical parameters of interest. 

7.2. PRODUCTION OF LESIONS WITH PREDICTABLE OUTCOMES 

7.2.1. BEHAVIORAL OUTCOMES AND RELIABILITY 

An initial study24 used the new device to produce lesions that had a variety 
of behavioral outcomes. Parameters that produced an intermediate lesion with a 
recoverable but persisting behavioral deficit were then used to analyze the relia-



EXPERIMENTAL SPINAL CORD INJURY 

HYBRID 
COMPUTER 

FRC 

57 

SIGNAL 
PROCESSING 

DSPL ___ '" 

VEL 
IMP-M---"1 

APPLE Il+ WITH 
AID CONVERTER 

& 

48K MEMORY 
ADALAB AID 
SAMPLE RATE -

231 liS 
PWR NICOLET 

,-::===+===~--.:.NERGY ---'" DIGITAL 
r L-~O~SC~I~L~L~O~S~C~O~P~E~ 

EXPLORER II I 
32K MEMORY 

COMPARATOR 

IHPA T 
WAVEFORM 
GENERATOR 

KEF 8110 LOUDSPEAKER 
TOTAL EXCURSION - 12mm 

FORCE SENSOTEC 10 
~----------fTRANSDUCER SEMI-CONDUCTOR STRAIN GAUGE 

0-30 KHz FREQUENCY RESPONSE 
1: 500.000 DYNES 

.... ------------i DSPL KAHAN K02300-8C 
TRANSDUCER NON CONTACTING 

SPINAL CORD 

0-50 KHz FREQUENCY RESPONSE 
+6 ... 

FIGURE 3. Block diagram of the Ohio State impaction device. The injury assembly is comprised of 
a loudspeaker (electromechanical transducer) with the injury shaft and head attached to the speaker 
cone. The power amplifier drives the speaker, and sensitive force and displacement transducers 
provide feedback signals to the hybrid computer controller. These signals are used to control the 
intended output signal (from the impact waveform generator) to the injury assembly. Force and 
displacement signals are also sent to the data acquisition system (Apple 11+, Nicolet digital os
cilloscope) for signal processing and subsequent display of the biomechanical parameters of the 
injury. 

bility of the device for producing consistent lesions and behavioral outcomes. 
We selected a battery of behavioral tests to assess neurological function, which 
included a general measure of locomotor ability, walking in an open field 115 ; a 
test of fine locomotor skill requiring hindlimb placement using tactile and pro
prioceptive cues, walking on a widely spaced wire grid; and a test of postural 
compensation for body displacement, the inclined plane test. 95 Subjects were 
tested for 21 days postoperatively. 
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Varying the force of the impact produced a variety of lesions that resulted in 
a range of behavioral deficits from very mild transient deficits to total paraplegia. 
The physical descriptors of the impacts (force, displacement, impulse mo
mentum, velocity, power, and energy) all correlated very highly with the behav
ioral results; performance in the open field and on the inclined plane were most 
highly correlated during the first week of the recovery period, and performance 
on the grid was most highly correlated during the second and third weeks postop
eratively. A second group of animals that sustained consistent impacts (displace
ment was preset and feedback controlled and varied only ±3%) showed very 
consistent patterns of behavioral deficits and recovery (see Fig. 4). 

In a second experiment,l04 cord displacement was held constant, and the 
duration of the displacement was varied in three groups of animals. The behav
ioral performance of these subjects fell on either side of that of the animals 
described above (see Fig. 5), with the shorter duration of displacement (light 
injury group) producing lesions that resulted in a smaller deficit on all behavioral 
measures and the two longer-displacement groups (the intermediate- and heavy
injury groups) showing a larger deficit. In fact, these latter two groups showed 
very little behavioral recovery even after 3 weeks; a longer period of testing 
might have revealed further recovery. 

The three behavioral tests appeared to be sensitive to different aspects of 
spinal cord function following lesions. The open field and the inclined plane 
were most sensitive early in the recovery period, particularly in those animals 
with mild deficits, whereas the grid-walking task appeared to be sensitive to 
residual deficits, even when performance on the other tasks was normal or near 
normal. In severely debilitated animals, however, the grid-walking task cannot 
be performed. 

7.2.2. ANATOMIC PATHOLOGY 

The anatomic results from the first experiment24 correlated very highly with 
the physical descriptors of the impact. The lesion volume and the maximal cross
sectional area of the cord occupied by the lesion both showed significant correla
tions with all of the impact parameters. The anatomic results also correlated well 
with the behavioral results; performance in the open field and on the inclined 
plane during the early part of the recovery period was significantly correlated to 
the lesion measures, as was performance on the grid during the later part of the 
recovery period. 

7.2.3. BIOMECHANICAL CONSIDERATIONS 

A thorough knowledge of the time history of the biomechanics of injury to 
each experimental animal is important for predicting the functional outcome. Our 
injury protocols and device allow accurate placement of the impact probe on the 
spinal surface prior to injury by force feedback from the corresponding trans-
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FIGURE 4. Performance of a group of an
imals with consistent impactions of the spi
nal cord on the three behavioral measures 
(A, open field walking; B, inclined plane; 
C, walking on wire grid; see text for expla
nation) used to evaluate recovery follow
ing spinal cord injury. (From Bresnahan et 

al. 24) 

A 
.... 5 
u z 
ct 
~ 4 

'" 0 ... 
'" 3 .... .... 
0 
-' 2 ~ 

Z .... .... 
0 

0 
0 

B 

70 

40 

o=( i 

o 

c 
~ 1.0 
;::: 
o 
~ .8 

8 
9 
u .... 
VI 

.6 

~ .4 

< := .2 
o o ... 

i 1 3 8 

DAYS 

i 3 i ;, 8' , 

3 

DAYS 

8 

DAYS 

14 

14 

59 

21 

i' 
21 

21 



60 MICHAEL S. BEATTIE ET AL. 

A 5 

4 
w 
..J 
« 
U 
(/J 3 

> 
0 
..J 
a: 2 « ... 
0 
w 
u: 
5 
0 
:::;: 0 

B 
70 

60 

C> 
'" 50 
::!. 

w 
..J 

40 Cl z 
« 

30 

C 
0.6 

0.5 

'0 c 
0 

" 0.4 '" (/J 

~ 
0.. 0.3 .. 
~ 
0 0.2 0 ... 

0.1 

Oconlrol n" 5 
• light n= 5 
• Intermedlale n·~ o heavy n= 6 

o 0 

~ 

P1 P2 0 1 2 3 6 14 21 
surgery" TEST DAY 

i ~ ~ 
T 

/ 
P1 P2 0 3 8 14 21 
surgery" 

TEST DAY 

~ 1 
1 I ~ 

P1 P2 0 3 8 14 21 
surgery" TEST DAY 

FIGURE 5. Behavioral evaluation of 
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ducer and immediate knowledge of the individual variability of mechanical char
acteristics of the spinal compartment. Highly reliable injury paradigms can be 
achieved, particularly in the displacement mode. 87 Both of these criteria allow 
the separation of experimental groups at the time of injury, a distinct advantage 
over those paradigms that must take days and sometimes weeks to produce 
results. The advantages to those interested in the therapeutic pharmacology of 
spinal injury is obvious. The capacity to control the anatomic extent of the lesion 
is constantly improving 105; this will allow us to define further the number of 
fibers required for functional recovery. 12 

7.3. THE ROLE OF IONIC CA2 + IN THE ACUTE PHASE 

Numerous observations now support the general hypothesis that calcium 
entry into the intracellular environment is a major factor in cell death after spinal 
trauma. 127 Several studies have provided the direct evidence supporting this 
conclusion. First, intraaxonal calcification has been shown to occur in spinal 
injury.6 Second, atomic absorption spectrometry of injured cords has revealed 
marked calcium elevations (fivefold by 8 hr) at the injury site.64 Third, calcium 
chloride superfusion of the normal spinal cord induces changes similar to those 
induced by spinal injury. 9 Fourth, extracellular calcium in injured spinal cords 
falls to <0.01 mM at the injury site (compared to an average 1.2 mM nor
mally).llO,131 Thus, major shifts in the ionic balance occur as immediate se
quelae to severe injuries that probably precipitate intracellular toxicity. Calcium 
influx under these conditions begins those processes that degrade structural pro
teins89,100 and activate the enzymatic tools that eventually destroy the integrity 
of neural and glial elements. 68 

Although the magnitude of the depression in extracellular calcium seems 
consistent in the studies above, the actual time course and recovery patterns are 
quite different. 111,131 Although one study emphasized the depression of calcium 
in gray matter at the impact site to less than 0.1 mM for up to 4 hr, 131 another 
presented evidence for a spontaneous recovery to 0.6 mM over the first 3 hr 
independent of electrode location. III In addition, the former study described an 
initial depression of extracellular calcium followed by partial recovery in white 
matter, with a later fall at 2-3 hr post-injury. Such a biphasic response has 
considerable importance for pharmacological manipulations of extracellular re
covery curves after injury. For instance, the same authors l29 conclude that the 
prevention of the late fall in extracellular calcium by high-dose corticosteroid 
therapy is of potential benefit. Recovery curves produced by naloxone interven
tion restore calcium to normal levels within 2 hr of administration. 112 In the 
absence of data supporting the importance of extracellular calcium recovery, this 
controversy is of little consequence. Recent evidence does, however, support the 
hypothesis that recovery of calcium in the extracellular space may be of consider
able importance to the eventual neurological outcome. 104, 112 We review these 
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findings here along with preliminary evidence that inappropriate recovery pat
terns may exacerbate the problem of calcium entry into toxic cells and therefore 
interrupt or worsen the recovery process. 

7.3.1. CORRELATION WITH BEHAVIORAL OUTCOME 

As discussed above, the characteristics of our new spinal Injury device 
allow us to test the hypothesis that indices of acute trauma can be correlated with 
behavioral or neuropathological outcome. We have recently examined104. 1l3 the 
extracellular calcium recovery curves from three populations of animals injured 
with known biomechanical predictors. 24 •86 Figure 6 is a summary of the results 
of this work. Here, we show that recovery of calcium in the extracellular space 
follows different rates depending on the magnitude of impact injury. Note that 
the "light-injury" group shows complete spontaneous recovery within 3 hr after 
injury. Mechanical descriptors of the injury paradigm for this group are well 
below those in the intermediate and heavy groupS.87 In order to evaluate neu
rological recovery in these groups, we have used the behavioral indices discussed 
above. As an illustration of the differences in the groups, we have included a 
figure from this published work (Fig. 5). In the modified Tarlov comparison, the 
light-injury group is the only one to recover completely. Further experiments are 
in progress to characterize the behavioral indices of such injuries more com
pletely and couple them to anatomic losses of the spinal neuropil. 105 Although 
not showing a causal relationship, we have provided evidence that recovery of 
extracellular calcium can be associated with neurological recovery processes. If 
spontaneous recovery of extracellular calcium can be associated with behavioral 
recovery, can pharmacological intervention have a similar effect? Two attempts 
to investigate that question are discussed below. 
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FIGURE 6. Extracellular calcium activities in the 
injured rat spinal cord. The recordings are averaged 
over IS-min periods, and the recording electrodes 
are placed in the center of the lesion site at a depth of 
approximately 1500 J.Lm. The light-injury group 
shows recovery to normal levels (1.08 mM) by the 
end of the recording period. 
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7.3.2. EFFECTS OF NALOXONE 

Our previous work has confirmed that high-dose naloxone, if given just 
after injury, can completely reverse the tissue extracellular hypocalcia. I 12 The 
dose-response relationship of these findings is illustrated here. At the high 
doses45 ,128 that invoke neurological improvement (lO mg/kg), calcium is re
stored within 3 hr; smaller dosages (1.0 mg/kg) lead to incomplete restoration 
(Fig. 7). Early experiments that indicated a prevention of ischemia by these high
dose protocols 128 have recently been questioned. 69, 120 It is likely that the effects 
are principally mediated by other mechanisms such as prevention of membrane 
destruction by antioxidant properties. 72 

7.3.3. EFFECTS OF NIMODIPINE 

In contrast to naloxone, the calcium channel blocker nimodipine has little 
effect on recovery from spinal injury. 48 This is perhaps at least superficially 
surprising, since it could potentially block calcium entry and dramatically re
verse spinal ischemia. 71,107 Our preliminary data suggest the potential reason for 
this failure (Fig. 8). In this series of experiments, nimodipine administered as a 
bolus at the same time as naloxone induces a quicker recovery of calcium in the 
extracellular space « 1.0 hr). The slope of the recovery curve is also much 
steeper than that of naloxone recovery. Recovery to normal levels is, however, 
short lived, since a reversal of normal values takes place at 2 hr. We speculate 
that during this reversal phase further calcium entry is taking place in marginally 
injured neurons. This entry, under conditions in which blood flow is rapidly 
being normalized, may be the spinal cord equivalent of the calcium paradox 
phenomenon that occurs during myocardial reperfusion damage. 26 

FIGURE 7. Extracellular calcium activity as affected 
by naloxone after spinal cord injury in the dog. In 
three groups of animals (n > 6 for each; control, open 
squares; 1.0 mg/kg naloxone, open circles; 10 mg/kg 
naloxone, closed circles), recovery curves are plotted 
for free calcium in the interstitial space after spinal 
cord injury (400 g-cm). Naloxone hydrochloride was 
administered as an i.v. bolus at 20 min post-injury for 
both drug groups; an equivalent bolus of vehicle was 
administered for the control group. Note the partial 
recovery in the 1.0 mg/kg group with complete recov
ery in the 10 mg/kg group. 
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FIGURE 8. Nimodipine restitiution of extracellular 
calcium activity after spinal cord injury in the dog. 
The spinal cord was injured with a 400 g-cm impact, 
and extracellular calcium concentration was 
monitored and summed for 15-min intervals after inju
ry at time O. Nimodipine (closed circles ± S.E.M.) 
injected as a bolus at 20 min post-injury and continu
ously infused (1.0 ILg/kg per hr) thereafter resulted in 
a rapid « 1.0 hr) restoration of free calcium to normal 
levels. Control calcium levels from injured animals 
(closed circles) did not improve above 0.54 mM dur
ing this time. Note the reversal in the calcium recov
ery curve from 2 hr 15 min to 2 hr 45 min. 

7.3.4. CALCIUM RECOVERY: A HYPOTHESIS 

The consequences of calcium entry into cells during the ischemic injury 
after spinal injury have been well described. 127 It is now clear also that up to four 
times the original calcium moves into the impact site from surrounding tissues, 
the CSF, or the vascular system during the first few hours after injury. By as 
early as 3 hr after injury, up to 70% of the calcium at the impact site has actually 
come from surrounding tissues. Much of this calcium is continuing to enter 
marginally injured and dying cells during this period. The entry of calcium into 
the interstitial space of the spinal cord is no doubt facilitated by the low extra
cellular calcium in the injured areas. 

The paradox therefore presents itself that recovery of extracellular calcium 
to normal levels is associated with functional recovery whether occurring spon
taneously or by drug manipulation. Such recovery might be expected to exacer
bate calcium entry into cells by creating a favorable diffusion gradient from the 
extracellular space to the cell interior. It does not follow, however, that restora
tion of extracellular calcium necessarily causes an influx of calcium, particularly 
into marginally injured cells. The ability of the plasmalemmal calcium ATPase 
and the sodium-calcium exchanger to handle intracellular free calcium overloads 
is not well understood,92 but it appears to be dependent on energetic considera
tions (i.e., ATP depletion). In those cells that may survive the initial insult, such 
circumstances could prevent massive calcium entry under these conditions. 65 In 
addition, the rate at which extracellular calcium is restored may be critical in the 
temporal sequence of marginally surviving cells; i.e., early restoration of the 
extracellular space could precipitate calcium or oxygen paradox phenomena such 
as that which occurs in the myocardium. 26 Finally, the early restoration of ionic 
stability of the extracellular space, particularly the normalization of ECF cal-
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cium, could prevent further diffusional entry of calcium from surrounding 
tissues. If such entry is important to the continuing pathology, 130 its prevention 
may be a major factor in the accumulation of calcium salts and their pathological 
consequences. 

8. FUTURE STRATEGIES FOR PHARMACOLOGICAL 

INTERVENTION 

Advances in the use of drug treatments to ameliorate experimental and 
subsequently clinical spinal cord trauma will depend on continuing study of the 
basic biological mechanisms of tissue degradation and regeneration. We do not 
yet know enough about the way in which the normal or perturbed nervous system 
functions to predict with any accuracy which simple, or complex, treatment 
strategies might be used to restore function after various types of injuries to the 
brain and spinal cord. However, a number of avenues available for advancing 
our knowledge in the near term seem open. In keeping with the convenient 
distinction in spinal cord injury between acute and chronic phases, these are 
discussed below. 

8.1. IN THE ACUTE PHASE 

Continuing progress in understanding the early events leading to membrane 
phospholipid degradation, its relationship to membrane permeability, and the 
possible role of arachidonic acid metabolites (e.g., the prostaglandins and leuko
trienes) in the putative progression of tissue destruction after trauma should serve 
both to clarify the progressive injury hypothesis and to suggest new protective 
agents that might be used to arrest or reverse membrane breakdown4 ,62 (also see 
P. Demediuk and A. I. Faden, Chapter 2). Many of the agents that have shown 
some promise in this regard are antioxidants or inhibitors of lipid hydrolysis. An 
exception is TRH, which has been reported to be one of the most effective agents 
(e.g., T. K. McIntosh and A. I. Faden, Chapter 5). One strategy that may be 
used with increasing frequency, then, is to target multiple events in the progres
sion of injury in the acute phase. Hall and Wolfe62 suggest, for example, that in 
CNS ischemia, at least three factors play a role: injury-induced increases in 
intracellular Ca2 +, increased synthesis of vasoactive prostanoids, and pro
gressive microvascular lipid peroxidation. Each of these could be treated with 
different drugs, e.g., calcium channel blockers, cyclooxygenase inhibitors (e.g., 
ibuprofen), and antioxidants such as vitamin E. 

Although such approaches may eventually be useful, we would caution that 
until more is known about the mechanisms of action of agents in isolation and 
their interactions, interpretation of results will be most difficult. We would stress 
again that physiological, anatomic, and behavioral measures of the immediate 
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and long-tenn consequences of drug administration are necessary to assess future 
relevance to the treatment of CNS trauma. Nevertheless, screening the vast 
numbers of potential agents may well be aided by simple-systems approaches 
such as tissue culture. Multiple drug approaches might be best evaluated, at this 
stage, using such techniques, and then particularly promising combinations can 
be subjected to the more rigorous, long-tenn in vivo studies we advocate. Re
cently, gangliosides have been reported to exert some of their effects on CNS 
damage by a protective effect rather than by the previously invoked effects of 
enhancing sprouting and axonal regeneration55 (S. E. Karpiak et at., Chapter 
11). These studies suggest that gangliosides may be a good candidate for enhanc
ing the sparing of neural tissue and thus function in spinal cord impact experi
ments. Indeed, the ability of our injury and testing protocols to distinguish 
between early sparing and chronic recovery might be particularly suited to such 
studies. 

8.2. IN THE CHRONIC PHASE 

Attempts to ameliorate the chronic effects of spinal cord injury have cen
tered on the issue of CNS regeneration. Numerous studies have examined the 
fate of spinal axons after transection or impact trauma; the conclusions of most 
recent studies have suggested the notion that without treatment of some kind, 
these axons will not regenerate in the adult mammal. The search for the appropri
ate treatment has included detailed studies of successful regeneration in lower 
vertebrate fonns, studies of the partially successful growth ofaxons after injury 
in the developing mammal, and surgical attempts to graft appropriate substrates 
or replacement tissue into the cord. It now seems likely that some spinal cord 
regeneration or reconnection might be possible, perhaps using fetal tissue grafts 
or some artificial extracellular matrix substrate for growth. The pharmacological 
aspects of such future treatments will perhaps include agents that alter the glial 
response to injury ,93 enhance the growth of implanted neural tissue (e.g., NGF), 
and promote host-graft integration. It should be noted that these treatments, 
given at the time of surgical repair, constitute attempts to retard the acute re
sponse to the new injury produced by surgery as well as an attempt to promote 
recovery after chronic injury. 

If the fonnation of new connections does become possible through com
bined grafting and pharmacological therapies, the question still arises as to the 
utility of the newly fonned connections. Such new growth will encounter an 
altered distal spinal cord, and there is no assurance that usable connections will 
be made. Certainly, such new connections will not simply reconstitute the origi
nal nervous system of the organism, and it is likely that the number ofaxons that 
can be encouraged to cross the lesion will be relatively small. In that regard, such 
new pathways might be functionally equivalent to the small rim of fibers left 
after most contusion injuries; indeed, new growth might complement the func-



EXPERIMENTAL SPINAL CORD INJURY 67 

tions of remaining fibers. It is thus likely that the issue of promoting regeneration 
cannot be considered in isolation from the other features of chronic spinal cord 
injury, i.e., the distributed nature of the lesion, and the role of pharmacological 
treatments in maximizing the utility of spared and altered residual systems. 

We have already considered recent studies that show alterations in chronic, 
isolated spinal cord segments with a number of agents. Future treatments are 
likely to build on increasing knowledge of the properties of the denervated caudal 
spinal cord. For example, the work of Robinson and Goldberger97 suggests that 
the positive effects of bicuculline on spinal stepping in chronic spinal-cord
transected cats may be caused in part by a reversal of increased inhibition 
provided by GABAergic neurons in the isolated cord. This increase could be 
caused by reactive synaptogensis. Thor et al. 1l6 have suggested that several 
peptidergic systems in the sacral cord may sprout in response to spinal lesions 
and have in fact provided an example of the potential for successful phar
macological intervention in chronic spinal cats: naloxone can initiate micturition 
in animals with spastic bladders. This effect might occur by the blockade of 
opiate systems that have hypertrophied in response to the lesion. Clearly, a more 
complete understanding of the role of sprouting, altered reflex circuits, and 
neurotransmitter receptor changes in the reorganization of the spinal cord after 
trauma will suggest additional pharmacological interventions that may promote 
the usefulness of the remaining nervous system. 

We have proposed that amphetamine, which has been shown to promote 
recovery after some forebrain injuries (Section 6.2; D. M. Feeney and R. L. 
Sutton, Chapter 7), might have a similar effect after partial spinal cord lesions 
produced by experimental impact. This proposal is based on the hypothesis that 
the amphetamine effect represents a generalized enhancement of behavioral re
covery, which should extend to the ability of the animal to use remaining systems 
throughout the neuraxis. There is, however, the possibility that amphetamine 
effects can be related to the alterations in noradrenergic systems consequent to a 
lesion. Feeney and Sutton (Chapter 7) present data suggestive of the role of 
noradrenergic mediation of amphetamine's effects on recovery. A cortical lesion 
"prunes" the ascending collaterals of noradrenergic fibers located in the locus 
coeruleus (LC) and other brainstem regions. Such pruning of LC fibers has been 
shown by Reis's group94 to decrease tyrosine hydroxylase activity in LC neurons 
and collateral terminal fields. We note that the LC projects to the spinal cord as 
well and that these fibers will be pruned by impact or transection lesions. If 
amphetamine does contribute to recovery in chronic spinal-Iesioned animals, this 
general effect on recovery of function may have a common underlying explana
tion on anatomic and biochemical grounds. Hypotheses on the mechanisms 
underlying the practice effects in amphetamine-induced recovery may be more 
difficult to generate. The amphetamine data available to date point to future 
strategies that exploit pharmacological agents that have effects not only on the 
repair of neural tissue or on altered reflexes but also to enhance behavioral 
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compensation and learning to maximize residual capacities. Surely, more specif
ic agents with fewer undesirable side effects will also be explored. Finally, 
conduction via the spared fibers in impact injury or new fiber growth in small 
quantities may prove to be a useful target for drugs. 

9. SUMMARY AND CONCLUSIONS 

It is now clear that the stage has been set for detailed trials to investigate the 
acute and chronic effects of pharmacological agents in spinal cord injury. This is 
because of both established animal model systems and the better understanding 
of mechanisms of drug action on both acute and chronic phases of injury. The 
need for accurate and reliable modeling and its relationship to human trauma is 
paralleled by the requirement for controlled, well-planned clinical trials (e.g., 
see ref. 15). Help from the pharmacologists and pharmacokineticists is an abso
lute prerequisite for designing the experimental and clinical aspects of such 
studies. The strategies for intervention, however, can still be expected to come 
from basic understanding of the inherent capacities of the eNS to repair itself. 
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SEROTONIN ANTAGONISTS 

REDUCE CENTRAL NERVOUS 

SYSTEM ISCHEMIC DAMAGE 

JUSTIN A. ZIVIN 

Ass I RAe I. We have demonstrated that serotonin antagonist'> preserve neurological function in two 
different animal models. In one model, reversible occlusion was studied: in the other, irreversible 
ischemia was produced. In both instances, the protective effects were unequivocal. Alterations of the 
tissue concentrations of serotonin and its primary metabolite were not demonstrated during the stages 
of ischemia when irreversible damage was occurring. Thus, a new approach to the understanding 01 

the mechanisms of action of serotonin is required. Although the mechanisms of injury reduction arc 
not yet known, these findings make a compelling case for the utility of serotonin antagonists in the 
emergency therapy of such problems as cardiac arrest to prevent cerebral damage while the cardia,' 
status is stabilized, and possibly for stroke-in-evolution to prevent continued progressive extension of 
damage. It may also be possible to give such therapy prophylactically in high-risk situations such as 
increasingly frequent transient ischemic attacks or before high-risk surgical procedures. 

1. INTRODUCTION 

Although there are a number of strategies that may be useful for pharmacological 
treatment of stroke, there is not yet a proven therapy that specifically reduces the 
damage caused by stroke in patients. It is possible to attempt to prevent eNS 
ischemia, but there is no method of minimizing destruction after focal ischemia 
has occurred. During ischemia, it is probable that destruction of the eNS pro
ceeds in a series of stages. There is reason to suspect that this process can be 
interrupted or at least partially limited. It may not be possible to reverse all of the 
damage caused by acute eNS injuries, but salvaging marginally viable tissue can 
be crucial because, in the nervous system, important functions are frequently 
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controlled by small regions. Saving such regions can make an enormous dif
ference in the ultimate degree of functional recovery. 

To understand how potential treatments might work and to design more 
effective therapies, a detailed understanding of the pathophysiological mecha
nisms of stroke is necessary. Such studies are, for the most part, ethically 
impossible in patients, and consequently the use of animal models is required. 
For a variety of reasons, we decided that the cerebral vascular occlusion models 
that have usually been used for such studies were not optimal for pharmacologi
cal studies. Most previously available models were developed to simulate the 
clinical and pathological features of stroke. In essence, regardless of species, the 
infarcts produced vary unpredictably in size and distribution. 18•27 The large 
degree of variability makes therapeutic trials rather expensive because large 
numbers of animals are required, and biochemical studies are markedly compli
cated by the difficulty of predicting precisely where lesions will occur. There
fore, we have developed several methods that are more reproducible. Although 
these models do not simulate the most frequent types of strokes, similar central 
nervous system ischemic events do occur naturally, and these models allow us to 
correlate clinical histopathological, biochemical, and physiological phenomena 
in great detail. Of greatest value is our ability to use these models as bioassay 
systems for evaluation of therapeutic regimens. Using these complementary 
systems, we are able to define irreversible damage in a very practical clinical 
sense. 

2. REVIEW OF THE EFFECTS OF SEROTONIN IN STROKE 

Serotonin is a putative neurotransmitter that has potent vasoconstrictive 
properties. For many years, there has been speculation about its influences on the 
development of CNS injury. 21 Since it is present in neuronal tissue throughout 
the CNS and in high concentration in platelets, it has been postulated that 
serotonin might cause increased tissue damage when released at the site of an 
infarction and produce vasospasm in surrounding areas, or it might have adverse 
direct actions at a cellular level by mechanisms that have not yet been charac
terized. Since several classes of drugs are available that can specifically modify 
serotonin actions, we can study alterations of this monoamine with relatively 
selective pharmacological tools. Based on these types of conjectures, a number 
of investigators have studied the effects of ischemia on serotonin, and several 
groups have reported changes of serotonin tissue concentrations during stroke. 

Welch et al. 26 measured serotonin concentrations of gerbils 3 to 4 hr after 
unilateral carotid ligation. They reported decreased concentrations on the in
farcted side, but the time periods studied were long after irreversible damage had 
occurred. In another article,5 they reported that unilateral common carotid artery 
occlusion in gerbils resulted in decreased serotonin within 5 min in both hemi-
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spheres, which persisted essentially unchanged for up to 1 hr. Subsequently, they 
also reported that 1 hr after occlusion of the blood supply to the hemisphere with 
multiple large emboli, serotonin remained unchanged, and 5-hydroxyin
doleacetic acid (5-HIAA, the principal metabolic breakdown product of seroto
nin) increased. 12 

Brown et al. 1 reported decreased serotonin concentrations during global 
ischemia produced by raised intracranial pressure. These decreases were ob
served after 7.5 min of ischemia, and the decline continued after 30 min of 
subsequent restoration of flow. The "bloodless" global ischemia produced by 
raising the intracranial pressure is quite unlike either focal or global ischemia, 
which are the most common medical problems. 

Calderini et aJ.2 exposed rats to bilateral carotid occlusion plus hypo
volemia for 15 min. They found no changes in serotonin and 5-HIAA, but 
serotonin concentration declined in some groups during 30 min of subsequent 
recirculation. 

Mrsulja and associates l5 ,20 measured neurotransmitters in cerebral tissue of 
gerbils during infarction produced by unilateral carotid occlusion. Serotonin 
concentrations were shown to decrease relative to those of the opposite hemi
sphere. These results are difficult to interpret because the concentrations of 
monoamines in the perfused hemisphere may change after infarction of the 
opposite side.6 ,14 In another paper,4 this group found that after 15 min of 
cerebral ischemia produced by bilateral carotid occlusion in gerbils, serotonin 
declined to 78% of control in frontal cortex but was unchanged in basal ganglia. 

Harrison and associates8 ,9 studied serotonin and 5-HIAA in gerbils 3.5 hr 
after carotid ligation and found decreased concentrations in both the infarcted 
and control hemispheres. These studies were conducted after damage was 
irreversible. 

Matsumoto et al. 17 made regional measurements of serotonin concentration 
after 1 hr of bilateral carotid occlusion in gerbils. They found that serotonin 
decreased in all regions in which blood flow decreased. These measurements 
were made substantially after irreversible damage would be expected in this 
animal model. 

Harik et al. 7 studied serotonin changes in a model of incomplete cerebral 
ischemia in the rat. Ischemia wa~ produced by a combination of halothane
induced hypotension, bilateral carotid occlusion, and increased intracranial pres
sure produced by infusion of mock CSF into the cisterna magna. At 45 min of 
ischemia, no significant changes in serotonin were found in any of the regions 
studied. Some inconsistent serotonin decreases were found after 30 min of recir
culation. No systematic 5-HIAA changes were reported either during ischemia or 
after subsequent reperfusion. 

To summarize, although a number of groups studied various aspects of the 
effects of serotonin on CNS ischemia, most of these models of focal ischemia 
were not particularly reproducible, and several models did not simulate human 
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strokes. A number of these reports indicated that serotonin concentrations de
clined rapidly after the onset of ischemia, but most of the studies were not 
designed to evaluate the early time periods, when changes were becoming irre
versible and therapeutic intervention might be expected to be most effective. 

3. NEW METHODS FOR THE STUDY OF eNS ISCHEMIA 

As noted in Section 1, previously available animal models of stroke were 
not well designed for biochemical and pharmacological studies. To remedy this 
deficiency, we developed two new methods for such studies: (1) a rabbit spinal 
cord ischemia modepo and (2) a microsphere embolic stroke model. I describe 
these models in some detail because their use has made it possible to establish 
some important aspects of the effects of serotonin in CNS ischemia. 

3.1. RABBIT SPINAL CORD ISCHEMIA MODEL 

In the rabbit spinal cord ischemia model (RSCIM), spinal cord is produced 
by occlusion ofthe aorta just below the renal arteries. The relatively long spinal 
cord of rabbits and its highly segmental vascular supply in the caudal regions 
allows production of spinal cord ischemia without interference with the vascular 
supply of the viscera. Blood flow is obstructed in the hind limbs, but occlusion of 
the aorta for as long as several hours does not result in any permanent damage in 
the hind quarters. We are thus able to produce focal spinal cord destruction 
without causing permanent injury to any other structures. 

We were able to adapt a snare ligature3 for use in this model. A snare 
ligature consists of a loop of thin material that can be implanted around an artery 
and tightened or loosened externally after the animal has recovered from the 
implantation procedure. It is then possible to produce reversible obstruction of 
that vessel in an unanesthetized animal. In the RSCIM, the ligature is implanted 
around the abdominal aorta just below the renal arteries. We then allow the 
animals to recover from anesthesia for several hours. Spinal cord ischemia can 
then be induced in fully awake animals. With the arrangement that we use, the 
snare ligature can be cut and removed without further anesthesia. 3o All rabbits 
become paraplegic while the aorta is occluded, and we can conduct our experi
ments without the complications of anesthesia, artificial ventilation, manipula
tion of blood gases and pH, temperature maintenance, etc. There is relatively 
little surgical intervention at a site distant from nervous tissue. Because the 
animals are awake (occlusion of the aorta causes no apparent pain), we can make 
repeated neurological assessments during the ischemic period and thus ensure 
disruption of neurological function. We can also accurately assess the animals 
during all phases of the postischemic period. When required, it is possible for us 
to perform invasive surgical procedures and artificially control relevant physio-
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logical functions. However, such interventions may potentially alter the re
sponses of intact animals to CNS ischemia and the effects of proposed therapies. 
Thus, we intentionally reduce our manipulations of the animals to the minimum. 
Pharmacological interventions can be administered at any time prior to, during, 
or after the ischemic period. 

We developed a simplified three-point grading scale for evaluation of neu
rological impairment: grade N, normal; grade P, any partial neurological deficit; 
grade T, total paraplegia. The scale is so simple that there is essentially no 
intraobserver variation in grading. Functional activity of the rabbits is assessed 
24 hr after the ischemic insult. We analyze the results by use of a quantal dose
response analysis technique25 that allows us to generate a curve of the effect of 
the duration of ischemia on the fraction of animals that sustain neurological 
damage (see Fig. 1) and permits estimation of the location parameter, which is 
the duration of ischemia required to produce neurological deficits in 50% of the 
rabbits (ET 50). If the treatment curve is shifted to the right relative to the control 
curve (ET5o increases), the treatment has produced a protective effect; if the 
treatment curve is shifted to the left, the treatment has produced an adverse 
effect. The ET 50 for control animals used in the RSCIM has been approximately 
25 ± 2 min. (mean ± standard error). We have repeated this control curve in 
detail numerous times in the past several years, and the results have not signifi
cantly changed. Along with the highly reproducible ET50s, the relatively low 
variance makes this a highly sensitive technique because even relatively small 
changes from control can be readily detected. 

This model can be used for a wide variety of biochemical studies as well. 
We can inject radiolabeled iodoantipyrine as a marker of regional blood flow. At 
any time after the onset of ischemia, we can anticipate the clinical status of a 
group of animals, and using the blood flow tracer, we can identify the location of 

FIGURE 1. Paraplegia as a function of the dura- 100 
tion of aortic occlusion. The curve on the left ~ 
shows the time course of development of para
plegia in control animals. Paraplegia was present 
24 hr after the insult in 50% of the rabbits oc
cluded for 28.26 ± 2.28 min (n = 35). The 
curve on the right shows that 2.0 mg/kg of 
cyproheptadine given 5 min after the onset of 
occlusion resulted in an increase in the ET 50 to 
40.03 ± 4.55 min (n = 22). The Os at the 
bottom of the graph indicate the number of con
trol animals that had some neurological function 
at the times indicated. The numbers of para
plegic animals are indicated at the top of the 
graph. The Xs indicate the numbers of func DURATION OF OCCLUSION (min) 

tional and paraplegic animals treated with cyproheptadine. These data were used to generate the 
related curves. The horizontal bar on each curve at the ET50 indicates the standard error. 
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lesions that will ultimately develop. We can occlude the aorta and wait for any 
length of time after the onset of ischemia or after restoration of blood flow. At 
the end of the predetermined period, we inject the iodoantipyrine tracer over a 1-
min interval and then collect appropriate blood samples to allow us to determine 
regional blood flow. 33 In the process the animal is sacrificed, and the spinal cord 
is rapidly removed and frozen. We can then section the cord and use the regional 
blood flow measurement to identify locations within the ischemic, marginally 
perfused, or normal areas of the cord. Biochemical measurements in these re
gions of interest allow us to correlate, in considerable detail, the clinical condi
tion, regional blood flow, and biochemical profile of lesion development during 
or after CNS ischemia. 

3.2. MICROSPHERE EMBOLIC STROKE MODEL 

To corroborate some of the findings that were obtained using the RSCIM, 
we developed an embolic stroke model that is specifically designed for phar
macological studies. Previous studies of putative CNS ischemia therapies have 
usually involved use of reversible ischemia models. In most of these models 
(including the RSCIM), the blood supply to a portion of the CNS is obstructed 
for a period of time, and then blood flow is restored. Therapeutic efficacy is 
demonstrated if the tolerable duration of ischemia can be increased or the extent 
of damage produced by a fixed period of ischemia is reduced. Such reversible 
ischemia is a less frequent clinical problem than irreversible arterial occlusion. 

Injection of microspheres allows us to study irreversible ischemia. Further
more, for pharmacological trials, a method of producing incremental grades of 
damage is desirable. Most previously reported cerebral stroke models were 
intended to mimic the clinical and pathological features of human strokes and are 
not readily adaptable for production of graded degrees of damage. Although it is 
extremely difficult to predict where any given embolus will lodge, it is possible 
to predict, with a very high degree of precision, what will happen when numer
ous small emboli enter the cerebral circulation. Rapid intraarterial injection of 
small embolic particles will result in relatively random distribution of the parti
cles within the territory supplied by that artery. It is important that the embolic 
particles be small because it is necessary for them to penetrate to terminal 
vessels. If large embolic particles are injected, they will obstruct just a few large 
vessels, and a random distribution of small lesions will not occur. It is essential 
that numerous small lesions be produced so that there is a correlation between the 
number of particles that are trapped in the brain and the amount of tissue destruc
tion that results. When only large vessels are occluded, such a close correspon
dence does not exist. If only a few small particles are injected, it is unlikely that 
any detectable behavioral changes will be produced. Injection of many particles 
will almost certainly cause severe damage. Consequently, it can be predicted that 
a dose-response curve for the effect of the number of emboli on the neurological 
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status of a group of animals can be generated (the form of the curve is analogous 
to that shown in Fig. I except that the fraction of abnormal animals is plotted as a 
function of the number of microspheres that are trapped in the brain). Effective 
therapy will reduce the amount of tissue destruction associated with each micro
sphere that is lodged in the brain. Thus, although treated animals will have the 
same number of lesions as control animals, the individual lesions will be smaller, 
and the aggregate tissue destruction will be reduced. In animals, the most relia
bly detectable behavioral endpoints are severe neurological damage and death. 
Such curves can be generated for any type of animal, but use of a species that has 
a relatively distinct separation between the external and internal carotid circula
tions is most efficient. The most readily available laboratory animals that have 
this property are rabbits and rats. 

This technique can be used to detect whether therapy has neurologically 
meaningful effects. A curve of neurological response as a function of the amount 
of radiolabeled microspheres in the brain is determined. The test treatment is 
given to another set of animals, and a similar curve is produced. If the treatment 
causes a significant shift of the treatment curve, then a neurologically detectable 
effect is demonstrated. The ES50 is the quantity of microspheres required to 
produce severe neurological damage or death in 50% of the animals, and its 
interpretation is analogous to that used for the ET 50 in the RSCIM. We then test 
for significant differences between the ES50s of the treatment and control curves. 

Over the years, a wide variety of materials have been used for cerebral 
embolism studies, but recently the most commonly utilized materials have been 
carbonized microspheres, which are available in a variety of sizes and can be 
labeled with radioactive tracers. In most instances, 15-J.Lm spheres have been 
used for studies of regional blood flow rates, although a few experiments have 
concentrated on the pathological and physiological consequences of infarc
tion. lO,13,16,22,23 The advantage of the microspheres is that they can be readily 
quantified and do not change in size or position after they have lodged in the 
cerebral arterial circulation. 

Under surgical anesthesia, the external carotid circulation is ligated on one 
side, and a cannula is placed in the common carotid artery. The cannula is 
arranged so it is accessible externally, and the animals are allowed to recover. At 
the time of embolization, the awake animal is restrained, and the radiolabeled 
embolus particles are injected rapidly. Treatment of the animals with the agent 
under study can be started at any time before or after embolization. We have 
found that we can reliably classify the animals as either normal, grossly abnor
mal, or dead. Abnormalities consist of an encephalopathy most prominently 
characterized by reduced level of consciousness and highly uncoordinated move
ments. The rabbits or rats rarely show tonic or clonic postures and are otherwise 
appropriately responsive to noxious stimuli, indicating that seizure activity is 
quite uncommon, even in severely neurologically impaired animals, At the end 
of the study, the animals are sacrificed, and the brain is removed from each 
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animal and cut into properly sized pieces for radioactivity measurements in a "y 

counter. 
We found that 50-ll-m microspheres penetrate well into the small arteries of 

the brain, and pathological studies showed that they were well dispersed through
out the brain. Microspheres that are 80 Il-m or larger remain confined to the 
surface vessels, are not randomly distributed, and cannot be used for these types 
of studies. Relelatively smaller numbers of 50-ll-m micro spheres are required, so 
they are much less costly to use than the 15-ll-m microspheres for these types of 
studies. Using these methods we have been able to generate highly reproducible 
embolus versus neurological damage curves using 125I-Iabeled microspheres in 
rabbits. 

4. BIOCHEMICAL STUDIES OF THE EFFECTS OF SEROTONIN IN 

eNS ISCHEMIA 

We first began our studies by attempting to determine whether there were 
any measurable changes in spinal cord concentrations of serotonin and 5-HIAA 
during the first hour of ischemia. 31 The rationale was that if any changes were 
found it might indicate which pharmacological interventions would be most 
likely to alter the consequences of eNS ischemia. We found that serotonin 
changes did occur in the most severely damaged region of the gray matter but 
that the decline was modest and occurred somewhat after clinical damage be
came permanent. In the marginally perfused region, the changes were more 
complex. During the times when irreversible changes were occurring in more 
ischemic areas, there was a substantial decline in serotonin concentrations. How
ever, when the damage finally became permanent in the most ischemic regions, 
serotonin in the marginal areas returned to normal. No systematic changes were 
observed in spinal cord 5-HIAA concentrations at any time during the early 
stages of ischemia. We subsequently conducted some studies of the effects of 
ischemia for 25 min or 1 hr and restoration of flow for periods of up to 1 hr. 29 
We did not observe any large or consistent alterations of serotonin or 5-HIAA 
concentrations in these studies. 

We concluded that biochemical aspects of spinal cord ischemia can be 
studied in great detail by using a combination of very precise spinal cord blood 
flow measurements in combination with very sensitive serotonin measurement 
methods. We confirmed that spinal cord blood flow responded in a fashion 
similar to cerebral blood flow during and after ischemic conditions. At the level 
of resolution we were able to achieve, there were no substantial changes in 
serotonin concentrations in ischemic or marginally perfused tissue at the dura
tions of ischemia that would cause infarction during the early stages of irrevers
ible tissue damage. These results suggested that studies of tissue serotonin con
centrations during the early stages of ischemia and infarction are unlikely to shed 
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any additional light on the understanding of the mechanism of serotonin involve
ment in tissue injury during CNS ischemia. 

5. PHARMACOLOGICAL STUDIES OF THE EFFECTS OF 

SEROTONIN ANTAGONISTS AND AGONISTS IN eNS 

ISCHEMIA 

Although the biochemical studies we conducted did not elucidate the role of 
serotonin in ischemia, we conducted a series of pharmacological investigations 
that did yield a number of therapeutic insights. 28 ,32 Initially, we attempted to 
raise CNS serotonin concentrations by intravenous infusion of 5-hydroxytryp
tamine (5-HTP), the immediate precursor of serotonin (systemically adminis
tered serotonin will not cross the blood-brain barrier, but 5-HTP does). We 
found that we were able to elevate CNS 5-HTP and 5-HIAA concentrations, but 
nearly fatal doses of 5-HTP did not increase spinal cord serotonin concentrations. 
We then tried lysergic acid diethylamide (LSD), a potent serotonin blocker that is 
known to penetrate the blood-brain barrier. We used the RSCIM as a bioassay 
system for these studies. Giving the LSD 5 min after the onset of ischemia 
resulted in statistically significant improvement in neurological function. How
ever, the improvement lasted only a few hours, and by 24 hr after the insult the 
neurological function of the LSD-treated animals was not significantly different 
from controls. 

We then proceeded to try bromlysergic acid diethylamide (BOL), which, 
although a potent serotonin competitive inhibitor, lacks the psychedelic proper
ties of LSD and is substantially less toxic. We were able to administer much 
higher doses of BOL and, as shown in Table I, found that at high doses the ET 50 

was increased by over 40%, and this improvement was permanent. We then were 
able to demonstrate that the protection afforded by BOL was dose dependent, 
and substantially lower doses could give protection when the drug was adminis
tered 15 min prior to the onset of ischemia. It should be noted that an improve
ment of this magnitude does not simply represent a minimal gain. To take one 
example, if the rabbits were subjected to approximately 30 min of ischemia, only 
20% of the control animals were normal, and 70% were paraplegic. By com-· 
parison, treatment with BOL resulted in normal neurological function in 50% of 
the rabbits, and paraplegia was reduced to 20%. These results were achieved 
when the drug was administered 5 min after the onset of ischemia. 

When BOL was administered in high doses 20 min after the onset of 
ischemia in the RSCIM, no protective effects could be demonstrated. Therefor.: 
BOL does not "rescue" the spinal cord from damage after the ligature is f(. 

leased and does not restore function in tissue that has already suffered sevt;.: 
damage. The protection afforded by BOL both increased the number of animals 
that maintained at least some neurological functions and also increased the 
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TABLE I. Effects of Serotonin Agonists on ET 50 for Ischemia-Induced Paraplegiaa 

Control 
LSD 
BOL 

Drug 

Cinanserin 

Cyproheptadine 

Methysergide 
Bufotenine 
Quipazine 
Cyproheptadine and 

bufotenine 

Treatment 
time 
(min) 

5 
-15 
-15 
-15 

5 
5 

20 
-15 

5 
-15 

5 
5 

-15 
-15 
-15 

-15 

Dose ETso 
(mg/kg) (min) n 

28.26 ± 2.28 35 
0.15 25.12 ± 1.23 29 
0.06 28.80 ± 5.98 15 
0.375 32.87 ± 4.48 24 
1.5 36.62 ± 4.29* 19 
1.5 30.29 ± 4.51 17 
3.0 38.48 ± 3.95* 23 
1.5 25.71 ± 5.17 16 
2.0 35.11 ± 1.40* 19 

10.0 37.68 ± 2.96* 14 
1.0 39.28 ± 1.41 * 17 
1.0 34.46 ± 4.02 21 
2.0 40.03 ± 4.55* 22 
4.0 25.32 ± 1.98 14 
2.5 29.40 ± 7.29 20 
5.0 29.44 ± 3.87 10 
1.0 
1.25 32.44 ± 1.60 18 

"Drugs were administered intravenously. either (-) 15 min before or 5 or 20 min after the onset of ischemia. The 
duration of ischemia required to produce paraplegia in 50% of a group is indicated by the ET 50. The number of 
animals in each group is indicated by n. Significance levels compared with control are *P < 0.05. The data are 
mean:!: S.E. 

number that returned to normal after ischemic insults. The lowest doses that 
showed protective effects were ten times the highest doses that have safely been 
given to humans, 11 and there were no apparent toxic effects in the rabbits. To our 
knowledge, detailed BOL toxicity studies have not yet been conducted in 
humans. 

We subsequently conducted a series of trials using cinanserin, another 
serotonin competitive inhibitor, which has a chemical structure that is unrelated 
to that of LSD or BOL. As shown in Table I, this drug was almost identical to 
BOL in its protective effects both when given prior to and after the onset of 
ischemia. We were, therefore, able to demonstrate that several drugs that differ 
in chemical structure but have serotonin-blocking effects provide effective pro
tection against spinal cord ischemia in a dose-dependent fashion and with in
creased potency when given prophylactically. These data provided strong evi
dence that serotonin competitive inhibitor effects were responsible for the 
beneficial effects. 

We subsequently tried to use methysergide, another analogue of LSD, 
which is currently approved for use in humans in the United States. Because of 
low solubility, we were unable to give substantial doses without a large fluid 
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load, and we were unable to demonstrate a protective effect for this drug. This 
may have been because of the relatively low doses we were able to administer, or 
it is possible that other as yet unknown factors prevented this drug from being 
effective. 

To establish whether the effects of BOL were produced by increasing the 
residual blood flow in the ischemic portion of the spinal cord, we utilized the 
iodoantipyrine tracer technique. In untreated animals, spinal cord blood flow 
rostral to the level of aortic occlusion was 20.7 ± 2.66 mIl 100 g per min (n = 3), 
and in the most ischemic regions, spinal cord blood flow was 0.39 ± 0.13. In 
animals given high doses of BOL, blood flow above the occlusion was 22.8 ± 
5.0, and in the ischemic area it was 0.51 ± 0.04. Analysis of variance did not 
reveal any significant differences between treated and untreated animals. Thus, 
ischemia reduced blood flow to approximately 2% of normal in both treated and 
untreated animals, and the hypothesis that function was preserved by drug
induced increased residual blood flow was rejected. This study does suggest that 
the drugs may reach the ischemic regions of the spinal cord in the residual blood 
flow. 

These initial studies were conducted with drugs that have relatively well
characterized serotonin inhibition properties without many side effects, and we 
were able to establish that such agents would be likely to preserve neurological 
function. However, with the exception of methysergide, these drugs have not 
been approved for use in patients in the United States. We therefore proceeded to 
test cyproheptadine. 28 This drug has many actions in addition to serotonin inhibi
tion properties, but it is currently available for use in patients and is known to be 
relatively well tolerated in high doses in humans. We found (as shown in Table I) 
that administration of cyproheptadine 5 min after the onset of ischemia at 2 
mg/kg or 15 min prior to the onset of ischemia at 1 mg/kg produced comparable 
degrees of reduction of CNS injury and that these results were in the same range 
as those we had found for BOL (see Table I). Cyproheptadine, at these doses, 
was well tolerated by the animals, and even higher doses have been accidentally 
ingested by patients without life-threatening consequences. 

Since agents that are thought to be competitive antagonists of serotonin 
produced beneficial effects, we attempted to determine whether serotonin ago
nists would increase ischemic damage. 28 Intravenously administered serotonin 
will not reach the CNS, so we used bufotenine or quipazine. 28 These two drugs 
are pharmacologically similar to serotonin but readily enter the CNS. We found 
that neither drug alone caused any alteration in the ET 50 from control values (see 
Table I). However, when bufotenine was administered simultaneously with 
cyproheptadine, the protective effects of the cryproheptadine were reversed. 

In an attempt to determine how the serotonin antagonists produced the 
protective effects, we studied the effects of ischemia on serotonin and 5-HlAA 
concentrations after treatment with cyproheptadine and BOL.29 We compared 
rabbits that were made ischemic but not treated with subjects that were given 
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cyproheptadine therapy at a dose that had reduced clinically apparent neu
rological damage (1 mg/kg 10 min prior to the onset of ischemia). Cyprohep
tadine did not alter spinal cord blood flow significantly at any spinal cord level 
within or outside of the ischemic regions. Similarly, we could not detect any 
alterations in the serotonin or 5-HIAA concentrations at any location in treated 
ischemic animals versus untreated ischemic rabbits. We conducted similar stud
ies of the microscopically observable changes that were present 1 week after 
ischemia in cyproheptadine- and BOL-treated animals. We found that in treated 
animals, the correlation between the severity of the clinical deficits and the 
topographical extent and histological completeness of tissue distruction was 
weaker than in untreated animals. Thus, although treatment did prevent loss of 
neurological function in some animals, the improvement was not always appar
ent histologically. 

The results of these biochemical studies do not prove that serotonin is 
unrelated to production of CNS infarction, and alterations may be occurring in a 
fashion that cannot be detected by the methods that were employed in these 
studies. The histopathological findings suggest that although serotonin antag
onists preserve neurological function, the cause of this beneficial effect is not 
always apparent on light microscopic examination of the tissue. Such a lack of 
unequivocal correlations has also been observed in other CNS ischemia mod
els. 19,24 The reason for this interesting finding is still unclear. 

6. MICROSPHERE STUDIES OF THE EFFECTS OF SEROTONIN 

ANTAGONISTS ON STROKE 

Although the results of the RSCIM studies were reasonably unequivocal in 
indicating the beneficial pharmacological actions of serotonin antagonist on re
ducing CNS ischemic damage, the biochemical mechanisms were not resolved 
by the studies we conducted. It could be argued that these pharmacological 
effects were an artifact of the particular ischemia model (the RSCIM) we em
ployed for our initial studies. To increase the probability that our findings were 
valid, we conducted similar studies in an entirely different CNS injury system 
using the microsphere embolus model in rabbits. In control rabbits the ES50 for 
50-j-Lm microspheres was 306.6 ± 37.2 j-Lg (n = 32). When cyproheptadine was 
administered intravenously at a dose of 2 mg/kg 2 min after the emboli were 
injected, the ES50 for the treated group increased to 633.1 ± l37.0 j-Lg (n = 22). 
This is a significant difference by group t-test (P < 0.05). Therefore, similar 
protective effects of serotonin antagonists can be demonstrated in unrelated 
models of CNS injury. In the embolic ischemia model, irreversible occlusion of 
blood vessels is induced. It is probable that the reduction of neurological damage 
was caused by salvaging the marginally perfused tissue surrounding the areas of 
damage produced by the emboli. 
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OPIATE ANTAGONISTS IN eNS 
INJURY 

TRACY K. McINTOSH AND ALAN I. FADEN 

ABSTRACT. Traumatic insults to the central nervous system (CNS) may produce tissue injury 
through both direct and indirect (secondary) mechanisms. This secondary injury process appears to 
result from the release or activation of endogenous "autodestructive" factors in response to the 
original insult. Delayed injury may be associated with reduction in blood flow and/or an alteration of 
the local metabolic environment. Recently, endogenous opioids have been implicated as secondary 
injury factors following CNS trauma. The rationale for this hypothesis has been based primarily on 
the therapeutic effects of opiate-receptor antagonists in a variety of experimental CNS trauma mod
els. This review summarizes the use of opiate-receptor antagonists in the treatment of CNS injury. 

1. INTRODUCTION 

During the past decade a number of endogenous opioid peptides have been 
discovered within the central nervous system (CNS).I,49 Three distinct opioid 
prohormone systems have now been identified: (1) preproenkephalin A, from 
which eokephalins are derived; (2) preproeokephalin B, from which leucine
eokephalin and the dynorphin family of peptides are derived; and (3) pre
proopiomelanocortin, from which J3-endorphin is derived. These peptide systems 
have differential anatomic distributions within the CNS5I and may sub serve 
different physiological roles. II 

Present evidence also supports the existence of at least three opiate receptor 
types: f..L, 8, and K.68 The f..L receptor has been best characterized; morphine is the 
prototypic ligand for this receptor, and J3-endorphin is an endogenous opioid 
with potent J.L effects. Leucine-enkephalin is the endogenous ligand with greatest 
specificity for the B-receptor, whereas dynorphin has been proposed as the en
dogenous ligand for the K-receptor. 3 The possible existence of additional types of 
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opioid binding sites (e.g., cr, E, and A) as well as isoreceptors for several of these 
receptor classes further complicates interpretation of studies examining the po
tential physiological or pathophysiological roles of endogenous opioids. 11 

Traumatic insults to the CNS may produce tissue injury through both direct 
and indirect (secondary) mechanisms. 2,6, 10,13 Direct effects are caused by imme
diate disruption of neural connections or injury to nerve cells, whereas secondary 
effects develop over a period of minutes to hours following injury. This delayed 
injury process appears to result from the release or activation of endogenous 
autodestructive factors in response to the original insult, associated with a reduc
tion in blood flow and alteration of the local metabolic environment. 5,58,61,62 

Recently, endogenous opioids have been proposed as secondary injury factors 
following CNS trauma, 13, 14,29,57 largely on the basis of the therapeutic effects of 
opiate-receptor antagonists. In the present review we summarize the use of these 
opiate-receptor antagonists in the treatment of CNS injury. 

2. OPIATE ANTAGONISTS 

A variety of opiate-receptor antagonists have been developed, the majority 
through modification of the structure of potent opiate alkaloids. Among the best 
known and most widely utilized of these antagonists is naloxone. Although 
naloxone has been considered a pure and specific opiate-receptor antagonist and. 
as such, has been used to infer the actions of endorphins, naloxone is neither a 
pure antagonist under all conditions nor completely selective. Thus, at low dose~ 
naloxone has selectivity for the j.L receptor, but at higher doses it also acts on lJ 
and K sites. 9 ,63 

Actions of naloxone, particularly at high doses, may, in fact, not be opiate 
receptor mediated. Instead, naloxone may exert effects on calcium flux, lipid 
peroxidation, and 'Y-aminobutyric acid systems. I I For these reasons, it is inap
propriate to conclude, from observation of a naloxone effect alone, that a specific 
action is mediated through opiate receptors or occurs through the action of 
endogenous opioids. Such a conclusion requires other evidence: that multiple, 
structurally different antagonists produce similar effects; that effects are ster
eospecific; and that opiate agonists produce opposite actions. 63 

During the past few years a number of receptor-selective opiate antagonists 
have been developed. These include the j.L-receptor antagonists l3-funaltrexamine 
(I3-FNA) and naloxonazine, the ~-selective antagonists ICI-154,129 and 
ICI-174,864, and antagonists with increased activity at K sites such as 
WIN44,441-3, MR2266, and nalmefene (Table I). Stereoisomers have been 
developed for several of these antagonists. Since dextroisomers of opiate antag
onists such as d-naloxone or WIN44,441-2 [WIN(+)] have no activity at the 
opiate receptor, they may be used in combination with the receptor-active 
levoisomer to determine whether activity is mediated by opiate receptors and to 
provide information regarding the potential role of specific opiate receptors in 
pathological states. 
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TABLE I. Selective Opiate Agonists 
and Antagonistsa 

Receptor Agonist Antagonist 

fL Morphine (3-FNA 
DAGO Naloxonazine 

I) DADLE ICI-154,129 
DSTLE ICI-174,864 

K EKC WIN44,441-3 
Dynorphin A MR2266 

U50,488H Nalmefene 
BNI 

"DADLE, [o-Ala2-o-Leu'jenkephaIin; DSTLE, [o-Ser2-

Leu'· Thr6jenkephaIin; DAGO, [o-Ala2-MePhe4-Gly-olj 
enkephalin; EKe, ethylketocyclazocine; (3-FNA, (3-funal
trexamine; BNI. binaltorphamine. 

3. RATIONALE FOR USE OF OPIATE ANTAGONISTS IN eNS 
INJURY 

91 

There is considerable evidence that central opioid systems are involved in 
the regulation of cardiovascular function under both physiological and patho
physiological conditions. 15,18,45 Endogenous opioids and opiate receptors have 
been found in a large number of central cardioregulatory sites including limbic 
cortex, hypothalamus, brainstem, and spinal cord.4,7,8,37,44,49,5o,59,64 Intra
cerebroventricular (i.c.v.) or intraparenchymal injections of endogenous opioids 
in brain cardioregulatory sites cause cardiorespiratory changes at very low con
centrations. I8 K agonists, including dynorphin, have been found to produce 
hypotension when injected into both forebrain and hindbrain cardioregulatory 
nuclei. 35 ,36,41 In contrast, jJ. and 8 agonists generally produce hypertension, 
particularly at low doses and in unanesthetized animals. 35 

Faden and Holaday first demonstrated that administration of the opiate 
antagonist naloxone hydrochloride significantly improved physiological vari
ables and survival of animals subjected to experimental hemorrhagic16 and endo
toxic shock17,46 and proposed that endogenous opioids contribute to the pa
thophysiology of shock.I2 Because of the effectiveness of naloxone in the 
treatment of hemorrhagic and endotoxic shock, Faden and colleagues22 ,23,47 
examined the effectiveness of naloxone in "spinal shock" produced by spinal 
cord transection; intravenous (i. v.) or i. c. v. administration of naloxone reversed 
hypotension following spinal transection in rats and cats. On the basis of these 
studies, these authors postulated that endogenous opioids are released following 
acute spinal trauma and contribute to secondary injury through actions on micro
circulatory blood flow. 23 These hypotheses provided the rationale for the initial 
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examination of opiate antagonists in the treatment of traumatic spinal cord 
injury. 

3.l. OPIATE ANTAGONISTS IN THE TREATMENT OF SPINAL CORD 

INJURY 

Early experiments utilized a model in which the cervical spinal cord was 
damaged by dropping a specific weight from a fixed distance onto the exposed 
spinal cord of anesthetized cats.24.25 The impact energy was chosen to yield a 
severe but incomplete degree of injury that might be amenable to pharmacological 
manipulation. The injury was associated with a tenfold increase in l3-endorphin
like immunoreactivity in plasma within the first hour after trauma; during this 
period there was a significant reduction in both gray (20%) and white (24%) matter 
matter blood flow, particularly at the injury level during the first 45 min after 
trauma. 24 Treatment with naloxone at high doses (2 mg/kg bolus followed by 2 
mg/kg per hr for 4 hr) at I hr after injury resulted in significant recovery of spinal 
cord blood flow (SCBF).24 The improvement in blood flow after naloxone 
treatment was greatest over the injured segment (C-7) but extended over the entire 
length of spinal cord (C-l to T-5) (Fig. 1). Additionally, such treatment signifi
cantly improved neurological outcome at 6 weeks following injury as compared 
with saline-treated controls that demonstrated marked spastic quadriparesis (Fig. 
2). These beneficial effects of naloxone treatment in experimental spinal injury 
were confirmed by another laboratory using a related feline injury model in which 
damage was produced at the level of the thoracic spinal cord. 38 ,66 Naloxone 
treatment in these studies was also associated with significant recovery of the 
somatosensory evoked response across the injury segment, recovery of SCBF, and 
enhanced neurological recovery. 38,66 In later studies it was found that naloxone 
treatment significantly improved neurological outcome even when treatment was 
delayed for 4 hr following trauma. 28 These observations are consistent with the 
view that the neurological deficit following spinal injury results, in part, from 
progressive ischemia of descending white matter tracts and supports the findings 
of Albin et ai. 2 that the pathophysiological changes following spinal cord trauma 
are reversible as long as 4hr after injury, These data also confirm that even delayed 
administration of opiate antagonists may have therapeutic efficacy in treatment of 
spinal trauma. 

Other studies have examined the effects of naloxone treatment on spinal 
cord injury resulting from occlusion of the descending thoracic aorta in experi
mental animals (spinal ischemia). Such injury produces infarction of the lumbar 
spinal cord and leads to irreversible paralysis.67 Naloxone, administered after 
reversal of the occlusion, significantly enhanced motor recovery and reduced 
histopathological changes in rabbits. 27 ,31 The beneficial effects of naloxone 
were dose related, with significant improvement found at doses above 0.2 mg/kg 
per hr (total dose 1,0 mg/kg), and optimal effects at the highest dose tested (2 
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FIGURE I. Changes in spinal cord blood flow 
(SCBF) at 15 min after treatment, expressed as a 
percentage change (± S.E.M.) from postinjury, 
pretreatment values. Hatched bars represent 
naloxone-treated animals, and open bars saline
treated animals. C7 is the injury segment. The 
SCBF was measured using radioactive micro
spheres. 
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mg/kg for four hourly injections; total dose 10 mg/kg).3I Interestingly, very
high-dose naloxone therapy (1() mg/kg for four hourly injections) appears to be 
less effective than the 2 mg/kg for four hourly injections (unpublished observa
tion); another opiate-receptor antagonist {WIN44,441-3fWIN( -)], vide infra} 
also showed an inverted-U dose-response curve, with diminishing effects at very 
high and very low doses. 21 

The high doses of naloxone required to produce a beneficial effect in spinal 
cord injury and ischemia suggested that the effects might be through actions at 
non-f-L or naloxone-insensitive receptors. To investigate this possibility, the ef
fects of receptor-selective opiate antagonists were compared using a model of 
spinal cord ischemia in unanesthetized rabbits. AntagQnists included ICI-154, 129 
(lCI), which has increased activity at 8-receptor sites, and WIN( -), which has 
somewhat increased activity at K-receptor sites. In.contrast to ICI, which proved 
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FIGURE 2. Effect of early naloxone (EN), late naloxone (LN), and saline (S) treatment on neu
rological recovery after cervical spinal injury. Both naloxone groups showed significantly higher 
neurological scores than saline controls over the 6-week follow-up period. No significant differences 
in neurological recovery were observed between the EN and LN animals. Points represent the sum of 
forelimb and hindlimb neurological scores for individual animals; histograms represent median 
scores. Differences between naloxone- and saline-treated animals are particularly striking when these 
median scores are translated into functional equivalents: at 6 weeks, the median naloxone-treated 
animals showed nearly normal motor function, whereas the median saline animal exhibited marked 
spasticity or ataxia or both in both forelimbs and hindlimbs. (Reprinted with permission from Faden 
et al. 28) 

entirely ineffective in this model,30 WIN( -) was highly effective and far more 
potent than naloxone in improving outcome; WIN( -) improved motor recovery 
and reduced histopathological changes at doses as low as 40 ~g/kg given sys
temically, a dose approximately 50 times less than that required by naloxone for 
equivalent efficacy.21 WIN(-), but not the dextrostereoisomer WIN(+), also 
proved effective following traumatic spinal cord injury in cats.21 These observa
tions that structurally distinct opiate antagonists produced the same physiological 
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action, combined with the stereospecificity of the effect, strongly support the 
conclusion that the beneficial effects of opiate antagonists in experimental spinal 
injury are through actions at opiate receptors, and suggest that the effects may be at 
the K receptor. 

Most recently, Faden and colleagues (A. Faden, I. Sacksen, and L. Noble, 
unpublished results) have examined another opiate-receptor antagonist, nalme
fene, which also has increased activity at K-receptor sites, in experimental spinal 
cord injury. In a newly developed model of traumatic thoracic spinal injury in 
anesthetized cats, nalmefene treatment significantly improved somatosensory 
evoked responses and long-term motor recovery compared to saline-treated con
trol animals (A. I. Faden, unpublished observation). 

3.2. OPIATE ANTAGONISTS AND TRAUMATIC BRAIN INJURY 

Utilizing a fluid percussion head injury model in cats, Hayes et al. 42 were 
the first to observe that naloxone at high doses (10 mg/kg) significantly im
proved cardiovascular function, respiratory function, brain perfusion pressure, 
and electroencephalographic (EEG) activity. More recently, McIntosh et al. 56 

observed that the opiate antagonist WIN( -) stereospecifically improves mean 
arterial pressure (MAP), eBF, and EEG activity following fluid percussion head 
injury in cats. In this study, administration of the levoisomer WIN(-), but not 
the dextroisomer WIN( +), caused a significant and prolonged improvement in 
EEG compressed spectral edge and EEG amplitude (as measured by power band 
analysis) within 5 min of drug treatment. Regional eBF measured at 2 hr follow
ing injury was also significantly increased by WIN( -) in those areas demonstrat
ing greatest histopathological changes on gross examination. WIN( +) was with
out effect on the posttraumatic decline in eBF. These effects on regional eBF 
and EEG activity were subsequently observed to be independent of the systemic 
pressor action of the WIN( -) compound. 57 Again, the observation that multiple 
opiate antagonists produce the same effect and that the action is stereospecific 
strongly points to an opiate-receptor mechanism of action. These studies are also 
consistent with the hypothesis that the K receptor mediates pathophysiological 
consequences of traumatic brain injury. 

4. ROLE OF SPECIFIC OPIOIDS AND OPIATE RECEPTORS IN 

eNS INJURY 

The high doses of naloxone required to show beneficial effect in eNS injury 
have suggested that the beneficial actions may be at non-j.L opiate receptors. 
Findings utilizing WIN( -) and nalmefene have provided circumstantial evidence 
to support this hypothesis. Further experimental evidence for this conclusion has 
been obtained from studies in experimental spinal injury: dynorphin, the pro-
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posed endogenous ligand for the K-opiate receptor, has been found to be unique 
among opioids or opiates in producing paralysis following intrathecal administra
tion in rats. 19,20,43,60 The paralytic effects of dynorphin are dose related with 
transitory paralysis at low doses and permanent paralysis at high doses. More
over, the appearance of the paralysis is similar to that after trauma; thus, dynor
phin causes flaccid paralysis in the first days after administration, followed by 
development of spastic paraparesis. The paralytic effects of dynorphin are more 
pronounced with the longer dynorphin fragments, which have increased affinity 
at K receptors, and less pronounced for smaller dynorphin fragments, which are 
more active at I.L receptors. 43 In addition, traumatic injury to the spinal cord 
caused up-regulation of K receptors but not I.L or 8 receptors 52 (Fig. 3). Finally, 
tissue concentrations of dynorphin increase, in a dose-related manner, at the 
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FIGURE 3. Time course of opiate binding in the rat spinal cord after 
traumatic injury of the thoracic region. The values are the mean ± 
S.E.M. of total number of rats studied, indicated at each time point. 
Specific binding of [3Hlethylketocyclazocine ([3H1EKC) was sig
nificantly increased at the injury site (P < 0.02), with the greatest 
changes observed at 24 hr after injury. [3H1DAGO, [3Hl[o
Ala2,MePhe4 ,Gly-(ol)51enkephalin; [3H1DADL, [3Hl[o-Ala2,o
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Faden.52) 



OPIATE ANTAGONISTS 

FIGURE 4. Percentage of change in peptide im
munoreactivity in the rat thoracic spinal cord (in
jury level) at various times after traumatic injury. 
Moderate injury produced a significant time-de
pendent decrease in both leucine- and methionine
enkephalin immunoreactivity (regression analysis 
of variance: F = 6.46, P < 0.05 and F = 12.24, P 
< 0.01, respectively). Severe injury produced a 
significant time-dependent increase in dynorphin 
A (Dyn A) immunoreactivity (regression analysis 
of variance: F = 16.19, P < 0.01). Neither degree 
of injury produced significant alterations in the 
immunoreactivity of Dyn A-(l-8). (Reprinted 
with permission from Faden et al. 34) 
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injury site with increasing degrees of traumatic injury34 (Fig. 4). The pattern of 
changes observed with dynorphin after spinal trauma is not observed for a variety 
of other endogenous opioids and other peptides; thus, substance P and 
somatostatin decrease at and below the injury site, whereas methionine- and 
leucine-enkephalin show little change. 33 ,34 

Similar patterns of opioid changes have also been confinned in experimen
tal head injury. A selective increase in regional concentration of dynorphin but 
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not leucine-enkephalin was found following traumatic brain injury specifically in 
those areas that showed a significant decrease in regional CBF. 57 Taken to
gether, the above data support the conclusion that pathophysiological effects of 
endogenous opioids in spinal cord and brain injury are mediated by dynorphin 
and/ or the K receptor. Further evaluation of this hypothesis will come from 
studies currently in progress. These include examinations of the effects of up
regulation of selective opiate receptors and of the production of dynorphin 
tolerance. 

5. OPIATE ANTAGONISTS IN CNS INJURY: CLINICAL STUDIES 

A Phase I study of naloxone in human spinal cord injury has recently been 
published. 39 Naloxone was administered in doses ranging from O. 14 to 5.4 
mg/kg for up to 48 hr after acute spinal cord injury in 29 patients. Neurological 
examinations were performed, and somatosensory evoked potentials (SEPs) 
were obtained as soon as possible after admission and again at 1 day. 2 days, 3 
days, 7 days, 3 weeks, and 6 weeks to 6 months after admission. In these 
escalating dose studies, it was observed that patients treated with naloxone at 
doses above 1 mg/kg en = 8), but not those treated at doses below this level. 
showed a dose-dependent improvement of somatosensory evoked responses. 
With the exception of increased awareness of pain in four patients, no difficulties 
were encountered in the patient's ability to tolerate large doses of naloxone. 
Although the numbers are small, this observation is consistent with experimental 
data and justified the implementation of a multi institutional Phase III randomized 
controlled study currently in progress. The use of naloxone or other opiate 
antagonists in human head injury has not as yet been reported. 

6. FUTURE DIRECTIONS 

Thyrotropin-releasing hormone (TRH) has been reported to have the ability 
to act in vivo as a partial physiological antagonist of endorphin systems. Recent 
studies have reported that TRH improves cardiovascular function in various 
shock states55 as well as improving neurological recovery following spinal trau
ma in cats,26 even when treatment was delayed up to 24 hr after injury. 32 Since 
administration of TRH, unlike opiate-receptor antagonists, does not block the 
analgesic effects of endogenous opioids or exogenous opiates, it has potential 
advantages over drugs like naloxone for treatment of acute spinal cord and head 
injury. Future studies should examine the efficacy of TRH in traumatic brain 
injury. 

In addition to its effects as a physiological antagonist of opioid systems, 
TRH has been found to antagonize certain pathophysiological effects of such 
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vasoactive lipids as leukotrienes53 and platelet-activating factor. 54 Since these 
substances may playa role in the secondary injury process, the action of TRH on 
these systems should be elucidated. Furthermore, TRH analogues that are far 
more potent than TRH and less susceptible to metabolic degradation may prove 
particularly useful in treating spinal cord and brain injury. Preliminary studies 
show that these analogues are effective in experimental spinal cord injury. 14 

Similarly, newer opiate-receptor antagonists possessing higher potency, longer 
biological half-life, and greater selectivity than naloxone may be more effective 
than naloxone in experimental studies and may ultimately replace naloxone in 
clinical testing. 
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ADAPTIVE CHANGES IN 

CENTRAL DOPAMINERGIC 

NEURONS AFTER INJURY 

EFFECTS OF DRUGS 

FRANZ HEFTI AND WILLIAM J. WEINER 

ABSTRACT. Central dopaminergic neurons play an important role in motor, emotional, and cog
nitive behavior. These dopaminergic systems are affected both by normal aging and by various 
diseases. The most prominent of these diseases is Parkinson's disease, which is associated with a 
gradual and progressive loss of dopaminergic neurons in the human brain. Studies on human brain 
have revealed a remarkable ability of these neurons to compensate for partial destruction of their 
systems, and these findings have prompted numerous investigations of the adaptive changes of 
dopaminergic neurons to experimental injury. The findings reveal that dopaminergic neurons react to 
a partial lesion of their pathways with several adaptive changes. Dopaminergic neurons surviving a 
partial lesion respond by increasing transmitter synthesis and release. Furthermore, after near-total 
lesions, a supersensitivity of postsynaptic transmitter receptors develops. Because of these bio
chemical adaptive changes, few surviving neurons are able to compensate for the loss of a majority of 
other dopaminergic neurons. Recent findings indicate that biochemical adaptive processes can be 
further stimulated by pharmacological manipulation. The possible mechanisms of actions of these 
pharmacological agents are discussed. 

1. INTRODUCTION 

Several neurological diseases are characterized by the loss of specific popula
tions of neurons in the brain. In Parkinson's disease there is a selective degenera
tion of dopaminergic cells (for review see refs. 14,57,60). Alzheimer's disease 
has been associated with the loss of cholinergic neurons of the basal forebrain, 
ascending noradrenergic and serotoninergic neurons, somatostatin-containing 
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cortical neurons, hippocampal neurons, and other peptide-containing neu
rons. 58,69 In Huntington's disease cortical and striatal neurons degenerate,72 and 
amyotrophic lateral sclerosis is characterized by the loss of large motor neu
rons. 21 ,22 The standard pharmacological treatment of these diseases attempts to 
replace the "missing" neurotransmitter. This approach has been very successful 
in the case of Parkinson's disease, where doparninergic agonists effectively 
alleviate the symptomsI4,60; however, it has not been as successful for the other 
degenerative diseases. Even in Parkinson's disease, substitution therapy is not 
able to compensate for complete loss of the dopaminergic neuronal system at 
later stages of the disease. 

A different and potentially more useful pharmacological approach to these 
neurodegenerative diseases is to exploit their gradual progressive nature. The 
slow degenerative processes may induce adaptive changes that compensate to a 
certain extent for the primary deficit produced by the lesion. Such compensatory 
changes might involve the remaining population of the affected neuronal system 
as well as neurons postsynaptic to them. Very little attention has been given so 
far to the possibility of promoting such compensatory changes pharmacologi
cally. This chapter discusses the events occurring during the gradual and pro
gressive degeneration of the ascending dopaminergic system of the mesen
cephalon and the pharmacological possibilities of influencing these processes. 

Mesencephalic dopaminergic neurons are involved in many aspects of brain 
function. These systems are primarily related to motor control but are also 
involved with cognitive and emotional behavior. These dopaminergic systems 
degenerate selectively in Parkinson's disease, giving rise to specific movement 
and behavioral deficits. Degenerative changes characteristic of Parkinson's dis
ease can be reproduced in experimental animals. In humans and animals pro
gressive degeneration results first in increased transmitter release by surviving 
doparninergic neurons and second, in more advanced stages of degeneration, in 
changes in the postsynaptic receptors mediating the actions of dopamine (DA). 
In animals, regeneration of severed dopaminergic neurons represents a third 
possible compensatory change. The following sections describe compensatory 
changes in transmitter release and postsynaptic receptors and discusses the pos
sibility of promoting these processes pharmacologically. Special emphasis is 
given to the stimulation of transmitter release by dopaminergic neurons surviving 
a degenerative process. The chapter is preceded by a brief description of the 
anatomy and function of mesencephalic dopaminergic neurons. 

2. ANATOMY AND FUNCTION OF MESENCEPHALIC 

DOPAMINERGIC NEURONS 

Cell bodies of the ascending dopaminergic neurons of the mammalian mes
encephalon are located in the zona compacta of the substantia nigra and in the 
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ventral tegmental area medioventral to the substantia nigra. These cell bodies 
innervate the caudate nucleus and putamen (corpus striatum), nucleus accum
bens, olfactory tubercle, septum, hippocampus, amygdala, and various cortical 
areas. Traditionally, the ascending dopaminergic systems are divided into two 
pathways. Dopaminergic cell bodies located in the zona compacta innervate 
mainly the corpus striatum, forming the nigrostriatal dopaminergic projection. 
The axons of this pathway constitute part of the medial forebrain bundle, from 
which they enter the internal capsule and radiate into the corpus striatum. Cell 
bodies located in the ventral tegmental area innervate the nucleus accumbens, 
olfactory tubercle, amygdala, and cortex. The axons of these neurons course 
through the medial forebrain bundle and the internal capsule. These pathways are 
referred to as the mesolimbic dopaminergic systems. However, it is more appro
priate to look at the nigrostriatal and mesolimbic pathways as parts of a topo
graphically organized ascending dopaminergic projection originating in the mes
encephalon. Cell bodies located in the caudolateral part of the substantia nigra 
project to the lateral corpus striatum, and the cell bodies located anteromedically 
in the tegmentum project to anteromedial forebrain areas (e.g., frontal cortex). 
The vast majority of the dopaminergic nigrostriatal fibers innervate target areas 
on the ipsilateral side of the brain. The anatomy of dopaminergic projections has 
been the subject of several excellent reviews. 23 .55 ,56.63 

The nigrostriatal and mesolimbic dopaminergic projections of the mesen
cephalon represent the main and most extensive dopaminergic projections in the 
central nervous system. Besides these pathways there are minor dopaminergic 
pathways. There are a dopaminergic nigrothalamic pathway and several groups 
of short dopaminergic neurons in the diencephalon. These neurons are mainly 
located in the periaqueductal areas of the diencephalon. The principal group of 
these cells originates in the arcuate nucleus and innervates the median eminence 
and the infundibular stalk of the pituitary. In addition, there are descending 
dopaminergic projections innervating the spinal cord and dopaminergic inter
neurons in the olfactory bulb and the retina. 56 

Transmitter biochemistry of the dopaminergic neurons has been well char
acterized and described in many reviews. 12,36,63,71 Dopamine is synthesized by 
two enzymes that transform the precursor amino acid tyrosine first into 3,4-
dihydroxyphenylalanine (dopa, catalyzed by tyrosine hydroxylase, TH) and then 
to DA (catalyzed by aromatic amino acid decarboxylase, AAAD). In the termi
nals of the dopaminergic neurons, DA is stored in vesicles and is released on 
stimulation. The action of DA is terminated by an uptake system and by en
zymatic metabolism of the transmitter. The enzymatic breakdown is catalyzed by 
monoamine oxidase (MAO) and catechol-O-methyltransferase (COMT). These 
two enzymes form DA's principal metabolites, 3,4-dihydroxyphenylacetic acid 
(DOPAC) and homovanillic acid (HVA). Dopamine receptors are divided into 
two classes, Dl and D2 receptors (for review see refs. 16, 18, 41). Dl receptors 
are coupled to adenylate cyclase, whereas D2 receptors are not or are negatively 
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coupled to this enzyme. Apparently, most behavioral effects ofDA are mediated 
by D2 receptors. The function of the D1 receptors remains to be elucidated. 
Progress in this field can be expected in the next few years, since selective 
agonists for the two types of receptors have recently become available. Several 
lines of evidence suggest the possibility that dopaminergic neurons contain auto
receptors for dopamine. These receptors might be located both on cell bodies in 
the mesencephalon and on the terminals in the corpus striatum. 15 ,66 However 
these autoreceptors were never directly demonstrated, and their pharmacological 
characteristics remain unclear. 34.47 .48,52 

The role of dopaminergic neurons in behavior has been studied with various 
experimental tools that either interfere with or stimulate dopaminergic functions 
(for review see refs. 12, 36, 63, 71). The most frequently used experimental tool 
is 6-hydroxydopamine, a neurotoxic agent that selectively destroys cate
cholaminergic neurons. This toxin, when injected locally in the areas of the cell 
bodies of dopaminergic neurons, results in a selective destruction of these 
cells.74,75 In recent years, another compound, l-methyl-4-phenyl-I,2,3,6-
tetrahydropyridine (MPTP), which was discovered as a by-product of synthetic 
heroin, was found to destroy nigrostriatal dopaminergic neurons selectively in 
primates and man. 14,49.50 Although MPTP reduces DA levels in mice, it is still 
not clear whether MPTP results in destruction of dopaminergic neurons in ro
dents and other nonprimate animals. The function of dopaminergic neurons can 
also be inhibited with metabolic inhibitors such as a-methyltyrosine. an inhibitor 
of TH, which produces a blockade of DA synthesis. Several antagonists an: 
available that selectively block DA receptors on postsynaptic neurons. 16.18.41 A 
potentiation of dopaminergic functions can be achieved by inhibiting the cata
bolic enzyme MAO, resulting in higher concentrations of DA at synaptic sites. 
Furthermore, dopaminergic functions can also be potentiated by the administra
tion of direct-acting DA receptor agonists or by the administration of dopa. Dopa 
elevates DA synthesis by bypassing the blood-brain barrier and the rate-limiting 
enzyme TH. 

Because mesencephalic dopaminergic neurons are involved in motor, cog
nitive, and emotional behavior in rats (for review see ref. 9), their destruction 
results in hypokinesia, aphagia, adipsia, and sensory neglect. Motor functions 
are thought to be mediated mainly by the nigrostriatal neurons, given the integra
tion of the corpus striatum in the extrapyramidal system. The projection of 
meso limbic neurons to the nucleus accumbens also participates in motor control, 
whereas the other projections of this pathway to septum, amygdala, and cortex 
are believed to be responsible for the emotional and cognitive behavioral effects 
of dopamine. Dopaminergic afferents to the cortex have been shown to be 
involved in positive reinforcement. The crucial role of ascending mesencephalic 
dopaminergic neurons is best illustrated by human Parkinson's disease. 14,57,60 
This disease is characterized by the primary motor symptoms hypokinesia, 
rigidity, and tremor, which very often are accompanied by behavioral depres-
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sion. Dopaminergic neurons undergo a selective degeneration in this disease, and 
it is generally accepted that most, if not all, of the behavioral deficits are caused 
by the loss of dopaminergic neurons. The behavioral symptoms may be modified 
by pharmacological manipulations increasing dopaminergic function. Excessive 
stimulation of DA receptors in parkinsonian patients very often results in in 
involuntary movements and visual hallucinations. 

3. COMPENSATORY CHANGES IN TRANSMITTER RELEASE 

Transmitter synthesis and release by mesencephalic dopaminergic neurons 
is controlled by several factors that are dependent on the activity of the neu
rons.46 This activity is a function of neuronal input to both the mesencephalon 
and other neurons that influence dopaminergic neurons by acting on presynaptic 
receptors. 48 Furthermore, synthesis and release are dependent on the status of the 
dopaminergic system itself. Loss of part of the nigrostriatal system results in 
compensatory adjustments in the remaining neurons. These interactions have 
been studied in animals with partial lesions of the nigrostriatal system produced 
by applying various amounts of 6-hydroxydopamine directly into the substantia 
nigra. This experimental approach results in a dose-dependent reduction of the 
number of dopaminergic cells within the nigrostriatal system. 

Rats were then taken for the measurement of DA synthesis by measuring the 
conversion of 13H]tyrosine to [3H]DA3 or the accumulation of DOPA after 
inhibition of AAAD. 30,33 Dopamine release was assessed by measuring the 
levels of the principal DA metabolites, DOPAC and HVA.I,30,33,78 The ratios of 
DOPA, DOPAC, and HVA levels to that of DA itself served as an index of DA 
synthesis or release per surviving dopaminergic neurons. The use of these ratios 
is justified because DA levels are not affected by most induced changes in 
activity of dopaminergic neurons46 and therefore serve as an index of the number 
of surviving dopaminergic neurons. 

Agid et al. 3 first reported that partial dopaminergic lesions resulted in 
elevated ratios of newly formed [3H1DA to DA and concluded that the partial 
lesions resulted in an elevated rate of DA synthesis by remaining dopaminergj, 
neurons. This was later confirmed by studies showing that partial lesions &1"0 
elevated the ratio of DOPA accumulating after AAAD inhibition to DA. 30,j< 

Elevated DA release in striata of animals with partial nigrostriatal lesions was 
indicated by increased DOPAC/DA and HVA/DA ratios. 1,30,33.78 

There is still some controversy on whether the rate-limiting enzyme of DA 
synthesis, TH, exhibits greater activity in neurons surviving partial lesions. 
Zigmond et al. 78 found increased THIDA ratios 2 days after 6-hydroxydopamine 
administration. However, this was only the case when TH activity was measured 
under "suboptimal" conditions, i.e., in the presence of subsaturating concentra-
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tions of the cofactor. This increase disappeared after more than 2 days. In contrast, 
TH activity measured under optimal conditions (i.e., in the presence of saturating 
concentrations of cofactor) was normal 2 days after 6-hydroxydopamine lesions 
but increased later and remained elevated for more than 2 months. In contrast to 
these results, Hefti et al. 3o found no elevation in THIDA 2 weeks after lesion 
formation and using optimal conditions in the enzyme assay. Tyrosine hydroxy
lase is normally believed to be the rate-limiting enzyme in dopamine synthesis. It 
can therefore be anticipated that an increase in release and synthesis has to be 
accompanied by an elevation in TH activity. However, TH activity in vivo is 
influenced by the concentrations of oxygen, cofactor (tetrahydropteridine), 
tyrosine, DA, and the state of phosphorylation. I I ,51 Any of these factors can 
influence the hydroxylation of tyrosine in vivo in a way not reflected by in vitro 
measurements of TH activity. 

The increases in DA synthesis and release are dependent on the size oflesion 
of the nigrostriatal system. Increases become apparent when lesions destroy more 
than approximately two-thirds of the dopaminergic neurons. Larger lesions are 
accompanied by a gradual increase of these ratios. With lesions destroying more 
than 90% of nigrostriatal neurons, DOPA/DA, DOPAC/DA, and HV AIDA ratios 
are elevated up to fourfold. l ,30,33,78 Increases in transmitter synthesis and release 
induced by partial nigrostriatallesions seem to be permanent, since elevated ratios 
have been observed 1 to 2 months after lesioning.78 

Various mechanisms might cause the increase in striatal DA synthesis and 
release after partial nigrostriatal lesions. First, the inhibitory action of the 
GABAergic striatonigral feedback system60 might be decreased because less DA 
is impinging on postsynaptic receptors in the damaged striatum. Second, striatal 
cholinergic interneurons, which are inhibited by DA release from nigrostriatal 
neurons, probably had increased their activity after the partial removal of the 
dopaminergic input. Release of acetylcholine from the striatal interneurons could 
increase striatal DA release by stimulating presynaptic receptors located on 
dopaminergic terminals. 25-27 Third, ifDA autoreceptors on striatal dopaminergic 
terminals are accessible to DA released from neighboring neurons, partial 
nigrostriatallesions might diminish the inhibition of DA synthesis mediated by 
these receptors. Fourth, the self-inhibition of nigrostriatal neurons, mediated by 
autoreceptors localized on dendrites or cell bodies,2 could be diminished by the 
loss of dendrites on neighboring dopaminergic cells, leading to an increased firing 
rate and transmitter release from the terminals. 

The increase in DA released from surviving neurons seems to compensate 
physiologically for the loss of the other neurons, since lesions producing up to 
90% loss of the nigrostriatal neurons induced no behavioral manifesta
tions. 30 ,3I,33 Changes in postsynaptic receptors (discussed in Section 5) only 
occur with lesions affecting more than 90% of dopaminergic neurons. In an 
autopsy study of patients with Parkinson's disease, even those with mild symp
toms were shown to have lost at least 70% of the DA normally found in the corpus 
striatum. IO,35 These authors proposed that during the preclinical phase of Parkin-
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son's disease, residual dopaminergic neurons compensate for the degenerated 
neurons. 

Is it possible to accelerate further the dopamine release from the remaining 
dopaminergic neurons by pharmacological manipulation? Effective drugs might 
postpone the appearance of behavioral deficits in Parkinson's disease. To address 
this problem, studies were initiated with experimental animals in which the 
effects of various drug treatments on DA release of neurons surviving a partial 
nigrostriatal lesions were tested. These studies are described in the following 
section. 

4. PHARMACOLOGICAL STIMULATION OF DA SYNTHESIS AND 

RELEASE IN DOPAMINERGIC NEURONS SURVIVING PARTIAL 

N IGROSTRIAT AL LESIONS 

As outlined in Section 3, 6-hydroxydopamine injected into the substantia 
nigra of rats produces a dose-dependent destruction of the nigrostriatal pathway. 
The findings obtained from experiments with rats having experimentally induced 
partial lesions correspond closely to those from postmortem studies of brains 
from parkinsonian patients. In such brains, the HV AIDA ratio is elevated in the 
caudate nucleus. 1O•39 The increase in release of transmitter per surviving 
dopaminergic neuron probably represents an adaptive mechanism that helps to 
compensate for the loss of dopaminergic neurons projecting to the caudate nu
cleus. It was not known whether the rates of synthesis and release of transmitter 
reached by surviving neurons represent maximal values or whether they could be 
further enhanced by pharmacological manipulation. This question was studied in 
recent years in our laboratories. Rats were produced with lesions of the dopami
nergic nigrostriatal system that resulted in elevated turnover and release of sur
viving dopaminergic neurons, and the effects of drugs that were known to accel
erate DA turnover and release in such animals were studied. 

Methods used for these studies were described in detail elsewhere. 28-34 

Briefly, rats were injected with 2-10 f.Lg of 6-hydroxydopamine into the right 
anteromedial substantia nigra (level A2400, 2.6 mm ventral, 1.6 mm lateraI4S). 

These injections produced partial lesions of the dopaminergic nigrostriatal path
way of variable severity. Dopamine metabolism was measured in the corpus 
striatum after treatment of the animals with various drugs. To assess synthesis of 
DA in vivo, the accumulation of DOPA was measured after administration of m
hydroxybenzylhydrazine dihydrochloride (NSD 1015; an inhibitor of AAAD, 
100mg/kg, administered 30 min before death). The concentrations of DOPAC 
and HVA in the striatum were determined to assess release of DA in vivo. 
Dopamine and its metabolites were determined using high-performance liquid 
chromatography with electrochemical detection. 

The unilateral injection of 6-hydroxydopamine into the substantia nigra 
reduced the concentration of DA in ipsilateral striata of individual animals to 
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various degrees. The DOPA/DA ratio as well as DOPAC/DA and HVA/DA 
ratios remained unaffected in ipsilateral striata in those animals with DA levels 
reduced by less than two-thirds of the concentrations measured on the con
tralateral sides. In animals in which the lesions had redu<;ed DA concentrations in 
the striatum more than two-thirds of contralateral values, DOPA/DA, 
DOPAC/DA, and HVA/DA ratios were increased up to fourfold higher than the 
corresponding ratios measured in control striata, indicating elevated rates of DA 
synthesis and release in dopaminergic neurons surviving a partial nigrostriatal 
lesion (Fig. 1). 

To test whether the elevated rates of DA synthesis and release on lesioned 
sides could be further increased by pharmacological manipulation, various drugs 
were applied that are known to increase DA synthesis and release in an intact 
nigrostriatal dopaminergic system. The first compound to be tested was 'Y
butyrolactone (GBL), which blocks the firing of nigrostriatal neurons and results 
in a brief increase in DA synthesis in the corpus striatum. 76. 77 The effects on DA 
metabolism are thought to be mediated by presynaptic DA receptors, which exert 
an inhibitory control on DA synthesis. In animals treated with GBL, these 
receptors are not stimulated because of the absence of impulse-mediated release 
of DA, resulting in an acceleration of DA synthesis. (In animals treated with 
GBL alone, newly synthesized DA accumulates in the terminals, resulting in an 
elevation of DA levels in the striatum. This effect would normally preclude the 
use of DA levels as an index for the number of dopaminergic neurons. Animals 
taken for the measurement of DA synthesis were pretreated with an inhibitor of 
AAAD, which prevented the transformation of additionally synthesized DOPA 
into DA and the increase in DA levels.) 

In rats with nigrostriatal lesions reducing the dopaminergic innervation by 
less than 75%, DOPA/DA ratios were similar in striata ipsi- and contralateral to 
the lesion. Administration of GBL elevated these ratios approximately threefold 
on both ipsi- and contralateral sides. In control rats with nigrostriatal lesions 
reducing the dopaminergic innervation by more than 75%, the DOPA/DA ratio 
was increased fourfold on the lesioned side compared to control values. Admin
istration of GBL further elevated this ratio to a level 22-fold higher than that in 
control striata of untreated animals, i.e., to a level significantly higher than that 
produced by the lesion itself (Fig. 1). These findings indicate that the rate of DA 
synthesis reached by dopaminergic neurons surviving in a damaged nigrostriatal 
system does not represent a maximal level but can be further elevated by phar
macological manipulation. 

To test whether DA release from dopaminergic neurons surviving a partial 
nigrostriatal lesion can be elevated further, lesioned animals were treated with 
morphine, haloperidol, or nicotine. These compounds were chosen because they 
had previously been shown to increase striatal concentrations of DOP AC and 
HVA. Morphine increases the firing rate of nigrostriatal neurons, most probably 
by acting on opiate receptors in the substantia nigra. 38 ,61 The increase in activity 
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FIGURE 1. Synthesis of DA by nigrostriatal neurons surviving a unilateral partial nigrostriatallesion 
induced by 6-hydroxydopamine, and the effect of -y-butyrolactone (GBL). Synthesis of DA was 
assessed by measuring the accumulation of dopa after inhibition of aromatic amino acid decarboxyl
asc by NSD 1015 (100 mg/kg, 30 min). Striatal DA concentrations served as an index of the severity 
of the lesion. Animals were assigned to one of the following groups: (I) rats in which the striatal DA 
levels on the lesioned side were reduced less than 75% as compared to the control side (DA reduction 
<75%; columns on the left), and (2) rats with reductions in striatal DA levels larger than 75% of 
control values (DA reduction >75%; columns on the right). The ratio of DOPA/DA served as an 
index for synthesis of DA per neuron; GBL (750 mg/kg) was given 35 min before death. Open bars 
represent DOPA/DA ratios measured in striata contralateral to the lesion. Striped bars represent 
values measured in striata of the lesioned side. Lesions reducing DA concentrations by more than 
75% elevated the DOPA/DA ratio in lesioned striata above levels measured on control sides and on 
both sides of control animals with the smaller lesions (*P < 0.01, t-test). The DOPA/DA ratio was 
further increased by GBL administration (* * different from values measured on corresponding control 
sides and from values of lesioned sides of control animals, P < 0.01). Bars represent means ± 
S.E.M. of 8-15 animals per group. Dopamine and dopa levels in control striata of animals receiving 
NSD 1015 only (controls) were 59.5 ± 2.3 and 7.7 ± 0.3, respectively (pmolig wet weight, means 
± S.E.M.). 
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is accompanied by an acceleration of synthesis and release of DA in the corpus 
striatum. 4 ,5 Animals whose striatal DA levels ipsilateral to the lesion were 
reduced by more than 75% of control values were used for these experiments. 
The lesions elevated the DOPAC/DA and HVA/DA ratios in ipsilateral striata 
1.3- and 1.9-fold, respectively, relative to those in contralateral striata. A single 
injection of morphine further increased these ratios to levels 1.8 and 3.1 times 
control values, respectively (Table I). These findings indicate that DA release, 
like DA synthesis, by dopaminergic neurons surviving a partial nigrostriatal 
lesion can be further elevated by pharmacological manipulation. 

Like morphine, haloperidol increases the firing rate, synthesis, and release 
of DA in nigrostriatal neurons. 13,20,67 The effect of haloperidol, however, ap
pears to be a consequence of its ability to block DA receptors in the brain. The 
blockade of pre- and postsynaptic DA receptors in the striatum is thought to 
result in a compensatory increase in electrical and metabolic activity of these 
neurons. 6 In striata ipsilateral to the partial nigrostriatal lesion, haloperidol in
creased the DOPAC/DA ratio 4.5-fold and the HY AIDA ratio 4.3-fold above 
values measured in untreated and unlesioned control striata (Table I). Values 
reached were significantly higher than those produced by the nigrostriatal lesion 
alone (1.3-fold and 1.9-fold, respectively). 

Nicotine is known to increase the firing rate of nigrostriatal neurons by 
directly stimulating cholinergic receptors in the substantia nigra. 53 ,54 This elec
trophysiological activation is accompanied by increases in striatal HV A but not 
DOPAC concentrations.53 ,54 A single injection of nicotine increased the 

TABLE I. Effect of Morphine, Haloperidol, and Nicotine on DA Release by 
Dopaminergic Neurons Surviving a Partial Nigrostriatal Lesiona 

DA DOPAC HVA DOPACIDA HVAIDA 

Controls 
Con. side 64.2 ± 5.7 3.5 ± 0.5 3.6 ± 0.4 0.06 ± 0.01 0.07 ± 0.02 
Les. side 8.9 ± 2.5 0.7 ± 0.3 1.0 ± 0.2 0.08 ± O.Olt 0.13 ± O.OIt 

Morphine 
Con. Side 72.6 ± 8.8 5.3 ± 0.7 5.2 ± 0.8 0.08 ± 0.01 0.08 ± 0.01 
Les. side 9.3 ± 1.4 1.0 ± 0.2 1.7 ± 0.3 0.11 ± 0.01 * 0.22 ± 0.03*t 

Haloperidol 
Con. side 60.6 ± 8.0 16.0 ± 1.4 17.5 ± 1.3 0.29 ± 0.02 0.36 ± 0.04 
Les. side 9.8 ± 1.6 2.4 ± 0.3 2.5 ± 0.5 0.27 ± 0.02* 0.30 ± 0.04* 

Nicotine 
Con. side 67.0 ± 2.4 4.8 ± 0.3 3.0 ± 0.2 0.08 ± 0.01 0.06 ± 0.01 
Les. side 4.7 ± 1.4 0.5 ± 0.2 0.6 ± 0.1 0.13 ± 0.04* 0.21 ± O.04*t 

aRats had partial unilateral lesions of the dopaminergic nigrostriatal systems induced by injection of 6 fLg of 6-
hydroxydopamine into the substantia nigra. Two weeks after lesioning they were injected 'with morphine (20 
mg/kg, 30 min before death), haloperidol (2.5 mg/kg, 60 min), or nicotine (1 mg/kg, 30 min). Concentrations are 
given in picomoles per gram wet weight (means ± S.E.M.; n = 9-11). *Different from corresponding side of 
control animals; tdifferent from contralateral side; P < 0.01 (I-teSt). 
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DOPAC/DA and HV AIDA ratios to levels 2.2 and 3.0 times control values, 
respectively, i.e., to levels higher than those produced by the nigrostriatallesion 
alone (Table I). 

The findings indicate that dopaminergic neurons surviving a partial lesion of 
the nigrostriatal tract synthesize and release their transmitter at an elevated but 
still submaximal rate. Thus, pharmacological manipulation can further increase 
synthesis and release of DA by surviving neurons. Such increases were induced 
by drugs stimulating dopaminergic neurons by various mechanisms of action. 

These findings prompt the speculation that synthesis and release of DA by 
nigrostriatal dopaminergic neurons remaining in a brain affected by neu
rodegenerative processes could be considerably increased by pharmacological 
manipulation above the elevated rates produced by the degeneration alone. Such 
increases in release of DA might postpone the appearance of behavioral deficits. 
These findings have special relevance to Parkinson's disease, which is charac
terized by a selective and progressive degeneration of the dopaminergic nigro
striatal neurons. Apparently, 80% of dopaminergic neurons have to be lost 
before parkinsonian symptoms become evident. IO•39 The adaptive increase in 
DA release by surviving dopaminergic neurons is believed to compensate for the 
lost DA up to this percentage of cell loss. With lesions affecting more than 80% 
of dopaminergic neurons, this adaptive process is insufficient, and behavioral 
deficits become manifest. Compounds further accelerating DA release from the 
surviving dopaminergic neurons might be able to extend the capacity of dopami
nergic neurons for compensation and further postpone the appearance of clinical 
symptoms. 

There is good evidence indicating that DA release by nigrostriatal neurons 
surviving in a parkinsonian brain can be further accelerated in a similar way as 
shown in rats with experimental lesions. In the human brain, rates of release of 
DA per neuron (as indicated by HVA/DA ratios) vary considerably among brain 
regions. 39 The rates are greatest in hippocampus and cortex, i. e., in areas with a 
small density of dopaminergic fibers. In the caudate nucleus, which receives a 
very dense dopaminergic innervation, the HV AIDA ratio is 10-30 times smaller 
than in cortical areas. 39 In brains from parkinsonian patients in whom a large 
proportion of dopaminergic neurons have degenerated, the HV AIDA ratio is 
elevated in the caudate nucleus IO•39 but not in cortex and hippocampus. 39 It 
therefore appears that nigrostriatal neurons of the human brain synthesize and 
release DA at rates far below the maximal rate for human dopaminergic neurons. 
The maximal rates might be reached by dopaminergic neurons innervating the 
cortex and hippocampus. Pharmacological manipulation might elevate synthesis 
rates in nigrostriatal neurons to the high levels at which dopaminergic cells 
projecting to the cortex operate. 

Drugs used in the animal studies discussed were experimental tools that are, 
for various reasons, not useful in the treatment of Parkinson's disease. Therapeu
tically useful drugs would selectively stimulate synthesis and release of DA 
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without acting on postsynaptic DA receptors and without interfering with other 
functions of the brain. As a first possibility, this might be achieved with selective 
antagonists of DA autoreceptors, which are thought to have an inhibitory influ
ence on the synthesis and release of DA. However, the existence and selectivity 
of presynaptic DA receptors are still disputed. 34,47,48,52 Svensson et al. 73 have 
recently reported the development of selective antagonists for DA autoreceptors, 
which stimulated DA synthesis of neurons surviving a partial nigrostriatal 
lesion. 29 

Dopamine release by surviving nigrostriatal neurons could also be acceler
ated indirectly by drugs acting on other systems that exert an excitatory influence 
on dopaminergic neurons. Nicotine represents an example of such a compound, 
since it activates nigrostriatal neurons by a direct action in the substantia 
nigra. 53 ,54 A clinical trial with nicotine carried out in 1926 revealed significant 
improvement after nicotine in some patients. 62 However, the beneficial effects of 
nicotine were limited to a reduction in muscle rigidity, whereas other typical 
parkinsonian symptoms were not affected. Nicotine is consumed regularly by 
smokers, and several studies published during the last 20 years have shown that 
there are fewer smokers among parkinsonian patients than among healthy con
trols'? .40,4:1.44.59,64 Smokers seem to have a smaller risk of being affected bv 
Parkinson's disease. The cause for the protective effect of smoking is not known. 
but it can be speculated that nicotine is able to stimulate DA release from the 
remaining dopaminergic neurons so that persons with sufficiently large reductions 
in the number of dopaminergic neurons to become parkinsonian under nom1al 
conditions might not exhibit these symptoms when smoking. This would then 
result in a reduction of the percentage of smokers in the population of parkinsonian 
patients. However, the protective effect of smoking might be caused by other 
mechanisms. 

The two possibilities discussed represent just the beginning approach to 
attempt to stimulate transmitter synthesis in the population of dopaminergic 
neurons that remain after an extensive lesion of the ascending mesencephalic DA 
system. Compounds selectively accelerating DA release of these neurons might 
help to alleviate Parkinson's disease. 

5. COMPENSATORY CHANGES IN POSTSYNAPTIC RECEPTOR 

SENSITIVITY 

The actions of DA are mediated by specific receptors located on neurons 
postsynaptic to the dopaminergic cells. The corpus striatum contains DI recep
tors located on striatal intemeurons and D2 receptors located on intemeurons and 
probably also on cortical afferents. 16 These subtypes are identified by specific 
ligands. 16.18 ,41 In addition, DI but not D2 receptors are characterized by their 
ability to stimulate adenylate cyclase.41 ,42 As is the case for several other exam
ples of ligand-receptor interactions, it was shown that expression of DA recep-
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tors is influenced by the ligand concentration. In the absence of exposure to DA 
after lesions of nigrostriatal fibers, DA receptors in the striatum develop "super
sensitivity. " Initial evidence for this concept was derived from behavioral stud
ies on animals with unilateral nigrostriatal lesions. Anden et al. 6 described 
rotational behavior in rats with unilateral electrolytic lesions that destroyed the 
nigrostriatal pathway. In subsequent studies, Ungerstedt and Arbuthnott75 
showed that the unilateral injection of 6-hydroxydopamine into the substantia 
nigra produced rotational behavior when animals were treated with DA agonists. 
They proposed a widely accepted model in which denervation of the striatum 
resulted in supersensitivity of dopaminergic receptors on the lesioned side, and 
DA agonists induced a behavioral asymmetry because of differential stimulation 
of DA receptors in the two striata. Despite many studies, the exact mechanism 
leading to the expression of rotational behavior is still not understood. 19.24.70 

The concept of DA receptor supersensitivity, which was derived from be
havioral studies, was later confirmed using biochemical methods. Creese and 
Snyderl7 found that nigrostriatallesions that support rotational behavior result in 
an elevation of the number of striatal D: receptor sites. In these studies receptor:., 
were analyzed in membrane fractions under equilibrium conditions. Denerva
tion-induced supersensitivity of DA receptors in damaged striata in vivo wa~ 
found by Neve et al. 65 but not by Bennett and Wooten,8 who found no difference 
in accumulation of a DA ligand, injected intravenously, between lesioned and 
control striata. The difference between these results might reflect methodological 
aspects discussed by Perlmutter and Raichle. 68 

Behavioral and biochemical supersensitivity of DA receptors develops 
when more than 90% of the nigrostriatal neurons are destroyed. Apomorphine 
and other DA agonists, which induce circling by directly stimulating the super
sensitive receptors in the striatum, were effective only in animals with reductions 
in DA levels larger than 90% of control values. 30.33 Similar findings were 
obtained in animals given L-dopa, which stimulates DA receptors by elevating 
striatal DA levels. 3o •33 In addition, binding to postsynaptic DA receptors was 
reported to increase after nigrostriatal lesions of the same severity. 17 

Supersensitivity of postsynaptic DA receptors may represent an adaptive 
mechanism that contributes to the amelioration of deficits caused by a nigrostria
tal lesion. However, the extent of this compensation is not clear. Rats with 
massive destruction in the nigrostriatal system associated with receptor supersen
sitivity show little behavioral deficit or asymmetry unless challenged pharo. 
macologically or by behavioral stimulation. 30,33 These observations point to the 
possibility that postsynaptic receptor supersensitivity might contribute to the 
behavioral compensation. In contrast, in parkinsonian patients, behavioral defi
cits become apparent when approximately 70% of the dopaminergic neurons are 
destroyed, which is considerably earlier than the postsynaptic supersensitivity 
seen in the experimental model. 10,39 

The mechanism is not known by which reduced stimulation by DA leads to 
increased expression of DA receptors. Elucidation of this mechanism might 



116 FRANZ HEFTI AND WILLIAM J. WEINER 

reveal possibilities to enhance receptor expression pharmacologically. If avail
able, such treatments might be used to enhance the expression of DA receptors in 
brains with smaller nigrostriatallesions. In Parkinson's disease, drugs inducing 
the expression of DA receptors might postpone the manifestations of symptoms. 
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ABSTRAC I. Amphetamine (AMP) induces a temporary restoration of tactile placing responses in 
cats with unilateral sensorimotor cortex injury and an enduring acceleration of recovery in the 
hemiplegic rat and cat. Improved locomotor ability occurs within hours after a single dose of the 
drug, but only if experience is provided during the period of drug action. Following bilateral visual 
cortex ablation in cats, binocular depth perception is restored by four doses of AMP only if visual 
experience is given during the period of drug intoxication. These beneficial effects of AMP are 
blocked by haloperidol, which also retards recovery when given alone, implicating the cate
cholamines in recovery. The AMP effect on recovery has also been extended to rat models of stroke 
and cortical contusion. Although AMP analogues are beneficial in rat and cat hemiplegia models, 
drugs affecting primarily the dopamine system were not effective. Additional studies have implicated 
norepinephrine (NE) in the AMP effect. The maintenance of recovery may also depend on NE, since 
some a-noradrenergic antagonists reinstate hemiplegic symptoms in recovered animals. The cortical 
injuries produce a widespread metabolic depression, which is improved by AMP and worsened by 
haloperidol. The effects of AMP plus relevant experience treatment are most compatible with the 
theory of diaschisis or the concept of a "remote functional depression" after brain injury that is 
reversible by drug intervention. Preliminary data indicate that similar drug effects are produced in 
humans with brain injury, since some catecholamine antagonists retard recovery from aphasia, and 
AMP combined with physical therapy improves motor performance in hemiplegic stroke patients. 

1. HISTORICAL BACKGROUND 

1.1. TACTILE PLACING 

Occasionally serendipity can playas important a role in furthering scientific 
progress as does a well-planned series of experiments. But, as has been said, 
"serendipity favors the prepared mind," and as a beginning assistant professor 
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one of us (D.M.F.) was not prepared to recognize the importance of a research 
observation. I had been fascinated by the very short report on the transient 
restoration of visual and tactile placing in decorticate cats induced by amphet
amine (AMP) as described by Meyer et al. 37 These data contradicted what I had 
been taught about brain function and was not incorporated into any modem 
conceptions of recovery of function to help explain the phenomenon (but see ref. 
38). Meyer et al. 37 had used racemic AMP, and in the early 1970s it was widely 
accepted that the two isomers of AMP had markedly different actions on nor
epinephrine (NE) and dopamine (DA). 

1.2. VISUAL CLIFF 

In an unpublished study, I attempted to analyze the apparent restoration ot 
the visual-motor reflex by administering the d or I isomers of AMP to cats with 
bilateral visual cortex ablations. To determine if the effect was on the visual or 
motor component of the reflex, I tested the cats on a visual cliff and gave the d or 
I isomers of AMP once a week (using a within-subjects design) to study the 
relative importance of the catecholamines (CA) in this effect. This seemed eco
nomical and appropriate, since the effect of AMP on the placing reflexe~ report 
edly lasted only 12 hr, which we have verified quite recently for tactile plac 
ing.17 Disappointingly, all of the cats completely recovered visual cliff 
performance after the second dose of AMP, an effect we attributed to incomplete 
lesions. Others9 later reported no effect of AMP on this task. Failing to recognize 
a potentially important observation, we dropped the experiment and did not 
return to it for many years. 

1.3. HEMIPLECIC RAT MODEL 

In the late 1970s our laboratory was investigating the behavioral, elec
trophysiological, and anatomic changes that correlate with spontaneous recovery 
of motor function after unilateral motor cortex contusion in the rat. 10,14 An 
undergraduate assistant, Abel Gonzalez, suggested that we put neurotransmitters 
into the wound to see if we could promote recovery of function (which R.L.S. 
recently did using transplants in the cat with striking results; see Section 3.5). 
Since we were conducting other experiments with AMP in the laboratory at that 
time, and this drug affects so many neurotransmitters, we decided to give AMP 
systemically. Much to our amazement, a single dose of AMP produced an 
immediate and enduring acceleration of recovery from hemiplegia as measured 
on a beam-walking task. This task reveals hemiplegic symptoms in animals with 
unilateral sensorimotor cortex injury quite clearly compared to observations of 
motor performance on a flat surface. In the beam-walk task, an animal is placed 
at one end of a narrow elevated beam close to a bright light and loud noise, and 
its ability to traverse the beam to a dark goal box is rated on a seven-point scale 
(see refs. 16 and 19 for details). In most of our subsequent experiments on 
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recovery from hemiplegia in the rat, we have used a single dose of drug given 24 
hr following suction ablation of the sensorimotor cortex.15.16.19 Testing for any 
effects of drugs on recovery of this motor function is conducted over the follow
ing 2 to 3 weeks. In this paradigm AMP was so effective in alleviating symptoms 
that we stopped almost all other projects to investigate this phenomenon. 

1.4. NOREPINEPHRINE AND THE IMPORTANCE OF EXPERIENCE 

It is most important to note that a single dose of AMP alone was not 
effective in promoting recovery from hemiplegia. 16 To obtain the acceleration of 
recovery, the animals had to be tested on the beam-walking task during intoxica
tion. If rats were confined in a small box to prevent major ballistic movements 
during the period of AMP action, no promotion of recovery was obtained. 
Furthermore, an enduring retardation of recovery was observed if a single dose 
of haloperidol (HAL) was given in place of AMP. This effect was also blocked 
by restricting motor experience during intoxication (see Fig. I). 

A dose-response study 15. 19 using rats with unilateral motor cortex ablatiom 
indicated that 2 mg/kg of AMP was quite effective in promoting recovery from 
hemiplegia, but at 4 mg/kg, stereotypies appeared, and this dose was no more 
effective than the 2 mg/kg dose. A I mg/kg dose produced some promotion of 
recovery, but treated animals were not significantly different from saline con
trols. Because of the well-established link between the motor system and DA, the 
marked effect of AMP on DA, and the observation that the AMP promotion of 
recovery from hemiplegia was blocked by the CA antagonist HAL (see Fig. I). 
we decided to test systematically the involvement of DA in this AMP effect. We 
examined the effect of the specific DA agonist apomorphine at a wide range of 
doses (0.02-20 mg/kg) in the rat beam-walking model and did not obtain any 
effect on recovery of function. A preliminary study with methylphenidate indi
cated no effect, but more recent work suggests beneficial effects on the hemi
plegic rat.48 Although methylphenidate affects both NE and DA,42 results dis
cussed in the following paragraph and the lack of any effect with apomorphine 
suggest that DA may not be mediating the AMP-induced recovery from hemi
plegia. 

Subsequent to some of this work we began to test for the role of NE in 
recovery of function and began to think that this drug modulation of recovery 
might be a general manifestation of neuroplasticity as proposed by Kasamatsu 
and Pettigrew29,3o (but see refs. 3 and 50 for recent developments in this area). 
In his doctoral dissertation, Michael Boyeson noted that after a single intra
ventricular dose (100 tJ..g/lO tJ..I) of NE, but not DA, significant recovery of 
beam-walking ability was obtained in rats with unilateral sensorimotor cortex 
ablation. More recent dose-response studies (our laboratory and M. G. Boy
eson, personal communication) indicate that higher doses of DA promote recov
ery from hemiplegia. However, the observation that the beneficial effects of 150 
tJ..g/ tJ..I of DA is blocked by pretreatment with FLA-57 (30 mg/kg i. p.; a 
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FI{;CRE 1. Mean ratings of beam walking after unilateral ablation of the rat sensorimotor cortex. 
Prior to surgery all animals received scores of 7. Note the enduring acceleration of recovery in 
animals given a single dose of d-amphetamine (AMP) 24 hr after surgery (A). This effect was 
blocked by preventing locomotion during drug intoxication (B) or by administering haloperidol 
(HAL) (C). The retardation of spontaneous recovery by HAL was also blocked by preventing 
locomotion (D). Vertical bars represent standard errors of the mean (S.E.M.). (Reproduced from 
Feeney et al16 Copyright 1982 by AAAS.) 

dopamine-f3-hydroxylase inhibitor) suggests that this effect is mediated by NE 
(M. G. Boyeson, personal communication). The time course of recovery induced 
by NE was almost identical to the AMP effect depicted in Fig. 1.4,5 Compared to 
saline controls, animals given a single dose of AMP 24 hr after a right cortical 
lesion had reduced levels of NE but markedly higher levels of the NE metabolite 
4-hydroxy-3-methoxyphenolglycol (MOPEG) in the left cerebellum at 18 days 
post-surgery. Based on proportional measures of NE/MOPEG, Boyeson sug
gested that the cerebellar NE system was turning over several times faster in 
AMP-treated animals, and this may have enabled the left cerebellum to compen
sate for the injured right sensorimotor cortex. 

Boyeson4 also replicated in the rat some interesting observations first made 
in cats after administration of the a-adrenergic antagonist phenoxybenzamine.26 

In animals recovered on the beam-walking task, a single dose of phenoxy-
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benzamine reinstated the symptoms of hemiplegia. This reinstatement of deficits 
did not occur after administration of propranolol, a l3-adrenergic antagonist. 
These data suggested that NE was involved in both recovery of function and the 
maintenance of that recovery after sensorimotor cortex injury. 

1.5. HEMIPLEGIC CAT MODEL 

David Hovda replicated and extended to cats the basic effect of a single dose 
of AMP plus experience on promoting recovery from hemiplegia. 24 After uni
lateral sensorimotor cortex ablation, the cat is much more severely impaired than 
the rat, and the hemiplegic symptoms on a beam-walking task (similar to that 
used in the rat) endure for months. Multiple injections of AMP, beginning on day 
10 post-surgery (four treatments of 5 mg/kg spaced at 4-day intervals), were 
more effective in accelerating recovery than was a single dose. After each injec
tion of AMP, some cats did not receive beam-walking experience during intox
ication but were returned to a very large group cage rather than being restrained 
during intoxication. The lack of beam-walking experience after AMP administra
tion prevented the beneficial effect of a single dose compared to animals tested 
under AMP influence. However, the multiple-injection regimen overrode this 
necessity for specific beam-walking experience. After the third dose of AMP, 
cats that were not tested on the beam during intoxication showed a significant 
improvement in their ability to walk the beam (during drug-free test sessions) and 
further improved after the fourth dose. 

This finding suggested that the locomotor experience during AMP intoxica
tion in the large home cage had eventually generalized to the beam-walking task, 
thus allowing for the recovery from hemiplegia. 24 The saline controls never 
recovered during the 60-day test period, whereas all of the treated groups re
covered within the first 30 days. This study has several important clinical im
plications: (1) treatment can be effective even if delayed for days after injury; (2) 
multiple doses are much more effective than a single dose; (3) drug treatment 
may induce recovery to a level that could not be attained spontaneously; (4) 
physical therapy during AMP intoxication need not be tailored to all of the 
deficits exhibited by patients if multiple doses of AMP are administered. 

1.6. BINOCULAR VISION 

After extending our findings to the cat and developing the hypothesis that 
the AMP-plus-experience effect may be mediated by NE, we began to consider 
that the AMP effect on recovery of function was perhaps a subset of plasticity 
rather than an effect specific to the motor system. With this in mind, we rein
vestigated the effect of AMP on visual cliff performance after bilateral visual 
cortex lesions in the cat. 18 This time we used a between-subjects design and 
housed some of the cats in the dark during intoxication to examine the role of 
experience in recovery of function after visual system injury. Only those cats that 
were housed in the light and tested on the visual cliff shortly after AMP injec-
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tions (four doses given at 4-day intervals beginning 10 days after injury) showed 
any recovery of depth perception. This recovery depended on utilization of 
binocular cues, since these treated and recovered cats, as do normal cats, per
formed at chance levels during tests under monocular viewing conditions. Like 
the AMP effect after sensorimotor cortex ablations, this AMP-induced recovery 
of depth perception was also blocked by HAL. 25 Additionally, the effect in 
reinstating depth perception was dependent on visual experience during intoxica
tion, since even after seven injections of AMP the animals kept in the dark after 
AMP administration showed no recoveryl8 ; unlike motor behavior, visual expe
rience can be completely controlled. 

This effect of AMP on recovery of depth perception after cortical lesions in 
cat was later replicated and extended using a visual cliff apparatus designed to 
determine visual thresholds and more extensive cortical ablations including the 
lateral suprasylvian gyruS. 22 ,27 These observations of restoration of depth per
ception by drug treatments may be clinically relevant, since these experiments 
are the first we know of that show an enduring restoration of a "permanently" 
lost behavior by short-term drug treatment combined with experience. Thus, 
patients may not only recover more quickly but also may attain a higher level of 
ultimate function if they are given appropriate treatment after brain trauma. 

2. THEORETICAL BASES 

As described above, this treatment approach was initially a serendipitous 
observation and not tied to any theoretical position of recovery of function (see 
ref. 21 for discussion of theories of recovery of function). However, with con
tinuing research we have considered (and discarded) some theoretical explana
tions and developed some working hypotheses. 

2.1. MORPHOLOGICAL CHANGES 

Since the promotion of recovery is so rapid, appearing on the first testing 
session 1 hr after a single AMP treatment (see Fig. 1), this would exclude 
morphological changes such as sprouting to explain these effects. This leaves 
several other hypotheses: (1) the taking over of function by some homologous 
brain region and this process of vicariation being accelerated by drug-plus
experience treatment; (2) the AMP-plus-experience regimen possibly unmasking 
"silent synapses"; (3) the acquisition of new behavioral strategies or "behav
ioral substitution"; (4) drug-induced alterations in cerebral blood flow (CBF); or 
(5) a treatment-induced alleviation of a "remote functional depression" (RFD) 
of cerebral metabolism,2o a revision of some aspects of von Monakow's13,52 
theory of diaschisis. We have focused on the latter hypothesis since our data 
appear to reduce the importance of, if not exclude, the other theories (although 
other mechanisms may play some role in these effects). 
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2.2. VrCARIATION 

If intact cortical tissue is somehow stimulated by drug treatment to assume 
"vicariously" the functions of ablated tissue, the contralateral homologous cor
tex would be the most likely candidate to mediate recovery of function. Since the 
AMP-induced recovery is obtained after bilateral visual cortex ablation, 18,27 
this would argue against that interpretation. Additionally, this hypothesis of 
cortical vicariation has been tested for the locomotor system using cats with 
bilateral frontal cortex ablations. 47 Saline-treated cats showed no significant 
recovery of beam-walking ability in 30 days after these lesions, whereas cats 
given three injections of AMP showed marked and significant recovery. This 
effect was obtained in cats with lesions restricted to the sensorimotor cortex as 
well as in cats with massive frontal ablations, indicating that neither the con
tralateral cortex nor tissue immediately adjacent to sensorimotor regions is 
needed for the AMP-induced recovery of locomotor ability. 

The unmasking of silent synapses has not been directly investigated in our 
models of recovery but seems an unlikely explanation since after some CNS 
lesions the effect takes some time to appear, although rapid cortical reorganiza
tion has been reported following peripheral nerve section (see ref. 53 for a partial 
review). Interestingly, drugs (including the CA precursor L-dopa) can transiently 
modify the dermatomes in the monkey using the classical isolated dorsal root 
model,12 and similar drug-induced alterations may be occurring in cortically 
damaged animals. 

2.3. BEHAVIORAL SUBSTITUTION 

Similarly, the acquisition of new behavioral strategies by brain-damaged 
animals would take at least two, if not multiple, trials. In our rat and cat 
hemiplegia models, the treated animals given task-relevant experience are signif
icantly better than the saline controls on the very first trial after AMP injection. 
Experience during the period of drug action may serve to make recovery endur
ing rather than transient. However, this explanation cannot account for the AMP 
effect on placing reflexes after cortical ablation, 17,37 where only transient re
instatement of behavioral function is obtained. 

2.4. CEREBRAL BLOOD FLOW AND CHOLINERGIC SYSTEM 

The dosage of AMP used in our rat hemiplegia model studies does increase 
CBF,43 which may cause changes that interact with experience to produce imme
diate and enduring changes in brain function. To test this hypothesis, Michael 
Boyeson (personal communication) has examined the AMP effect in the rat 
hemiplegia model after pretreatment with atropine, which blocks the AMP in
crease in CBF.43 As illustrated in Fig. 2, AMP (2 mg/kg) significantly acceler-
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FIGURE 2. Mean ratings of beam walking after unilateral ablation of the rat sensorimotor cortex. 
Prior to surgery all animals received scores of 7. Note the enduring acceleration of recovery in 
animals given a single dose of d-amphetamine (AMP; 2 mg/kg) or a dose of AMP plus atropine (4 
mg/kg), which would block the effect of AMP on CBF. This dose of atropine alone did not affect 
recovery rate as compared to spontaneous recovery exhibited by saline controls. The possibility that 
this effect is caused by sedation seems unlikely, since atropine (4 mg/kg) given to sham operates did 
not affect beam-walking ability. (These data are reproduced with permission from Dr. Michael G. 
Boyeson.) 

ated recovery compared to saline controls (F1,14 = 5.69, P < 0.039), and the 
combined atropine (4 mg/kg)-plus-AMP (2 mg/kg) group also showed signifi
cantly better recovery on the beam-walking task compared to saline controls 
(F1. 14 = 4.93, P < 0.043). Atropine (4 mg/kg) alone did not alter the rate of 
recovery from that observed in saline controls with unilateral sensorimotor cortex 
ablation. These data indicate that the AMP effect is not caused by alterations in 
CBF or by effects of AMP on cholinergic muscarinic receptors, reinforcing our 
interpretation that the basis for the AMP effect in promoting recovery from 
hemiplegia is the drug's effect on the CAs. Furthermore, muscarinic receptor 
blockade does not appear to influence, positively or negatively, spontaneous 
recovery from hemiplegia (Fig. 2). 

2.5. DIASCHISIS, RFD, AND METABOLIC STUDIES 

Based on preliminary data, we 19,20 have proposed that recovery after cor
tical injury may depend on the alleviation of RFD, which is a modem revision of 
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von Monakows'13,52 theory of diaschisis. Unilateral sensorimotor cortex injury 
evokes a widespread depression of cortical metabolism in the ipsilateral hemi
sphere as revealed by staining for the oxidative enzyme a-glycerophosphate 
dehydrogenaselO (a-GPDH; see Fig. 3). This injury-induced depression of me
tabolism is blocked by AMP, and this effect is prevented if HAL is administered 
concomitant with AMP. 20 Lesions of the locus coeruleus (LC) prior to cortical 
injury shortened the time to onset of a-GPDH cortical paling, indicating that NE 
and projections from this noradrenergic nucleus mediate the metabolic depres
sion. 2o Apomorphine, which does not enhance behavioral recovery ,48 also did 
not alter cortical paling of the enzyme stain in the hemiplegic rat model. 20 

Additionally, preliminary evidence from the ablation model of hemiplegia 
revealed a global reduction of cerebral [l4C]2-deoxyglucose utilization 48 hr 

FIGURE 3. Histochemical stain for a-glycerophosphate dehydrogenase (a-GPDH) of a section 
through the area of a contusion injury to rat cortex. The cortical contusion produced an area of 
necrotic cavitation at the top of the cortex of the left hemisphere that expanded into the underlying 
white matter. Note the reduced staining for the oxidative enzyme a-GPDH through the entire cortex 
ipsilateral to the injury (compared to the contralateral cortex) but remote from the locus of primary 
damage. This reduced a-GPDH cortical staining was observed throughout the cortex of the entire 
hemisphere even at sites quite remote from areas of morphological damage. This widespread reduc
tion of metabolism ipsilateral to cortical injury could be blocked by amphetamine (but not ap
omorphine), and this amphetamine effect is prevented by concomitant haloperidol administration. 
Thus, the a-GPDH response to cortical injury reacts to drug manipulation in parallel with recovery 
from the behavioral symptoms of hemiplegia after cortical damage. Lesions of the locus coeruleus 
alone had no effect on a-GPDH but, when made prior to the cortical injury, shortened the time to 
onset of the a-GPDH paling. This suggests a role for this noradrenergic nucleus in the behavioral and 
a-GPDH responses to focal cortical injury. (See refs. IO and 20 and the text for details.) 
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after cortical injury. 20 The effects of HAL and AMP on this measure of glycoly
tic metabolism parallel their effects on recovery of function. That is, HAL 
worsens the metabolic depression, and AMP greatly improves glucose utilization 
after this injury in the rat (see Fig. 4). The effect of AMP on the postinjury 
cerebral metabolic depression is most prominent in the cerebellum, red nucleus, 
and vicinity of the LC, thus alleviating a metabolic depression that may be 
related to the "crossed cerebellar diaschisis" or RFD seen in humans with 
hemiplegia secondary to supratentorial infarcts. 1.2 However, it should be noted 
that hypometabolism in the cerebellum contralateral to supratentorial infarct or 
tumor does not consistently correlate with behavioral symptoms such as 
hemiplegia. 13,31,39 

Based on this set of data, one general working hypothesis is that after 
cortical injuries there is a metabolic depression in systems remote from the site of 
injury, involving circuitry implicated in the performance of some of the functions 
lost after injury. Behavioral function may spontaneously recover with time as 
this RFD dissipates, much like von Monakow's hypothetical diaschisis, or this 
process may be accelerated and/or retarded by pharmacological manipulations. 
Diaschisis I 3, 19,52 was circularly defined-i.e., its presence and dissipation were 
based solely on the clinical observation of the spontaneous remission of some 
symptoms after brain injury-and as originally proposed was nothing more than 
a descriptive term for this phenomenon.52 However, modem techniques may be 
useful for determining potential underlying physiological mechanisms for this 
concept. 13 The construct of RFD is a more limited and modem construct and 
may be preferable to the more global and often misused concept of diaschi
sis. 13,19 Additionally, RFD has been anchored to depressed cerebral metabolism 
that is alleviated by drugs that facilitate behavioral recovery and worsened by 
drugs slowing recovery in the rat hemiplegia model. 20 However, RFD only 
applies to depressed function after brain injury, although pathological excitation 
may also produce behavioral symptoms and should be included in a modem 
revision of the theory of diaschisis. 13 

The CAs are also known to be depressed after cortical injuries (see refs. 19 

FIGURE 4. Black-and-white photographs of computer-enhanced color images of autoradiographs. 
Darker regions indicate low glucose utilization, whereas lighter regions indicate higher metabolic 
activity. (A) [l4C]2-Deoxyglucose (2-DO) utilization 48 hr after unilateral sensorimotor cortex 
ablation in a saline-treated animal. Note darkened cortex ipsilateral (right) and contralateral (left) to 
injury, indicating widespread reduction of 2-DO uptake and metabolism. This section was taken 
approximately 0.5 mm posterior to ablation. (B) 2-Deoxyglucose utilization in an uninjured rat. This 
section was taken approximately 1.5 mm posterior to bregma. (C) 2-Deoxyglucose utilization 48 hr 
after unilateral sensorimotor cortex ablation in an amphetamine (2 mg/kg)-treated animal. Note the 
increased 2-DO uptake throughout cortical and subcortical areas compared with the saline-treated 
animal, indicating that amphetamine is alleviating a widespread metabolic depression. This section 
was taken approximately 0.5 mm posterior to injury. (Reproduced from Feeney et a/. 20 Copyright 
1986 by Psychonomic Society Inc.). 
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and 20 for a partial review and references), and alleviation of a CA RFD by AMP 
may "enable" intact "performance" structures to respond to the environment. 
This interaction seems to produce an enduring change in these performance 
structures and accelerate spontaneous recovery. The reinstatement of "perma
nently" lost behaviors may reflect a similar process, or the drug may be correct
ing a system imbalance analogous to that demonstrated by Sprague45 after uni
lateral cortical ablation. We stress that this formulation can only be considered a 
working hypothesis at present, and such a process may only account for some 
types of recovery of function. 

3. RECENT DATA 

3.1. CYTOCHROME OXIDASE 

We46 have just completed work on the effects of unilateral sensorimotor 
cortex ablations and/or AMP treatment in the rat using another measure of 
cerebral oxidative metabolism, the cytochrome oxidase (CYO) histochemical 
stain developed by Wong-Riley. 55 In this study, rats were given AMP (2 mg/kg) 
or saline 24 hr after surgery and sacrificed for CYO histochemistry 24 hr later. 
Spot densitometry readings in various structures indicated that unilateral brain 
injury produced bilateral reductions in CYO activity in many regions including 
the globus pallidus, subthalamic and red nuclei, LC, and the cerebellum. 
Amphetamine (2 mg/kg) reversed this effect of the injury, increasing CYO 
activity bilaterally in all of these structures. Thus, these data are consistent with 
the notion of RFD of metabolic function occurring in structures involved with 
locomotor performance that are remote from the site of injury, and this RFD is 
alleviated by AMP administration. We have also found a similar restitution of 
CYO activity long after discontinuation of AMP treatment,22,28 which indicates 
that the AMP-induced alterations of oxidative metabolism do not simply reflect 
an immediate postintoxication effect of drug treatment. 

3.2. IDAZOXAN 

Other recent experiments have provided additional evidence that NE medi
ates the AMP effect on recovery of locomotor ability after sensorimotor cortex 
ablation. Tyson et ai. 51 have replicated the basic effect of AMP (2 mg/kg) in the 
hemiplegic rat model. Administration of the selective <X2 antagonist idazoxan (1 
mg/kg), which should enhance NE release by disinhibiting presynaptic NE ter
minals and/or autoreceptors of the LC, did not enhance recovery of function 
compared to saline controls (see Fig. 5). However, when idazoxan (l mg/kg) 
was given prior to AMP (2 mg/kg), it blocked the AMP effect in rats with 
unilateral sensorimotor cortex ablations (Fig. 5). These preliminary data suggest 
that the NE released by AMP may be affecting recovery through actions on <X2 
receptors. It may be that the released NE is acting on presynaptic <X2 receptors, 
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FIGURE 5. Mean beanI-walking scores for rats after unilateral ablation of the sensorimotor cortex. 
All animals scored 7 prior to injury. Note the acceleration of recovery from hemiplegia after a single 
dose of d-anIphetamine (AMP; 2 mg/kg) as compared to saline controls. Administration of a single 
dose of the selective CX2 antagonist idazoxan (l mg/kg) did not affect spontaneous recovery rate. 
Coadministration of this dose of idazoxan with AMP blocked the AMP-induced acceleration of 
recovery, indicating that noradrenergic CX2 receptors may be mediating the AMP effect. (See text for 
more recent data and comments on interpretation of these results.) 

shutting down the LC and other noradrenergic nuclei via feedback inhibition 
mechanisms, although effects on postsynaptic <X2 adrenoceptors cannot be ruled 
out at this time. To clarify the role of various noradrenergic receptors in the NE 
mediation of the AMP effect,5,51 dose-response studies using a variety of nor
adrenergic agonists and antagonists are in progress. The importane of dose
response studies is underscored by the recent observation that a 2 mg/kg dose of 
idazoxan does promote recovery of the hemiplegic rat. Additionally, careful 
behavioral analyses are crucial even when using apparently simple behavioral 
tasks. For example, recent work indicates that idazoxan-induced blockade of the 
AMP effect on recovery is due to the induction of stereotypies (L. B. Goldstein 
and J. N. Davis, personal communication). 

3.3. Locus COERULEUS AND CEREBELLUM 

Boyeson et al. 6 have gathered preliminary data that support the notion that 
the LC and NE are critically involved in the recovery of beam-walking ability. 
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They made unilateral (or sham) lesions of the LC in rats (which did not affect 
beam-walking), followed by ablation of the ipsilateral sensorimotor cortex 2 
weeks later. Animals were given a single infusion of NE or vehicle into the 
cerebellum contralateral to injury 24 hr after cortical ablation. This NE treatment 
permanently accelerated recovery above vehicle control levels when the LC was 
intact. The LC-Iesioned and ablated rats that received NE infusion into the 
cerebellum recovered beam-walking ability within 6 hr of this treatment, but the 
effect was drug dependent. These data suggest that the hypothesis20 of an NE
induced alleviation of RFD (e.g., in the cerebellum after cortical injury) is 
viable. 

In an effort to determine if AMP would prove beneficial in cases of stroke. 
Ann Sal044 developed an animal model of embolic stroke for her doctoral disser
tation research. Using a morbidity index modified from McGraw et al. 36 and a 
peg-walking locomotor task such as developed by Watson and McElligott, 54 

Salo found that continuous minipump infusion of AMP at 1 mg/kg per day for 7 
days reduced both morbidity and mortality in infarcted rats. None of the animals 
given AMP died from the experimental strokes (homologous blood clots injected 
via chronic cannulae into the carotid artery without anesthesia), whereas half of 
the animals given saline via the minipumps died. The beneficial effects of AMP 
on morbidity (including locomotor ability) and mortality in this experimental 
model of stroke were both significantly different from saline controls. The pre
vention of mortality was both an unexpected and exciting finding and needs 
further investigation. 

3.4. PHENTERMINE AND PHENYLPROPANOLAMINE 

Given the frequency of human cases of trauma or hemhorrhagic stroke, 
where any increase of blood pressure would be an undesirable risk factor, the use 
of CA agonists that have weaker cardiovascular side effects than AMP would 
seem desirable. We have tested some of these drugs using the beam-walking 
paradigm and found that some can also promote recovery from hemiplegia in rat 
and cat. For example, a single injection of phentermine (6, 12, or 24 mg/kg) 
given 24 hr after unilateral sensorimotor cortex ablation in rat produces effects 
similar to those reported for AMP, particularly at the 12 mg/kg dose. Phenter
mine (15 mg/kg) was also tested in cats with unilateral sensorimotor cortex 
lesions, and, like AMP, this drug produces an enduring acceleration of recovery 
from hemiplegia and transiently reinstates tactile placing responses in the fore
limb contralateral to injury. 23,48 

The effect of phenylpropanolamine (PPA) has also been examined in the rat 
hemiplegia model. 19 This drug significantly accelerated recovery from hemi
plegia above that of saline controls, although PPA was not as effective in this 
model as is AMP or phentermine. This may reflect the use of less than optimal 
doses (10 to 20 mg/kg) or the fact that PPA exerts fewer CNS effects than do the 
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more effective drugs. However, these findings are promising, and this drug and 
other AMP analogues need further investigation. 

3.5. TRANSPLANTS 

As was mentioned above, AMP only temporarily restores visual or tactile 
placing responses in brain-injured animals. To determine whether or not pro
longed exposure to CAs would extend the recovery of such responses, we trans
planted CA-secreting adrenal medulla chromaffin cells to the injury site of uni
lateral frontal cortex-ablated cats.49 This treatment proved effective for inducing 
recovery from hemiplegia, as cats receiving transplants at 21 days after cortical 
injury recovered to presurgical levels on the beam-walking task earlier than did 
cats given chromaffin cell grafts 12 days post-injury or an adrenalectomy control 
animal. Furthermore, these "late" transplant cats also showed variable but 
enduring restoration of tactile placing responses (up to 10 months after grafting 
was performed). We proposed that the surviving grafted cells acted as endoge
nous minipumps, actively secreting CAs, and thus produced an enduring behav
ioral recovery. 

3.6. CORTICAL CONTUSION 

Since traumatic brain injury may respond to treatments differently than 
ablation or stroke models, we have begun to investigate the basic AMP effect in a 
model of cortical contusion, using a weight-drop method. 14 We have studied 
recovery of beam-walking ability in rats with unilateral contusion injury to the 
sensorimotor cortex using various impact forces. As can be seen in Fig. 6, a 
single dose of AMP given 24 hr after a 400 g-cm contusion injury was effective 
in accelerating recovery from hemiplegia compared to the spontaneous recovery 
rates for saline controls with this type of injury (F 1,8 = 16.99, P < 0.01). 
However, AMP was not effective in accelerating recovery after a contusion 
injury of 800 g-cm, even when a second injection was administered to rats on day 
3 post-injury. Although histological and biochemical analyses are not yet com
pleted on these animals, we suspect that the additional subcortical damage (e.g., 
to the caudate, hippocampus, or brainstem) induced by the 800 g-cm impact 
force is preventing any beneficial effects of drug treatment. 

We have also tested for drug effects on recovery of forepaw dexterity after 
contusion injury of the right sensorimotor cortex. For these studies, rats on a 
22 : 2 hr food deprivation schedule were trained to reach for food pellets with 
their left forepaw to a criterion of nine out of ten successes (i.e., reaching for, 
grasping, and retrieving the pellets) on 3 successive days prior to surgery. After 
injury, errors on this task consisted primarily of inability to grasp the food pellets 
or successful reach and grasping of pellets but subsequent dropping of the pellets 
when the rats attempted to retrieve and consume the pellet. A trauma dose
response effect on deficits in forepaw dexterity was observed (see Fig. 7), with 
more severe deficits and slower spontaneous recovery evident after an 800 g-cm 
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FICl'RE 6. Mean ratings of beam walking after unilateral contusion injury to the sensorimotor 
cortex of rat. Note that a single dose of d-amphetamine (AMP; 2 mg/kg) given 24 hr after a 400 g-cm 
injury force was effective in accelerating recovery as compared to spontaneous recovery shown by 
saline-treated animals with this degree of injury. However, this dose of AMP did not affect recovery 
after an 800 g-cm contusion injury even though a second injection was given to these animals on day 
3 postinjury (hourly testing data after the second injection are not shown). 

as compared to a 400 g-cm contusion impact. As can be seen in Fig. 7, a single 
dose of AMP (2 mg/kg) given to animals with a 400 g-cm contusion 24 hr post
injury did not significantly alter recovery of forepaw dexterity as compared to 
saline controls (P > 0.05). Similarly, as compared to saline controls, no bene
ficial effects of AMP on performance of this task was observed in rats with an 
800 g-cm contusion injury even though AMP was administered at both 24 and 72 
hr after injury (P > 0.10). Furthermore, no additional improvement in animals' 
ability to reach, grasp, and retrieve food pellets was seen beyond the period 
illustrated in Fig. 7, although testing was continued through day 85 after injury. 

3.7. CLINICAL DATA 

There have been a few reports that pharmacological agents employed in our 
animal models have similar effects in patients with brain injury. Two case reports 
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FIGURE 7. Mean percentage successful retrieval of food pellets with the left forepaw by rats with 
contusion injury of the right sensorimotor cortex. Note the greater initial deficits and slower rates of 
recovery by animals in the 800 g-cm impact groups as compared to those in the 400 g-cm groups. 
Administration of AMP (2 mg/kg) 24 hr after a 400 g-cm contusion and at 24 and 72 hr after an 800 
g-cm contusion did not significantly affect recovery of forepaw dexterity. 

have noted that AMP reduces some symptoms in brain-injured humansJ·32 One 
study reported beneficial effects of AMP on a very mixed sample of patients 
including some with stroke but did not use placebo controls or objective mea
sures of recovery.8 Only recently has a double-blind, placebo-controlled study 
examined the effect of AMP on recovery in stroke patients with objective tests of 
recovery. II Eight highly selected patients with hemiparesis were followed for 24 
hr post-drug in this pilot study. Within 10 days of a first ischemic stroke, patients 
were randomly assigned to receive either a single oral dose of 10 mg of AMP or 
placebo. To provide the necessary experience during intoxication, drug and 
placebo patients were given approximately I hr of intensive physical therapy. 
Compared to placebo controls, the patients receiving AMP showed significant 
improvement on objective measures of motor performance when retested the day 
after treatment. Importantly, AMP had no effect on blood pressure or heart rate 
in these patients. Like the effect in the rat, this motor improvement is not likely a 
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result of an AMP-induced increase in CBF, since even higher doses of AMP in 
normal volunteers do not significantly increase regional CBF. 35 

3.S. DRUG CONTRAINDICATIONS 

Other retrospective studies on recovery from aphasia after stroke have sug
gested that thiazides, some antihypertensives, and HAL may retard recovery and 
are contraindicated in stroke cases.40 ,41 These patients were receiving speech 
therapy and monthly testing for aphasia, and those receiving some drugs scored 
significantly lower than patients not receiving medication and also scored below 
their expected levels of spontaneous recovery. In one patient, administration of 
HAL worsened aphasic symptoms, and his recovery of language ability was 
slowed (compared to predicted ability) for months after discontinuation of drug 
treatment (see Fig. 6 in ref. \9). This finding is reminiscent of the HAL-induced 
reinstatement of tactile placing deficits in cats that had spontaneously recovered 
this reflex after small unilateral sensorimotor cortex ablation. 17 

4. Ft· I IJRl<, DIRFCTIOl':S 

4.1. MECHANISMS 

There are two complementary lines of research that should be undertaken !I' 

further our understanding of the role of the CAs in recovery of function. Fin,!. 
more basic research investigating the underlying mechanisms of the AMP effect 
in animal models of recovery of function is needed. This would include behav
ioral, biochemical, histochemical, pharmacological, and neurophysiological in
vestigations. Second, long-term clinical trials must be undertaken using patients 
with various types of cerebral injuries and deficits to determine fully the potential 
clinical utility of this treatment (such trials with stroke patients are currently 
under way at several centers). Animal studies indicate that this treatment is not a 
panacea. The AMP-plus-experience treatment has no beneficial effect on recov
ery of locomotor function after cerebellar injury5 or on recovery of forepaw 
dexterity (see Fig. 7) or on locomotor recovery after more severe (i.e., 800 g-cm ,I 
cortical contusion (see Fig. 6). The spectrum of symptoms of brain injury that 
may benefit from this treatment regimen as well as the limiting factors remain to 
be fully delineated. 

Although our pharmacological data indicate an important, and perhaps cen
tral, role for NE in recovery after cortical injury, there are substantial gaps in our 
understanding of the mechanisms of the AMP effect in recovery of function. 
Others have shown beneficial effects of CAergic agents on recovery from septal 
nucleus lesions34 or after amygdaloid lesions,33 and these drug effects are appar
ently mediated by DA. Our pharmacological data indicate a primary role of NE 
in the recovery of some symptoms after sensorimotor cortex injuries. However, 
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firm conclusions can only be reached after additional biochemical studies are 
conducted and by observing similar behavioral effects of several purported ago
nists and opposite actions of antagonists, and such studies are ongoing. 

To accelerate recovery, AMP plus experience has been given early (within 
10 days post-injury in cat and post-stroke in man) after injury, and some data 
suggests that this may be essential. 18 Whether or not this treatment regimen must 
be initiated early after injury to benefit recovery of function needs to be systemat
ically studied. Furthermore, we have only limited data directly measuring drug 
effects on the proposed RFD, although these data do suggest that only those 
pharmacological manipulations affecting behavioral recovery after brain injury 
also affect RFD. To test the CA-RFD hypothesis, drugs that affect recovery of 
behavior after cortical trauma must be further studied together with direct and 
quantifiable indices of neuronal function (metabolic, biochemical, and electro
physiological) . 

4.2. OPTIMIZING THERAPY 

Finally, it is most likely that pharmacotherapy will have to be tailored to the 
particular conditions of each patient. Relevant factors will include the severity 
and pattern of behavioral deficits, the locus and extent of CNS injury, the mode 
of brain damage (e.g., hemhorrhagic or ischemic stroke, trauma, tumor), the 
time after injury, and the age of the person. Perhaps a sequence of different (or 
combinations of) pharmacological treatment regimens (such as those discussed in 
other chapters of this book) will be necessary, dependent on these considera
tions. Such clinical problems must be addressed by experimental studies in order 
to establish a scientific basis for obtaining optimal recovery of function in the 
brain-injured patient. Finding the answer to these clinical questions will take 
considerable effort and extensive interdisciplinary investigation. 
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1. INTRODUCTION 

In the central nervous system (eNS), neurons are known to communicate with 
one another as well as with nonneuronal elements (e.g., astroglial cells). One 
form of communication results from the ability of neurons to modulate the 
physiological activity of other neurons by means of electrically linked neuro
transmitter release. Another form of communication occurs through trophic sig
nals (i.e., neuronotrophic factors) derived from the target neurons and/or non
neuronal cells in close physical association with the former. 62,65.83 These signals 
have long been known to regulate neuronal numbers and synaptic connections in 
early life. More recent evidence now indicates that trophic signals, although less 
apparent, persist in maturity. During this stage it has been suggested that trophic 
factors control the neuronal survival and synaptic readjustments that occur in 
response to neuropathological situations. I 15 

1.1. NEURONOTROPHIC ACTIVITY AFTER INJURY 

In the adult, trophic signals are most readily detectable following eNS 
injury. Many laboratories have shown that injury elicits an increase of neu
ronotrophic activity in the denervated tissue. 7 ,14,34,3S.64.75.76,119 A good exam
ple is the sprouting of sympathetic fibers into the denervated hippocampus 
following damage to the cholinergic septal-hippocampal pathway. 14 This sympa
thetic ingrowth is induced by sufficiently increased levels of nerve growth factor 
(NGF)-like activity in the denervated hippocampus, suggesting that the hippocam
pus produces an endogenous NGF-like protein that acts as a neuronotrophic factor 
for the septal cholinergic neurons. Its content in the hippocampus appears to 
reflect the degree of cholinergic innervation. Moreover, these trophic effects are 
more readily revealed in the adult following eNS injury, e.g., the axonal sprout
ing that may occur following partial target denervation. 16•64 ,76,77 These and other 
evidence have led to the hypothesis that neuronotrophic signals, in sufficient 
amounts, playa key role in determining the outcome following injury to the adult 
brain. liS A corollary of this hypothesis is that a trophic deficit (perhaps as a result 
of an increase in the trophic needs of the neurons at early postlesion stages) may 
well be one of the underlying causes of the progressive axonal degeneration and 
neuronal cell death that occur after the insult. If so, an increased trophic availabili
ty should enhance neuronal cell survival and facilitate repair processes. 

1.2. TROPHIC EFFECTS AND EXOGENOUS FACTORS 

One experimental mode for increasing trophic availability is the exogenous 
supplementation of an appropriate trophic factor to the injured brain area. In this 
context, intracerebral injections of NGF, beginning before the lesion or at early 
postlesion times, to adult rats with lesions of the septal-hippocampal cholinergic 
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pathway have been shown to increase choline acetyltransferase (ChAT) activity 
in the septum and hippocampus44 and to partially prevent the injury-induced 
death of the septal cholinergic neurons. 43 ,54,I2I It is noteworthy that NGF has 
been shown to behave as a neuronotrophic factor in adult rodents for only the 
cholinergic neurons of the basal forebrain. 52 Other neuronotrophic factors effec
tive on diverse neuronal cell types in vitro have been detected in the 
CNS.4,I9,20,47,69.72,1l71t is likely that the further purification of some of these 
factors as well as the characterization of their effects in vitro and in vivo will add 
considerably to our understanding of their role in CNS repair in the adult. 

1.3. TROPHIC EFFECTS AND MEMBRANE CONSTITUENTS 

Another means for increasing trophic effects is to enhance neuronal cell 
responsiveness to endogenous trophic signals. 115 The efficacy of trophic factors 
depends not only on their quantity but also on the capability of the neurons to 
respond to the signal(s). The operations that translate an external signal into an 
intracellular biochemical event take place at the level of the cell plasma mem
brane and involve a sequential multistep process, namely: (1) binding to specific 
receptors on the external surface of the cell (signal recognition); (2) generation of 
active intracellular messengers (signal transduction); and (3) generation of a 
cascade of biochemical reactions eliciting the appropriate cellular response (sig
nal translation). In addition, many components of the membrane (e.g., proteins, 
lipids) appear to be involved in this process whereby each component is part of a 
dynamic ensemble that is responsible, as a whole, for the physiological response. 
Understanding the role of neuronal membrane components in the processes of 
transmembrane signaling of neuronotrophic factors may well lead to novel ways 
of enhancing trophic efficacy in the lesioned brain. 

Among the neuronal components that may be involved in trophic factor
mediated transmembrane signaling, increasing attention is being paid to gang
liosides, in particular monosialoganglioside GMI (nomenclature according to 
Svennerholm I08). There is now considerable evidence indicating that this gang
lioside is effective in modulating neuronal cell responsiveness to neuronotrophic 
factors in vitro and, most important, in ameliorating the outcome following CNS 
injury to adult rodents. Since the latter aspect is described and discussed in the 
accompanying chapters by Dunbar and Stein (Chapter 10) and by Sabel (Chapter 
9), the aim here is to outline briefly and discuss the general considerations and 
evidence concerning the involvement of gangliosides in cell-surface-mediated 
events and, in particular, the involvement of GMI in neuronal transmembrane 
signaling of neuronotrophic cues. For this purpose, we have subdivided this 
chapter into three major sections. In the first section, we provide some back
ground information (chemical features, cellular distribution, membrane organi
zation, etc.) supporting the concept that the gangliosides are involved in the 
process of neuronal membrane-mediated transfer of information. In the second 
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section, we review the studies utilizing cell cultures that suggest or are compati
ble with a ganglioside role in modulation of neuronal cell responsiveness to 
neuronotrophic factors. In the third section, we discuss the possibility that neu
ronotrophic factors may also be involved in the GMI effects observed following 
CNS injury in vivo. 

2. EVIDENCE FOR GANGLIOSIDE INVOLVEMENT IN THE 

BIOTRANSDUCTION OF MEMBRANE-MEDIATED 

INFORMATION 

Gangliosides, sialic-acid-containing glycosphingolipids, are normal compo
nents of the plasma membrane of vertebrate cells. 55 Although their functions 
remain largely obscure, the possibility that gangliosides are involved in the 
process of transmembrane signaling essentially derives from knowledge of their 
chemical characteristics, cellular localization, and membrane organization. 109 In 
addition, the fact that gangliosides are particularly abundant in CNS gray matter 
suggests that these molecules contribute significantly to the structural-functional 
features of neuronal membranes. 

Although it is beyond the scope of this chapter to describe the above as 
pects, some general comments concerning peculiar features of gangliosides that 
make them potential candidates for modulation of neuronotrophic signals at the 
level of the neuronal membrane are briefly discussed below. Particular reference 
is given to the ganglioside GM1 . 

2.1. CHEMICAL DIVERSITY OF THE GANGLIOSIDES 

Gangliosides are a heterogeneous group of glycosphingolipids characterized 
by the presence of sialic acid. 109 Each ganglioside molecule consists of a hydro
phobic cerami de moiety and a hydrophilic sialosyloligosaccharide moiety (Fig. 
1). The ceramide consists of a long-chain fatty acid (primarily C18:0) linked by 
an amide bond to a long-chain base (CIS or C20), unsaturated (sphingenine) or 
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FIGURE 1. Chemical structure of GM1 ganglioside. 
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saturated (sphinganine). The sialosyloligosaccharide is f3-glycosidically linked to 
the ceramide. It consists of a neutral oligosaccharide core to which one or more 
sialic acids are attached. 109 

The type of neutral oligosaccharide core and sialic acid residue (primarily 
N-acetylneuraminic acid), as well as the number and position of the sialic acids 
per molecule, varies among the different gangliosides.109 For example, the 
following neutral oligosaccharide cores have been found to occur in gang
liosides: (1) galactose (Gal), (2) lactose (Galf3l- 4Glc), (3) gangliotriose (Gal
NAc(3l- 4Galf3l- 4Glc), (4) gangliotetraose (Galf3l- 3GalNAcf3l- 4Galf31 
- 4Glc), (5) globotetraose (GalNAcf31 - 3Galal- 4Galf3l- 4Glc), and (6) 
neolactotetra (hexa-, octa-)ose [(Galf31 - 4GlcNAcf31 - 3) Galf31 - 4Glc]. 
This has led to classification of the gangliosides into gangliosides of the ganglio, 
globo, or lacto series. In addition, the number of sialic acid residues may vary 
from one to seven. In the ganglio series, the single or multiple sialic acids are a
glycosidically attached to the galactose moiety(ies) or one to another by a 2a-
8 ketoside linkage. This variability of the ganglio series has led to classification 
according to Svennerholm 108 of the gangliosides into monosialoganglioside 
(GMI ), disialoganglioside G01a ' etc. (see Table I and note that this classification 
also takes into consideration the position of the sialic acid, e.g., GDla versus 
GOlb ' as well as the length of the oligosaccharide core e.g., GMI versus GM2). 
For further information concerning ganglioside structure and nomenclature, see 
the recent reviews by Wiegandt,120 Ledeen,55 and Ando2 and the report of the 
IUPAC-IUB Commission on Biochemical Nomenclature.46 

TABLE 1. Chemical Structure and Nomenclature (According to Svennerholm 108) of the 
Major Gangliosides of the Ganglio Series 

Svennerholm nomenclature 

GM4 

GM3 

GD3 
GM2 

G02 

GMt 
GOta 

GOtb 

Schematic structure 

NeuAca2 --+ 3Gal~1 --+ 1 'Cer 
NeuAca2 --+ 3Gal~1 --+ 4Glc~1 --+ 1 'Cer 
NeuAca2 --+ 8NeuAc2 --+ 3Gal~1 --+ 4Glc~1 --+ 1 'Cer 
GaINAc~1 --+ 4Gal (3 +- 2aNeuAc)~1 - 4Glc~1 --+ I'Cer 
GalNAc~1 --+ 4Gal (3 +- 2aNeuAc8 +- 2aNeuAc)~1 --+ 4Glc~I --+ 1 'Cer 
Gal~ --+ 3GalNAc~1 --+ 4Gal (3 +- 2aNeuAc)~1 --+ 4Glc~1 --+ 1 'Cer 
NeuAca2 --+ 3Gal~1 --+ 3GalNAc~l--+ 4Gal 
(3 +- 2aNeuAc)~1 --+ 4Glc~1 -+ 1 'Cer 
Gal~l--+ 3GalNAc~1 --+ 4Gal 
(3 +- 2aNeuAc8 +- 2aNeuAc)~1 --+ 4Glc~1 --+ 1 'Cer 
NeuAca2 --+ 8NeuAca2 --+ 3Gal~1 -+ 3GalNAc~1 -+ 4Gal 
(3 +- 2aNeuAc)~1 --+ 4GIc~1 --+ 1 'Cer 
NeuAca2 -+ 3Gal~1 --+ 3GalNac~1 --+ 4Gal 
(3 +- 2aNeuAc8 +- 2aNeuAc)~1 -+ 4Glc~1 --+ 1 'Cer 
NeuAca2 -+ 8NeuAca2 -+ 3Gal~1 -+ 3GalNAc~1 -+ 4Gal 
(3 +- 2aNeuAc8 +- 2aNeuAc)~1 --+ 4Glc~1 -+ 1 'Cer 
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The gangliosides, thus, are a crowded family of compounds differing in 
both their sialosyloligosaccharide and ceramide compositions. 120 Different mo
lecular species are known to occur in different tissues and organs. In addition, 
the proportion among the different ganglioside species varies among different 
organs and tissues. A study of the functional roles of gangliosides implies com
prehension of the specific role played by the individual gangliosides in a particu
lar cell type. 

2.2. TISSUE DISTRIBUTION AND CELLULAR LOCALIZATION 

Unlike other glycosphingolipids in mammals, the highest concentrations of 
gangliosides are found in the gray matter of the nervous system.2.55.56.109.120 
The gangliosides found in this region differ qualitatively from those found in 
other tissues as well as within the same tissue. For example, whereas the gang
liosides present in the eNS belong mostly to the ganglio series, those of the PNS 
and extraneuronal tissues contain high amounts of gangliosides of the lacto and 
globo series. Furthermore, the predominant gangliosides detected in the mature 
brain gray matter are GM1 , G01a ' GDlb , GTlb , and GQ1b , whereas the major 
gangliosides of brain white matter are GM1 and GD1a. 

Gangliosides have been shown to be almost exclusively localized on the 
outer leaflet of the lipid bilayer of the plasma membrane. The ceramide portion is 
inserted into the lipid bilayer, whereas the sialosyloligosaccharide head group 
protrudes towards the external environment. Because of their abundance in mam
malian brain gray matter, the ganglioside content in the outer membrane layer of 
neuronal cells has been calculated to be about one-fifth that of phospholipids. 
Gangliosides comprise a major part of the glycoconjugate network extending 
from the neuronal membrane surface, with high concentrations having been 
found to occur in synaptic plasma membranes. However, it is not yet clear 
whether or not they are evenly distributed over the plasma membrane (see also 
section 2.3). 

Their asymmetric distribution, together with the chemical diversity of the 
protruding oligosaccharide portion, makes gangliosides particularly subject to 
interactions with a variety of different extracellular substances. It has been sug
gested that gangliosides may function as binding sites for various bioactive 
factors. 9.45 Although a number of agents have been shown to interact with the 
sialosyloligosaccharide portion of gangliosides,40AI,109 the most specific in
teraction is that of cholera toxin with GM 1. 32 With the exception of the latter 
ganglioside, in most cases the receptor has been characterized as a protein 
(binding to gangliosides is generally of much lower affinity and specificity).41 
Because of this, gangliosides have been suggested as being able either to affect 
receptor-ligand interactions indirectly by forming secondary auxillary cell sur
face binding sites or to act as modulators of protein-receptor function. 41 The first 
view is based on the assumption that gangliosides may behave as ligand sites that 
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affect in a positive cooperative manner their binding to the protein receptor. This 
has recently been demonstrated in the case of fibronectin binding to its cell 
surface protein receptor. 110 In addition, a similar situation appears to occur in the 
case of tetanus toxin binding to the cell surface. 70 The second view, i.e., the role 
of gangliosides as modulators of receptor proteins, is based on the assumption 
that receptors are allosteric proteins and have a site that interacts with gang
liosides directly or indirectly, with consequent modification of receptor func
tion41 (and not necessarily ligand interaction). An example of the latter is the 
recent demonstration that gangliosides affect the tyrosine kinase activity associ
ated with growth factor receptors. 10. Ii 

2.3. MEMBRANE ORGANIZATION 

Studies utilizing both artificial and biological membranes have shown that 
the concentration of gangliosides in a given region of the membrane is not static 
but depends on dynamic interactions among ganglioside polar head groups, 
divalent cations such as calcium, and other cell surface glycoproteins. 109 For 
example, when ganglioside micelles are incubated at 37°C with phosphatidylcho
line bilayers or vesicles (artificial membranes), the gangliosides spontaneously 
incorporate in the phospholipid structure without disrupting the bilayer organiza
tion.lll All the incorporated gangliosides are present on the outer surface. Once 
incorporated, the gangliosides appear to have a lateral mobility comparable to 
that measured for phospholipids and can interact with phospholipids and other 
gangliosides either through hydrophobic interactions of the hydrocarbon chains 
or head group interactions. 97 Furthermore, the presence of Ca2 +, Mg2 + , or 
other cations and molecules that depress the repulsive electrostatic forces be
tween the negatively charged sialic acids enhances processes of cross linking and 
condensing of ganglioside head groups.74.97 The gangliosides tend to concen
trate into clusters, thereby affecting the curvature, local composition, and sta
bility of the membranes. 63 

2.3.1. DYNAMIC PROPERTIES OF GANGLIOSIDES IN BIOLOGICAL 

MEMBRANES 

The examination of ganglioside organization in biological membranes is 
technically more difficult than in artificial membranes. Such studies imply the 
use of very specific probes, and, unfortunately, antibodies or lectins may also 
recognize glycoproteins on the cell surface. In addition, endogenously occurring 
gangliosides are known to be cryptic on the cell surface of most normal cells80 
and thus not readily accessible to foreign molecules such as antibodies. 

To date the B subunit of cholera toxin is one of the most specific probes for 
endogenously occurring gangliosides, in particular GMI . 32 Together with fluo-
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rescently labeled cholera toxin antibodies, the B subunit has been used to visu
alize the distribution of endogenous GM1 molecules on the surface of living 
cells. 104 Human and murine lymphocytes, when labeled at 4°C with cholera 
toxin, show a fluorescence either evenly distributed or in small aggregates. 86 At 
37°C there is a redistribution of the label into a cap at one pole of the cell. The 
mechanism underlying the capping phenomenon is not known but is energy 
dependent, associated with cocapping of the cytoskeletal actin protein, and in
hibited by cytochalasin B. 51 These observations have led to the suggestion that 
GM1 may be associated with membrane proteins, which in tum are linked to the 
cytoskeletal system. 51 .86 

Another approach to the study of the dynamic interactions of gangliosides 
on the cell surface utilizes radiolabeled, fluorescent, or chemically modified 
exogenous gangliosides. It is assumed that, once incorporated into the plasma 
membrane, their behavior will mimic that of endogenous gangliosides. Most of 
these studies have been done utilizing GM1 . The radiolabeled ganglioside is 
known to associate readily with both membrane preparations 112 and cells 13.29.84 
in a temperature-, time-, and concentration-dependent manner. Other than a 
labile type of association with the cell surface, there occurs a stable, trypsin
insensitive type of association. Indirect evidence indicates that this form 01 

associated ganglioside is intercalated into the outer layer of the membrane. 96 

Furthermore, headgroup interactions have been reported to occur between the 
exogenously inserted gangliosides themselves and Ca2 + as well as with cell 
surface glycoproteins. 30 The formation of caps on the cell surface has also been 
observed after addition of exogenous, fluorescently labeled GM1 molecules to 
lymphocytes treated with the B subunit of cholera toxin. 104 This suggests that (1) 

the inserted GM1 ganglioside may self-associate to form microdomains in the 
lipid bilayer and (2) exogenous gangliosides, once inserted into the plasma 
membrane, display a dynamic behavior similar to that of endogenous gang
liosides. In addition, the stably associated ganglioside is both functionally and 
metabolically active.33.73.101 

2.3.2. GANGLIOSIDES AND CELLULAR RESPONSE 

The formation of compositional domains and phases with high or low gang
lioside content may be of functional significance. Membrane function is depen
dent on many factors, including cell surface charge density, membrane fluidity, 
and local interactions between cell surface proteins and other components present 
in the plasma membrane. Gangliosides contribute significantly to the cell surface 
charge density, and the sialic acid on the cell surface is known to affect cell 
behavior. 94 In opportune conditions, gangliosides tend to concentrate into clus
ters on the cell surface. This causes local changes in membrane fluidity, thereby 
indirectly influencing several processes taking place at the cell surface as well as 



GANGLIOSIDES AND TROPHIC EFFECTS lSI 

at the intramembrane level. In addition, gangliosides can interact both with cell 
surface glycoproteins (by mutual carbohydrate-carbohydrate interactions) and 
membrane-embedded proteins (hydrophobically). 

It is thus apparent that gangliosides can influence the processes of trans
membrane signaling in several different ways. They may affect signal recogni
tion by directly or indirectly modulating ligand-receptor binding (see Section 
2.3.1). In addition, they may affect the process of signal transduction5 ,6,lo, II by 
directly or indirectly modulating receptor coupling to second messenger systems, 
membrane-bound enzyme systems,2I,37,60,79 and/or ion permeability.116 Evi
dence is available supporting all these possibilities. Furthermore, the possibility 
that ganglioside clusters may be associated with intramembrane proteins con
nected with the cytoskeletal system suggests that gangliosides may be involved 
in the regulation of the metabolic response of the cell to external stimuli. In this 
context it is noteworthy that gangliosides have also been implicated in cell 
adhesion.R,11O 

3. EVIDENCE FOR GANGLIOSIDE INVOLVEMENT IN NEURONAL 

CELL RESPONSIVE"'ESS TO NEURONOTROPHIC FACTORS 

The quantitative and qualitative features of gangliosides in neuronal cells 
have raised a fundamental question: how do these high ganglioside concentra
tions and structural complexities serve the special needs of the neuron? The 
answer to this question remains largely unknown. This is mainly due to the fact 
that specific inhibitors of ganglioside synthesis or metabolism as well as specific 
tools (apart from choleragenoid and certain monoclonal antibodies) for perturbat
ing gangliosides on the cell surface are still lacking. Because of this, ganglioside 
studies at present fall into two categories. The first is the study of ganglioside 
patterns, both quantitative and qualitative, of neuronal cells in various conditions 
(e.g., immature versus mature neurons) that seek to establish relationships 
among the gangliosides and particular cellular functions. The second is the study 
of the effects following the addition of exogenous gangliosides to neuronal 
membranes or cells, with the assumption that once incorporated into the plasma 
membrane, they will mimic the endogenously occurring gangliosides. The latter 
approach is used presently in studying both basic aspects of ganglioside function 
as well as the relationship between the effects of the gangliosides in neuronal 
cells in vitro and their pharmacological effects in vivo. 

Recent findings utilizing both of the abovementioned approaches have led 
to the suggestion that gangliosides, in particular GMI , may somehow function in 
the process of neuritogenesis in the embryo and/or neurite repair in the adult. 
Because extrinsic trophic influences are also known to be involved in these 
phenomena, the major findings supporting a neuritogenic effect of gangliosides 
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and its relationship to trophic influences are briefly discussed in the following 
section. 

3.1. STUDIES IN NORMAL NEURONAL DEVELOPMENT AND 

"ACCIDENTS OF NATURE" 

Much of the current interest concerning ganglioside involvement in the 
process of neuritic outgrowth derives from studies of ganglioside composition 
and distributional pattern during brain development. During the latter process, 
the expression of gangliosides changes in parallel with eNS differentiation. 53 ,122 
For example, intense expression of ganglioside GD3 has been shown to be a 
common feature of mitotically active neuroectodermal cells. 38,92 With transition 
to a postmitotic phase of neuronal development, GD3 drops to a much lower level 
with an accompanying accretion of the more complex gangliosidesyo,91 At 
discrete periods of brain development, such as exodendritic sprouting, there 
occurs a substantial increase in ganglioside complexity and in net amount of 
lipid-bound sialic acid. 90 Also noteworthy is the study of Willinger and 
Schachner122 reporting expression of GM1 on maturing postmitotic cerebellar 
granule cell neurons and their growing neurites. As the granule cell matures, 
GM1 gradually becomes restricted to the cell body. These studies have led work
ers to postulate that gangliosides, and in particular GM1 , playa distinctive role in 
neurite growth and sprouting during development. This hypothesis is consistent 
with evidence indicating that anti-GMI antibodies produce long-lasting mor
phological and behavioral abnormalities when administered to developing 
animals.49 

Another indication of the neuritogenic properties of gangliosides derives 
from ultrastructural studies of mature neurons in humans and animals with genet
ically determined ganglioside storage diseases, namely, GM 1 and GM2 gang
liosidosis ("accidents of nature").8I,82,118 Affected neurons display aberrant 
sprouting of neurites from axon hillocks (meganeurites). These observations 
have been interpreted as evidence of an effect of the altered cell surface gang
lioside patterns, with the excess ganglioside being viewed as a possible agent 
capable of affecting neurite outgrowth long after the genetic program for such 
development has ceased. The potential importance of genotypic variations in 
these diseases, however, has not been excluded. Nonetheless, the evidence docu
menting that anti-GMI antibodies inhibit neurite regeneration in vitro 105 and 
axonal elongation in ViV0 102 is consistent with the hypothesis that the normal 
membrane GM1 ganglioside may be involved in the process of axonal outgrowth. 

In order to test the abovementioned hypothesis, many workers have assessed 
ganglioside patterns in both clonal and primary neuronal cells in vitro. 22,28,66 In 
addition, in an attempt to comprehend the underlying mechanisms, the ability of 
exogenous gangliosides to induce morphological and/ or biochemical differentia-
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tion of these cells has also been investigated. For obvious reasons, the following 
section focuses on the latter aspect. 

3.2. STUDIES UTILIZING NEUROBLASTOMA CELLS 

Neuroblastoma cells have been extensively applied as a model system for 
examining the roles of plasma membrane constituents in the regulation of neurite 
outgrowth and cellular differentiation. In comparison to primary neurons, many 
of these cell types possess a relatively smaller amount and a simplified pattern of 
gangliosides on their cell surface. 22,66,85 In addition, although they are malig
nant-transformed cells, under suitable experimental conditions, e.g., in the pres
ence of dibutyryl cAMP or in the absence of serum, neuroblastoma cells may be 
induced to form neurite like processes and to express biochemical properties 
characteristic of mature neurons. 23 Such differentiation is usually accompanied 
by profound changes in membrane architecture and properties, including changes 
of membrane fluidity23 and increases in ganglioside content and complex
ity.18,22,85 

Furthermore, several neuroblastoma cell lines have been shown to undergo 
morphological differentiation on addition of mixed or single ganglioside species, 
including GM1 , to the culture medium. 12.14,24.48,59.61 ,68.71 This effect is (1) not 
mimicked by the addition of neutral glycolipids, sulfatides, or free sialic 
acid,12.59 (2) not caused by the presence of contaminants in the gangliosides,12 
(3) correlated with a stable insertion of the ganglioside on the cell surface 
(studies limited to G M1 ),29 and (4) associated with changes in biochemical 
parameters (e.g., decreased proliferation) characteristic of cellular differentia
tion.59 There is evidence that the individual gangliosides differ in their ability to 
affect different neuroblastoma cell lines 12,48,87 ,1l4 (perhaps because of species 
differences, differences in dedifferentiation stage, and/or the endogenous gang
lioside pattern of the cells) as well as the various phases of neurite formation, 
e.g., neurite elongation, neurite branching, and synapse formation. 61 ,68,89 For 
example, the ganglioside-induced neurite outgrowth in mouse neuroblastoma 
N2A cells has been reported, under selected conditions, to be associated with the 
appearance of maturelike synapses. 106,107 Interestingly, this effect occurs only 
when the GM1 ganglioside is present. GM1 has also been reported to facilitate the 
development of neuromuscular junctions in spinal cord-muscle preparations in 
vitro. 78 

In these cells it appears as if the accretion, via synthesis or exogenous 
supplementation, of gangliosides on the cell surface may by itself be a stimulus 
for neurite outgrowth and development. A difficulty with this interpretation, 
however, is that several distinct mechanisms, including inhibition of cell divi
sion, can promote the morphological and biochemical differentiation of neu
roblastoma cells. The above interpretation is also in contrast to results obtained 



154 R. DAL Toso ET AL. 

in other cell types, e.g., pheochromocytoma pe12 and primary sensory neurons 
(see Section 3.3). The latter cells are known to require NGF for survival and/or 
neurite outgrowth, gangliosides being unable to substitute for NGF. On the other 
hand, loss of specific growth factor control on cell behavior is a common finding 
in many types of cancer cells. It is thus possible that in the neuroblastoma cells, 
gangliosides may mediate neuritic outgrowth by activating a postreceptor path
way that bypasses the requirement for the trophic factor-receptor interaction. In 
mouse neuroblastoma N2A cells, there is evidence that the neuritogenic response 
to the exogenously supplemented GMI ganglioside is characterized by a series of 
temporally related biochemical events, e.g., increases in cAMP content and 
protein phosphorylation. 89 Furthermore, in the SB21 B I neural hybrid clonal cell 
line, ganglioside-induced neurite outgrowth is associated with a severalfold in
crease in the expression of mRNA for tubulin but not for actin, suggesting a 
possible ganglioside involvement in the regulation of tubulin gene expression. <)1 

Alternative possibilities to the above phenomena include ganglioside effects on 
modulation of cellular responsiveness to yet unidentified trophic or neurite
promoting factor(s) present in the culture medium. 

3.3. STUDIES UTILIZING PRIMARY PNS NEURONS AND PC l2 CELLS 

Following the studies utilizing neuroblastoma cells, gangliosides came to bc 
viewed as potential neuronotrophic or neuritogenic agents. A critical question. 
thus, is whether gangliosides, in particular exogenous GM1 , behave as a signal in 
their own right or operate through modification of a ligand-induced membrane 
behavior. A related question concerns the role played by the individual gang
liosides in the process of neurite outgrowth. 

3.3.1. GM ! AND NGF 

In an attempt to answer the first question, many laboratories have evaluated 
the effects of exogenous gangliosides, in particular GMI , in cultured pe l2 cells 
and primary neurons from the peripheral nervous system (PNS), i.e., fetal chicken 
E8 dorsal root ganglia and Ell sympathetic ganglia. The latter neurons are known 
to require NGF for survival, neurite outgrowth, and development in vitro as in 
vivo. 62 Likewise, pe l2 cells, a clonal line from rat pheochromocytoma, respond 
to NGF with expression of properties characteristic of mature sympathetic neu
rons, which include arrested proliferation and extension of neurites. 39 

The addition of GM1 to the culture medium of chicken DRG (E8) or sym
pathetic ganglia (Ell) explants has been reported, under the appropriate condi
tions, to facilitate NGF-induced neurite outgrowth. 57 .99 No appreciable GM 1 

effects were observed in the absence of NGF. This indicates that the GM1 effect 
in these cells (1) is dependent on NGF and (2) involves GMI potentiation of the 
acquisition and/or maintenance of the NGF-triggered effects. Similar results 
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were also observed in the corresponding dissociated primary neuronal cell 
cultures25 ,57,98 (see Fig. 2) as well as in PC 12 cells. 31 ,5o,68,89 

As with neuroblastoma cells, asialo-OM1 , sulfatide, and free sialic were 
totally ineffective. 31 ,89 This suggests that the 0MI effects are directly linked to 
the integrity of the 0MI molecule and presumably are not the result of aspecific 
ionic interactions. 0MI was also shown to facilitate NOF effects in adult mouse 

FIGURE 2. Example of GM1-induced potentiation of NGF effects in fetal chicken dissociated DRG 
(E8) neurons in vitro. NGF ± GM1 was added to the cells at plating time. After 5 days, the cells were 
fixed, stained with monoclonal antibody to neurofilament protein (RT 97), as reported by Doherty et 
ai.,25 and observed under phase contrast (left panel) and fluorescence microscopy (right pannel). a,b, 
NGF (5 ng/ml); c,d, GM1 (100 fLg/ml); e,f, NGF (5 ng/ml) + GM1 (lOa fLg/ml). Photograph kindly 
provided by P. Doherty and F. Walsh, Institute of Neurology, the National Hospital, Queen Square, 
London WCIN 3BG, England. 
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superior cervical ganglia explants, indicating that the action of G M I is not limited 
to fetal tissue. 107 

Thus, in cells with an absolute NGF requirement for survival and/or neurite 
outgrowth, the exogenously supplied GM1 , although not in itself possessing 
intrinsic trophic activity, is able to facilitate the neuronal cell responsiveness to 
NGF. This is consistent with the observation that the addition of GM1 together 
with NGF is associated with a ganglioside-induced increase in the expression of 
neurofilament protein. 

3.3.2. UNDERLYING MECHANISMS 

Most likely the GMI-induced potentiation of NGF effects on its target cells 
involves a modification of cell surface properties consequent to the stable inser
tion of the ganglioside. However, the biochemical mechanisms by which GM1 
exerts its effects have yet to be identified. Binding studies have not revealed 
increased NGF binding by GMI-treated cells. 31 Possible explanations could in
volve modulation of cell surface transduction mechanisms or enhancement of 
specific NGF-induced posttranslational events. In this context, the stable inser
tion of very small amounts of GM1 is known to modify enzymatic activities of 
neuronal membranes. 6o Analogously, very small amounts of exogenously insert
ed GM1 have been reported to affect platelet-derived growth factor (PDGF)
induced receptor phosphorylation in fibroblast 3T3 cells. 10 This may indicate 
that the exogenous GM1 molecules are inserted into the membrane (or subse
quently packed via interaction with membrane proteins and phospholipids) at 
well-defined and preferential sites, the result of which is a change in the func
tional properties of defined microdomains in the plasma membrane. 103,109 An
other possibility is that stable membrane-associated GM1 may then be inter
nalized and recycled into more complex gangliosides. 36,101 This in turn may be 
responsible for the resulting modification in membrane properties. Which of 
these two alternative mechanisms plays a predominant role is currently un
known. 

3.3.3. G M1 VERSUS OTHER GANGLIOSIDES 

The second question, i.e., the role played by the individual gangliosides in 
the process of neurite outgrowth, has also been addressed utilizing the above
mentioned culture systems. Two different approaches have been applied. One is 
the comparison of the effects of different exogenously supplemented single gang
lioside species. The other is the study of the effects of antiganglioside antibodies. 

In both pel2 cells and primary fetal (E8) chicken neurons, none of the other 
major ganglioside species (e.g., GD1a, GD1b, and GT ), as with GM1 , were 
effective in the absence of NGF, although all were able to potentiate the NGF
mediated effects. 31 .68 ,89 There is, however, no clear consensus about the poten-
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cies of the different gangliosides. Some authors report that GMI is the most 
effective in potentiating the action of NGF, 68,89 but others show that the poly
sialogangliosides (GTlb and GQ) are more effective in facilitating neurite out
growth (studies mainly conducted in older ganglia).26,42 This discrepancy may 
be caused by differences in species and age of the cells or by culture conditions 
and parameters used in assessing the ganglioside effects. Since neuronal cell 
association studies have not been conducted with ganglioside species other than 
GMI , one cannot exclude the possibility that different exogenous gangliosides 
may interact differently with the surface of neuronal cells. Their metabolic fate 
may differ as well. 

The second approach, although limited by the availability of ganglioside 
antibodies, has provided some insight into the role played by the individual 
gangliosides in the process of neurite outgrowth. Affmity-purified antibodies to 
GMI were shown to be able to block the NGF-induced neurite sprouting of 
chicken embryo ORG explants, whereas antibodies to GM2 and the monoclonal 
antibody A2B5 (presumably directed to more complex gangliosides) were less 
effective.88,89,95 This suggests that, in comparison to other gangliosides, both 
the endogenously occurring and exogenously inserted GMI molecules on the 
surface playa role in mediating the NGF effects. An important step will be the 
identification of molecular steps affected by the exogenously inserted GMI mole
cules and determination of whether such events are affected by anti-GMI 
antibodies. 

3.4. STUDIES UTILIZING PRIMARY eNS NEURONS 

Another important question is whether the exogenously supplied GMI is 
also effective in promoting survival and/or neurite outgrowth in eNS neurons in 
vitro. For this purpose the effects of exogenous gangliosides, including GMI , 
were evaluated in primary dissociated neuronal cell cultures obtained from dif
ferent areas (e.g., mesencephalon, cortex) of fetal rat, mouse, or chicken brain. 
Although nonneuronal cells can be minimized in these cultures by proper selec
tion of embryonic age and culture conditions, these cultures contain many neu
ronal cell types, some of which may serve as potential innervation targets. 3 In 
addition, both the survival and development of these cells are known to be highly 
dependent on the cell density. In particular, when seeded at relatively high cell 
densities, the eNS neurons survive, extend neurites, and express properties of 
mature nerve cells even without any additional exogenous trophic support. 3 ,19 
This has been taken as an indication of the presence of yet unidentified self
supportive trophic influences produced in vitro by the cultured cells themselves. 

The addition of gangliosides, including GMI , has been reported to facilitate 
neurite outgrowth in a variety of primary dissociated eNS neurons in vitro. 27,67,98 
In addition, in fetal mouse dissociated mesencephalic neurons maintained in 
serum-free conditions, exogenously supplied GMI but not asialo-GMI , has been 
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shown to enhance the biochemical development and survival of at least the 
dopaminergic and OABAergic neurons present. 58 This effect (1) is correlated with 
stable insertion of the ganglioside molecules on the cell surface and (2) requires the 
presence of adequate titers of cell-density-derived trophic influences. Thus, as 
occurs with NOF in primary sensory (E8) and sympathetic (Ell) neurons, OM) 
seems unable to substitute for the trophic influences but can potentiate their action 
and/or exert independent influences to which CNS neurons can only respond if 
appropriately supported. However, NOF is totally without effect on the 
dopaminergic and OABAergic neurons in the mesencephalic culture system. This 
suggests that 0Ml potentiation of the neuronotrophic efficacy on neuronal cells is 
not limited to NOF. Such a conclusion is consistent with the observations that the 
exogenously supplied OM) also amplifies the ciliary neuronotrophic factor 
(CNTF)-dependent effects in fetal chick (E8) ciliary ganglia neurons in vitro. 98 

4. G M1 EFFECTS IN VIVO: POSSIBLE RELATIONSHIP WITH 

NEURONOTROPHIC FACTORS 

As discussed earlier, the systemic administration of OM 1 has been reported 
to ameliorate outcome following injury to the CNS. In several studies, these 
effects have been associated with promotion of neuronal cell survival. Further
more, 0Ml ganglioside affects neuronal behaviors in vitro. In cells with an 
absolute requirement for a neuronotrophic factor for survival and/ or neurite 
outgrowth, OM) cannot substitute for the trophic factor but can enhance the 
effects of the trophic factor. The question then arises of the relationship between 
the ganglioside effects in vitro and in vivo. 

As exemplified by NOF, neuronotrophic factors are present in the adult 
brain and may be essential components in the regulation of neuronal cell survival 
and repair after an insult. However, even though trophic activity has been re
ported to increase after brain injury, it appears that this increase is either insuffi
cient or reaches efficacious levels only at a time subsequent to most neuronal cell 
death (see Fig. 3). We thus suggest that the 0Ml-induced potentiation of CNS 
recovery in vivo may be related to the 0M( enhancement of the neuronotrophic 
factor effects, as found in vitro. This implies that the potentiating effect of OM 1 

in vivo is presumably related to an enhancement of neuronotrophic activity 
already present in the damaged tissue and undergoing a process of slow increase. 
Thus, such trophic activity is inadequate per se after injury, at least at early 
postlesion times, but is rendered adequate by the treatment with OM!' 

Although much work is still necessary to establish the validity of the above
mentioned hypothesis, some in vivo results indirectly support such a possibility. 
The concentrations of 0Ml effective on CNS neurons in vitro are compatible 
with those obtainable in the brain after systemic administration in vivo. 58 Early 
postlesion treatment with OM! has been reported to facilitate neuronal cell sur
vival not only of dopaminergic l .1I3 and noradrenergic neurons l5 but also of 
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F((;CRE 3. Theoretical graphic representation of neuronotrophic titers and activity following adult 
mammalian CNS injury: the working hypothesis of GMI effects in vivo (see text for further elucida
tion and also Varon 1 IS) 

cholinergic neurons 1 7, 100 known to be NGF responsive. Furthermore, initial in 
vivo experiments conducted utilizing NGF ± GM1 treatment in neonatal rats 
following vinblastine-induced sympathectomy indicate that GM1 enhances the 
NGF effects on the maintenance of noradrenergic innervation in the target 
organs, 114A Analogous experiments are currently being conducted in adult rats 
following injury to cholinergic neurons of the basal forebrain, 
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ANATOMIC MECHANISMS 

WHEREBY GANGLIOSIDE 

TREATMENT INDUCES BRAIN 

REPAIR 

WHAT Do WE REALLY KNOW? 

BERNHARD A. SABEL 

ABSTRACT. Because exogenous gangliosides have repeatedly been demonstrated to reduce behav
ioral deficits following various types of brain injury. the anatomic alterations underlying this phe
nomenon are of particular interest. 

Biochemical and anatomic evidence has been taken to suggest that gangliosides stimulate axon 
sprouting after lesions in adult rodents. Although a time-dependent increase of transmitter levels and 
retrograde axonal transport are certainly consistent with such a possibility, the final proof is still 
outstanding. In developing animals, however, direct evidence for ganglioside-induced axon sprout
ing has very recently been obtained in the retinotectal system of the hamster. 

Because of a dissociation in the time course of axonal sprouting (about 14 days) and that of 
behavioral improvement (as little as 2 days post-lesion), mechanisms other than axonal sprouting 
may have to explain the behavioral findings. The possibility that gangliosides prevent secondary 
degenerative events is therefore proposed. Evidence for this hypothesis was obtained using bio
chemical assays of transmitter levels, uptake of transmitters or their precursors, evaluation of ante
rograde terminal degeneration, and retrograde morphological alterations. Similar to studies on 
sprouting, evidence for reduced secondary degeneration in adulthood is, in most studies, indirect. 
Again, more clear-cut alterations were observed in developing animals. 

In order to obtain direct evidence for ganglioside-induced sprouting or prevention of secondary 
degeneration in adulthood, it is recommended to abandon the exclusive use of transmitter assays. 
Structural neuroanatomic techniques should be helpful to obtain more definite answers in future 
studies. 

BERNHARD A. SABEL Institute of Medical Psychology, University of Munich, School of 
Medicine, 8000 Munich 2, Federal Republic of Germany. 
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1. INTRODUCTION 

Since the early days of neurology it was believed that the brain has no capacity 
for structural and functional repair after damage. Perhaps Ramon y Cajal contrib
uted to this early pessimistic view by stating, in 1928, "In adult centers, the 
nerve paths are something fixed and immutable; everything may die, nothing 
may regenerate. "37,p.750 In the last decade a new movement has emerged in the 
neurological sciences, and regeneration and recovery of function are now firmly 
established concepts. 14 

Research efforts are currently under way to understand the mechanisms 
involved in structural and functional brain repair and, more excitingly, to find 
means to manipulate these processes directly. 

It is probably fair to say that, among current experimental drug therapies, 
the administration of gangliosides is one of the easiest approaches to treating 
brain injury and has, so far, produced the most consistent behavioral benefits 
(see G. L. Dunbar and D. G. Stein, Chapter 10). Since the earlier behavioral 
studies on the effects of intraperitoneal injections of gangliosides, 39,41,44 my 
own research interest recently focused on the anatomic alterations that accom
pany ganglioside treatment after brain damage. 39,42 The aim of this chapter is to 
summarize these findings and those of others in order to elucidate the anatomic 
mechanism(s) whereby ganglioside administration improves behavioral perfor
mance following brain injury. 

The question of which mechanism(s) underlie any drug effect on brain 
repair may involve three levels of analysis. 

The first level of analysis addresses molecular mechanisms. Here, it is of 
interest to determine (1) the metabolic fate of the drug, (2) the cellular and 
subcellular localization of the drug or its metabolites, (3) molecular changes and 
interactions in the cellular membrane or plasma, and (4) the molecular cascade 
(i.e., second messengers) involved in the cellular phenotypic expression. 

The second level of analysis involves subcellular mechanisms, including 
compensatory changes in (1) receptor sensitivity, (2) axonal transport, (3) trans
mitter biosynthesis and release, and (4) changes in organelles, cytoskeletal orga
nization, etc. 

Finally, the third level of analysis includes cellular and supracellular mecha
nisms. Collectively, I refer to these as "anatomic" mechanisms, and they could 
include (1) morphological alterations of cells through atrophy, regeneration, 
sprouting, etc.; (2) the interaction of various cell types with one another (neurons 
versus glia); and (3) alterations of neuronal networks. The status of neuronal 
networks, i.e., the extent of functional connectivity, is of particular importance 
for understanding behavioral recovery. 

Figure 1 displays several of the anatomic (cellular/supracellular) mecha
nisms whereby brain repair can be achieved. In this simplistic model of brain 
damage let us assume that a brain system, consisting of nucleus A, nucleus B, 
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FIGURE 1. Simplified models of brain repair mechanisms. In part A the primary damage, indicated 
by a horizontal bar, transects a portion of the axons that connect neurons of nucleus A with those of 
nucleus B. The axotomy leads to anterograde as well as retrograde degeneration, with subsequent 
neuron death in nucleus A and partial deafferentation of nucleus B. Neurons that lost their function 
are indicated by open circles, whereas solid circles represent those neurons that still function prop
erly. Let us assume that a behavioral deficit occurs only if 50% or more neurons are defective in 
nucleus B. Parts B to D: In principle, restoration of function can be achieved by several means. Part 
B: Collateral sprouts (axon branches) may form and reinnervate the denervated postsynaptic cells. 
Part C: True regeneration is only rarely observed, but in this case the axotomized neuron would 
regrow a new axon, either directly through the lesion site or by growing around the lesion site. Part 
D: The efficiency of the spared system could be increased by denervation supersensitivity on the 
postsynaptic membrane. This would lead to a more potent response of the innervated cells (indicated 
by the arrows). Parts E and F: Another injury model could be proposed in which the primary damage 
is followed by secondary axonal and neuronal distruction. This secondary event could involve either 
real damage or temporary functional depression in areas near the primary lesion site. In this model, 
brain repair could be achieved by "reactivation" of the depressed neurons via increased axoplasmic 
flow, transmitter synthesis, etc. Some of the molecular events in F could be similar to those in D. 
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and the axonal connections from A to B, only functions properly when more than 
half of the postsynaptic cells respond to electrophysiological inputs. If a lesion 
disrupts half of the connections, leaving cells in nucleus B disconnected because 
of the primary damage (deafferentation), only half of the cells in nucleus B 
function properly; a behavioral deficit is apparent. 

Functional repair can be achieved by reactivating denervated postsynaptic 
cells. This can be accomplished through (1) sprouting of axon branches (Fig. lB) 
and (2) by increasing the response of postsynaptic cells via up-regulation of 
postsynaptic receptors (Fig. 10) or presynaptic transmitter synthesis/release and 
synaptic efficiency (see legend to Fig. 1 for details). 

An alternative injury model could also be postulated in which, in addition to 
the primary loss of connections, there is a temporary depression of neuronal and 
axonal integrity in the vicinity of the lesion (Fig. IE). This "depression" may be 
characterized by reduced metabolic activity, reduced axon transport, and reduced 
synthesis of macromolecules, transmitters, etc. In this case, functional restora
tion could be achieved by reactivation of cellular metabolism, axonal transport, 
transmitter release, etc. (Fig. IF). Compensation in Fig. 10 and Fig. IF may be 
similar. 

It is the totality of events on the molecular, subcellular, and anatomic levels 
that determines whether a system is functionally (behaviorally) intact or deficient 
after injury. 

Ganglioside administration has repeatedly been shown to improve behav
ioral performance after brain damage. It is the goal of the present chapter to 
discuss which anatomic mechanisms may be altered by ganglioside treatment and 
which of them may underlie the behavioral improvements seen after ganglioside 
administration. 

2. REGENERATION AND SPROUTING AFTER BRAIN 

INJURY 

Several investigators have proposed that exogenous gangliosides enhance 
central sprouting as the basis for behavioral recovery. 39,50,54 I examine the 
current evidence pertaining to the question of whether (1) gangliosides affect 
axonal growth, regeneration, or sprouting in the CNS and, (2) if so, whether the 
sprouting can mediate behavioral changes. 

2.1. GANGLIOSIDES IN DEVELOPMENT AND PERIPHERAL NERVE 

REGENERATION 

The discovery that exogenous gangliosides promote sprouting was first 
made in the peripheral nervous system and can be attributed to Ceccarelli and co
workers. 8 Although the gangliosides were used originally as a control substance 
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in another study, the results triggered a vigorous research effort in the early 
1980s on gangliosides and regeneration in the peripheral and central nervous 
system. 

In their study, Ceccarelli et al. 8 performed a pre- and postganglionic ana
stomosis of the superior cervical ganglion axons in cats. Following such surgery, 
regenerating axons reinnervate the ganglion or nictitating membrane smooth 
muscle. This regeneration leads to a partial recovery from paralysis by postoper
ative day 45. When treated with daily intraperitoneal (i.p.) injections of 50 
mg/kg of a ganglioside, the cats showed complete recovery, with normal func
tioning of the pupil and nictitating membrane. It was concluded that gangliosides 
enhance peripheral regeneration, which was substantiated by the demonstration 
of increased catecholaminergic fluorescence in the smooth muscle after postgan
glionic anastomosis. 

In the years following this historically important finding, evidence from 
other studies also pointed to a possible role of gangliosides in neuronal growth 
phenomena. In development, GM1 gangliosides are expressed on the cell surface 
of differentiating cells as well as on their growing axonal membranes. 53 Al
though their differential localization at certain stages of development does not 
necessarily imply a direct role of gangliosides in axon growth, an experiment 
performed by nature does suggest a direct modulatory role for gangliosides in 
neuronal growth. 

In GM1 gangliosidosis, the deficiency of the appropriate enzyme (~-galac
tosidase) leads to abnormally high levels of gangliosides in neuronal lyso
somes. 33 As a consequence, neurons in a variety of brain structures form mega
neurites that arise from the base of the ganglioside-laden neurons. These 
meganeurites form multiple neuritic growth processes, neurites, and spines, 
usually seen in earlier stages of development. Thus, the intracellular excess 
quantity of gangliosides appears to be causally linked to (abnormal) neuronal 
growth phenomena. 

2.2. SPROUTING IN ADULTHOOD 

Because exogenous gangliosides had been shown to enhance sprouting of 
peripheral nerves, Oderfeld-Nowak and co-workers30,54 thought it might be 
possible to find similar effects in the brain after hippocampal deafferentation. 
Since their first publication in 1981,30 a number of investigators have also 
attempted to obtain evidence for ganglioside-induced sprouting in adult animals 
after lesions in the cortex, the nigrostriatal system, and the spinal cord. Unless 
specifies otherwise, the ganglioside treatments used in these experiments were 
given systemically (either intraperitoneal or intramuscular, usually between 10 
and 50 mg/kg). As can be seen, the evidence that gangliosides enhance lesion
induced sprouting in adulthood is highly suggestive but nevertheless still 
indirect. 
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2.2.1. HIPPOCAMPUS 

In their initial experiment, Oderfeld-Nowak et al. 30 created electrocoagula
tion lesions of the medioventral septum. After such lesions, an initiaI4-day-long 
decrease in acetylcholinesterase (AChE) and choline acetyltransferase (ChAT) 
was evident in hippocampus, followed by a progressive recovery of enzyme 
levels from day 5 to day 21. It was assumed that the enzyme recovery reflects the 
growth of new axon branches originating from septal cholinergic fibers of the 
spared dorsal septum (intrasystem sprouting). 

With daily treatment with a ganglioside mixture, the initial decline in en
zyme levels was about the same for both lesion groups. However, at postopera
tive day 18 (PI8) and P50, ganglioside-treated animals had recovered signifi
cantly more cholinergic enzymes in hippocampus, and it was concluded that 
gangliosides facilitated reinnervation of the hippocampus by some, yet uniden
tified, cholinergic afferents. 

Similar effects were found when purified monosialoganglioside (GM I) was 
used. 29 After entorhinal cortex lesions, which destroy glutaminergic input to the 
hippocampus, GM1 elevated the AChE and ChAT activity in hippocampus regio 
inferior and dentate gyrus. Although this effect was only studied 3 weeks after 
the lesion, it was concluded that GM1 enhanced heterotypic sprouting of the 
septohippocampal pathway (29). The authors also reported a significant increase 
in enzyme activity by 6 days after lesions (P6). This rapid elevation of enzyme 
activity is also consistent with a sprouting hypothesis, but the GMl effect "may 
also be due to the influence on other mechanisms besides sprouting, such as 
enhancement of hyperactivity or enhancement of synaptic mechanisms in pre
synaptic nerve terminals or retardation of degeneration processes. "29,p.417 

Although most of the results indicate that gangliosides enhance sprouting, 
there is also one experiment indirectly demonstrating that gangliosides may 
suppress sprouting or not affect sprouting at all. Fass and Ramirez l3 made 
bilateral lesions of the entorhinal cortex and assessed AChE activity of the 
septodentate pathway histochemically. It was assumed that intensification of 
AChE staining in the denervated dentate gyrus would provide evidence for 
collateral sprouting. In untreated animals, an intial loss of AChE activity was 
followed by an intensification of AChE staining as early as P3, with a nearly 
linear increase until PIO. The intensity of AChE in the ganglioside group, how
ever, was significantly smaller at 3 days and 10 days post-lesion. If AChE 
activity is assumed to be an adequate measure of sprouting under treatment 
conditions, these findings would imply a ganglioside-induced early suppression 
of sprouting. 

Regardless of whether gangliosides enhance or suppress sprouting in the 
hippocampus, changes in enzyme levels may not necessarily reflect an effect of 
exogenous gangliosides on collateral axon sprouting unless several alternative 
explanations can be ruled out. 
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It is conceivable, for example, that axons spared by the lesion up-regulate 
their transmitter biosynthesis and release. Such a compensatory mechanism is 
well known to occur after partial nigrostriatallesions1 (see also F. Hefti and W. 
J. Weiner, Chapter 6). Thus, ganglioside-induced elevated enzyme levels may 
reflect increases in transmitter synthesis independent of sprouting. There are two 
pieces of evidence related to the cholinergic system suggesting that this might be 
the case. For example, when relatively high concentrations of gangliosides are 
added to a cholinergic cell line in vitro, they were found to elevate levels of 
choline acetyltransferase without promoting fiber outgrowth. 23 Furthermore, the 
rate of synthesis and release of ACh is enhanced in cortical slices taken from cats 
with gangliosidosis. 25 

It may also be possible that gangliosides alter enzyme activity per se. 
Earlier observations that gangliosides do not affect enzyme levels in intact tissue 
had been used to discount this hypothesis. However, ganglioside-treated normal 
animals are not the appropriate control, because ganglioside concentrations are 
probably lower in the unlesioned area, where the blood-brain barrier is not 
disrupted. In normal brain, only a very small amount of the substance passes 
through the blood-brain barrier.47 

Unless these two alternatives can be ruled out, the evidence is only "con
sistent" with the sprouting hypothesis but does not provide conclusive proof. 

2.2.2. NIGROSTRIATAL SYSTEM 

The nigrostriatal system is an attractive injury model because it lends itself 
to the investigation of correlations between reinnervation and behavioral perfor
mance. When the nigrostriatal pathway is severed unilaterally (either by hemi
transection or intranigral injections of the neurotoxin 6-hydroxydopamine, 6-
OHDA) , the resulting asymmetry in dopamine neurotransmission leads to a 
specific behavioral deficit: rats rotate in circles. This behavioral deficit is particu
larly pronounced after injections of dopaminergic agonists, and behavioral spar
ing (i .e., reduced initial deficit) or recovery (gradual return toward normal) can 
conveniently be monitored. 

The loss of dopaminergic innervation in the caudate nucleus after partial 
unilateral transections of the nigrostriatal pathway is evident by a 50% reduction 
in the V max of tyrosine hydroxylase (TH) activity and homovanillic acid (HV A) 
content on P8. 50 When animals are treated with purified monosialogangliosides 
(GM1 ), they show the same reduction of enzyme activity on P8. 50 Whereas on 
PI5, saline-treated controls still show only 50% TH activity, GM1-treated rats 
recover 80% of normal TH levels; because the increase in TH activity was further 
substantiated by immunofluorescence and by HV A analysis, it was concluded 
that GM1 injections increase central dopaminergic axon sprouting or regener
ation. 
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Unfortunately, this interpretation of the data is also subject to the criticisms 
that increased HV A and TH activity could reflect a compensatory increase in 
transmitter biosynthesis and release. This is not an unreasonable alternative 
explanation. A possible role of some surviving neurons in mediating the gang
lioside effect is supported by several findings: (1) GM1 reduces the loss of 
[3H]DA uptake in striatal synaptosomes in the first few days after a lesion, 
indicating that more terminals are present (did not degenerate?), and (2) GM! 

may also enhance cell survival in the substantia nigra (see Section 3). Regardless 
of these alternative interpretations, the current evidence is nevertheless equally 
consistent with the hypothesis that GM1 stimulates sprouting in the striatum after 
nigrostriatal hemitransections. However, conclusive proof for either or both 
hypotheses is still outstanding. 

In order to address this problem with a morphological rather than a bio
chemical method, we injected a retrograde tracing dye (HRP) into the stri
atum. 39.4! We reasoned that if GM1 enhances collateral sprouting, an increased 
number of retrogradely labeled neurons should be observed in substantia nigra 
pars reticulata (SNr) after hemitransections. As expected, the transection led to a 
significant loss of labeled neurons at P3, 25% of the normal number. At PI5, 
however, there were significantly more labeled neurons in SNr of GMt-treated 
animals (see Fig. 2). 

Although these findings strongly suggest that GM1 enhances reinnervation 
of the striatum, possibly via collateral sprouting, there is still the alternative 
explanation that soon after the lesion, axons may fail to transport HRP without 
being structurally destroyed. That gangliosides may facilitate axonal transport 
was indeed observed by Kalia et al. 26 However, in this study reestablishment of 
retrograde transport with ganglioside treatment was seen within 3 days after 
peroneal nerve crush. 

2.2.3. OTHER SYSTEMS 

The effects of gangliosides on sprouting and regeneration were also studied 
after lesions of the rat neocortex24 ,28 and spinal cord.4,21 

In order to create cerebral cortex lesions in adult rats, Kojima et al. 28 slowly 
infused 6-0HDA into cortex via an osmotic minipump. The degeneration of 
norepinephrine (NE)-containing terminals was clearly evident by fluorescence 
histochemistry and biochemical assays after 3 and 7 days. A recovery of NE 
levels in cortex rostral to the infusion site occurred within 5 weeks, paralleled by 
a reappearance of fluorescent NE nerve terminals. Although treatment with GMl 
had no effect on the initial degeneration (defined by biochemical means), a 
partial but significant elevation of NE was observed to result from the treatment 7 
days24 and 2 weeks28 after the lesion. This finding was interpreted as evidence 
for regrowth (regeneration or sprouting) of NE terminals. Similar to studies in 
the hippocampus and striatum, these results could also be interpreted as a GMl -
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FIGGRE 2. When the nigrostriatal pathway is partially damaged (the surviving axons and neurons 
are indicated by a solid line, part A), only the few surviving neurons in substantia nigra (SN) still 
maintain intact connections with the caudate nucleus (eN). Only these neurons are able to pick up 
and retrogradely transport HRP that had previously been injected into the caudate nucleus. Part B 
shows the result of counts of HRP-positive neurons in the SN. At 3 days post-lesion, only 25% of the 
normal number of neurons are stained in both treatment groups. At PI5, however, ganglioside
treated animals (solid bar) have significantly more labeled neurons in SN than saline controls (open 
bar). At P45, the number of cells has also increased in saline-treated animals. Part C: Examples of 
labeled neurons in SN on PI5 in animals treated (LGI5) or not treated (Ll5) with GM1 . (From Sabel 
et al. 39) 
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induced elevation of transmitter levels because of accelerated synthesis in struc
turally spared fibers. 

Studies in transected adult rat spinal cord revealed that when HRP was 
injected 10 mm below the transection, more retrogradely labeled cells were 
found in medulla oblongata of GMctreated rats.9 This restablishment of axonal 
transport could be interpreted in terms of either true regeneration across the cut or 
enhanced uptake and retrograde transport of HRP. In similar experiments,21 the 
spinal cord was hemisected, resulting in a loss of 5-HT below the transection and 
a bilateral loss of 5-HIAA, NE, and DA. The GM1 treatment apparently elevated 
5-HIAA and DOPAC above and below the lesion on both sides and 5-HT below 
the hemitransection. Again, no clear conclusions can be drawn from the exper
iment. 

2.3. SPROUTING IN DEVELOPMENT 

It is well known that sprouting and regeneration are more easily elicited in 
early stages of postnatal development. 46 When gangliosides are given early in 
life, there is indirect evidence that they enhance central regeneration or sprouting 
after neurotoxin lesions in neocortex24 and spinal cord. 18 Direct evidence for 
enhanced sprouting has very recently been reported in the kitten red nucleus 16,17 

and in the superior colliculus of golden hamsters. 42 

2.3.1. NEUROTOXIN LESIONS 

Systemic injections of 5, 7-HT (a serotonin neurotoxin) or 6-0HDA in neo
natal rats leads to the degeneration of distal nerve terminals in various structures 
of the CNS. Axons and terminals degenerate in cortex, hippocampus, spinal 
cord, etc., evident by a loss of 5-HT.24 Although the initial neurotoxin-induced 
loss of transmitter activity was not affected by GMI treatment, GMI partially 
restored serotonin levels in cortex24 and perhaps in spinal cord. 18 This elevation 
of transmitter levels can be considered indirect evidence for GM I-enhanced 
sprouting in development. 

2.3.2. RED NUCLEUS 

Electrophysiological evidence for ganglioside-induced sprouting at later 
stages of development was obtained by Tsukahara and co-workers. 16,17 Large 
neocortical ablations were made in kittens of various ages, and the probability of 
occurence of EPSPs in the red nucleus was determined following stimulation of 
contralateral cerebral cortex. 

After large neocortical lesions, a loss of slow-rising postsynaptic potentials 
(EPSPs) on red nucleus neurons was observed, indicating a loss of cortical 
afferents on distal dendrites. When decortication was performed within the first 
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150 days of life, slow-rising EPSPs reappeared, indicative of sprouting of 
crossed corticorubral fibers onto distal dendrites. When kittens received lesions 
at 70-140 days of age, the probability of recording EPSPs in the red nucleus 
following contralateral cortex stimulation was about 20%. Ten daily injections of 
a crude ganglioside mixture into a gelatin sponge that was inserted into the lesion 
cavity increased the response probability to about 65% when kittens were tested 
more than 3 weeks later. Therefore, "ganglioside application appears to have a 
facilitatory effect on sprouting and fonnation of functional synapses" in the red 
nucleus. 16,p.45 

2.3.3. VISUAL SYSTEM 

Most recently, I obtained direct anatomic evidence for ganglioside-en
hanced sprouting in the developing hamster visual system. 42,43 

When early lesions of the right superior colliculus (rSC) are made on 
postnatal day 1 (Pnl) , retinofugal fibers, which nonnally innervate the rSC, 

lett Right 

Pn9 

NORMAL LESION LESION. GM, 

FIGURE 3. Left panel: In the subcortical visual system of the hamster, the optic tract from the left 
eye crosses the midline and innervates various structures on the right side, among them the ventral 
lateral geniculate nucleus of the thalamus (LOv), several pretectal nuclei (PT), and the superior 
colliculus (rSC). Middle panel: When the right superior colliculus is removed (indicated by the 
dashed line) on postnatal day one (Pnl), an abnormal neuronal circuit forms with dense terminal 
fields (indicated by the solid area) in LOv and LP (lateral posterior nucleus of the thalamus, normally 
not innervated by the optic tract) and with an abnormal decussation to the left tectum. Here, the optic 
tract innervates tissue near the midline (the hatched area). This abnormal left tectal innervation can be 
induced to sprout over larger areas (dotted area) when competing axons from the right eye are 
removed on Pn9. Right panel: When hamsters are treated with OM) gangliosides, this sprouting 
response is significantly enhanced without reducing the abnormal innervation fields located more 
proximal to the retinal ganglion cells (LOv, LP). 
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grow abnormally to the left tectum and terminate in areas near the midline46 (see 
also Fig. 3). Axons of the abnormal terminal field and those from the right eye 
segregate, and a sharp border between the terminal fields of both eyes is formed 
in the same tectum. When the right eye is removed, the abnormally formed 
terminal field from the left eye sprouts over a larger area of the left tectum. This 
sprouting response is most vigorous at birth or shortly thereafter and gradually 
diminishes until Pn14, when sprouting is no longer observed.46 

In order to test for possible sprouting enhancement by GM1 , we induced 
sprouting on Pn9 (a stage of intermediate growth vigor) by right eye removal and 
injected GM1 intraperitoneally every day for 3 weeks. In order to trace and 
quantify the retinofugal pathway from the left eye, the left eye was removed, 
and, after 3 days, the brain was processed for degenerating axons and axon 
terminals with the Fink-Heimer procedure. If GM1 had a stimulatory effect on 
sprouting, we would expect to see a larger and/or denser termination field in the 
left tectum. 

CONTROL 

A 

B 

FIl;tJRE 4. This graph shows typical examples of terminal field reconstructions. Part A is a low
magnification drawing of a coronal section through the mesencephalon, showing the position of the 
tectum. The dashed line indicates where the tectal surface of a normal brain, without an early lesion. 
would be. The area in the box represents the medial aspect of the left tectum, which, in greater 
magnification, is shown as a series of consecutive sections in parts B, C, and D. To visualize the 
retinofugal projections to these areas, the left eye was removed, and degenerating terminal fields 
were stained (part B). These were then quantified by tracing them on paper with the aid of a drawing 
tube attached to a light microscope, using a lOx objective. The size of the degenerating terminal 
fields of different densities (which were rated light, moderate, or heavy) were then measured with 
computer aid. A typical control case (i.e., closest to the group mean) is shown in C, and part D shows 
a typical case (defined likewise) with OMI treatment. Note the larger size and greater density of the 
terminal field and the more extensive lateral spread in the OM! case. 



GANGLIOSIDE TREATMENT FOR BRAIN REPAIR 179 

SIZE OF DENSE TERMINRL FIELDS 

5000 

4000 
CD 
II 
L 

a: 
~ 

0 
3000 

II 
N 

VI 
2000 

1000 

lSC LGv LP DTN PT rSC 

FIGURE 5. Mean and S.E.M. of the areas of heavy degeneration in the various brain structures 
innervated by the optic tract. Animals were either treated (shaded bars) or not treated (open bars) with 
OM I· Significant differences were only seen in the left Sc. Abbreviations are explained in legend to 
Fig. 3. 

The quantification of the left tectal tenninal field involved (I) the area 
measurement of the retinotectal tenninal field and (2) the rating of termination 
density as light, moderate, or heavy with subsequent light microscopic counting 
of silver grains in representative areas (at 100 x , oil immersion; see Fig. 4). 

The total size of the tenninal field in the left tectum was twice as large in 
0M!-treated animals as in controls; this increased the number of grains from 3.2 
million in controls to 7.9 million in 0M!-treated hamsters. Because silver grains 
represent axon branches and tenninals, this finding directly demonstrates that the 
GM! increases axon sprouting in developing hamsters (Fig. 5). 

We also quantified the size of diencephalic tenninal fields in the right 
hemisphere. These are structures nonnally innervated by the left eye, such as the 
dorsal and ventral lateral geniculate nuclei of the thalamus (LOd and LOv), 
several pretectal nuclei (PT), and spared tissue of the damaged superior col
liculus (rSC). Tenninal fields in these structures as well as in an abnormally 
innervated nucleus (the lateral posterior nucleus of the thalamus, LP) were not 
affected in their size by the OM! treatment. Thus, OM! initiates outgrowth only 
in areas that have recently been deafferented (as was the case in the left tectum, 
where deafferentation was achieved by right eye removal). Our data provide the 
first in vivo evidence for the earlier in vitro findingll that 0MI fails to initiate 
neurite sprouting. Rather, OM! potentiates an ongoing sprouting response. 

Two other studies are also worth mentioning in which the interaction of 
developing tissue with adult tissue was studied. When fetal mesencephalic tissue 
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was grafted into the ventricles 4 weeks after caudate nucleus deafferentation in 
rats,15 there was clear penetration of catecholaminergic fibers over a distance of 
0.5 to 1 mm into the host brain, but GMI treatment was without effect. Although 
it is possible that gangliosides may not be able to overcome the endogenous 
limitations for axon elongation, it is also conceivable that implantation was 
performed too late. At 4 weeks after denervation, levels of neuronotrophic sub
stances in the host brain may not be sufficient (see M. Nieto-Sampedro, Chapter 
15). 

Relatively low levels of neuronotrophic factors are also encountered imme
diately (several hours) after the lesion. It is therefore not surprising that when 
fetal locus coeruleus tissue is implanted in the spinal cord at this time, tissue 
survival and process outgrowth are not influenced by GMI .9 

2.4. CONCLUSIONS ON SPROUTING 

Currently, the two most important questions are (l) do exogenous gang
liosides promote central sprouting, and (2) does the sprouting mediate behavioral 
changes? The information available today allows several tentative conclusions. 

The data are consistent with the hypothesis that exogenous gangliosides 
enhance reinnervation after various types of lesion in adulthood. This conclusion 
is based on the observation of a time-dependent elevation of transmitter levels 
and their metabolites50.54 and an increased retrograde cell labeling. 39,41 This 
evidence in adult animals, however, can not yet be considered conclusive proof 
and does not provide evidence as to whether reinnervation is through collateral 
sprouting or true regeneration. The possibility that gangliosides increase trans
mitter levels, enzyme activity, and/or axonal transport independent of sprouting 
has not yet been ruled out as an alternative explanation. Clearly, direct evidence 
is needed to obtain a firm demonstration of ganglioside-induced sprouting in 
adulthood. Additional studies using electron microscopy and/or anterograde ax
onal transport techniques may be required to accomplish this. 

At least for certain brain systems, ganglioside-enhanced biochemical recov
ery depends on the nature of the lesion. When lesions are total, without sparing 
any significant number ofaxons, there is no GMI effect l2 ,49 (see also G. L. 
Dunbar and D. G. Stein, Chapter 10). This underscores the significance of the 
spared fibers in the recovery process of a partially damaged system. 

In development, however, direct evidence for ganglioside-enhanced sprout
ing has been obtained in the red nucleus and in the hamster visual system. 
Although gangliosides are potent stimulators of an ongoing sprouting response, 
they seem to be unable to initiate outgrowth by themselves. Rather, they potenti
ate the spontaneous outgrowth that occurs after degeneration in the target tissue. 
Whether this growth of distal sprouts occurs at the expense of sprouts more 
proximal to the soma (i.e., a "reversal" of pruning) is presently unclear. 

On the surface, regeneration and sprouting are intuitively attractive mecha-
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nisms that could be responsible for brain repair. Unfortunately, behavioral corre
lates of sprouting (i.e., recovery of function) have been exceedingly difficult to 
obtain and have been subjected to various criticisms. 36 

In any case, if ganglioside-induced sprouting is the cellular mechanism 
whereby gangliosides stimulate behavioral improvement after injury, a gradual 
behavioral improvement would be expected to parallel the time course of axon 
outgrowth. Clearly, this has never been observed. Rather, ganglioside admin
istrations result in behavioral sparing (reducing the initial deficit), which can not 
easily be explained by sprouting. Therefore, the behavioral improvement in
duced by gangliosides following brain lesions must be caused by the reduction of 
some deteriorative events that happen soon after the brain injury. It is possible 
that sprouting does contribute to behavioral performance at later time points, but 
this is still unknown. 

3. PREVENTING SECONDARY DEGENERATION AF1'ER BRAIN 

INJURY 

If sprouting is not the anatomic substrate for the behavioral effects of 
exogenous gangliosides, we need to focus our attention instead on early second
ary events soon after brain injury. 

For the purpose of this discussion, early "secondary deteriorative events" 
are definded as those cellular and subcellular events that occur within hours or 
several days after injury and are not the direct consequence of the primary insult. 
They include retrograde cell atrophy and degeneration, anterograde degenera
tion, edema (see S. E. Karpiak et ai., Chapter 11), and subcellular perturbation 
(changes in ion equilibrium, lipid peroxidation, etc.). 

These secondary events are important because they are reasonable targets 
for pharmacological agents such as gangliosides. Indeed, in the last several years 
reports of gangliosides' ability to reduce secondary deteriorative events in 
adulthood and in developing animals following injury to different neuronal sys
tems have appeared. 

3.1. DEGENERATION IN ADULTHOOD 

3.1.1. CHOLINERGIC SYSTEMS 

When the magnocellular nuclei (MFN) are damaged, high-affinity choline 
uptake (HACU) and choline acetyltransferase (ChAT) fall to 40-50% of normal 
in ipsilateral frontal cortex within 4 days.32 Because HACU is a presynaptic 
marker, the loss probably reflects cholinergic terminal degeneration. A subse
quent increase in HACU occurs until postoperative day 20. This increase may 
indicate an elevation of the metabolic and firing activity of residual cholinergic 
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neurons,32 since increased ACh release depends on choline availability through 
the HACU system. 

When gangliosides are given after a lesion of MFN, there is no significant 
loss of HACU in the ipsilateral frontal cortex at P4 as compared to a 38% loss in 
lesion controls. 3l In addition, GMl significantly increased HACU in the con
tralateral cortex to above-normal levels, also not found in saline controls. Be
cause of the spontaneous recovery of HACU in lesion controls at later time 
points, there were no longer any differences at P 10 and P20. 

This rapid time course of HACU restoration can not be explained by collat
eral sprouting. Instead, it may indicate either (1) prevention of terminal degener
ation by GM 1 or (2) a rapid increase in activity of residual neurons within 4 days 
post-lesion. 

There is no spontaneous recovery of ChAT activity within 20 days after the 
lesion in untreated animals. When animals were treated with GMl for 20 days. 
the fall of ChAT in ipsilateral frontoparietal cortex was not affected, but signifi· 
cantly more ChAT was observed in other areas of neocortex (45% increase).7 
However, because no time course was obtained for this measure, the ChAT 
increase could be indicative of sprouting or of increased activity of cholinergic 
neurons that were better able to survive the lesion because of GMJ treatment 
Because an active avoidance response deficit after the MFN lesion was already 
significantly smaller on P4,7 and because cortical ACh appears to be involved in 
the control of active avoidance performance, it is possible that differences in 
ChAT activity between GM I-treated animals and lesion controls appear shortly 
(within hours or days) after the lesion. If this is so, the primary action of the GMI 
would be a maintenance of the number of cholinergic connections, probably via a 
reduction of secondary degeneration of cholinergic neurons in MFN. 

Recently, evidence has been obtained JO that is in agreement with such a 
hypothesis. When unilateral cortical damage was inflicted in 30-day-old rats, 
GMJ prevented retrograde soma shrinkage and denritic loss in the basal nucleus, 
evident after a 30-day treatment with daily GMl injections. Again, no time 
course was obtained, and it is therefore not possible to judge from the data 
whether there was an initial shrinkage soon after the lesion that was later reversed 
by GMl or whether GMl prevented the shrinkage. 

Another cholinergic system, the septohippocampal pathway, has also been 
investigated. Partial lesions of the dorsal hippocampal afferents lead to partial 
loss of cholinergic (and serotoninergic) enzymes in hippocampus. 20 When the 
lesion encroached on dorsal aspects of the septum, the loss of AChE and ChAT 
was about 50 and 70%, respectively. If the lesion was restricted to areas above 
the septum, cholinergic deafferentation was less severe as indicated by a loss of 
only 15% and 25% of AChE and ChAT, respectively. In the case with the more 
severe lesion, GMl reduced the loss of both AChE and ChAT activity compared 
to lesioned controls. When the lesion was less severe, however, this GMl effect 
was not observed. 
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These data suggest a tight correlation between the amount of degeneration 
and the facilitating effects of GM I. They also suggest that if the lesion placement 
varies slightly, the GMI facilitation may be either profound or null (similar effects 
in the nigrostriatal system were found using behavioral assays; see ref. 12). 

3.1.2. NIGROSTRIATAL SYSTEM 

Following partial hemitransection of the nigrostriatal pathway, TH activity 
in substantia nigra (SN) drops to about 50% of control levels by P14. In animals 
with GMI injections, there is only a 20% loss of TH activity.51 Because a 
semiquanitative analysis of immunocytochemical material revealed similar find
ings, it was concluded that GMI enhanced cell survival in SN. Unfortunately, 
both the measurement of TH activity and that of immunoreactivity use dopamine 
levels as an indicator of cell number. Therefore, an alternative interpretation of 
these data is possible, namely, that GM1 increased transmitter synthesis in sur
viving neurons. 

Two observations are consistent with such a hypothesis. First, close inspec
tion of recent findings 19 of increased DA utilization per neuron after GMt treat
ment indicates that an increased synthesis may fully account for elevated TH 
activity in SN. Dopamine synthesis per neuron seems to be increased to above 
normal levels in GM1-treated animals. Secondly, an increase in relative amount 
of TH immunoreactivity in cells located more rostrally in SN was observed after 
hemitransection. This DA increase was significantly more pronounced after GM I 
treatment. 3 Because no such effect was seen more caudally, increased optical 
density of TH activity in caudal SNc in GMt-treated animals was interpreted as 
enhanced cell survival. Thus, the possibility exists that cell loss is little, if at all, 
affected by GM1 but that GM1 elevates the compensatory up-regulation of trans
mitter synthesis (see discussion above). A purported increase in the "length" of 
nigral dendrites5t may also be the result of the same compensatory mechanism. 

Whatever the true event may be, GMt enhances either cell survival or 
compensatory transmitter synthesis in surviving neurons. Although we cannot 
reach a firm conclusion yet, both mechanisms could account for the reduction of 
behavioral deficits after partial brain lesions and would result in the maintenance 
of spontaneous electrophysiological activity. 48 This interpretation would also 
explain why behavioral deficits after total lesions cannot be reduced by GM t 
treatment. 12 Future studies should make use of techniques that can differentiate 
between cell number and levels of transmitters. 

To understand the behavioral impairments after brain damage, it is also 
important to recognize that such deficits are not only the result of the loss of the 
damaged structure itself but are also caused by the deafferentation of target 
structures. If gangliosides do, in fact, reduce cell death, behavioral benefits can 
only be expected when the structural integrity of the neuronal connections is 
maintained. 
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In order to address the issue of whether gangliosides maintain the integrity 
of axonal connections, we directly quantified the extent of anterograde degenera
tion using the Fink-Heimer method. 38 Following hemitransections of the 
nigrostriatal pathway in the left hemisphere and a caudate nucleus lesion in the 
right hemisphere, we quantified the extent of anterograde degeneration in sub
stantia nigra pars reticulata 7 days following the lesion (Fig. 6). Animals treated 
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FIGURE 6. Part A: When rats receive lesions of the caudate nucleus (eN) (as shown here in a 
coronal brain section), anterograde degeneration can be visualized in substantia nigra pars reticulata 
(SNr, part B) and can be rated to be absent, light (dotted area), or heavy (solid area). Part C: 
Ganglioside-treated rats show significantly smaller total areas of degeneration and smaller areas of 
heavy terminal degeneration. (From Sabel et al. 38) 
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with GMI had significantly smaller areas of degeneration on the side with the 
caudate lesion than saline-treated controls with comparable lesions. No signifi
cant differences were seen on the side with the hemitransection. Thus, GMI 

treatment was effective in maintaining neuronal connectivity after caudate le
sions. This may be the result of either prevention of secondary cell death or axon 
protection in areas surrounding the lesion. 

In contrast to our failure to find differences in anterograde degeneration 
after hemitransections, Raiteri et al. 34 observed at P5 a less severe reduction of 
[3H]dopamine uptake in striatal synaptosomes in animals that were treated with a 
GMI derivative. Although this biochemical finding may also be interpreted in 
terms of increased function of spared terminals, taken together with our anatomic 
data it may be concluded that GMI exerts some "protective" action (preventing 
degeneration) on neurons and their axons after lesions in the nigrostriatal system. 

3.1.3. OTHER LESIONS 

We have recently performed unilateral aspirations of the posterior half of 
neocortex in adult hamsters and have examined retrograde changes in the dorsal 
lateral geniculate nucleus (LGd) of the thalamus (B. A. Sabel, J. Gottlieb, and 
G. E. Schneider, unpublished data). Either 4 weeks or 8 weeks following the 
lesion, LGd had collapsed in size to about 45% of the opposite, nonlesioned 
hemisphere. Daily GMI injections given during the entire survival time did not 
prevent the retrograde degenerative events in adult hamsters. Our finding is in 
agreement with those of Dunbar et aI., 12 who could not observe effects of G M I 

on reducing neuron loss in LGd after the same type of lesion in adult rats. 

3.2. DEGENERATION IN DEVELOPMENT 

Neuronal reaction to distal injury is an age-dependent event. In early stages 
of development, cell death as a result of retrograde or transsynaptic degeneration 
is very rapid. With increasing age, however, the neuron is better able to survive 
the injury, although it does show signs of atrophy, i.e., shrinkage and chro
matolysis. This age-dependent reaction to injury may be the consequence of 
growing independence of developing neurons from trophic factors in the target 
field. Thus, neuronal death in development is not only the direct consequence of 
injury but also the result of lack of trophic support from the target field. In 
contrast, adult neurons have the capability to store these trophic substances. 

If developing neurons are particularly dependent on trophic factors, the 
influence of GMI on degeneration in development seems to be of particular 
interest. 

In our study of sprouting of the optic tract axons described above,43 we 
removed the right superior colliculus on the day after birth (Pnl). In addition to 
the assessment of the optic tract sprouting, we evaluated the size of the early 
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tectallesion without prior knowledge of the group identity. Although the GM1 

treatment was not started until Pn9, treated animals had significantly smaller 
right tectallesions than controls and had less damage in left tectal tissue located 
close to the midline (Fig. 7). It thus seemed as if lesions inflicted early in life 
grew larger over time and that this deterioration was prevented even with delayed 
GM1 treatment. 

To assess the time course and possible effects of GM1 in another develop
mental lesion paradigm, we have studied retrograde degeneration of the lateral 
geniculate after neocortex lesion in developing animals as described above (B. 
A. Sabel, 1. Gottlieb, and G. E. Schneider, unpublished data). At postnatal day 
14, the posterior half of the right neocortex was removed in hamsters, and the 
size of LGd determined I or 3 weeks later. If gangliosides prevent retrograde 
degenerative events such as atrophy and cell death, a lesion-induced shrinkage of 
LGd should be less severe . 

One week after the lesion, control and GM1-treated hamsters had compara-

A 

EXTENT OF TECTAL DAMAGE 
40 

36 
o Control 

c 32 ~ G a MI 

B .. 28 

• 24 ...J - 20 
a 

• 16 
N 

12 
tn 

8 

4 

",lId:.1 

ISC rSC 

FIGURE 7. We made heat lesions of the right superior colliculus (rSC) in hamsters on postnatal day 
I (Pnl). At Pn9, a 3-week-Iong treatment with GM1 was begun. Part A shows the estimated area of 
the lesion in the left and right tectum (striated area). The quantitative analysis for both treatment 
groups is shown in part B. Treated hamsters were found to have less damage in medial tissue of the 
left tectum, and the right tectal damage was also significantly less severe. 
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ble shrinkage of about 58% (compared to the intact left hemisphere). At 3 weeks 
post-lesion, the difference was even larger in controls (73%) but remained the 
same for the GMt-treated animals (59%), which now had a significantly larger 
volume in the right LGd than saline-injected controls (P < .03). 

The two studies therefore provide evidence that GM1 treatment prevents 
secondary degenerative events (e.g., retrograde cell death) after lesions in devel
oping hamsters. 

Along these lines a recent finding by Carmignoto et al. 6 is noteworthy. As 
previously demonstrated, monocular deprivation in kittens at Pn35 results in a 
shift of ocular dominance in favor of the normal eye in neurons of visual cortex, 
evident by a loss of cells that can be excited by stimulation of the deprived eye. 
However, as Carmignoto et al. 6 showed, when GM1 is given systemically, the 
ocular dominance shift following monocular deprivation is partially coun
teracted. Here, GM1 may have reduced the withdrawal of deprived eye connec
tions. 

4. OTHER MECHANISMS 

Although collateral sprouting and secondary degeneration have been the 
topic of most studies on exogenous gangliosides, there are other mechanisms of 
action whereby exogenous gangliosides may induce brain repair. These are (I) 
denervation-induced sensitivity alterations of postsynaptic receptors and (2) syn
aptic efficiency. 

4.1. DENERV ATION SUPERSENSITIVITY 

When input to a structure is lost, the postsynaptic membranes compensate 
for the loss of transmitter by increasing the number or affinity of the receptors. 
There is no clear-cut a priori hypothesis whether exogenous gangliosides would 
increase or decrease the denervation supersensitivity. Although gangliosides 
have been shown to increase receptor function,22 it is equally possible that 
enhanced sprouting or reduced loss of input would maintain the status of the 
postsynaptic membrane; i.e., gangliosides would prevent denervation supersen
sitivity. In a sense, prevention of supersensitivity would be an epiphenomenon of 
reduced denervation. The current evidence supports the latter possibility. 

It has been observed, for example, that GMt-treated cats in which pre- and 
postganglionic anastomosis has been performed do not show the expected super
sensitivity of the nictitating membrane to i. v. injections of epinephrine. 8 In the 
CNS, a similar observation was made. 2 Here, GMt-treated animals did not show 
as severe an increase in PH]spiperone and [3H]NPA binding in the striatum after 
hemitransection as did controls. 
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4.2. SYNAPTIC EFFICIENCY 

Gangliosides may also alter the synaptic efficiency of the neurons spared 
after a partial lesion. When hippocampal slices were enriched with GM1 by 
incubating them in neuraminidase or GM1 , 52 a potentiated synaptic response was 
recorded from the pyramidal layer after stimulation of Schaffer collateral-com
missural fibers. Obviously, it would be of interest to determine whether these or 
similar events are also operative in spared synapses following partial brain 
lesions. 

5. DISCUSSION 

From the behavioral studies it is clear that ganglioside treatment reduces 
deficits following brain damage.4o What are the anatomic events underlying this 
phenomenon? Careful consideration of the current evidence, both biochemical 
and anatomic, allows us to reach several tentative conclusions. 

Conclusion 1: Gangliosides enhance axonal sprouting in developing ani
mals. but direct proof in mature animals has yet to be demonstrated. Among the 
anatomic changes, enhanced reinnervation of the target structure by regeneration 
or sprouting has been assumed to be the main cause for gangliosides' behavioral 
effects. Although direct evidence for axonal sprouting has been obtained in the 
developing hamster tectum and in the red nucleus of kittens, such evidence in 
adulthood is still outstanding. Since the enhanced recovery of transmitter levels 
and their enzymes as well as retrograde transport after lesions in adulthood 
follow the typical time course (see Fig. 8, parts A and B), the data are consistent 
with the sprouting hypothesis. However, studies using electron microscopy and 
autoradiography are needed to provide conclusive evidence for ganglioside-en
hanced sprouting in mature animals. 

Conclusion 2: The indirect evidence for sprouting in adulthood can be 
interpreted in an alternative way. If the delayed elevation of transmitter levels 
and axonal transport do not indicate sprouting, what do they indicate? An alter
native interpretation of these findings could be as follows. It is conceivable that 
gangliosides elevate transmitter biosynthesis and release and enhance retrograde 
axonal transport without affecting sprouting at later postiesion stages. In this 
case, one has to consider the fact that analyses of axonal transport and transmitter 
levels are always performed in the structure as a whole. Thus, the compensation 
could be achieved in two ways: (1) either transport and transmitter rate increases 
per spared neuron (both treatment groups would than be assumed to have the 
same number of neurons and axons) or (2) gangliosides would reduce a second
ary loss of neurons and their axons. These neurons would, at a later point, 
increase axonal transport and transmitter synthesis. 

The observation of a ganglioside-induced maintenance of presynaptic ele-
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1. FUN(TlONAl PARAMETERS 

A. TRANSMITTER LEVEL 8. RETROGRADE AXONAL 
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FIGURE 8. The "structural-functional par
adox." The graphs are redrawn from various 
studies of the nigrostriatal system (A, 
Toffano et al. 48 ; B, Sabel et a[.39; C, 
Toffano et al. 48; D, Sabel et al. 38). Note that 
different scales have been used for easier 
comparibility between the studies. When 
"functional" parameters are used (levels of 
transmftter enzymes, part A, or retrograde 
axonal transport, part B), exogenous gang
liosides (solid bars) do not have an effect 
soon after the lesion (P3 or P5) but signifi
cantly increase these parameters at a later 
point (PI5) compared to controls (open bar). 
These findings have generally been in
terpreted in terms of enhanced sprout
ing/ regeneration by GM 1 . When .. struc
tural" parameters are used, which indicate 
the status of presynaptic elements (termi
nals), GM1-treated animals show reduced 
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loss of transmitter uptake (part C) or reduced anterograde degeneration soon after the lesion (note that 
the scale in part D has been inverted; i.e., a larger bar indicates more intact terminals or less 
anterograde degeneration). 

ments38 ,49 tends to support the latter possibility, although this prevention of 
secondary degeneration is observed soon after the lesion (P4 to P7), well in 
advance of transmitter or transport recovery (PI4 to PI8). This discrepancy 
between the time course of transmitter and axonal transport elevation (functional 
markers) and that of reduced loss of presynaptic (structural) markers is a "struc
tural-functional paradox" (see Fig. 8). However, this "structural-functional 
paradox" could be reconciled in a speCUlative spirit: it is conceivable that gang
lioside treatment leads to a sparing of neurons and axons soon after the lesion, 
but a reduction of transmitter synthesis and axonal transport takes place nev
ertheless. Because of the enhanced survival, neurons are (at a later point) able to 
recover their axonal transport and transmitter production. These hypothetical 
"ghost neurons" would remain structurally intact after the lesion but func
tionally impaired, and they would die if not saved by some endogenous or 
exogenous trophic substance(s) (secondary degeneration; see Fig. 1). 

Conclusion 3: Sprouting is not the anatomic basis of ganglioside-induced 
behavioral improvement. In any event, if the increased recovery of biochemical 
an anatomic parameters is indeed an expression of sprouting, the time course of 
this sprouting (within 14-18 days post-lesion) is not the same as that of behav-
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ioral improvement (as early as P2). This dissociation suggests that ganglioside
enhanced sprouting cannot account for the behavioral improvement. Instead, 
early events after the lesion are more likely to form the basis of behavioral 
sparing35 (see also G. L. Dunbar and D. G. Stein, Chapter 10). 

Conclusion 4: Gangliosides reduce secondary degenerative events. It has 
been suggested that gangliosides reduce retrograde cell death. 51 However, direct 
cell counts have not been obtained so far, and it is difficult to conceive how 
neurons saved from death and still disconnected from their target might contrib
ute to behavior. Our recent finding is therefore of interest: we observed less 
anterograde degeneration in substantia nigra following caudate nucleus lesions 
when rats were treated with GMI .38 This seems to be a more useful anatomic 
measure of degeneration, for it expresses the extent of remaining connectivity 
that could be responsible for behavioral improvement. 

Apparently, in developing brains, secondary degeneration following lesions 
can be effectively reduced with ganglioside treatment. Cortical as well as tectal 
lesions result in less secondary damage in hamsters treated with G M1 . 

Although enhanced synaptic efficiency is a possible alternative mechanism. 
I favor the conclusion that ganglioside-induced behavioral sparing I3 ,27AIAR.5o 
results from the prevention of secondary degenerative events in a partially 
damaged system. This conclusion is also in agreement with the observation that 
GM 1 promotes behavioral improvement only when lesions are partial and not 
when they are total. 12 Because these neurons are already committed to the 
function impaired by the lesion, their salvation by drug treatment appears to be 
the most fruitful approach.45 

Gangliosides are, however, unable to counteract the primary degenerative 
events of neurotoxins both in development24 and in adulthood. 49 The disruption 
of the blood-brain barrier, as it occurs following mechanical lesions, may be a 
necessary condition. 

A purported reduction in denervation supersensitivity is probably an epi
phenomenon of (1) enhanced cell survival, (2) reinnervation of the denervated 
structure, or (3) higher rates of transmitter release. 

Conclusion 5: The specificity of gangliosides' action in vivo is not yet 
known. At the appropriate dose, purified GMI gangliosides and the ganglioside 
mixture are equally effective in reducing behavioral deficits in brain-damaged 
animals. With the exception of tissue culture work,5 the issue of treatment 
specificity (the question of which gangliosides are most effective, which portion 
of the molecule is necessary for the effects, etc.) has not yet been addressed. 

6. RECOMMENDATIONS FOR FUTURE RESEARCH 

There is much indirect evidence for gangliosides' ability to reduce second
ary degenerative events and to enhance axon sprouting in adult animals following 
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brain damage. Studies should now be performed to address these issues with 
techniques that are not prone to alternative interpretations. Perhaps the exclusive 
use of transmitter assays should be abandoned in favor of structural, neu
roanatomic techniques. 

The possible correlation of a reduction of secondary degenerative events by 
gangliosides with enhanced behavioral sparing also remains a great challenge for 
future investigations. Here, we ought to search for anatomic alterations that are 
behaviorally more meaningful than are reduced retrograde degeneration follow
ing axotomy. A disconnected neuron, even if saved from dying, can not be 
expected to contribute significantly to behavioral recovery. 

We now need less experimental "phenomena" but more definite answers. 
This should improve our understanding of the repair-enhancing effects of ex
ogenous gangliosides in animals with brain injury and eventually lead to the use 
of gangliosides in future neurology. 

Having accomplished these ambitious goals, perhaps we ought to modify 
Ramon y Cajal's statement to say that "not everything may die, and something 
may regenerate." 
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ABSTRACT. In the first part of this chapter, we review studies that have focused on the effectivenes.s 
of ganglioside treatments for reducing behavioral deficits following brain damage. Our review 
indicates that gangliosides are an effective treatment following a variety of injuries to structures and 
pathways of the septohippocampal system, the cerebral cortex, and the nigrostriatal system. AI· 
though the underlying mechanism of this ganglioside-induced behavioral recovery is still not under
stood, the observation, in most of these studies, of its early onset indicates that gangliosides are 
promoting functional recovery by means other than the facilitation of neuronal sprouting. 

In the second part of this chapter, we present recent data comparing GMt gangliosides, its inner 
ester, AGF2, and d-amphetamine for their efficacy in promoting functional recovery following 
bilateral damage to the caudate nucleus. While all of these treatments reduced the behavioral impair
ments caused by the injury, the intermediate dose (20 mg/kg) of AGF2 was the most effective. Since 
the behavioral recovery was rapid, and since there was no histological evidence of a ganglioside
enhancement of neuronal sprouting or neuronal survival, we suggest that gangliosides may promote 
recovery by affecting beneficial biochemical or metabolic changes, rather than inducing mor
phological restructuring. 

We conclude this chapter by discussing possible explanations of why gangliosides are 
therapeutically effective in some situations but not in others. In this context, our analyses are focused 
primarily on the types of injury, the timing of treatment, and the behavioral parameters that are 
examined. We believe that a better understanding of how these variables interact can provide further 
insight into how gangliosides work, and ultimately will lead to the most efficacious use of gang
liosides as a pharmacological treatment for brain damage. 

GARY L. DUNBAR AND DONALD G. STEIN Brain Research Laboratory, Department 
of Psychology, Clark University, Worcester, Massachusetts 01610. Present address of 
G.L.D.: Department of Psychology, Central Michigan University, Mt. Pleasant, Michigan 48852. 
Present address of D.G.S.: Dean of the Graduate School and Associate Provost for Research, 
Rutgers University at Newark, Newark, New Jersey 07102. 

195 



196 GARY L. DUNBAR AND DONALD G. STEIN 

1. INTRODUCTION 

One of the more promising approaches in the search for a phamacological treat
ment of behavioral deficits following brain damage involves the use of gang
liosides. What makes this class of substances particularly attractive as therapeu
tic agents for CNS injury is that, unlike other neurotrophic substances such as 
nerve growth factor, gangliosides are able to penetrate the blood-brain barrier 
after systemic injections. 29 ,33,44 Furthermore, parenterally administered gang
Ii os ides appear to have no toxic side effects at therapeutically effective doses. 25 
Since gangliosides offer the potential of a safe and effective pharmacological 
treatment for brain injury without necessitating surgical intervention, increasing 
attention has been focused on how they might affect behavioral recovery. Al
though their specific mechanism of action is not yet understood, the proposed 
explanations that have received the most attention are those that suggest that 
gangliosides stimulate regenerative and collateral sprouting31 ,48 or enhance neu
ronal survival after injury. 2,38,49 In this chapter, we examine the question of 
whether ganglioside-induced sprouting or neuronal sparing affects functional 
recovery. We also provide an overview of the behavioral research that examines 
the effects of gangliosides after lesions in structures and pathways of the sep
tohippocampal system, the cerebral cortex, and the nigrostriatal system. 

2. BEHAVIORAL RECOVERY FOLLOWING DAMAGE TO THE 

SEPTOHIPPOCAMPAL SYSTEM 

The initial studies using septohippocampal system injury as a model for 
evaluating the effects of ganglioside treatments focused on testing whether or not 
gangliosides could facilitate lesion-induced sprouting. The first attempt to relate 
ganglioside-enhanced hippocampal reorganization with behavioral recovery was 
made by Karpiak.27 He found that ganglioside-treated rats with entorhinal cortex 
(EC) lesions made significantly fewer errors on a spatial alternation task by the 
first postoperative day. Since the behavioral recovery preceded the 5- to 7-day 
period considered necessary for functional reinnervation to occur, 42 Karpiak 
concluded that the recovery was more likely to be the result of a protective effect 
of gangliosides against further neuronal loss following the lesion rather than a 
ganglioside enhancement of sprouting. 

Fass and Ramirez18 also attempted to relate the time course of behavioral 
recovery to indices of neuronal sprouting. They found that ganglioside treat
ments reduced the hyperactivity observed in open-field behavior of rats with 
bilateral EC lesions. As was found in Karpiak's study, the improvement shown 
by the ganglioside-treated rats was apparent during the first testing session (2 
days after the lesion), again suggesting that the recovery was probably indepen
dent of the sprouting response that occurs after this type of injury. Additional 
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support for this contention was obtained in the second part of the experiment, 
when a reduction in hippocampal acetylcholinesterase (AChE) staining was ob
served in ganglioside-treated rats with unilateral EC lesions. The density of 
staining in the denervated dentate gyrus of these rats was significantly less than 
that in their untreated, brain-damaged counterparts, indicating that the gang
liosides suppressed sprouting of septodentate fibers after the unilateral EC 
lesions. 

It is tempting to suggest that the reduction in behavioral deficits observed in 
the treated animals may have been a result of a suppression of sprouting by the 
ganglioside treatments. However, a comparison of the time courses for behav
ioral recovery and for hippocampal AChE staining shown in this study reveals no 
clear correspondence. At the very least, the Fass and Ramirez experiment indi
cated that ganglioside treatments can facilitate a reduction in behavioral impair
ments, and such facilitation may well be independent of the effects they have on 
neuronal sprouting. 

More recently, Poplawsky and Isaacson35 have suggested that the beneficial 
behavioral effects of gangliosides may be dissociated from neuritogenic or neu
ronotrophic effects. They found that ganglioside-treated rats with septal lesions 
had significantly lower emotionality scores than untreated rats with the same 
lesions when these animals were rated on postsurgery day 2. Since gangliosides 
exerted their effects so early, and since the effects were greatest for the transient 
changes in behavior following septal lesions (e.g., emotionality) without affect
ing the more permanent changes, such as facilitation of avoidance behaviors and 
decreases in avoidance rearing, these authors argued that the effects of gang
liosides observed in their study were probably biochemical in nature. 

In summary, there is, at present, no evidence that directly relates gang
lioside-induced neuronal sprouting with functional reinnervation of the hippo
campus. Gangliosides have been shown to exert their influence on behavioral 
recovery very early after disruptions of hippocampal pathways. The available 
evidence, therefore, appears to support the notion that ganglioside-facilitated 
behavioral recovery is at least initially a result of neurochemical alterations that 
prevent further neuronal or glial degeneration and/or enhance the functioning of 
spared tissue. 

3. BEHAVIORAL RECOVERY FOLLOWING DAMAGE OR 

DENERVATION OF CORTICAL STRUCTURES 

3.1. RECOVERY AFTER LESIONS TO THE CHOLINERGIC FOREBRAIN 

NUCLEI 

Casamenti and colleagues8 have shown that gangliosides are effective in 
preventing reductions in cerebral choline acetyltransferase (ChAT) activity and 
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in improving the acquisition of active avoidance but not passive avoidance re
sponses in rats with lesions of the cholinergic forebrain nuclei. In the Casamenti 
et al. report, as was the case in most of the behavioral studies we have reviewed, 
the behavioral effects of gangliosides occurred early during testing, with the 
greatest improvement in performance taking place 4-7 days after surgery. In
terestingly, gangliosides had little effect on ChAT losses in the more heavily 
denervated frontal-parietal area but had a significant effect in the parieto
occipital area, where a smaller number of fibers had been destroyed. This sug
gests that gangliosides may be more effective when more neurons are spared. 

Casamenti and colleagues hypothesized that gangliosides may increase 
ChAT levels by promoting collateral sprouting of cholinergic neurons or that 
gangliosides have a stimulatory effect on residual neurons. The latter hypothesis 
appears to be the more likely explanation, because the greatest behavioral effects 
occurred during the first week of testing. This interpretation also has support 
from earlier work demonstrating a ganglioside-induced high-affinity choline up
take in the cortex of rats with lesions of the nucleus basalis magnocellularis. 34 

Perhaps this or some other stimulatory effect on these neurons acts to prevent 
further damage after a traumatic insult. This could also explain the recent finding 
that gangliosides can prevent cell shrinkage and losses in ChAT activity in the 
nucleus basalis of rats with cortical damage. 9 

3.2. RECOVERY AFTER CORTICAL LESIONS 

Work in our laboratory at Clark University also has indicated that gang
liosides can promote behavioral recovery after cortical damage, but this effect 
may depend on the location and/ or the size of the lesion. In one study, we made 
bilateral aspiration lesions of the mediofrontal cortex of rats and tested them on a 
spatial alternation task. IS We found that untreated rats with these lesions were 
significantly impaired relative to sham-operated controls, whereas the gang
lioside-treated animals were not (Fig. 1). 

More recently, however, we found that gangliosides were unable to amelio
rate deficits in brightness and pattern discrimination of rats with bilateral aspira
tion lesions of the visual cortex. 6 We hypothesized that the lack of a positive 
ganglioside effect in the latter study may be a result of the disruption in circadian 
rhythms caused by the lack of visual input or "cortical blindness" caused by 
these extensive lesions. A similar effect was noted by Toffano et at.47 when 
gangliosides were found to be ineffective in restoring striatal TH levels in hemi
transected rats that were deprived of light. Therefore, the differences between the 
results of our frontal study and our occipital experiment may be attributed to the 
location of the lesion; it may be the case that not all types of CNS injury are 
amenable to ganglioside "therapy." Alternatively, the size of the lesion may be 
a critical factor; our mediofrontal aspirations removed considerably less cortical 
tissue than did our visual cortex aspirations. If lesions are too extensive, no 
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FIGURE I. The performance of rats that received mediofrontal cortex lesions and injections of either 
saline (L) or 30 mg/kg GMI gangliosides (LG) was compared to that of sham-operated controls (C) 
on a spatial alternation task (A) . Ganglioside-treated rats were not as impaired as the untreated rats 
with lesions on trials to criterion (B) and number of perseverations (C). 

treatment may be affective, and this is a factor that needs further attention in 
determining the limits of various treatments for eNS injuries. Finally, the dose 
or the number of injections given may have to be increased following extensive 
damage or after lesions to certain areas (i.e., the occipital cortex) in order to 
facilitate functional recovery. 

It is important to point out that in both experiments, we found no indication 
of morphological changes induced by gangliosides. In our frontal study, cell 
counts in the lateral parts of the medial dorsal nucleus of the thalamus, a major 
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source of afferent fibers to the mediofrontal cortex, revealed no differences 
between groups. In our visual cortex study, there was a significant lesion
induced loss of cells in the lateral geniculate body of the thalamus, a major 
source of fiber projections to the visual cortex; however, there were no dif
ferences in cell counts between the treated and untreated lesion groups, Although 
these findings do not preclude the possibility that gangliosides enhance sprouting 
after cortical damage, they do lend more support to the hypothesis that the 
underlying behavioral effects of gangliosides are primarily neurochemical and 
metabolic in nature. 

3.3. RECOVERY AFTER ISCHEMIA 

Much of the recent research demonstrating the facilitating effects of gang
lioside treatments for behavioral recovery following cortical damage has in
volved the use of animal models of transient cerebral ischemia (see S. E, Karpiak 
et ai" Chapter 11) and clinical trials with human stroke patients, In one model of 
ischemia,7 the two carotid arteries were occluded for 1 hr, followed by behav
ioral and physiological testing at 24-hr intervals, In this model, rats that were 
treated with gangliosides 1 hr after the occlusion performed significantly better 
on a passive avoidance learning task than did ischemic rats that received no 
treatment. This improvement was paralleled by enhanced cerebral blood flow 
and reductions in neurological deficits, cerebral edema, cell damage, K + efflux, 
Ca2 + accumulation, and electrocorticographic disturbances. 

Clinical studies of the effects of gangliosides following cortical damage in 
human stroke patients have revealed some promising results. In one study, it was 
reported that the qualitative ratings of neurological functioning were higher for 
patients receiving gangliosides than for patients receiving placebo injections,4 A 
second study reported an improvement in the EEG profiles of ganglioside-treated 
patients in addition to higher ratings on clinical tests of neurological function
ing,5 What is particularly interesting about these findings is that in both studies, 
the ganglioside treatments were still effective even though administration began 
during the subacute phase (at least 10 days after the stroke). This suggests that it 
is not necessary to administer gangliosides during the acute phase of injury in 
order to achieve a therapeutic effect, at least not after cerebrovascular accidents 
in humans. It remains to be seen whether gangliosides could exert a more 
powerful effect if they were administered during the acute phase. Another in
teresting finding in these studies was that ganglioside treatments had beneficial 
effects for clinical signs but had no effect on morphological changes as revealed 
by computerized tomography (CT), Although the absence of any morphological 
alterations may be the result of the limited resolution of CT or the restricted time 
of treatment (6 weeks), it does suggest, once again, that gangliosides may have 
functional effects without corresponding morphological changes. 

In summary, ganglioside treatments have been shown to be effective in 
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countering some of the behavioral deficits experienced after damage to the cere
bral cortex or its afferent and efferent connections. However, this therapeutic 
effect may be limited by the location and/or size of the damage. Presently, there 
is little evidence to indicate that the beneficial effects of gangliosides on recovery 
from behavioral deficits can be attributed directly to enhanced neuronal sprouting 
in cortical pathways. 

4. BEHAVIORAL RECOVERY FOLLOWING NIGROSTRIATAL 

DAMAGE 

4.l. EARLY STUDIES ON RECOVERY FOLLOWING NIGROSTRIATAL 

DAMAGE 

When rats with unilateral transections of the nigrostriatal pathway are chal
lenged with injections of amphetamine or apomorphine, they show a stereotyped 
rotation ipsiversive to the lesion. With this rotatIonal model developed by Unger
stedt,50 the initial findings indicating that gangliosides facilitated behavioral 
recovery (i.e., reduced this rotational asymmetry) were attributed to an enhance
ment of the rate and extent of regenerative sprouting of dopaminergic fibers. For 
example, Toffano and colleagues48 found that gangliosides reduced the number of 
apomorphine-induced rotations at 14 and 30 days following unilateral hemitran
sections of the nigrostriatal pathway. The reduction of behavioral deficits corre
sponded in time to the increases in tyrosine hydroxylase (TH) activity, TH-related 
immunofluorescence, and levels of homovanillic acid (HV A) on the transected 
side of the brain. The increases were evident beyond 2 weeks after the transections 
but not at postoperative day 8. These data correspond nicely with the expected 
time course for reinnervation of the striatum (e. g., about 2 weeks) by sprouting 
nigrostriatal axons. As a result, these authors interpreted their findings to indicate 
that the gangliosides enhanced functional recovery by inducing' 'within-system" 
regenerative sprouting. 

Although the argument for sprouting in this model is compelling, an alter
native explanation could be that gangliosides stimulate TH activity without in
creasing striatal dopamine levels 17 or that gangliosides may have reduced striatal 
dopamine supersensitivity without affecting regeneration. 22 Furthermore, since 
behavioral measures were not reported for postoperative day 8, it is not possible 
to know if a reduction in rotations could have occurred in the absence of the 
biochemical and histochemical indices for reinnervation. 

Subsequent studies by Toffano and his co-workers2 •40.46 ,47 have essentially 
confirmed their initial findings of a ganglioside-induced behavioral recovery 
(i.e., reduced rotational asymmetry). Nevertheless, the data indicating that 
sprouting may be the underlying process of this recovery are still open to alter
native interpretations. For example, the observation that gangliosides have no 
effect on recovery after extensive or complete mechanical hemitransections47 
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was interpreted to mean that recovery is a product of collateral sprouting from 
remaining fibers on the side of the lesion. However, these data could also be 
interpreted as simply indicating that a minimal number of fibers must be spared 
or protected from secondary degeneration in order for behavioral recovery to 
occur. It has recently been shown that when striatal dopamine levels fall below 
60% of their normal levels, the residual undamaged neurons increase their syn
thesis and release of dopamine. 32 Ganglioside treatments may act to accelerate 
further the metabolic activity of the fibers that remain after the partial lesions, 
allowing them to take over some of the functioning of the lost axons. A stimulat
ing effect of gangliosides on the metabolism of spared neurons immediately 
following injury may actually facilitate the survival of these cells. 1 

There are also clues in these follow-up studies that indicate a possible 
temporal dissociation between the biochemical indices for sprouting and con
comitant reductions in rotational activity. Specifically, behavioral findings in 
two of these studies2 ,47 show a reduction in apomorphine-induced rotational 
activity at postoperative day 8, which does not correspond to the findings of no 
differences between treated and untreated animals in TH activity on postopera
tive day 8.46,48 Not only do these new findings fail to associate TH activity with 
rotational behavior on the eighth day after surgery (the earliest time at which 
these animals were tested), the actual reductions in rotational activity during this 
time period are greater than at any subsequent testing session. If increased levels 
of TH activity accurately reflect reinnervation, these findings would cast doubt 
on the hypothesis that collateral sprouting accounts for the behavioral recovery 
observed after ganglioside treatments. 

4.2. LATER STUDIES ON RECOVERY AFTER NIGROSTRIATAL DAMAGE 

Work in our laboratory at Clark University has also shown a lack of corre
spondence between the onset of behavioral recovery and anatomic indices of 
neuronal reorganization. Our first study revealed that ganglioside treatments 
could reduce spatial alternation deficits following bilateral caudate nucleus (CN) 
lesions. 39 This effect appeared to be more pronounced during the initial testing 
sessions (postoperative days 10-40) but was still significant during retesting 
(postoperative days 90-104). Interestingly, cell counts ofthe Nissl-stained tissue 
revealed no differences among the brain-injured rats with no treatment, the 
ganglioside-treated group, and the sham controls for the number of glia and 
neurons medial to the lesion site or in the substantia nigra pars compacta (SNc). 
These data suggest that there may be a dissociation between these measurements 
of morphological structure and behavioral recovery that is similar to the dissocia
tion obtained when neurochemical parameters were examined. 

In another experiment, we asked whether or not ganglioside-induced behav
ioral recovery could be associated with a different morphological parameter for 
sprouting. In this context, we measured the rotational activity of animals with 
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unilateral hemitransections of the nigrostriatal pathway at postoperative days 2, 
12, or 39 and then injected horseradish peroxidase (HRP) into the denervated eN 
at postoperative days 3, 15, or 45. 37 Our results revealed a clear dissociation in 
the ganglioside-treated rats between the amphetamine-induced rotational asym
metry (at postoperative day 2) and the number of HRP-Iabeled neurons in the 
ipsilateral SNc (at postoperative day 3). Thus, as early as 2 days following the 
hemitransection, ganglioside-treated animals displayed significantly less rota
tional asymmetry than did their untreated counterparts despite the fact that there 
were no differences between these two groups in the reduction (from intact 
control levels) of HRP-Iabeled neurons in the ipsilateral substantia nigra pars 
compacta (iSNc). Although there was a correspondence between increases in 
HRP labeling of the iSNc and a reduction of rotational asymmetry at postopera
tive day 12, this recovery was temporary, and the asymmetry returned by postop
erative day 39. At any rate, if HRP retrograde transport can be taken to indicate 
reinnervation, the early behavioral recovery observed in this study cannot be 
accounted for by collateral sprouting. 

Recent studies by Li and his co-workers30 have confirmed our findings that 
ganglioside treatments can reduce amphetamine-induced rotational asymmetry as 
early as 2 days after unilateral nigrostriatal transections. Furthermore, they found 
that only those animals receiving the ganglioside injections immediately or with
in the first 2 hr following surgery had significant reductions in the number of 
ipsiversive rotations. This behavioral effect was not significant for animals re
ceiving injections prior to surgery or at 4, 8, or 12 hr after surgery. Li and 
colleagues also found that gangliosides prevented a loss of striatal Na + ,K +

ATPase activity on the same side as the transection. Since maintenance of higher 
levels of Na + ,K + -ATPase activity correlated with their previous findings of 
reduced levels of edema, 28 the authors suggested that functional recovery may be 
enhanced by the ganglioside-induced facilitation of Na + ,K + -ATPase activity. 

Although the possibility exists that gangliosides influence the reduction of 
behavioral impairments following nigrostriatal damage by acting on early events 
through one mechanism (e.g., maintaining Na + ,K + -ATPase activity) and later 
events through another (e.g., promoting sprouting), the available evidence sug
gests that it may be the acute effects of gangliosides that are primarily responsi
ble for reducing behavioral deficits. In those studies showing the time course of a 
ganglioside-induced reduction in behavioral deficits following nigrostriatal 
damage, either the most significant reductions have occurred during the initial 
testing sessions2 •47 or there have been no consistently significant improvements 
beyond the first day of testing.37 If the primary behavioral benefits of gang
liosides were related to their facilitation of sprouting, the expected results would 
be reversed (i.e., the greatest improvements should come during the later testing 
periods). 

In summary, the available evidence to date does not unequivocally support 
the contention that gangliosides enhance behavioral recovery by the facilitation 
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of sprouting following damage to the nigrostriatal pathway. Gangliosides may 
indeed promote sprouting of nigrostriatal fibers, but this appears to have little, if 
anything, to do with the reductions in behavioral deficits observed after gang
lioside treatments. Instead, gangliosides may exert their effects on behavioral 
recovery by promoting the survival of undamaged or partially damaged fibers 
and/or by reducing secondary degeneration; however, evidence directly relating 
these events to behavioral recovery is lacking. What has been consistently shown 
in the studies we have reviewed is that gangliosides exert their effects very early 
after nigrostriatal damage. Such recovery may be accomplished by reducing 
lesion-induced edema, enhancing Na+ ,K+-ATPase activity, and/or increasing 
the dopamine uptake of spared nigrostriatal fibers. Regardless of the specific 
underlying mechanisms, we now think that the behavioral recovery following 
ganglioside treatments is primarily dependent on the early events surrounding the 
nigrostriatal damage. 

4.3. RECENT DATA ON RECOVERY AFTER NIGROSTRIATAL DAMAGE 

Recently, we examined the effects of gangliosides on rotational activity 
following complete nigrostriatal transections. I 1.16 As we discussed previously, 
Toffano et al. 47 found that gangliosides were ineffective in preventing the loss of 
striatal TH levels after complete transections; however, no behavioral measures 
were taken, so it was not known whether gangliosides might reduce rotational 
asymmetry in spite of their inability to maintain TH levels after such extensive 
lesions. In addition, we were interested to see whether ganglioside treatments 
would affect the aphagia and adipsia commonly observed after extensive transec
tions of the nigrostriatal pathway. 

Interestingly, we found that ganglioside treatments did not reduce 
amphetamine-induced rotational activity (Fig. 2A) but effectively prevented the 
dramatic weight loss observed during the first postoperative week in the un
treated brain-damaged rats (Fig. 2B). These findings support the contention of 
Toffano and colleagues that some residual fibers must remain after the transec
tions in order for gangliosides to facilitate recovery (or at least reduce rotational 
asymmetry). Just why gangliosides were effective in preventing the loss of 
consummatory behavior without reducing rotational activity remains to be seen, 
but since gangliosides worked very early to prevent the lesion-induced suppres
sion of eating and drinking, it is unlikely that their effects were mediated by 
enhancement of sprouting. 

4.4. RECENT DATA ON RECOVERY AFTER BILATERAL LESIONS OF THE 

CAUDATE NUCLEUS 

More recently, we have completed a series of experiments comparing GMI 

ganglioside, its inner ester AGF2, and d-amphetamine for their efficacy in pro-
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moting recovery of spatial reversal deficits following bilateral lesions of the 
CN.12-14 These experiments were designed to accomplish several goals. First, 
we wanted to replicate our original findings of a ganglioside-induced recovery, 39 
and second, we wanted to extend our findings by monitoring the time course of 
the recovery to observe when the gangliosides first exerted their beneficial 
effects. 

We also wanted to see whether or not AGF2 would be effective in attenuat
ing symptoms caused by caudate lesions. Since AGF2, a precursor of GM1 , has 
been suggested to have a longer plasma half-life and a wider distribution volume 
than GM1 and was effective in restoring TH levels following transections of the 
nigrostriatal pathway, 3 we were interested in comparing its behavioral effects 
with GM1 and establishing a dose-response curve for AGF2. 

In addition, we wanted to compare the effects of d-amphetamine treatments 
with those of gangliosides for promoting behavioral recovery. Work by Feeney 
and colleagues has shown that amphetamine treatments enable animals to recover 
from severe motor deficits following CNS damage (see D. M. Feeney and R. L. 
Sutton, Chapter 7). Could amphetamine treatments also facilitate brain-injured 
animals' ability to solve a more complex learning task? Since both gangliosides 
and amphetamine probably exert their effects biochemically during the acute 
phase of injury, we were particularly interested in comparing their behavioral 
effects over time. We were also interested in testing the effects of a combined 
ganglioside-amphetamine treatment to determine whether or not the interaction 
would have an additive or potentiating effect. 

The procedures we used were essentially the same as those employed in our 
original study.39 Prior to surgery, all the rats were trained to avoid a 0.2-mA 
shock by running to either of two open doors in the testing apparatus (Fig. 3A). 
Following training, the animals were randomly assigned to one of the following 
groups: controls, which received sham surgery and saline injections; group LC, 
which received bilateral CN lesions and saline injections; groups GM1 , Amph, 
AGIO, AG20, AG30, and GM1+Amph, all of which received bilateral CN 
lesions and treatments of, repectively, 30 mg/kg GMI' 2 mg/kg d-amphetamine, 
10 mg/kg AGF2, 20 mg/kg AGF2, 30 mg/kg AGF2, and combined injections of 
30 mg/kg GM1 plus 2 mg/kg d-amphetamine. All injections were i.p. and began 
within 5 min after surgery and were continued daily for 15 days. In order to 
control for possible extraneous temporal factors, all surgery and behavioral test
ing were scheduled for squads of five rats on each day, three rats from a 
treatment group and one each from the LC and sham groups. 

Spatial reversal testing began on postoperative day 5. Five seconds after a 
rat was placed in the start box, a guillotine door was raised, triggering a 5-sec 
warning tone, which was followed by a 0.2-mA footshock. In order to avoid or 
escape shock, the rats had to enter through the doorway into the goal area on their 
nonpreferred side (as determined during presurgical training). When a given rat 
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avoided or escaped shock in ten of ten trials for two consecutive days, the goal 
area was reversed to the opposite side. The rats could only avoid or escape shock 
by learning to make this reversal. The reversals were continued throughout the 
30 days of testing each time the rats attained the criterion of successfuly avoiding 
or escaping shock ten of ten trials for two consecutive days. On any trial that the 
rats failed to escape shock within 30 sec, they were forced through the correct 
side of the maze, and this was recorded as a failure to escape. The primary 
dependent measures in these experiments were the number of reversals and 
number of times the rats were able to avoid shock. 

When the performance was assessed over the entire 30-day testing period, 
only the rats that received treatments of 20 mg/kg AGF2 showed significant 
improvement relative to untreated rats with lesions. In fact, these animals per
formed at a level comparable to the sham controls on measures of average 
reversals (Fig. 3B) and mean avoidance (Fig. 3C). Rats receiving 30 mg/kg of 
GMI or AGF2 were statistically indistinguishable from either the sham or the LC 
group on average number of reversals, but they made significantly fewer avoid
ances compared to the sham controls. The time-course analyses comparing the 
GMI , Amph, and GMI + Amph groups with the untreated lesion and sham control 
groups revealed that both gangliosides and amphetamines accelerated behavioral 
recovery, significantly improving spatial learning performance (as measured by 
the average number of reversals) between days 7 and 12 (Fig. 3D). In addition, 
no differences between any groups were found in the number of Nissl-stained 
cells in CN tissue adjacent to the lesion (or the corresponding area in the sham 
control rats). There were also no differences for any of the groups in the amount 
of HRP transported from the injection site (near the area of the lesion in the CN) 
to the SN, as indicated by the number of HRP-Iabeled cells in the SNc and the 
size of the HRP-Iabeled area of the substantia nigra pars reticulata. 

These results indicate that a 20 mg/kg dose of AGF2 can counteract spatial 
learning deficits caused by bilateral damage to the caudate nucleus. This dose of 
AGF2 appears to be in the optimal range for promoting such recovery, since a 
higher dose (30 mg/kg) and a lower dose (10 mg/kg) were not as efficacious. 
Similarly, neither 30 mg/kg GMI ganglioside nor 2 mg/kg d-amphetamine treat
ments were as effective as the 20 mg/kg dose of AGF2, although both of these 
treatments were shown to improve performance during the early (days 7-12) 
period of testing. The behavioral recovery following the 20 mg/kg dose of AGF2 
occurred even sooner (i.e., before the end of the first week of testing) than the 
GMI or amphetamine effects. This suggests that the increased effectiveness of 
the AGF2 could be caused by an enhanced penetration through the blood-brain 
barrier, its higher distribution volume, and/or its longer plasma half-life. 3 The 
lack of a synergistic effect of the combined GM I-plus-amphetamine treatment 
may reflect disruption of normal biochemical processes of these substances or an 
overdose effect (e.g., by promoting excessive levels of TH or DA that were 
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disruptive to the animals). Tests using lower doses of this combination treatment 
may provide further insight into the nature of the behavioral recovery following 
both ganglioside and amphetamine treatments. 

The absence of ganglioside effects on any of the histological measures may 
indicate that the treatments either had no appreciable consequences on structural 
morphology or that the treatment effects may have occurred at an earlier time 
period and were later masked by the slower spontaneous recovery of the LC 
group. This latter interpretation receives some support when the time course of 
behavioral recovery is considered; the behavioral effects of gangliosides and 
amphetamines occur early but are partially masked later by the slower improve
ment in performance of the LC rats (Fig. 3D). Whether or not this early behav
ioral recovery is mediated by neuronal sprouting or is biochemically induced 
cannot be ascertained at this time. Time-course analyses using these or other 
comparable histological measures would shed considerable light on the nature of 
the underlying mechanisms for behavioral recovery following ganglioside and 
amphetamine treatments. 

Our recent data indicate that GM I gangliosides and d-amphetamine treat
ments can accelerate behavioral recovery following bilateral CN lesions. Fur
thermore, AGF2 at the 20 mg/kg dose level exerts an earlier, more powerfuL 
longer-lasting effect than GM1 , amphetamine, and either 10 mg/kg or 30 mg/kg 
doses of AGF2. Combined treatments of GM1 and amphetamine had no bene
ficial effect, but this may be because of the dose level used. Our histological 
results provided us with few clues as to what the underlying mechanism of this 
recovery may be, but the early onset of the behavioral recovery suggests that it is 
probably not mediated by structural, that is, anatomic changes but rather by more 
rapidly occurring changes in the chemistry of synaptic and dendritic processes 
that are affected by the lesion and subsequent ganglioside treatment. 

5. GENERAL DISCUSSION AND CONCLUSIONS 

In all but a few cases, our review of the literature has indicated that gang
lioside treatments can ameliorate behavioral deficits caused by damage to path
ways and related structures intimately connected with the hippocampus, cerebral 
cortex, and basal ganglia. Gangliosides have been shown to exert their beneficial 
effects on a variety of impaired behavioral functions, including motor asymme
tries, hyperemotionality, hyperactivity, active avoidance, passive avoidance, 
spatial reversal learning, spatial alternation learning, and clinical signs of neu
rological functioning. Nonetheless, the evidence also indicates that ganglioside 
treatments may not be appropriate for all types of behavioral disruptions follow
ing CNS injury. They have been shown to be ineffective for improving rotational 
asymmetry following neurotoxic lesions46 and extensive mechanical transec
tionsll,16 of the nigrostriatal pathway, active avoidance learning after septal 
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damage,35 passive avoidance learning after lesions of the cholinergic forebrain 
nuclei, 8 and pattern and brightness discrimination after visual cortex lesions. 6 

Just why gangliosides are effective in some cases and not in others is 
unknown. However, an examination of those variables that affect the efficacy of 
ganglioside treatments and analyses of when gangliosides affect behavior have 
provided some insights into how gangliosides exert their functional effects. 
Some of the variables that we have reviewed include those involving lesion, 
treatment, and testing parameters (see Table I). 

Of the lesion parameters, the type, location, and size of the lesion have all 
been implicated in affecting the behavioral outcomes of ganglioside treatments. 
Gangliosides have been shown to be therapeutically effective following electro
lytic, aspiration, and mechanical lesions but are apparently ineffective after 
neurotoxic lesions.46 Recent evidence, however, has indicated that ganglioside 
treatments may also work for these types of lesions. 45 Gangliosides have also 
been shown to be useful in overcoming deficits following damage to all struc
tures and pathways for which their effects have been examined except for lesions 
of the visual cortex.6 As was discussed in Section 3.2, this exception may 
involve disruptions of diurnal rhythms because of the "cortical blindness" 
caused by occipital injury, or it may be the result of the extent of damage. Lesion 
size may have a direct bearing on whether or not treatment will be successful. 
Besides the rather extensive lesions of the visual cortex,6 extensive lesions of the 
nigrostriatal pathway also rendered ganglioside treatments ineffective. 1 1,16,47 
Further investigations of how lesion size and location affect ganglioside-induced 
behavioral recovery would provide valuable information on how ganglioside 
treatments may be used most effectively and what the limitations of such treat
ments may be. 

Of the treatment parameters investigated, the type and amount of gang
liosides used and the time of treatment appear to have an appreciable effect on 
behavioral recovery; the route of administration does not seem to affect the 
recovery process. Of the molecular species of gangliosides that have been tested, 
GM1 alone is comparable to mixed gangliosides, and AGF2 has been shown to 
exert a more powerful and longer-lasting effect than GM 1.7,14 This latter finding 
may be caused by the increased capacity of AGF2 to pass through the blood
brain barrier, its greater distribution volume, and its longer plasma half-life.' 
Our work with AGF2 14 indicates that the dose used may be an important variable 
for optimizing the beneficial effects of gangliosides. Further research is needed 
to determine dose levels that are most effective for different types, sizes, and 
locations of eNS injury. 

The timing of treatment may also be an important factor for promoting 
behavioral recovery. It has been shown that optimal behavioral effects are ob-
served when gangliosides are given within the first 2 hr after injury. 30 However. 
the first 2 hr does not represent a "critical window" of effective treatment, since 
Toffano and his colleagues40,46.47 have found consistent behavioral improve-
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ment when the treatment was started 2 days after the lesion, and ganglioside 
treatments improved the clinical signs of stroke patients even though the treat
ments were started 10-15 days after the cerebrovascular accidents. 4 •5 

Of the testing parameters affecting the influence of gangliosides on behav
ioral recovery, the latencies between surgery, treatment, and the onset of behav
ioral testing may represent the most important variables. Knowing to what extent 
testing experience interacts with the treatment effect, for example, may have 
significant consequences for the most efficacious use of ganglioside treatments. 
Although we have shown that gangliosides can reduce behavioral deficits even 
when testing was started several days after the termination of treatment, 15 it is 
interesting to note that in the only other study in which this was done, a disrup
tion of behavioral recovery was observed. 6 As discussed in Section 3.2, it was 
hypothesized that this disruption was caused by surgically induced "cortical 
blindness" or a lack of an interaction between the treatment and visual stimula
tion, a variable that had previously been shown to be an important factor for 
ganglioside-induced recovery. 47 Similarly, it has been shown that an interaction 
between sensorimotor experience and amphetamine treatment is necessary for 
amphetamine-induced behavioral recovery to occur following motor cortex inju
ry20 and visual cortex lesions. 21 Given our recent findings that amphetamine and 
GM1 gangliosides exert similar behavioral effects following eN lesions, 12-14 the 
extent to which sensory and motor stimulation may affect ganglioside-induced 
behavioral recovery is an interesting and important question that deserves more 
attention. 

Finally, analyses of when gangliosides exert their behavioral effects have 
given us some clues into how they may be influencing the recovery process. 
Although the exact processes by which gangliosides work is still unknown, the 
early onset of behavioral improvements noticed in nearly all studies showing 
beneficial consequences of treatment suggests that the underlying basis for be
havioral recovery has little to do with ganglioside-enhanced sprouting per se. 
Even though there is considerable indirect proof that gangliosides promote neu
ronal sprouting in the eNS, the evidence relating these indices of sprouting to 
behavioral recovery is far from conclusive. In fact, most of the time-course 
studies we have reviewed have revealed that gangliosides affect behavioral per
formance prior to the time considered necessary for functional reinnervation to 
occur. Therefore, we favor the hypothesis that gangliosides promote behavioral 
recovery through rapidly occurring biochemical alterations. These processes 
could involve enhanced neurotransmitter release or uptake (e.g., refs. 10, 34, 
36), increased enzymatic activity (e.g., refs. 19,26, 28), or some other bio
chemical influence that protects neuronal tissue during the acute phase of injury. 
The measurable physiological consequences of such early molecular events 
could include the obseved reductions in cerebral edema28 and neuronal degenera
tion2,38 after eNS injury. 

Another intriguing but unexplored possibility is that gangliosides may pro-
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mote recovery by stimulating other, undamaged areas of the brain; this pos
sibility invokes such concepts of recovery as diaschisis and vicariation (for a 
review of these concepts, see ref. 24). Diaschisis as an explanation for behav
ioral recovery has had a recent rejuvenation in the guise of "remote functional 
deficits" being restored after brain damage. 22.41 It may be that gangliosides 
exert their effects by accelerating recovery from "neural shock" in areas of the 
brain undamaged by the lesion. Gangliosides may also activate areas of the brain 
associated with the damaged area, such as contralateral homologous structures or 
adjacent tissue, that may be capable of compensating for the loss of functioning 
in the damaged structure. Although these possibilities are very speculative, they 
would provide an explanation for studies that have shown a ganglioside-induced 
reduction in behavioral deficits despite an absence of evidence for neuronal 
sparingl4.39 or morphological changes. Tests using 2-DG or cytochrome oxidase 
techniques, such as used by Feeney and colleagues,23,43 would expose the merits 
of these hypotheses. 

In conclusion, although gangliosides are not a panacea for all types of CNS 
injury, they have been shown to be an effective treatment for a variety of 
behavioral deficits folowing damage to many different areas of the brain. It is 
still not known exactly how gangliosides exert their influence, but since the 
behavioral effects occur early and seem to parallel some of the effects of amphet
amine, it probably does not involve the enhancement of neuronal sprouting. 
Further behavioral work is needed to gain a better understanding of the possible 
mechanisms of ganglioside-facilitated recovery and to test the limitations of this 
form of therapy before gangliosides can achieve their full potential as an effec
tive pharmacological treatment for CNS injury. 
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ACUTE GANGLIOSIDE EFFECTS 

LIMIT eNS INJURY 

FUNCTIONAL AND BIOCHEMICAL 

CONSEQUENCES 

STEPHEN E. KARPIAK, Yu S. LI, 

AND SAHEBARAO P. MAHADIK 

ABSTRACT. There are many reports that ganglioside treatment of animals following CNS injury 
results in facilitated recovery. One mechanism by which gangliosides promote recovery may be their 
acute effect ("protection") on early injury processes. We have found that within 48 hr after CNS 
injury (e.g., lesions, ablations, denervation, ischemia), there are reduced (I) behavioral deficits, (2) 

edema, (3) losses of membrane Na + ,K + -ATPase activity, and (4) mortality. The data support the 
hypothesis that ganglioside administration may be preserving membrane structure, thereby limiting 
the extent of CNS damage at the time of injury and providing optimal conditions for subsequent CNS 
recovery and repair (i.e., plasticity). 

1. LONG-TERM GANGLIOSIDE EFFECTS: INCREASED 

PLASTICITY 

Recent research efforts have focused on studying the ability of ganglioside treat
ment to facilitate recovery after central nervous system damage. These experi
ments gained impetus from earlier, and ongoing, in vitro and peripheral nervous 
system studies. The in vitro studies had shown that when gangliosides were 
added to either neuronal cell line cultures or to neural tissue cultures, increased 
neuritic outgrowth resulted. 9 ,32 Parallel studies examined the effects of gang
lioside treatment in animals with peripheral nerve damage (e. g., sciatic nerve 

STEPHEN E. KARPIAK, Yu S. LI, AND SAHEBARAO P. MAHADIK • Division of Neuro
science, New York State Psychiatric Institute, and Departments of Psychiatry and Biochemistry and 
Molecular Biophysics, College of Physicians and Surgeons, Columbia University, New York, New 
York 10032. 

219 



220 STEPHEN E. KARPIAK ET AL. 

crush lO or diabetic neuropathy27). In either paradigm, it was demonstrated that 
systemic ganglioside injections resulted in facilitated peripheral nerve regenera
tion and muscle reinnervation. 

Based on these in vitro and PNS observations, studies were begun to assess 
the effects of ganglioside treatment on recovery processes following CNS injury. 
It was hypothesized that any facilitated recovery seen as a result of ganglioside 
treatment might be occurring through an increase in neuronal sprouting or, more 
generally, neuronal plasticity. The earliest in vivo mammalian studies, using 
biochemical and histochemical indices, reported that after brain lesions in rats that 
were subsequently treated daily with gangliosides, there was evidence for facili
tated neuronal sprouting. 36.37 These conclusions were based on assays of rat CNS 
tissue 2-4 weeks after the CNS damage. Since these earliest observations, other 
data have been reported supporting hypotheses that ganglioside treatment may 
promote/facilitate neuronal sprouting following CNS damage. 1.6,11.13,34,39 

These reported effects were "long term," occurring no sooner than 1-2 weeks 
after damage. 

2. ACUTE GANGLIOSIDE EFFECTS 

2.1. UNILATERAL ENTORHINAL CORTICAL LESIONS 

In order to assess whether ganglioside-enhanced CNS regeneration in re
sponse to injury was paralleled by facilitated functional recovery, we first studied 
a well-established model wherein unilateral entorhinal cortical (EC) lesions re
sult in a denervation of the granule cells of the dentate gyruS. 24 Rats trained on 
an alternation behavior lose the behavior after the EC lesion but regain the 
behavior as the denervated zone of the dentate gyrus is reinnervated by sprouting 
of cholinergic collaterals. Our studies showed that ganglioside treatment in rats 
with unilateral EC lesions did result in facilitated recovery of behavior. 14 How
ever, the study provided two clear indications that the improved recovery was 
probably not the direct result of facilitated sprouting. 

First, the mortality 24 hr after the ablation of the EC was 20% for controls 
and only 11 % for ganglioside-treated animals. 2o Secondly, ganglioside-treated 
rats showed within 24 hr after the EC lesions only 50% of the behavioral loss as 
compared to controls. 14-17.20 These two short-term effects suggested that the 
ganglioside treatments were exerting a significant acute effect that was indepen
dent of any sprouting phenomenon. We concluded that the overall facilitated 
recovery was probably related to the reduced functional deficit seen at 24 hr after 
the EC lesion. We hypothesized that this acute effect reflected a reduction in the 
extent of CNS damage (i.e., neuronal process degeneration and cell loss) occur
ring at the time of injury (EC ablation). 14.17 

In a histochemical study, 8 quantitative analyses of the dentate 1-15 days 
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after a unilateral EC lesion in rats treated with gangliosides indicated that there 
was no increase in cholinergic collateral sprouting. In fact, they found a de
crease. Although increases in cholinergic enzymes have been found following 
unilateral EC lesions in rats treated with gangliosides,39 these changes were long 
term, occurring 15-30 days post-lesion, and do not parallel any of the facilitated 
functional recoveries reported. 

2.2. BILATERAL ENTORHINAL CORTICAL LESIONS 

In order to evaluate whether or not ganglioside treatment affects functional 
recovery independent of sprouting, we studied the behavior of animals with 
bilateral EC lesions.29,30 It is believed that functional recovery seen after bilat
eral EC lesions is not dependent on sprouting, since contralateral EC inputs are 
eliminated, and the time course of recovery does not parallel that of sprouting. 
Fass and Ramirez8 first reported that the typical hyperactivity seen in rats follow
ing bilateral EC lesions was reduced in ganglioside-treated rats. This reduction in 
hyperactivity was seen as soon as 48 hr after the EC lesions, indicative of an 
acute ganglioside effect cleary independent of sprouting. 

In a more extensive study, Ramirez et al. 29•3o studied rats' functional 
recovery of a previously learned alternation behavior. In this study, rats exhibit a 
severe impairment on the learned alternation behavior immediately (48 hr) fol
lowing the bilateral EC lesions. However, ganglioside-treated rats commit sig
nificantly fewer choice errors and perseverative errors and reach criterion sooner. 
These findings show that ganglioside injections improve the extent but not rate of 
functional recovery in a system in which sprouting is precluded. Again, close 
examination of the data (Figs. 1 and 2) shows that the facilitatory effects of the 
ganglioside injections are evident during the acute (24-48 hr) recovery period, 
lending support to the hypothesis that ganglioside injections maybe "limiting" 
the extent of injury resulting from the lesions. 

FIGURE I. Time course of changes 
in total number of errors after bilat
eral entorhinal cortical lesions. Data 
are averaged over 2-day blocks. 

8 

7 

6 

5 

4 

3 

2 

.-. SAL/ECX 
0- -0 GANG/ECX 
..--. GANG/SHAM 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

2 - DAY BLOCKS 



222 

6 en 
§ 5 q, 
a: 
lJ.J " lJ.J 4 q 
> 
f-

3 « a: ',,-
lJ.J 'Q, 

> 2 lJ.J en a: 
lJ.J a.. 

"" 
1 2 3 4 

.......... SAL/ECX 
0- -0 GANGI ECX 
.......... GANG/SHAM 

'0. 

'" .... "0'''',;0.. .. ""0-
-'0.. 

5 6 7 8 9 10 11 12 1314 15 

2-DAY BLOCKS 

STEPHEN E. KARPIAK ET AL. 

FIGURE 2. Time course of changes 
in total number of perseverative er
rors after bilateral entorhinal cortical 
lesions. Data are averaged over 2-day 
blocks. 

2.3. NIGROSTRIATAL TRANSECTION: REDUCED ASYMMETRY 

Considerable data have been obtained by studying the effects of ganglioside 
treatment in rats that have undergone unilateral partial hemitransection of the 
nigrostriatal pathway. It has been reported that as early as 4-5 days after the 
transection, striatal dopaminergic uptake, which is substantially reduced after the 
transection, is maintained at near-normal levels in GM1 ganglioside-treated 
rats.37 At 8 days post-transection, GM1-treated rats show decreased apomor
phine-induced rotational behavior. Further, no difference in substantia nigra 
EEG activity (left versus right power ratio) was seen in GM1-treated rats. In 
saline controls a marked difference in EEG activity exists between the transected 
and untransected sides of the brain. 37 These, as well as several histochemical 
studies, provide the strongest evidence that there may be regeneration of the 
ipsilateral and contralateral nigrostriatal pathways in ganglioside-treated rats 
after nigrostriatal transection. 

An even more short-term, acute ganglioside effect has been observed in this 
lesion paradigm, It was reported that 48 hr after a partial transection of the 
nigrostriatal pathway, amphetamine-induced asymmetric rotational behavior was 
significantly reduced in rats treated with GM1 ganglioside. 33 This observation 
was replicated in our laboratories. 23 Dopamine-agonist-induced rotation in ani
mals with unilateral nigrostriatallesions has long been related to the imbalance in 
dopaminergic activity between the lesioned and nonlesioned sides of the brain 
and is accepted as a quantitative index of the asymmetry. 38 

Since ganglioside injections have an acute effect on the CNS following 
injury, the time interval between the injury and ganglioside administration is 
probably critical. Given the initial observation that asymmetric rotation is re
duced as early as 48 hr after hemitransection,33 an experiment was designed to 
assess when ganglioside treatment produces optimal functional recovery after 
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injury (i.e., reduces asymmetry). Our study showed that a maximal reduction in 
rotational behavior could be achieved by injecting rats with OM! ganglioside 
within 0-2 hr after the lesion. 23 

Rats that received their first OM! injections at 4, 8, or 12 hr after surgery 
(Fig. 3) showed small reductions in rotation that were not statistically significant. 
Our data suggest that a critical period exists when adequate levels of ganglioside 
should be present to facilitate recovery. Since animals injected 4 hr or more after 
injury show no significant reduction in asymmetric rotation, the effectiveness of 
gangliosides may be optimal when they are associated with early rather than late 
injury processes. 

3. G Ml GANGLIOSIDE REDUCES EDEMA: PROTECTION OF 

MEMBRANE NA + ,K +-ATPASE 

Since we had hypothesized that gangliosides may well be limiting the extent 
of CNS damage at the time of injury, we have begun to examine injury-associ
ated parameters in order to determine whether or not this is the case. With our 
first experiments,!9 we studied the effects of 0Ml treatment on cerebral edema in 
rats following an intracerebral mechanical lesion. We hypothesized that if gang
liosides reduced the extent of damage (e.g., edema, cell loss, fiber degenera
tion), then the potential for recovery was increased. This view seemed also to 
coincide with the observation that there is increased cell survival following 
damage in ganglioside-treated animals. 36,37 

We found that 48 hr after a cortical lesion, rats treated with OM! ganglioside 
showed a 33% reduction in edema at the site of injury. There were no effects on 
CNS water content outside the lesion area. !9,20 Subsequently, we have examined 
the effects of OM! ganglioside on levels of plasma membrane Na + ,K + -ATPase 
and tissue potassium. Plasma membrane Na + ,K + -ATPase and intracellular po
tassium are both markedly reduced in edemic tissue, indicating membrane failure 
and disruption of plasma membrane ionic balances. 2o In addition to the func-

FIGeRE 3. Percentage reduction in 
asymmetric rotations (as compared to 
controls) in rats treated with GMI gang
lioside. Rats were tested 48 hr after 
unilateral hemitransection of the 
nigrostriatal pathway. 
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tional significance of Na + ,K + -ATPase, this enzyme is highly enriched in syn
aptic plasma membranes and is therefore a good marker for synaptic membrane 
integrity. At 48 hr after a cortical lesion, we found a 56% reduction in Na + ,K +
ATPase activity and a 55% reduction in intracellular potassium. In contrast, 0MI 

ganglioside-treated rats showed only a 31% reduction in Na+ ,K+-ATPase ac
tivity and a 28% reduction in potassium. 20 No changes were found in blood
brain barrier permeability (determined with iodinated albumin) following gang
lioside treatment. 

3.1. MEMBRANE NA+,K+-ATPASE 

There is no clear evidence to indicate what short-term process is being 
affected by the gangliosides. However, our analyses of edema, and particularly 
membrane-associated Na + ,K + -ATPase activity, may provide some clues re
garding the mechanism(s) by which gangliosides are acutely affecting patho
physiological processes associated with CNS injury. It has been established that 
membrane Na + ,K + -ATPase, the so-called Na + /K + pump, plays a fundamen
tal role in maintaining membrane homeostasis and excitability, 35 which are 
essential for normal cell function. Its significance in repair of neuronal and glial 
cell damage is not yet clear. Evidence has shown that CNS injury begins with 
membrane damage and involves the loss of Na + ,K + -ATPase activity. 31 Plasma 
membrane disorganization probably results in the loss of the enzyme's activity. 
Since the loss of activity of this enzyme occurs very early after injury, it is most 
likely involved in the acute phase of the injury process. The loss of this enzyme 
activity probably reflects a series of biochemical changes (e.g., lipid hydrolysis, 
phospholipase activation, levels and membrane action of arachidonic acid, ionic 
permeation) that lead to membrane failure following injury. With ganglioside 
injections, even in a short-term protocol, the maintenance of higher levels of 
Na + ,K + -ATPase may minimize neuronal and glial membrane dysfunction and 
subsequent degeneration, thus contributing to facilitated recovery. 

3.2. PROTECTION OF STRIATAL NA +,K +-ATPASE AFTER 
HEMITRANSECTION 

Having seen that the loss of membrane Na + ,K + -ATPase is reduced with 
ganglioside treatment after cerebral cortical lesions, we began to study the levels 
of this enzyme in the striatum of rats that had undergone unilateral partial 
hemitransections of the nigrostriatal pathway. Since we had seen that OM 1 

reduces (at 48 hr post-transection) asymmetric rotation, and since Na + ,K +
ATPase levels are indicative of membrane integrity, we predicted that the ac
tivity of this enzyme in the striatum following partial denervation (hemitransec
tion) might also be spared, "protected" by ganglioside treatment. 

Rats were hemitransected and injected with 0MI ganglioside (20 mg/kg, 
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i.p.) at 0.5 and 24 hr post-surgery. At 48 hr the brains were removed for ATPase 
analysis. 

The Na+ ,K+-ATPase was assayed in a crude total membrane preparation 
using our standard procedure modified from published reports. 2,3 Animals were 
anesthetized (ether) and perfused with phosphate-buffered saline, and their left 
and right striata were dissected out. A membrane fraction was prepared by 
homogenizing specimens in 5 ml of ice-cold buffer (40 mM Tris-HCI, pH 7.5; 10 
mM MgCI2 ; 10 mM EDTA) and centrifuging for 30 min at 100,000 g. The 
resulting pellet was suspended in the homogenizing buffer. Five hundred micro
liters of reaction mixture contained 40 mM Tris-HCI, pH 7.5, 150 mM N aCI, 40 
mM KCI, 10 mM MgCI2, 2 mM EDTA, 2 mM EGTA, 4 mM ATP, and 100-
200 J.Lg of protein. The inorganic phosphate released at 37°C for 30 min was 
determined by the method of Eibl and Lands. 7 The Na + ,K + -ATPase activity 
was then estimated as the difference between the activities in the absence and 
presence of 5 mM ouabain. 

By comparing the striatal Na + ,K + -ATPase from the transected side with 
that from the untransected side, we found a 35.8% activity reduction in dener
vated striata from saline controls, whereas GMI-treated rats showed only a 6.8% 
decrease in activity (P < 0.025; Fig. 4).18,23 The results demonstrate an acute 
effect ofGMI on this enzyme indicative of either a protective or restorative effect 
on the axonal and dendritic degeneration that occurs after the transection. 

The amphetamine-induced rotational behavior is a reflection of the im
balance in dopamine transmission following unilateral nigrostriatal pathway in
terruption. The maintenance of striatal membrane Na +, K + -ATPase on the 
transected side in GMI-treated rats may diminish this imbalance. This compen
satory effect of GMI on Na+ ,K+-ATPase may be the mechanism by which a 
balance in dopaminergic function is restored, resulting in a reduction in asym
metric rotation. However, direct measurement of striatal dopaminergic turnover 
is needed to support this hypothesis. 

FIGURE 4. Striatal membrane Na+ ,K+-ATPase 
activity 48 hr after unilateral hemitransection of 
the nigrostriatal pathway: reduction of enzyme 
loss by GM1 ganglioside treatment. 
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4. GANGLIOSIDE TREATMENT REDUCES MORTALITY FROM 

ISCHEMIA 

The following study was undertaken to extend examination of the acute 
effects of ganglioside treatment on injured CNS tissue. We have examined the 
effects of GM1 ganglioside and AGF2 (a GM1 derivative) on a paradigm of global 
ischemia in the Mongolian gerbil. 17,18 Our choice to study ischemia was based 
on the fact that no previous reports had examined the effects of ganglioside on 
"closed-head" injury, and a clinical report showed that ganglioside treatment 
improved functional recovery following stroke. 4 In addition, many of the mo
lecular events (mechanisms) involved in the pathophysiology of ischemia are 
known. Consequently, we would be in a more advantageous position to study the 
mechanism(s) by which gangliosides affect injury processes. 

4.1. GLOBAL ISCHEMIA MODEL 

The Mongolian gerbil has been used as an experimental model to stud) 
cerebral ischemia since most gerbils have an incomplete circle of Willis. This 
results in little or no vascular communication between the hemispheres. 22 Conse 
quently, following a partial or complete litigation (occlusion) of the carotid 
artery, ischemia is primarily lateralized to one cerebral hemisphere. This phe· 
nomenon allows for comparisons between the occluded and nonoccluded sides oj 

the brain, with the animal serving as its own control. 
Male gerbils (80-90 g) were anesthetized (i.m.) with a mixture of ketamine 
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FIGURE 5. Mortality in gerbils 48 hr after unilateral pennanent occlusion of carotid artery. 
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FIG.LlRE 6. Membrane Na + ,K + -ATPase activity in cortex and hippocampus of gerbils 48 hr after 
unilateral permanent occlusion of carotid artery. Percentages are based on comparison of the oc
cluded versus nonoccluded sides of the brain. 

(Vetalar, 87.5 mg/kg) and xylazine (Rompun, 7.5 mg/kg). An incision was 
made on the ventral surface of the neck, the salivary glands were moved later
ally, and the right carotid sheath was exposed. Both the vagus and sympathetic 
nerves were separated from the right common carotid artery, which was then 
permanently ligated using No. a silk thread. Gerbils received ganglioside injec
tions (20 mg/kg i.m.; Fidia Research Laboratories) 0.5 and 24 hr after surgery. 
There were three groups, receiving, respectively, saline controls, monosialogan
glioside (GMI ), and AGF2 ganglioside derivative. AGF2, an internal ester of 
GMI , has been reported to have a longer half-life in serum than GMI because of 
slow hydrolysis,1,28 and because it is a less polar compound, larger quantities 
may cross the blood-brain barrier. 

4.2. REDUCED MORTALITY FOLLOWING GANGLIOSIDE INJECTIONS 

Forty-eight hours after permanent unilateral ligation of the common carotid, 
saline-injected gerbils had a 49% mortality (Fig. 5). GMI - and AGF2-injected 
gerbils showed almost identical mortalities of 27% and 26%, respectively. Gang
lioside treatments reduced mortality by 49%. 

By comparing levels of membrane Na+ ,K+-ATPase activity in the oc
cluded side of the brain with that in the nonoccluded side of the brain in saline
injected controls, we found significant decreases in enzyme activity (Fig. 6): a 
19.8% decrease (P < 0.01) in the cortex and a 34.7% decrease (P < 0.01) in 
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hippocampus. No statistical differences in enzyme activity between the occluded 
and nonoccluded sides of the brain were found in either GM1 - or AGF2-treated 
rats. 

Ganglioside (GM1 or AGF2) treatment results in a 48% decrease in mor
tality at 48 hr after the induction of ischemia in gerbils by permanent unilateral 
ligation of the common carotid artery. We had previously found that after cor
tical aspiration, GM1 ganglioside treatment results in reduced mortality. 16 This 
reduction in mortality, particularly in the ischemia model, supports the view that 
gangliosides pharmacologically affect the acute phase following CNS injury. If 
the extent of injury and, therefore, any associated functional deficits can be 
reduced during the acute phase following CNS damage, the potential for subse
quent recovery should be maximized. 

5. MECHANISM: MEMBRANE PROTECTION 

The mechanisms by which ganglioside treatments result in reduced mor
tality and improved functional recovery are not yet known. Analysis of mem
brane Na + ,K + -ATPase activity in the ischemia study as well as in the striatum 
following denervation indicates that the possible "locus" of action may be on 
the stability of plasma membranes. We had found that ganglioside treatment of 
rats with open-head CNS injury leads to a reduction in edema and in a reduction 
in losses of membrane Na + ,K + -ATPase and intracellular K + activity at the 
locus of injury. 17 Using hippocampal slices, Bianchi et al. 5 report similar protec
tion of ATPase activity either by in vitro or in vivo administration of GM I 

ganglioside. Consequently, attention has been focused on a possible membrane 
mechanism by which gangliosides may be pharmacologically active. This mech
anism is further emphasized since exogenous gangliosides have been shown to 
insert functionally into membranes26 and to modulate ATPase activity in vitro 
and in vivo. 21 ,25 Ganglioside protection from the loss of Na + ,K + -ATPase ac
tivity may be indicative of protection of membrane structure and function. 

Stabilizing membrane structure and therefore "normal" ionic gradients 
may well minimize membrane failure and subsequent deterioration. Protection 
from the loss of activity of the Na + ,K + -ATPase enzyme probably reflects 
effects on one or a series of membrane biochemical changes (e.g., lipid hydro
lysis, phospholipase activation, production and membrane action of arachidonic 
acid, ionic imbalance), including Ca2 +-ATPase, intracellular Ca2 +, and pH, 
which occur as a result of injury and lead to membrane failure. A number of in 
vitro and in vivo studies have shown that GM1 treatments protect neuronal as well 
as neuromuscular resistance to hypoxia and ionic disturbances, improve conduc
tion velocity and axonal morphology in neuropathy, prevent ultrastructural dete
rioration of mitochondria, and reduce retrograde axonal degeneration in the CNS 
after injury. 5 These data, together with evidence for gangliosides' ability to 
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reduce cerebral edema and mortality after severe eNS injury, strengthen the 
hypothesis that gangliosides may be preserving membrane structure by prevent
ing the "deterioration of the membrane microenvironment. "5,12 This acute 
ganglioside effect on early injury processes may well provide an optimal en
vironment that is conducive for subsequent injury-induced neuronal plasticity. 
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A RATIONALE FOR THE USE 

OF MELANOCORTINS IN 

NEURAL INJURY 

PAUL DE KONING AND WILLEM HENDRIK GISPEN 

ABSTRACt. Peptides derived from ACTH/MSH (melanocortins) exert trophic influences on central 
and peripheral nervous tissue. The influence of melanocortins during ontogeny, following neural 
damage, and in certain neurological diseases are reviewed, and possible clinical indications for 
melanocortin therapy are given. The capacity and possible pathophysiological mechanism for 
melanocortins to enhance functional recovery following peripheral nerve damage as measured by 
functional, histological, and electrophysiological test methods are discussed extensively. Structure
activity studies have shown that the neurotrophic potency is not related to corticotropic or immu
nosuppressant activity but resides in the ACTH4- 10 sequence present in a- and J3-MSH and ACTH. 
The stable ACTH4_ 9 analogue Org.2766 is also active. The peptides are only effective if they are 
given during the first few days after injury, suggesting that they may be stimulating the initial 
sprouting response. We present evidence that MSH-like peptides may be formed locally in response 
to injury and thus playa biologically significant role in the regulation of nerve regeneration. 

Evidence is accumulating to suggest that Org.2766 and a-MSH may exert their neurotrophic 
influences in the central nervous system as well. Chronic treatment of aging rats counteracts degener
ative processes occurring in the hippocampus of senile rats. Furthermore, subchronic treatment of 
rats bearing lesions either in the n. parafascicularis or in the septal complex facilitated recovery of 
function as tested in several beharioral test systems. 

1. INTRODUCTION 

Little progress has been made in the treatment of peripheral and central neural 
disorders. There are only a few neurological diseases the molecular mechanisms 
of which are understood and for which, on the basis of this understanding, 
adequate therapy has been devised. As to neural damage we are at the stage of 
beginning to understand some of the complexity of the processes that are active 
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in and around the site of lesion. Enormous efforts are being made to identify the 
nature and to study the expression of intrinsic as well as extrinsic factors that 
promote neurite outgrowth in brain and peripheral nerve. The recent demonstra
tion of a family of growth-associated proteins provides evidence for intrinsic 
mechanisms regulating axonal growth.78 The proteins appear in axons that do 
regenerate but are not expressed in neurons that fail to regenerate their axons. 
Among the factors with an extrinsic neurotrophic effect on regenerating pe
ripheral nerve tissue are nerve growth factor, adenosine 3' ,5' -monophosphate, 
gangliosides, TRH, and melanocortins (reviewed in ref. 12). This chapter deals 
with the neurotrophic effects of melanocortins, that is, peptides derived from 
ACTH and MSH and their synthetic analogues. 

It was David De Wied who provided the experimental basis for the notion 
that the central nervous system could be considered a target for circulating 
pituitary peptide hormones. He demonstrated26 that pituitary hormones like 
ACTH exert modulatory influences on adaptive behavior by a direct effect on 
certain brain centers. The observation that ACTH and congeners are endogenous 
to certain neuronal circuits in which they are formed by selective processing of a 
31-kDa precursor peptide, proopiomelanocortin, justifies their being viewed as 
hormones as well as neuropeptides, having neurotransmitter as well as neu
romodulatory properties. Since neural tissue may be considered a target tissue for 
ACTH, the peptide may exert a trophic influence similar to that seen in its 
peripheral target tissue (adrenal). 

Indeed, evidence has suggested that removal of pituitary trophic hormones 
reduced the rate of macromolecular biosynthesis in certain regions of the rat 
brain, and replacement therapy with ACTH fragments restored this lower syn
thesis rate to normal. 31 At the same time various groups of researchers reported 
evidence that melanocortins, and fragments thereof, affected development and 
maturation of fetal brain tissue and motor systems. Moreover, it became in
creasingly evident that neuropeptides regulate the excitability of neurons at many 
levels of the central nervous system, including the reticular formation and the 
spinal cord. The connection between the studies on the influence of neuropeptide 
administration on behavioral responses and the peptide effects on the neu
romuscular system is that the evoked behavioral responses make use of the same 
motor pathways. Taken together, these observations led us to investigate the 
possible beneficial role of ACTH and congeners in repair of neural damage and 
in certain neurological diseases. 

The availability of ACTH analogues such as ACTH4 _ 10 and Org.2766 
makes it possible to distinguish between the actions of corticoids and cor
ticotropin in itself, since these analogues are devoid of the classical adrenocor
tical secretional activity but possess both neurotropic and myotropic actions like 
those of the parent molecules ACTH and MSH. Furthermore, steroid and peptide 
hormones are sometimes known to have antagonistic effects on behavior and 
muscle. 27 ,42,65 This differentiation also obviated the need to perform experi-
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ments in hypophysectomized or adrenalectomized animals or in vitro experi
ments on nerve-muscle preparations. 

2. TROPHIC INFLUENCES OF MELANOCORTINS IN 

DEVELOPMENT 

Both experimental brain lesion studies and experiments employing brain tis
sue extracts pointed to a fetal growth-promoting factor ofhypotbalamic origin. In 
a screening model for intrauterine fetal growth, a variety of peptides derived from 
proopiomelanocortin were tested, including ACTH I _ 24 , a-MSH, ACTH4 _ IO, 

and a potentiated ACTH4 _ 9 analogue, Org.2766 (Fig. 1). Of these peptides, only 
a-MSH increased intrauterinic growth.90 Injection of purified anti-a-MSH anti
bodies directly into the intact fetus inhibited the growth ofthe fetus and of its brain, 
suggesting a physiological role for a-MSH in fetal development. 89,91.92 The 
unique trophic effect of a-MSH on body growth was not detected when the peptide 
was given in the first 2 weeks of postnatal life, which might indicate that the 
peptide acts via the placenta. 90 This primary activity differs from known CNS and 
PNS effects of peptides in either perinatal or adult rats and underscores th!! notion 
that there is a multiplicity of information encoded in the' 'open" ACTH molecule 
that, in combination with the heterogeneity of neural tissue, will make it difficult 
to unravel the complex molecular mechanism of action of ACTH in the nervous 
system. 28 

Another line ofresearch dealt with eye opening as an index of brain matura
tion and the effects of ACTH and congeners injected in neonates. 95 The authors 
based their work on the notion that perinatal activation and hormone treatment of 
young rats may affect behavior seen in adulthood.72 Injection on the third 
postnatal day of life of either ACTH I _ 39 , ACTH I - 24 , ACTH1_ 18 , or ACTH I _ 16 

accelerated the eye opening of both male and female pups by approximately 1-2 
days. The peptides ACTH4 _ IO , ACTH I _ IO , Org.2766, and a-MSH were not 
effective in this respect. 95 It is tempting to assume that this is a reflection of an 
"extra target" effect of ACTH directly on the developing central nervous system. 
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FIGURE L Primary peptide structures of ACTH, Ol-MSH, and the ACTH4_ 9 analogue Org.2766. 
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Treatment with ACTH4_ ro or Org.2766 in neonates increases the complex
ity of postsynaptic folds and the rate at which they invaginate into the muscle 
fiber and also enhances the maturation of neuromuscular function. 39,84 In this 
respect, it was suggested that melanocortins like j3-endorphin may influence 
neuromuscular maturation and function by an effect on end-plate acetylcholines
terase that increases the amount of acetylcholine in the cleft. 46.84,94 

This section on the developmental influences of ACTH precedes those on 
the effects of melanocortins on CNS and PNS plasticity since it has long been 
recognized that postlesion mechanisms are often reminiscent of those processes 
playing a role in the ontogeny of the nervous system. 97 

3. MELANOCORTINS AND eNS PLASTICITY 

Behavioral studies in adult animals and humans and studies on the develop
ment and maturation of the central nervous system in rats show that melanocor
tins are able to influence central nervous system structures in a direct fashion, 
circumventing peripheral target tissues. 28 The mechanism by which such effects 
are brought about is not clear. It may be that enhancement of glucose uptake and 
protein synthesis is part of the trophic repertoire of the peptide responsible for the 
enhanced growth and maturation. 32 

In recent tissue culture studies, trophic effects of ACTH on cultured embry
onic chick brain cortical cells have been reported,19 but we have been unable to 
demonstrate such effects in a variety of tissue culture systems (P. M. Edwards, 
unpublished data). In a series of experiments, Azmitia3 ,4 showed that in the 
absence of hippocampal cells, melanocortins exert a trophic response on cultured 
fetal rat mesencephalic cells. In the presence of the fetal hippocampal target 
cells, apparently optimal delivery of a hippocampal-borne trophic factor is en
sured, leaving little role for exogenously added neuropeptides. Curiously, in 
addition to ACTH4_ ro , Org.2766, a-MSH, and ACTH I _ 39, ACTH II _ 24 also 
exerted trophic influences on the isolated mesencephalic serotonergic cells. In 
the peripheral nervous system following injury, the latter peptide was without 
trophic effect in a wide dose range tested. 8 

Early studies of the effect of melanocortins on recovery from CNS lesions 
gave conflicting results (for review see ref. 6). Peptides with full endocrine 
activity were used, since the rationale behind the treatment was reduction of 
reactive scar tissue believed to limit CNS regeneration. However, the studies on 
the peripheral nervous system by Strand's group and our own have shown that 
the immunosuppressant and corticotropic activities are not involved in the 
trophic response and may have disturbed the final outcome of previous CNS 
studies. 

Presently, several reports have been published that suggest that the effects 
of damage in the central nervous system may be reduced by treatment with 
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melanocortins. Flohr and Luneburg38 showed that systemic treatment with 
ACTH4 _ 1O improved the acquisition and maintenance of the compensated state 
following unilateral labyrinthectomy in Rana temporaria. 

Isaacson and Poplawsky5o,51 used the disappearance of hyperemotionality 
of rats, induced by septal area lesions, as an index of functional recovery from 
brain damage. The peptides ACTH4 _ 1O and Org.2766, given subcutaneously for 
4 consecutive days beginning immediately after surgery, resulted in a smaller 
than usual lesion-induced increase in emotionality scores. The Org.2766 treat
ment also facilitated the return to normal values over subsequent days after 
surgery. However, the effect of ACTH4 _ 1O on emotionality was found only on 
the first testing day, which was also the last day on which ACTH4 _ 10 was given. 
Reduced emotionality was not found on subsequent test days. This may only 
indicate that the ACTH fragment was not given for a sufficient number of days, 
since it was found that in order to find facilitation of recovery in the PNS, a series 
of treatments lasting at least 6 and preferably 8 days after nerve crush must be 
given. 34 Weeks after the daily tests for emotionality, the animals were trained on 
the two-way active avoidance task. 50.51 The typical increase in avoidance perfor
mance seen in animals with septal lesions was observed in previously Org.2766-
or ACTH4 _ IO-treated animals. Only the prior Org.2766 treatment reduced the 
number of intertrial responses that are typical of the septal lesion. 

The beneficial effects of melanocortins following eNS lesions also became 
apparent from studies employing lesions of the parafascicular nucleus in the 
rat. 67 Animals that had been treated daily with a-MSH or Org.2766 for 2 weeks 
starting on the third day following surgery acquired a reversal learning task in a T 
maze with fewer errors than did the saline-treated controls; a-MSH seemed to be 
more potent than Org.2766 in reducing the reversal learning deficit. This obser
vation was corroborated by the fact that at the end of the treatment period, the 
abnormal grasping response that results from a parafascicular lesion was slightly 
ameliorated in a-MSH- but not in Org.2766-treated animals. Since acute treat
ment with Org.2766 or a-MSH does not influence reversal performance in the 
animals with lesions, it was concluded that the beneficial effect of the neuropep
tide treatment could be explained in terms of facilitation of recovery of cognitive 
functions in rats with bilateral lesions in the nucleus parafascicularis. Recently, 
Wolterink and Van Ree lO3 reported that daily intraaccumbal, subcutaneous, or 
oral administration of Org.2766 accelerated the functional recovery of impaired 
motor activity following bilateral destruction of the n. accumbens of the rat by 
local application of 6-hydroxydopamine. The reduced motor activity of such rats 
was notable at postlesion day 7 but not at day 21, suggesting a functional 
recovery of the behavioral impairment. The authors suggest that central dopa
mine systems are involved in the spontaneous and peptide-facilitated recovery of 
impaired motor activity induced by these accumballesions. 

Other experiments indicated that ACTH administration reduced the effect of 
amygdala damage in the performance of a two-way active avoidance task, 17 and 
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a reduction by Org.2766 of attentional and "working memory" deficits pro
duced by hippocampal lesions was also observed. 45 

Whether the facilitation of function by melanocortins after central nervous 
system damage depends on an enhancement of cellular responses involved in the 
repair mechanisms, as found in the peripheral system, remains to be determined. 
Nevertheless, these data may serve as a first indication that melanocortins have a 
beneficial role as trophic factors in the central nervous system after damage. 

Like the importance of developmental mechanisms to the understanding of 
postlesion plasticity in the central nervous system, changes in the CNS related to 
age are also of significance. Gage et ai.40 approached this issue by stating that 
"aging can result in naturally occurring brain damage, with anatomical, bio
chemical and functional changes which appear to be substantial yet selective." 
Furthermore, several authors stress the importance of trophic factors in brain 
aging and disease (see, for instance, ref. 2). Thus, it seems appropriate to discuss 
briefly the interesting findings of Landfield et al., 60 who showed that chronic 
treatment with Org.2766 resulted in diminished signs of hippocampal aging. 

In a series of experiments, Landfield and his associates60 have tested the 
hypothesis that changes in neural-endocrine interactions may be of specific 
relevance to changes in brain regions that contain cytoplasmic and nuclear recep
tors for the glucocorticoids. From this work it has become clear that certain 
changes, such as an enhancement of astrocyte size and number as well as their 
dispersion in the hippocampus, are related to circulating corticosterone levels. In 
adult rats maintained on high doses of corticosteroids for 6 to 7 months, there 
was evidence of enhanced glial reactivity in comparison to age-matched controls 
without such treatment. The changes are thought to be the consequence of 
increased intracellular calcium levels induced by the glucocorticoids. 61 Con
versely, in adrenalectomized rats maintained on a low dose of corticosteroids, 
there was less glial pathology than observed in the intact animals. It was argued 
that enhanced levels of ACTH induced by the low level of corticosteroids were 
counteracting the usual changes found in the hippocampus with age. Following 9 
months of treatment with Org.2766, an ACTH4 _ 9 analogue without peripheral 
adrenocorticotrophic effects, fewer of the usual effects of aging were found in 
the brains of animals that were 27 months old at the time of examination. The 
peptide-treated animals had an increased density of neural cells and fewer reac
tive astrocytes. In addition, the neuropeptide-treated animals displayed latency 
times in a reversal learning task that were similar to those of younger controls 
and less like the age-matched cohorts. 59 The mechanism by which these effects 
of the ACTH-related neuropeptides are brought about is largely unknown. It is 
possible that a changed fluidity of synaptosomal membranes may be responsible, 
at least in part, for the altered neural activities occurring within the hippocampus 
following neuropeptide administration. 47 •49 ACTH and related peptides may 
increase lipid fluidity of brain membranes, in particular the synaptic plasma 
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membranes derived from the hippocampus of older rats. 48 .96 Clearly, additional 
in vivo data on neuronal membrane properties and on the mechanisms through 
which ACTH treatment may counteract losses in neuroplasticity of aging are 
needed and represent an important area for future research. 

4. REGENERATION IN THE PERIPHERAL NERVOUS SYSTEM 

The neuron is a very specialized and differentiated cell and has proven to be 
the most vulnerable cell in the mammalian central and peripheral nervous sys
tem. In general, it is assumed that damage to cell bodies of neurons results in 
irreversible degeneration and cell death. On the other hand, if the damage is 
restricted to the neuronal processes (dendrites and axons), regeneration with 
resulting reinnervation of the target is, in principle, possible. For reasons still not 
completely understood, it appears that neurons in the peripheral nervous system 
show better axonal regeneration than neurons in the central nervous system. The 
milieu surrounding the damaged axon is important in this respect, for if a motor 
axon is damaged within the vertebral column, hardly any outgrowth of newly 
formed sprouts is seen, as is typical of central nervous system neurons. If the 
same sort of lesion is placed distally outside the vertebral column, axonal re
generation and eventual target muscle reinnervation are evident. Ramon y Cajal 
demonstrated that postlesion brain neuron axonal regeneration could be facili
tated by the implantation of pieces of sciatic nerve. 69 

It is well known that the outgrowth and elongation of regenerating axons are 
guided by a variety of humoral and structural factors that are from neuronal, 
glial, and target cell origin (reviewed in ref. 98). Recently, a small family of 
proteins was discovered whose synthesis increased dramatically (IOO-fold) fol
lowing axotomy.5.78.102 These proteins, termed growth-associated proteins 
(GAPs; designated GAP50, GAP43 , and GAP24 to indicate their respective 
molecular weights in thousands), have been considered to playa crucial role in 
the capacity ofaxons to grow, since their genes are expressed in injured nerves 
that do regenerate (e.g., toad optic nerve, rabbit hypoglossal nerve) and not in 
nerves that do not successfully reform their axons (e.g., rabbit optic nerves). 

The nature of the contribution of GAPs to the process of axonal regeneration 
is unknown.?7 A possible clue to the role of one of the GAPs, GAP43, arose 
from collaborative studies between the research groups of Skene and Willard, 
Routtenberg, Pfenninger, Benowitz, and Gispen. The conclusion from these 
cross-laboratory investigations is that GAP43 is identical to B-50 (Gispen lab), 
protein Fl (Routtenberg lab), and pp46 (Pfenninger lab). Of these proteins B-50 
is the best characterized molecule in terms of chemical properties, subcellular 
localization, and function. 21 , 104 This acidic neuron-specific phosphoprotein (48 
kDa, IEP 4.5) is localized in the presynaptic plasma membrane. In growth cone 
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particles isolated from fetal rat brain, B-50 is a major phosphoprotein. 20 The 
kinase responsible for the phosphorylation of B-50 is identical to the Ca2 + -
dependent protein kinase C. 

In the adult rat brain, B-50 is supposed to modulate the activity of phos
phatidylinositol (PIP) kinase: an increase in the degree of phosphorylation of 
B-50 inhibits PIP kinase, whereas a decrease in the degree of phosphorylation of 
B-50 leads to a stimulation of PIP kinase. 52 This implies that the phosphorylation 
state of B-50 determines the amount of phosphatidylinositol-4,5-biphosphate 
(PIP2 ) available for receptor-mediated hydrolysis into diacylglycerol (DG) and 
inositol triphosphate (IP3).41 The IP3 is thought to act as a signal for the mobili
zation of calcium from endoplasmic reticulum stores, whereas DG is known to 
stimulate protein kinase C. 53 The activation of protein kinase C by DG and Ca2 + 

results in an enhanced B-50 phosphorylation, and this in tum diminishes the 
amount of PIP2 . In this way B-50, alias GAP43, may be involved in a feedback 
mechanism operative in transmembrane signal transduction. 41 These results in
vite the speculation that the phosphorylation state of B-50/GAP43 may deter
mine the degree of sensitivity of the regenerating axon to extrinsic neurotrophic 
or neurite-promoting factors. The observation that tumor-promoting compounds 
such as phorbol-12,13-dibutyrate (PDB) (l) exhibit profound neurotrophic ef
fects on primary cultured embryonic neurons63 and (2) stimulate the phos
phorylation ofB-50 through activation of protein kinase C constitutes provoking, 
although circumstantial, evidence for such a role of B-50/GAP43 in axonal 
growth. 

5. MELANOCORTINS AND PNS PLASTICITY 

5.1. RECOVERY OF FUNCTION FOLLOWING A CRUSH LESION 

Nontransecting nerve damage, such as a crush lesion, results in Wallerian 
degeneration during which the endoneural tubes remain intact, permitting a rapid 
and appropriate reinnervation process. The speed by which the regenerating 
sprouts grow into the distal portion of the damaged nerve is approximately that of 
the slow axonal transport (3-4 mm per day). However, this speed of outgrowth 
depends largely on the severity of the lesion and the animal species used for the 
studies on regeneration of the peripheral nervous system. In humans, the re
generative capacity seems less than that in rodents, dogs, and cats. 

5.1.1. RETURN OF SENSORY FUNCTION 

Return of sensory function following a crush lesion of the sciatic or tibial 
nerve can be accurately followed by applying a small electric current locally to 
the foot sole. A normal rat invariably retracts its paw instantaneously when the 
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FIGURE 2. A: Sensory recovery. Return of sensory function in the foot sole following a crush lesion 
of the tibial nerve as measured with the local electric foot sole stimulation test (see ref. 22). Indicated 
is the recovery of animals that received I jLg Org.2766/48 hr s.c. (solid points) or saline (open 
points). *Chi square P < 0.05. B: Dose-response curve. Indicated are the percentages of animals 
that show full sensory recovery on day II following a crush lesion of the tibial nerve as measured 
with the abovementioned test. Each group of ten rats received a different dosage of Org.2766, which 
is indicated in the bars. Injections every 48 hr s.c. *Chi square P < 0.05. (From DeKoning et a/. 22 ) 

skin of the foot sole closes the electric circuit between the stimulation poles. 22 In 
this way the ingrowth of the regenerating sciatic nerve in the foot sole can be 
monitored. By use of a standardized crush procedure and this local electric foot 
sole stimulation test, it was shown that subcutaneous administration of Org.2766 
every 48 hr beginning immediately following the surgery resulted in an enhanced 
recovery of sensory function in the rat foot sole (Fig. 2A). This facilitation of the 
recovery process is highly dose dependent (Fig. 2B). The dose-response rela
tionship has a so-called inverted-U shape or bell shape with low (0.01 and 0.1 
f.Lg) and high (30 f.Lg) doses being inactive; the intermediate doses (1 and 10 f.Lg) 
effectively enhance recovery. As discussed elsewhere,28 such peculiar rela
tionships have been reported for a variety of neural effects of melanocortins. At 
present, such observations remain largely unexplained but underscore the neces
sity to test a wide range of dosages in the assessment of the neurotrophic efficacy 
of peptides. 

This recent study by our group confirms and extends earlier observations on 
the enhancement of sensorimotor function following crush lesion of the sciatic 
nerve by melanocortins as assessed by a less sensitive hot air reflex withdrawal 
test.8,10 The first systematic study of the effect of ACTH on peripheral nerve 
regeneration, excluding an action mediated through the adrenal cortex, is that by 
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Strand and Kung. 83 These authors showed that treatment of adrenalectomized rats 
with ACTH I _ 39 enhanced return of sensorimotor function following sciatic nerve 
crush. Detailed structure-activity studies revealed that the active site in the 
"open" ACTH/MSH molecule resembles that involved in the melanotropic 
rather than the corticotropic action of these peptides, for in addition to ACTH I _ 24 

and ACTH I _ 16 , the peptides a-MSH, ACTH I _ IO , ACTH4 _ 1O , and ACTH6 _ 1O 

enhanced sensory recovery, whereas ACTH4 _ 7 was inactive (Fig. 1).8.11 How
ever, the effectiveness of the analogue Org. 2766 is puzzling in this respect, for this 
ACTH4 _ 9 analogue is protected against breakdown mainly because of changes in 
the amino acids at positions 8 and 9, which in the parent melanocortin molecule are 
active in the melanotropic properties. 44 Despite this fact, Org.2766 is as effective 
as ACTH4 _ IO and a-MSH (Ac-Ser l -ACTH I _ 13-NH2 ) in facilitating return of 
sensorimotor function after peripheral nerve damage. 

5.1.2. RETURN OF MOTOR FUNCTION 

Recovery from peripheral nerve damage can be described in terms of speed 
and quality. The sensory test described above primarily assesses the speed by 
which proper sensory function reappears following a crush lesion of the sciatic 
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FIGURE 3. Walking pattern of a rat in which the right sciatic nerve had 
been crushed 11 days previously. The footprints on the crushed side differ 
markedly from those on the noncrushed side (L). 
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nerve. Recently, De Medinacelli et al. 25 described an elegant and simple test that 
allows the analysis of the walking pattern of a rat. Since the walking pattern is 
the result of the coordinated use of different muscle groups, the test gives 
information about the qualitative aspects of nerve function. Several parameters 
can be measured from these walking patterns, such as footprint length, toe 
spreading, step distance, etc. (Fig. 3). By means of a formula into which the 
numerical values of these parameters are incorporated, the motor function of the 
crushed sciatic nerve is calculated relative to the function of the sciatic nerve on 
the noncrushed side. This sciatic functional index (SFI) is set at -100% immedi
ately following unilateral crushing of the sciatic nerve. As a result of reinnerva
tion of different muscle groups, e.g., calf muscles or small muscles of the foot, 
normalization of the different parameters occurs, resulting in an increase in the 
SF!, which, following a crush lesion, eventually becomes 0%, indicating com
plete normalization of the walking pattern. Recently, De Koning et al. 23 showed 
that treatment with either O'-MSH or Org.2766 in dosages also used in the 
sensory function test resulted in an enhanced normalization of the walking pat
tern. Thus, in addition to an effect on sensory modalities, the peptide treatment 
enhanced return of normal motor function following peripheral nerve damage in 
the rat. 

5.2. ROUTE OF ADMINISTRATION 

In most studies of the effects of melanocortins on peripheral nerve regenera
tion, subcutaneous injections of peptides dissolved in saline or complexes with 
zinc phosphate have been used. 8 The trophic influence of Org.2766 was also 
seen after subcutaneous administration of biodegradable microspheres containing 
absorbed Org.2766, which resulted in prolonged release of the peptide (c. E. E. 
M. Van der Zee, unpublished data). Oral administration of Org.2766 in the 
drinking water proved to be ineffective in facilitating sensory recovery after a 
peripheral nerve crush (c. E. E. M. Van der Zee, unpublished data). However, it 
has been reported that oral administration of Org.2766 via bolus injection into 
the stomach enhanced the normalization of impaired motor activity that resulted 
from bilateral destruction of the n. accumbens in the rat. 103 In view of the 
hypothesis that is discussed in Section 7, the results of studies employing local 
application of melanocortins are of profound interest. Local application of 0'

MSH in Accurel® polypropylene tubes or of Org.2766 in a biodegradable matrix 
around a crushed or transected nerve resulted in an enhanced functional recov
ery35 (c. E. E. M. Van der Zee, unpublished data). 

5.3. ELECTROPHYSIOLOGY 

The early studies by Torda and Wolff94 showed an increased ability of the 
brain to synthesize acetylcholine in both control and hypophysectomized rats 



244 PAUL DE KONING AND WILLEM HENDRIK GISPEN 

following ACTH administration. Furthermore, administration of ACTH and 
ACTH4 _ 10 to hypophysectomized rats induced an ability to maintain the ampli
tude of muscle action potential and contraction strength unaltered during indirect 
muscle stimulation and to reduce fatigue upon repetitive stimulation.43 ,86 An 
increase in muscle action potential amplitude is also observed following adre
nalectomy, and even more in stressed adrenalectomized rats. 35 ,62,86 These ob
servations clearly indicated an extraadrenal influence of ACTH. 

In an isolated nerve-muscle preparation, Bimberger et ai. 13 noted a de
crease of the amplitude of end-plate potentials (EPPs) following the addition of 
ACTH to the perfusion medium; ACTH4 _ 10 was without effect on the EPP. 
Since the resting membrane potential was not affected, the observed effect of 
ACTH could occur through presynaptic suppression of acetylcholine release or 
interference of the peptide with postsynaptic processes at the receptor site. 

A further insight into the localization of the action of ACTH and fragments 
was gained by studying the contraction time, half-relaxation time, twitch dura
tion, and miniature end-plate potentials (MEPPs) in an in situ nerve-muscle 
preparation; MEPPs are fluctuations in EPP of unstimulated muscle fibers pro
duced by spontaneous liberation of quanta of acetylcholine from presynaptic 
terminals. scl ACTH and ACTH4 _ 10 augmented the frequency of MEPPs while 
leaving the magnitude of MEPPs, contraction time, half-relaxation time, and 
twitch duration unaffected, pointing to a presynaptic action of the peptides. 4 \ 

The effectiveness of ACTH4 - 10 in increasing muscle contraction strength and 
decreasing fatigue is lost on direct muscle stimulation or when the muscle is 
stimulated through the distal stump of the motor nerve cut just prior to the 
beginning of the experiment. 43 

The influence on the central excitatory state of ex motor neurons or higher 
excitatory brain centers in the brainstem may also be of relevance to the observed 
effects. Krivoy and Zimmerman54 ,55 reported a neuromodulatory effect of 13-
MSH on ex motor neurons: I3-MSH selectively facilitates the postdetonation 
recovery of ex motor neurons, thus shortening the time interval required before 
the next spike potential can be evoked. The synaptic delay time, rise time of the 
excitatory postsynaptic potentials (EPSPs), and resting membrane potentials of 
the ex motor neurons are not affected, nor does I3-MSH provoke spontaneous 
discharge of ex motor neurons; I3-MSH, however, does increase the probability 
that ex motor neurons react to an orthodromic stimulation. 56 This action of 13-
MSH is rather selective on motor neurons, as Renshaw cells are not influenced. 
This excludes the possibility that suppression of recurrent inhibition is responsi
ble for the observed facilitatory effect of I3-MSH. Neither was there a spread of 
activity to other spinal segments, nor did convulsions occur on local administra
tion of I3-MSH. 

Neuropeptides are effective in raising a depressed excitatory state of neuron 
function (following hypophysectomy or adrenalectomy) to normal. This is also 
illustrated by their beneficial influence on regenerating nerves and the observa-
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tions that the neuromuscular system of immature rats is even more sensitive than 
that of hypophysectomized adult rats to the ameliorative action of ACTHI 
MSH4 _ IO • In acute experiments following ACTH4 _ IO administration to 9- to 15-
day-old rats, the muscle contraction amplitude was increased and the onset of 
fatigue delayed during continuous supermaximal indirect stimulation. Moreover, 
the half-relaxation time is markedly shortened in these young animals, indicating 
a myotropic as well as a neurotropic action, which is not observed in adult rats. 79 

Chronic daily administration of either ACTH4 _ IO or Org.2766 (an ACTH4 _ 9 
analogue) starting at the day of birth also markedly increases muscle twitch and 
tetanic tension in infant rats. They also show an increased grasping ability and 
prolonged spontaneous motor activity when exposed to stress. I ,71 During the 
first 2 weeks of maturation, numerous changes occur in skeletal muscles and the 
nerve fibers that innervate them. The adult condition of single-fiber innervation 
is attained because of a progressive atrophy of superfluous nerve branches to 
individual muscle fibers. 15 Acetylcholine receptors become concentrated at the 
junctional region instead of being present along the entire length of the fetal 
muscle fiber. 29 The complex sarcoplasmic reticulum and T -tubule system devel
ops and, together with the maturation of the Ca2 + uptake mechanism, is respon
sible for observed changes in the contraction-relaxation cycle.73 Because of a 
concentration of cholinesterase at the neuromuscular junction, the rise time and 
decay period of MEPPs are decreased, and the MEPPs are increased in frequen
cy.29 End-plate potentials become single units, and the mean resting potential is 
increased, probably as a result of a shift in transmembrane concentrations of 
Na + and K + ions. 

If ACTH/MSH4 _ IO should promote Ca2+ uptake into nerve terminals, the 
release of acetylcholine would be stimulated. Immature muscle fibers with an 
excess of nonjunctional membrane receptors and still low levels of acetylcholin
esterase, when exposed to an increased available amount of acetylcholine, could 
show enhanced muscle contraction amplitudes and delayed fatigue. Modulation 
of Ca2 + uptake by ACTH/MSH4 _ IO in muscle might be responsible for the 
observed shortening of half-relaxation time in these young animals. 79 ACTH is 
reported to be present in spinal cord neurons in culture only at immature stages 
and restricted in its distribution to peripheral nerve axons. 46 It is not established 
whether ACTH, like ~-LPH, selectively inhibits motor end-plate acetylcholines
terase, thereby augmenting acetylcholine activity. Treatment with ACTH4 _ IO or 
Org.2766 accelerates the maturation of the end plate in infant rats. This is 
visualized by the scanning electron microscope as an increased complexity of 
post junctional folds and an enhanced rate of invagination into the muscle fiber at 
earlier stages of development. 39 The undeveloped neuromuscular system of the 
immature rat and the depressed neuromuscular system of hypophysectomized 
rats, both susceptible to the ameliorative action of ACTH, share the slow-type 
muscle response. 

Following denervation of muscle, the early stages of reinnervation are char-
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acterized by poly neural innervation. This superfluous innervation is eliminated 
during subsequent regeneration, and the mature ratio with one nerve fiber to one 
muscle fiber is reestablished. 93 However, the regenerated motor unit is usually 
larger, and the territory it occupies is more compact. 58 Administration of 
ACTH4 _ 1O starting on the day of crush denervation of the extensor digitorum 
longus muscle results in the formation of more and smaller motor units.70 Low
frequency stimulation of these regenerated motor units results in a higher activity 
index (mean contraction amplitude after 1 min of stimulation) in the ACTH4 _ 1 0-
treated animals as well as in a higher amplitude of tetanic tension at high
frequency stimulation and an improved ability to maintain this tetanic tension at 
above optimum frequency stimulation. 70.71 Smaller, accurately controlled motor 
units are better capable of performing a fine motor act. The maintenance of a 
high level of activity for prolonged periods of time is also dependent on the small 
motor unit population. 18 

The muscle twitch tension of the extensor digitorum longus muscle did not 
differ between the ACTH4 _ 10- and saline-treated rats. This reflects that, "in 
total," as many muscle fibers are reinnervated in both groups. These muscle 
fibers are capable of responding once in a single maximal effort, but in maintain
ing maximal tension an orderly coordinated recruitment and firing rate of motor 
units is needed. These conditions are better achieved under ACTH treatment. 
Human studies also indicate a disturbed pattern of motor unit recruitment follow
ing regeneration. 64 In line with the formation of more and smaller motor units as 
a result of ACTH4 _ 10 treatment following crush denervation is the observation 
that ACTH4 _ 10 treatment following crush lesion of the sciatic nerve results in the 
outgrowth of more and, on the average, smaller nerve fibers. 9 The peptide 
treatment also prevented the postrecovery decrease in sciatic nerve fibers. 

A long-lasting beneficial effect of short-term ACTH/MSH treatment fol
lowing a crush lesion of the sciatic nerve is convincingly demonstrated by the 
longitudinal follow-up of nerve conduction in the regenerated nerve. Rats that 
had been treated with Org.2766 during the first 8 days following a crush lesion of 
the sciatic nerve show complete recovery of motor and sensory nerve conduction 
velocity 90 and 110 days following the surgery, respectively. A 20 to 35% 
reduction in conduction velocity remains in the saline-treated rats even 200 days 
following the crush. 23 

Thus, at the neurophysiological level a beneficial effect of ACTH/MSH on 
nerve regeneration is evident. 

5.4. HISTOLOGY 

In the study by Strand and Kung,83 it is suggested that more rapid out
growth of the regenerating axons in ACTH-treated, adrenalectomized rats is in 
part responsible for the enhanced return of function. Furthermore, it was ob
served that the peptide treatment increased the number of large end plates, which 
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was accompanied by an increase in the frequency of preterminal branching in end 
plates. This latter finding was also reported by Shapiro et al. 7s Also, studies 
from our own group suggest that enhanced return of function is caused by an 
action of the peptide on axonal outgrowth. However, our data seem to indicate 
that melanocortins facilitate the induction of sprouting (time of start and/or 
number) rather than the rate of outgrowth. This has been assessed in a number of 
studies using quantitative light microscopic, electron microscopic, and immu
nohistochemical techniques. 

Treatment with ACTH4 _ lO and <x-MSH results in an increase in the number 
of regenerating myelinated fibers as visualized in the light microscope with 
paraphenylenediamine. The effect of these peptides was most marked during the 
earliest stages of regeneration, when the first myelinated fibers were detectable 
(8 days following the crush), and declined thereafter. lO.99 In an electron micro
scopic study using a small number of animals (n = 3), axon counts suggested 
that, in addition to an increased number of myelinated axons, the number of 
unmyelinated fibers was also enhanced. The peptide treatment did not affect the 
degree of myelination; the number of myelin lamellae was not enhanced in 
peptide-treated animals. 9 

In order to examine the effects of melanocortins during the very early stages 
of nerve regeneration in more detail, we employed immunochemical labeling of 
axons with affinity-purified neurofilament-binding antibodies. The neuron-spe
cific localization of the neurofilament proteins and the rapid degradation of the 
neurofilament proteins distal to the crush enable the visualization of newly 
formed sprouts using the fluorescence microscope at early times following the 
lesion. IOI With this technique it has now been demonstrated lOl that Org.2766 
increases the number of outgrowing fibers as early as 48 hr following a crush 
lesion. The percentage difference between the axon counts in control and pep
tide-treated rats remained fairly constant in time when measured at greater dis
tances from the site of the lesion. This implies that melanocortins have no effect 
on the growth rate of the newly formed sprouts. In addition to these early effects 
of melanocortins on sprout formation, the peptide treatment also prevented the 
postrecovery decrease in sciatic nerve fibers.lO This is the degeneration of nerve 
fibers that failed to make contact with appropriate target cells or lost their 
connection during elimination of polyinnervation of muscle cells. This late effect 
of melanocortins may indicate an effect on synaptogenesis. 

6. NEUROTROPHIC EFFECT AND PATHOPHYSIOLOGICAL 

MECHANISM 

As discussed in Section 1, one may argue that the facilitation of recovery 
following nerve damage is the result of the trophic influence that circulating 
melanocortins exert on neural tissue in general. In fetal life, <x-MSH but not 
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ACTH seems to facilitate fetal and brain growth in genera1. 91 Thus, on the one 
hand, the question arises whether or not the peptide treatment mimics or ampli
fies the effect of natural circulating melanocortins. On the other hand, it becomes 
clear that neurotrophic factors both are formed and operate in the vicinity of the 
lesion (for a review see ref. 97). In fact, Politis and Spencer'8 developed an in 
vivo bioassay for neurotrophic activity based on their finding that the repair of 
damaged peripheral nerve is facilitated by the implantation of a piece of degener
ating nerve tissue in the vicinity of the lesion. They suggested that a trophic 
humoral factor is released from the degenerating tissue and that this factor 
enhances the repair process. Such studies led us to investigate whether there was 
a connection between the ability of a-MSH and that of degenerating nerve tissue 
to stimulate sprouting. This seemed all the more compelling in view of the report 
by Drager et ai.30 that neurofilament protein (ISO kDa) contains an immuno
logically recognized a-MSH-like portion. This protein has been shown to break 
down in the early stages of the degenerative process. 7 •80 We therefore investigat
ed the possible presence of an a-MSH-like principle in the degenerating nerve 
during the period of lS0-kDa neurofilament breakdown. 

First, we were able to confirm the observation by Drager et al. that the 
NFlSO protein is specifically recognized by antisera against a_MSH.30.33.34.100 
Although Shaw et ai.76 demonstrated that the antibody used by Drager et al. 30 
recognized an epitope that was identical to Ac-Ser-Tyr-Ser (a-MSH I _ 3), Ver
haagen et ai. 100 showed that anti-a-MSH antibodies recognizing the ACTH4_ 10 
amino acid sequence also react with NFISO. Our subsequent efforts to demon
strate such a principle by means of a radioimmunoassay for a-MSH were unsuc
cessful (J. Verhaagen, unpublished data). A number of explanations can be given 
making it plausible that the amount of a-MSH-like material being formed in the 
degenerating nerve would escape detection by a radioimmunoassay. In contrast 
to this unsuccessful immunochemical approach are the results of the bioassay for 
a-MSH-like activity in degenerating nerve. Edwards et al. 34 showed that only 
extracts of degenerating and not of nondegenerating intact rat sciatic nerves 
facilitated melanosome dispersion in melanophores of tail fin pieces obtained 
from Xenopus laevis tadpoles. Thus, degenerating nerves contain a factor that 
has biological activity much the same as a-MSH. 

Furthermore, if exogenous a-MSH were to mimic the effect of an endoge
nous factor released from the degenerating nerve during a period shortly follow
ing the nerve damage, then the pharmacological treatment should only be effec
tive during a period immediately following the crush lesion. Indeed, the evidence 
obtained points to a critical period within the first week or so after crush in which 
the repair process can be enhanced by treatment with a-MSH.34 

Hence, the hypothesis was proposed that the neurotrophic peptide given as a 
pharmacologically active factor was to mimic or amplify a natural aspect of the 
physiological repair mechanism following peripheral nerve damage. It is sug
gested that the selective proteolytic cleavage of the IS0-kDa neurofilament pro-
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peptide within nerve filaments 

peptide facilitates outgrowth 

FIGURE 4. Influence of a locally produced neurite outgrowth-promoting factor. Artist impression of 
the hypothesis proposed by Edwards et al. 35 that breakdown of neurofilament results in the local 
formation of an MSH-Iike factor that promotes axonal regeneration. 

tein, which is a well-known event in peripheral axon degeneration, plays an 
important role in the local delivery of a neurotrophic «-MSH-like peptide (Fig. 
4).34,74 

7. LOCAL ApPLICATION OF a-MSH AND THE REPAIR OF 

TRANSECTED RAT SCIATIC NERVE 

If our hypothesis on the mode of action of melanocortins in peripheral nerve 
regeneration is correct, then local application of a-MSH should be about as 
effective as the subcutaneous route of administration used in our studies so far. 
Recently, we completed a study in which we used microporous Accurel® poly
propylene tubes to enclose the repair sites of transected and sutured rat sciatic 
nerves (Fig. 5).14 ,35 Microporous Accurel® polypropylene tubes can adsorb 
high quantities of peptide hormones, and this feature was used to deliver a-MSH 
at the repair site.57 The total load of a-MSH was 2-3 IJ.g/5-mm tube. In vitro 
studies had indicated that the release rate from the luminal surface was max
imally 1 IJ.g/4 hr measured in the first release volume and thereafter declined 
rapidly.57 The Accurel® polypropylene tube was surrounded by an impermeable 
polythene sleeve to minimize leakage of a-MSH from the repair site. Diffusion 
could now occur only at the end of the tube. Any observed enhancement of 
recovery of nerves so treated should result from a local action of the peptide at 
the repair site. 
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FIGURE 5. Local delivery of Ot-MSH. Diagram to show procedure for placing Accurel® poly
propylene tubes around transected rat sciatic nerve. (From Edwards et a135 ) 

Indeed, compared to transected nerves that had only been sutured, a marked 
reduction of the recovery period is observed when a-MSH is applied locally to 
the repair site by means of the Accurel® polypropylene tube (Fig. 6). The tubes 
alone also had a significant but smaller effect on the regeneration of the trans
ected nerve, possibly as a result of the maintenance of a beneficial milieu around 
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FIGURE 6. Recovery of sensory function of the foot sole following transection and subsequent 
stitching together of the proximal and distal stump of the rat sciatic nerve, as measured with the local 
electric foot sole stimulation test (see ref. 22). The repair site was either left without tube, surrounded 
by an Accurel® polypropylene tube preloaded with Ot-MSH, or surrounded by a control Accurel® 
polypropylene tube. (From Edwards et al. 35 ) 
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the repair site. The results are in keeping with the notion that exogenous a-MSH 
mimics a natural, locally produced signal in the pathophysiology of nerve repair 
mechanisms. Furthermore, the data suggest a potential means of improving the 
outcome of surgical nerve repair in the c1inic. 35 Recently, C. E. E. M. Van der 
Zee (unpublished data) demonstrated that local application of 10 j.Lg Org.2766 in 
a biodegradable matrix around a crush lesion facilitated nerve regeneration. 
Placement of the matrix with Org.2766 around the contralateral undamaged 
nerve had no effect on the recovery of the damaged nerve. One single injection of 
10 j.Lg Org.2766 subcutaneously in the neck immediately following the surgery 
was also ineffective in facilitating recovery. These latter observations underscore 
the importance of local production and action of neurotrophic peptides following 
peripheral nerve damage. 

8. CLINICAL PERSPECTIVES 

Natural ACTH I _ 39 and synthetic ACTH I _ 24 have been widely used in a 
variety of neurological diseases such as multiple sclerosis, myasthenia gravis, 
lesions and compressions of peripheral nerves, and neuropathies. These diseases 
are characterized by inflammation, sometimes of autoimmune origin, and de
myelination. The reported outcomes of these studies are contradictory, and the 
slight ameliorative action of ACTH that was sometimes found might very well be 
attributed to the corticotropic action of ACTH. Indeed, long-term glucocorticoid 
therapy has taken the place of ACTH in the management of multiple sclerosis 
and myasthenia gravis.62 The one disadvantage that glucocorticoid therapy has 
over ACTH l - 39 administration is the steroid-induced myopathy, which, howev
er, can rapidly be reversed by ACTH administration and which can partly be 
prevented by administering glucocorticoids on alternating days. 

The introduction of the noncorticotrophic ACTH fragments such as 
ACTH4 _ 1O , ACTH4 _ 9 , MSH, and their analogues (e.g., Org.2766, a tri
substituted degradation-resistant ACTH4 _ 9 analogue) permits investigation of 
the possible beneficial effects of these neurotrophic peptides in different neu
rological diseases. The advantage of these ACTH fragments is that their use in 
humans and animals, for reasons other than those discussed in this chapter, has 
shown no toxic side effect whatsoever. 28 On the basis of the results discussed 
here, two main groups of neurological disorders theoretically warrant further 
investigation. The first group includes diseases characterized by a pathologically 
depressed state of motor neuron function, such as amyotrophic lateral sclerosis, 
spinal muscular atrophy, and some polyneuropathies. The second group com
prises diseases in which peripheral sprouting is the main characteristic, e.g., 
peripheral nerve lesions. The latter possible indication for neuropeptide therapy 
is discussed first. 

Based on the hypothesis that the beneficial effects of neuropeptide treatment 
following peripheral nerve damage occur because these neuropeptides mimic the 
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actions of a locally produced MSH-like factor formed during nerve degeneration, 
local application of neuropeptides (MSH and Org.2766) has proved to be very 
effective in enhancing functional recovery. The observation that this ame
liorative effect can be produced by local application of Org.2766 in a bio
degradable matrix opens new perspectives. This matrix in itself will not hamper 
regeneration, can be easily applied, need not be removed after successful re
generation, and is not toxic to animals or humans. However, an enhancement of 
this functional recovery is not the only or most important reason for neuropeptide 
administration. Histological, but especially electrophysiological, studies have 
shown the beneficial effect of short-term neuropeptide treatment following pe
ripheral nerve damage to be long lasting. 

The function and organization of the regenerated neuromuscular system in 
neuropeptide-treated animals resemble the normal state much more than that of 
nontreated animals. 23 •70 This might indicate a better regenerative capacity fol
lowing repeated nerve damage and a better capacity to compensate for neuronal 
degeneration as a result of aging. 16 We have recently obtained evidence for this 
suggestion. Without renewed therapy, following a second crush lesion in the 
same sciatic nerve, animals that had been treated with Org.2766 following the 
first crush lesion again showed an enhanced recovery compared to animals that 
had been treated with saline following the first crush (time interval between two 
lesions 54 days). The recovery of the previously Org.2766-treated animals was 
similar to that of age-matched controls in which the sciatic nerve was crushed for 
the first time. The results did not show a conditioning effect of the first crush and 
underscore the suggestion of more complete regeneration under Org.2766 
therapy. 

The other possible indication for neuropeptide treatment is a neurological dis
ease in which a depressed state of motor neuron function can be assumed. One of 
the complaints of patients with these neuromuscular diseases is that they tire eas
ily. In view of animal studies in which ACTH I - 39 , ACTH I _ 24 , and ACTH4 _ 10 

significantly decreased neuromuscular fatigue, Strand et al. have administered 
ACTH4 _ 10 to patients with various neuromuscular diseases. 87 ,88 The possible 
beneficial effect was assessed by measuring the fall in muscle action potential 
(MAP) of the opponens pollices muscle on repeated supermaximal stimulation of 
the median nerve. In one patient with a progressive spinal muscular atrophy of the 
Kugelberg-Welander type (age 24 years), control measurements showed a de
crease of the evoked MAPs to 55% on the fifth MAP; subsequent infusion of 3 mg 
ACTH4 _ 10 resulted in no decrement as assessed at several times following the 
infusion. This beneficial effect lasted for over 10 days after a single 6-mg infusion. 
Responses in patients with other disorders were less favorable (myasthenia gravis) 
or absent (muscular dystrophy). This can be explained on the basis of animal 
studies that show the action of neuropeptides to be at the level of the central or 
peripheral motomeuron and not on the postsynaptic component of the neu
romuscular junction or on the muscle itself (at least in adult animals). 43 The results 
also underscore the necessity to test a wide range of doses. It is very hard to 
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interpret the results of one acute infusion other than in terms of changes in neuronal 
excitability, which is also suggested for the infusion of TRH and analogues in 
patients with ALS. 37 

Future investigation into the effects of chronic treatment with ACTH4 _ 101 
Org.2766 is warranted in patients with a depressed state of motor neuron function. 
The mediation of both short-term functional effects and long-term trophic influ
ences by a single agent is observed in the effects of many peptide hormones on 
their peripheral target cells. ACTH4 _ 1O and Org.2766 are known to enhance 
peripheral sprouting but also increase the frequency of preterminal branching in 
end plates during either ontogeny or nerve regeneration. 1.75 Chronic treatment of 
patients with neuromuscular diseases with ACTH4 _ 1O or Org.2766 might enhance 
collateral sprouting, which is the compensatory mechanism of the nervous system 
to motor neuron degeneration. We are presently doing a pilot study in which the 
effects of Org.2766 administration to patients with ALS will be investigated. The 
possible acute and chronic effects will be investigated by means of single-fiber and 
macro-EMGs. Single-fiber EMG can register acute effects through jitter measure
ments and chronic effects through fiber density measurements. This latter param
eter, together with the results of macro-EMG measurements, provides information 
on reshuffling of the motor unit as a result of degeneration and compensatory 
regeneration. 81 

With respect to neuropathies, it should be noted that we have recently been 
able to show that in an animal model for cisplatin neurotoxicity, concurrent 
treatment with Org.2766 greatly protected the animals from the neurotoxic side 
effects of the cytostatic treatment. 24 A pilot study is now in progress in which the 
possible protective properties of Org.2766 against the neurotoxic side effect of 
cisplatin therapy in patients with ovarian cancer is being investigated. In order to 
be able to record even small disturbances in nerve function, we have set up a 
number of quantitative methods to measure somatosensory function in cisplatin
treated patients. 36 

In conclusion, it seems unlikely that there will be a single effective drug in 
the therapy of nerve injury and neurodegenerative disorders. However, the re
sults of animal and human neuropeptide treatment discussed here warrant future 
investigation of these neurotrophic substances in clinical neurological practice. 
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ABSTRACT. Neuroontogenesis results from the integration of various elementary events such as cell 
proliferation, migration, and death, synaptogenesis, and synaptolysis. This chapter describes those 
aspects of the mechanisms involved in nervous system development that might potentially help to 
improve the management of nervous system injury. Some of these aspects are (I) the neuronal 
proliferation that has been shown to persist in some instances in the brain of adult birds and mammals 
and (2) the neuronal migration that involves complex cellular and molecular interactions between 
neurons and guiding glial cells. Some of these interactions would also playa role in the control of 
axonal elongation. Also involved are (3) the neuronotrophic influences of various origins that are 
thought to regulate neuronal cell survival, including the well-demonstrated model of nerve growth 
factor. Neuronal survival could, however, result from a delicate balance between these neu
ronotrophic influences and recently described endogenous neuronotoxic activities, which are in some 
cases related to the putative excitatory neurotransmitters glutamate and aspartate. Finally, there is (4) 
the role of astrocytic cells in the release of neuronotrophic and neuronotoxic activities and the control 
by growth (mitogenic) factors of the proliferation of developing astrocytes and oligodendrocytes that 
playa major role in brain reaction to injury. 

Understanding the regulation of these developmental events might potentially expand research 
into new therapeutic areas and generate new concepts concerning neuronal replacement, prevention 
of secondary neuronal cell death, stimulation of neuronal regeneration, and control of glial cell 
proliferation in the injured nervous system. 
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1. INTRODUCTION 

Neuroontogenesis involves a harmonious integration (in both time and space) of 
various elementary events (Fig. 1). Each of these steps results from the ex
pression of intrinsic neuronal and glial properties modulated by environmental 
factors. The molecular basis of the intercellular interactions that take place 
during several of these elementary events is beginning to be understood. It is the 
purpose of the present review to discuss how data gathered through developmen
tal studies might help the understanding of brain reaction to injury and hence 
better define the cellular and molecular targets for a pharmacological approach. 

Nervous system reaction to injury can be considered one possible ex
pression of neuroplasticity (i.e., ability to change). If it leads to functional 
recovery, one can talk of adaptative plasticity. If, on the other hand, it results in 
an impairment of regeneration, one can talk of maladaptative plasticity. The two 
can be associated: after traumatic damage to cortical areas, for instance, func
tional recovery (adaptative plasticity) and posttraumatic epilepsy (maladaptative 
plasticity) can both occur. 

2. NEURONAL PROLIFERATION 

Neuronal proliferation occurs in restricted areas of the developing central 
nervous system. In most instances, the germinal layers are located in peri
ventricular areas; the external granular layer of the cerebellum, which is subpial, 
is an important exception. 

The regulation of the final neuronal number in a developing nervous system 
is, at least theoretically, controlled at two different levels (Fig. 2). The first is the 
regulation of neuronal proliferation, and the second is the regulation of neuronal 
stabilization, which can be defined as the process during which redundant neu
rons are eliminated. Those two processes result in a matching between neuronal 
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FIGURE 1. Sequence of elementary events during 
nervous system ontogenesis. Target events for 
growth (mitogenic) and neuronotrophic and neu
ronotoxic factors are indicated. 
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numbers and the size of target territories. So far, little is known about the 
molecular mechanisms involved in the regulation of neuronal proliferation. 

In an extensive study of neuronal proliferation in rat cerebellum,66 we were 
able to show in vitro that insulin was effective in maintaining neuronal prolifera
tion of external granule neurons but had the characteristics of a progression factor 
(see Section 5). The optimal concentration of insulin was largely supraphysiolog
ical (Fig. 3), suggesting that the endogenous ligand of the receptor that binds 
insulin is not insulin itself but another peptide such as one of the somatomedins. 
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FIGURE 3. Incorporation of [3HJthymidine by 7-day-old rat paraflocculi maintained in suspension 
culture for 24 hr in the presence of increasing concentrations of insulin. At that particular stage of 
development, more than 90% of [3HJthymidine is incorporated in proliferating neuroblasts. Incorpo
ration was performed for 60 min. at the end of the 24 hr of incubation and is expressed as percentage 
of the radioactivity incorporated in 60 min by freshly dissected paraflocculi (first column) (see also 
ref. 66). 
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None of the purified growth factors (such as EGF, FGF, PDGF), tissue extracts, 
neurotransmitters,44,45 or conditioned media showed an activity that could be 
expected from a competence factor. It is possible that the proliferation of neu
rons, which are unique in the sense that after their last "differentiating" mitosis, 
they never proliferate again, is regulated by unique mechanisms involving pro
liferation inhibition factors rather than growth (mitogenic) factors. This last 
assumption, however, needs to be reconsidered in the light of recent 
works2.7,29,42,70 showing that neuronogenesis can occur in the nervous system 
of adult birds and mammals and, in some of these instances, that the newly 
formed neurons are included in functional circuits.77 However, an extensive study 
performed in primates could not, at least in uninjured brain, demonstrate neu
ronogenesis in adults. 82 Despite these last data, understanding of the mecha
nisms responsible for the control of developmental neuronal proliferation could 
generate new concepts in the field of neuronal replacement after nervous system 
injury. 

3, NEURONAL MIGRATION 

Developmental neuronal migration is a cell body translocation from the 
germinal zones to nuclei or layers in which neurons establish their final posi
tions,27 The characterization of the cellular and molecular events involved in that 
process is a central problem in developmental neurobiology, since this informa
tion might help to understand how cytoarchitectonic and functional organization 
are established as well as the pathogenesis of inborn errors of morphogenesis that 
primarily affect the migration process. Since the pioneering work of Rakic and 
co-workers,81 it is presently believed that neuronal migration involves an inti
mate relationship between migratory neurons and a peculiar class of astrocytes, 
the radial glia. This hypothesis is based on electron microscopic and immu
nocytochemical data25 and fits with the observation of a radial migration, since 
the guiding astrocytes have a radial orientation. However, it has to be pointed out 
that not every neuronal migration is radial. For instance, proliferative neuroblasts 
from the lateral lip of the rhombencephalon first migrate tangentially on the 
cerebellum anlage, where they organize into the external granular layer (EGL). 
Here, they proliferate again, and postmitotic neurons then migrate radially in an 
inward direction to the internal granular layer (IGL). At the molecular level, 
three categories of agents have been found or suggested to be involved in neu
ronal migration: plasminogen activator proteases, cell adhesion molecules, and 
extracellular matrix components. 

3.1. PLASMINOGEN ACTIVATORS 

The observation that neurons migrate inside a densely packed neuropile 
prompted us to consider the possible role of extracellular neutral proteolysis 
during neuronal migration. We focused on the plasminogen activator serine 
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proteases because these enzymes are known to be involved in several phenomena 
that involve cell migration or tissue remodeling. We were able to show that two 
biochemically and immunologically different plasminogen activators, the 
urokinase type and the tissue type, were found in culture media conditioned by 
developing cerebral cortex or cerebellum. 63 Involvement of these proteases in 
neuronal migration was suggested by the demonstration that synthetic inbibitors 
of these proteases were able to block neuronal migration in two different in vitro 
assays: tridimensional suspension cultures of 7-day-old rat paraf!occuli62 and 
newborn rat cerebellum microexplants. This was recently confirmed using a 
plasminogen activator inhibitor secreted by a glioma cell line33 and a modified 
version of our tridimensional assay. 

Several questions still remain unanswered. Which of the two plasminogen 
activators released in the extracellular medium controls neuronal migration? At 
which steps of that process are the proteases acting, and which is the actual 
substrate for these proteases? Using medium conditioned by enriched granule 
cell cultures (these cultures contain more than 90% neurofilament-positive gran
ulelike neurons), we recently showed that granule cells release mainly urokinase. 
This result suggests that urokinase might be the plasminogen activator involved 
in neuronal migration. If one considers, as a model, the inward migration of 
cerebellar granule cells, the following steps could be considered: detachment of 
postmitotic premigratory neurons from EGL, modulation of the migrating gran
ule cell-radial glia interaction during the migration, and detachment of postmi
gratory neurons from radial glia, allowing them to settle in the internal granular 
layer. A modified fibrin overlay technique applied by Soreq and Miskin99 on 
cerebellar slices shows that plasminogen activator activity is present at the inner 
part of EGL as well as in IGL, suggesting that proteolysis controls cell attach
ment during non migrating stages rather than modulating granule cell-radial glia 
process (Bergman fibers of the cerebellum) interaction during the migration. 

3.2. CELL ADHESION MOLECULES 

Ll antigen89 is one member of a family of closely related mole
cules, 19.24,39.87 the neural cell adhesion molecules (nCAMs), that are involved in 
adhesion between neuronal cell bodies and between neurites as well as in nerve
muscle and neuron-glia interactions. 32 L 1 was discovered using a monoclonal 
antibody that was obtained after immunization with a crude glycoprotein fraction 
of early postnatal mouse cerebellum. Immunohistological studies show that L 1 
antigen is located on postmitotic premigratoring and migrating neurons of devel
oping cerebellum. In a culture assay, Fab fragments of poly- and monoclonal 
antibodies against LI were able to block neuronal migration. 5 I 

3.3. EXTRACELLULAR MATRIX COMPONENTS 

The number of identified extracellular matrix components l2 ,56 is growing, 
and these include collagen and related molecules, noncollagenous glycoproteins 
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(laminin, fibronectin, entactin), glycosaminoglycans, and proteoglycans. Lami
nin is synthesized by Schwann cells 16,56 and promotes neuritic elongation 17 ,56,85 

by both peripheral and central nervous system neurons. It was found, in an in 
vitro assay, to be able to promote migration of cerebellar granule cells. 92 As a 
matter of fact, in control conditions, granule cells were associated with GFAP
positive cells (which most likely represent radial glia processes), whereas on a 
laminin-coated substratum, granule cells detached from the glial processes and 
migrated directly on the substratum. No such effect was observed using various 
types of collagen or fibronectin despite the fact that fibronectin is also synthe
sized by astrocytes. 49 ,79 The effect of laminin is blocked by antilaminin anti
bodies, and laminin was demonstrated to be synthesized by astrocytes. 92 

An important question that has to be solved in the future is how plas
minogen activators, neural cell adhesion molecules, and extracellular matrix 
glycoproteins interact to control neuronal migration. Figure 4 shows a tentative 
model of this interaction. 

The first pathological implications of neuronal migration studies are ob
viously those inborn errors of morphogenesis in which migration is impaired. 40 

It is worth pointing out that both migration deficits, such as in pachygyria or 
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FIGURE 4. Possible sites of action of plasminogen activators, cell adhesion molecules (CAM), and 
laminin during the inward migration of cerebellar granule cells. Plasminogen activators could control 
the detachment of postmitotic premigratory neurons from the external granule layer and/or 
postmigratory neurons from the radial glial processes. The CAMs "link" migrating neurons and the 
glia, which are coated with laminin. 
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lissencephalia, and hypermigration with subpial neuronal heterotopies, such as in 
the fetal alcohol syndrome,15 are found and that these diseases lead to severe 
mental retardation (when developmental neuronal migration is impaired). 

Second, neural grafting techniques have become important tools in order to 
generate functional restoration in experimentally damaged brains and have even 
been tried in humans.9 ,76 With the increasing use of stereotactic injection of 
neuronal and glial cell suspensions, induction or control of migration of grafted 
cells might become mandatory. 

4. NEURONAL STABILIZATION 

As mentioned earlier, neuronal stabilization is a process during which re
dundant neurons are eliminated. Indeed, predictable waves of neuronal death 
occur in the developing nervous system, allowing precise matching between 
neuronal populations and the size of target territories.5.14.34 This was elegantly 
demonstrated by target grafting and removal techniques, as illustrated in Fig. 5. 
This also suggests the secretion by the target of a signal responsible for neuronal 
survival. That signal was shown to be chemical and is presently called a neu
ronotrophic factor. The best known neuronotrophic factor is the nerve growth 
factor (NGF). Indeed, the concepts deriving from the study of NGF have been 
guidelines for the whole field of neuronotrophic factors. Figure 6 summarizes the 

FIGURE 5. Schematic representation of ex
perimental modulation of developmental 
neuronal death. (A) Normal situation (see 
Fig. 2). (B) After target removal, virtually 
all neurons that lack target-derived trophic 
support die. (C) Additional target grafting 
increases target-derived trophic support and 
rescues part of the neuronal population. nl 

m 

m 
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Fl(;URE 6. Experimental strategy used for characterization of neuronotrophic factors. 

experimental strategy in that field. So far, three neuronotrophic factors have been 
purified. 4,5,10,103 Since several recent reviews have been devoted to neu
ronotrophic factors, 20,30,100-102 we focus on those aspects that are relevant to 
the topic of brain injuries. 

4.1. NEURONOTROPHIC FACTORS 

Potential neuronotrophic* effects on neurons are summarized in Fig. 7. 
According to their origin, they could be classified in the following way: 
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FIGC:RE 7. Potential neuronotrophic effects on neurons in peripheral and central nervous system. 

*We use the term neuronotrophic rather than neurotrophic. Strictly speaking, the term factor should 
be used only when the molecule responsible for the neuronotrophic activity is purified and charac
terized. The expression neuronotrophic activity should be used when a biological effect on neuronal 
survival is present in a biological fluid but not yet characterized at the molecular level. 
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1. Retrograde transsynaptic represents the classical target-derived neu
ronotrophic interactions documented for several neuronal systems in 
developmental neurobiology. 

2. Anterograde transsynaptic is much less thoroughly documented. Such 
effects are obvious in clinical situations, the more frequently cited exam
ple probably being neurogenic muscle atrophy, i.e., the muscle atrophy 
that follows denervation. 

3. Systemic represents trophic influences coming from the blood and in
cludes hormonal effects on neuronal survival. 

4. Glioneuronal. Increasing evidence has been obtained in the last decade 
not only for glial control of the metabolic environment of neurons (K + ex 

regulation,22 pyruvate release,93 neurotransmitter metabolism,38 etc.) 
but also for a glial origin of neuronotrophic activity. 3.52,67 ,86 

Those multiple trophic actions on neurons raise the concept of a trophic 
input (Fig. 8) that represents the combined neuronotrophic effect of the various 
individual trophic components addressing a given neuron. The concept of trophic 
input generates another one, which is that of the trophic threshold, defined as that 
threshold amount of trophic input that is needed for neuronal survival. The 
trophic threshold could vary, being high during development and regeneration 
and low during "regular neuronal maintenance" (Fig. 8). However, during 
development, the target-derived trophic input plays a critical role in the survival 
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FIGURE 8. Left: Possible influences on neuronal survival classified as trophic (above the base line) 
or toxic (below the base line). The trophic influences have been further subdivided according to their 
origin. Right: Possible variation of the trophic threshold (minimal amount of trophic input needed for 
neuronal survival) in developing or regenerating neurons as compared to normal adult neurons 
(regular neuronal maintenance). 
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of several neuronal types. This means that suppressing this input by target 
removal or by injection of antibodies against the target-derived trophic factor 
induces the death of these neurons. This might be true in vivo because at a given 
developmental period, the target-derived trophic input represents the only, or the 
largely dominant, trophic input. Indeed, in vitro experiments have shown that the 
glial trophic input can be a surrogate for the target-derived one. 104 If this is also 
true for adult regenerating neurons, it means that supplying those neurons with 
anyone of the trophic inputs might improve their survival (see also Section 5). 
To test this hypothesis, adult regenerating neurons have to be studied as illus
trated in Fig. 9 (P. Delree, P. Leprince, B. Rogister, and G. Moonen, un
published observation). 

4.2. NEURONOTOXIC FACTORS 

The simultaneous occurrence of constructive and destructive events is ubiq
uitous in developmental biology. In nervous system development, for instance, 
both neurogenesis and neuronal death, synaptogenesis and synaptolysis,I3,8:1 

occur. In a previous study of neuronotrophic activity in developing cere
bellum,29 we were able to show the simultaneous release of both neuronotrophic 
and neuronotoxic activities, which could be separated by a simple physical 
method, the latter activity being associated with a low-molecular-weight frac
tion. We were recently able to demonstrate46 that (l) the neuronotoxic activity is 
released by astrocytes but not by neurons, (2) the toxicity is directed to neurons 
but not to astrocytes, (3) astrocytes also release a high-molecular-weight neu
ronotrophic activity, (4) increasing extracellular K + concentration induces an 
enhanced release of neuronotoxic but not neuronotrophic activity, and (5) neu
rons can be desensitized to the neuronotoxic activity. 

Those data might be important in understanding brain reaction to injury and 
the physiopathology of secondary neuronal cell death. Indeed, in several patho
logical conditions, an abrupt increase of brain extracellular K + is known to 
occur, inducing an astrocytic depolarization. 35,43,65 ,81 ,84, 105 Such pathological 
conditions include status epilepticus,53 ischemia, or hypoglycemia2 and can lead 
to neuronal death,72 In those conditions, an imbalance between astrocytic neu
ronotrophic and neuronotoxic activities could be generated as one step of a 
pathophysiological sequence leading to neuronal death. If the neuronotoxic fac
tor can be identified and its mechanism of action understood, this could open 
new therapeutic prospects. It is also worth mentioning here that other endoge
nous neuronotoxins have been demonstrated that are members of the excitotoxin 
family71,91 and could also participate in the physiopathology of neuronal death 
after brain injury. On the basis of its spectrum of neuronal targets, the astrocytic 
neuronotoxic factor does not seem to belong to this neuronotoxin group. 

Excitotoxins, which are related to the putative excitatory neurotransmitters 
glutamate and aspartate, induce very peculiar neuronal lesions, axon-sparing 
lesions. Indeed, after local injection, dendritosomatic lesions are observed, 
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FIGURE 9. Dorsal root ganglion (DRO) neurons dissected from adult (3- to 6-month-old) rats and 
cultivated in serum-free medium on laminin substratum. A-C: Bright-field micrographs after immu
nohistochemical demonstration of neurofilament proteins of such neurons cultivated for 8 days: (A) 
unipolar , (B) bipolar, and (e) mUltipolar neurons . Note that a significant percentage of these neurons 
become multipolar in such in vitro regenerative conditions. D and E: Phase-contrast micrographs of 
living DRO neurons cultivated for 4 days in the presence of nonneuronal cells (D) or after elimination 
of nonneuronal cells by centrifugation on Percoll gradient (E). F: Evolution of the number of adult rat 
DRO neurons cultivated in the presence (e, illustrated by micrograph D) or the absence (., 
illustrated by micrograph E) of nonneuronal (including Schwann) cells. A survival-promoting effect 
of the nonneuronal cells is obvious (p. Delree, P. Leprince, B. Rogister, and O. Moonen, un
published observation). 
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whereas local axons and axonal terminals are spared. Kainic acid is unique in 
that respect since, aside from the lesions at the local site of injection, it also 
induces distant lesions that are thought to be mediated by glutamatergic projec
tions and closely resemble the lesions observed in human status epilepticus. 26,42 
Interestingly, folic acid and folate derivatives also produce the distant lesions but 
without inducing local lesion at the injection siteJ3,74 In all these cases, distal 
lesions were suppressed by benzodiazepines8,23 (which potentiate GAB A ef
fects) or (although it has only been tested in few experimental models) glutamate 
antagonists. 58,75,96,97 The excitotoxin hypothesis is also thought to be valid in 
ischemic lesions, as suggested by Meldrum's group. These authors also suggest 
that the neurotoxins induce alterations in the membrane functional or structural 
integrity, leading to massive inward Ca2+ fluxes, which would be the final 
mechanism leading to neuronal death59,95 as has also been suggested in non
neuronal systems. 90 Indeed, in experimental ischemia (see M. S. Beattie et al .. 
Chapter 3), a decrease of extracellular Ca2+ is observed. 31,36 Part of that Ca2-+ 

is likely to d: Ffuse into neurons because of the concentration gradient. 

4.3. INTERFERENCE BETWEEN NEURONOTROPHIC AND 

NEURONOTOXIC ACTIVITIES 

From data reported in the two previous sections, it can be suggested that 
improved neuronal survival after nervous system injury could be achieved using 
two different strategies: (1) supplying injured neurons with an excess of neu
ronotrophic factor(s) and (2) antagonizing the neuronotoxic activity. Figure 10 
(G. Moonen, P. Leprince, and P. P. Lefebvre, unpublished results) shows that 
when cultured neurons are supplied with additional neuronotrophic activity, the 
effect of the neuronotoxic activity is suppressed. On the other hand, if the 
neuronotoxic activity can be characterized at the molecular level, designing 
specific antagonists should improve neuronal survival. These two, not mutually 
exclusive, pharmacological approaches, when applied in the acute phase of brain 
injury, could result in neuronal sparing and hence in better conditions for func
tional recovery. 

5. GROWTH (MITOGENIC) FACTORS 

Unlike neurons (Section 1), glial cells are able to resume proliferation in 
adult mammals, including primates and humans. Although this was known for a 
long time for astrocytes, it has only recently been clearly documented for oligo
dendrocytes both in ViV01,54 and in vitro. 88,107 Cellular proliferation is presently 
thought to be regulated at several levels. Progression factors have to be continu-
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FIGURE 10. Survival of cerebellar 
granule cells (150,000 cells per 6-mm
diameter well) cultured for 24 hr in 
serum-free medium and treated for the 
next 24-hr period by (upper panel) In
creasing dilution of a YM2 (cut-off 1000 
Da) ultrafiltrate of medium conditioned 
by astrocytes (neuronotoxic activity) or 
(lower panel) increasing dilution of a 
YM2 (cut-off 1000 Da) ultrafiltrate of 
medium conditioned by astrocytes and 
supplemented at each dilution of the neu
rotoxic activity-containing medium with 
a constant amount of tenfold-concen
trated PMIO (cut-off 10 kDa) retentate 
of the same conditioned medium (neu
ronotrophic activity). The neuronotoxic 
activity is almost completely suppressed 
by the addition of the neuronotrophic ac
tivity-containing medium. Results are 
expressed as percentage of survival mea
sured in control unconditioned medium 
(C). 

Ii 
> .;: 
L 
:::> 

VI -o 
.... 
c:: 
III 

100 

50 

~ 100 
~ 

50 

1/2 1/4 1/8 1/16 1/32 1/64 11128 C 

Dilution F ac tor 

271 

ously present and include several members of the insulin family, whereas compe
tence factors act as triggers and need only to be present at a given period of the 
cell cycle. II Several growth factors able to induce proliferation of astrocytes and 
oligodendrocytes have recently been characterized. 21,47.48,50,60,98,106 This char
acterization results either from the study of the effect on glial cells of factors 
active in nonneuronal systems or from the isolation from brain extracts of factors 
able to induce glial proliferation. In one instance such a factor (AGF, astrocyte 
growth factor) isolated from beef brain turned out to be a known mitogen in other 
systems (FGF, fibroblast growth factor).78 The cellular origin in brain of these 
factors is not completely known, although at least one of them is located in 
neurons in immunohistochemical preparations. 78 Hence, the possibility that in
jured neurons release astrocytic mitogens as part of the events leading to gliosis 
is open but remains to be experimentally proven. Cultured astrocytes can also be 
morphologically altered from a flat to a stellate shape by several agents, includ
ing cAMP derivatives,64 brain extracts, or injured brain extracts (morphogens) 
(see M. Nieto-Sampedro, Chapter 15). Ultrastructural studies showed, as result 
of the action of some of these agents, an increased content of intermediate 
filaments, whereas measurements of the glial fibrillary acidic protein (the subunit 
of the astrocytic intermediate filament) showed an increased content of that 
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astroglial-specific protein. 94 Postlesion gliosis is likely to result both from 
mitogenic and morphogenic stimuli . Therefore, pharmacological modulation of 
these two aspects of glial reaction to injury is becoming a possibility. 

In a previous study of plasminogen activators in developing nervous sys
tem, we were able to characterize two of them, the tissue type and the urokinase 
type (Fig. 11). The last one was found to be mitogenic for astrocytes, as illus
trated in Fig. 12. In the peripheral nervous system, urokinase is also mitogenic 
for Schwann cells but is released only by neurons. Schwann cells themselves 
release the tissue-type plasminogen activator, which has no proliferation stimula
tion effect. 6 When astrocytes are stimulated with AGF, their plasminogen ac
tivator release into the medium is stimulated (B . Rogister, P. Leprince, B. 
Pettman, G. Labourdette, M. Sensenbrenner, and G. Moonen, unpublished re
sults). The same phenomenon is observed with Schwann cells, which, after 
stimulation by cholera toxin, a known mitogen for these cells, increase their 
secretion of tissue-type plasminogen activator. 6 The functional significance of 
that modulated plasminogen activator secretion is presently unknown . In light of 
the reported effect of plasminogen activators in neuronal migration (see Section 
2), our current hypothesis is that these extracellular neutral serine proteases 
modulate cell adhesion and intercellular association. In that respect, it is worth 

FIGURE II. Zymographic analysis 
after SDS-PAGE of medium condi
tioned by 7 -day-old cerebellar micro
explants . The amounts of medium 
loaded on the gel are shown. The mo
lecular weights of the observed plas
minogen activators are shown 
(48,000 for rat urokinase and 75,000 
for rat tissue-type activator) . 
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FIGURE 12. Phase-contrast micrographs of newborn rat cerebellum microexplants28 cultured for 48 
hr in Eagle's minimum essential medium supplemented with insulin (5 fLg/ml) and in the absence (A) 
or the presence (B) of purified human urokinase (12 Vlml). The outgrowing cells are positive for 
GFAP in immunohistochemical preparations and can be identified as astrocytes. The proliferation
stimulating effect of urokinase was quantified by [3H]thymidine incorporation measurement (see ref. 
63). 
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mentioning that video time-lapse studies have shown that when Schwann cells 
are stimulated to proliferate, they stop migrating. 18 

6. CONCLUSION 

Many experimental and clinical observations demonstrate that functional 
restoration after nervous system injury is more effective in lower than higher 
vertebrates and in peripheral than in central mammalian nervous system. It is 
also more effective in developing than in adult mammalian central nervous 
system. Comparing regenerative (developing) and nonregenerative (adult) sys
tems is one way to understand why adult mammalian central nervous system 
lacks effective regenerative capacity. Hence, the first contribution of develop
mental neurobiology to that field is a comparative one. 

When Harrison (1907) explanted in vitro a fragment of neural tube of frog 
embryo and so created the tissue culture technique, he wanted to answer a 
specific question about the origin of nerve fibers, a question that had led Golgi 
and Ramon y Cajal into controversy. Tissue culture has since become a major 
tool in neurobiology, with an increasing sophistication of techniques (Fig. 13). 
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FIGURE 13. Methods for cultivating nervous tissue have been classified as a function of the level of 
tissue organization and the accessibility to experimental manipulation. For instance, tissue organiza
tion is higher when primary dissociated cultures contain several cell types as compared to culture 
techniques allowing the separation of homogeneous cell types. Cell lines or clones allow genetic 
studies or somatic hybridization that are not possible using primary (i.e., not subcultured) cultures. 
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The second contribution of developmental neurobiology to the understanding of 
nervous system reaction to injury is logistic, allowing, for instance, bioassay of 
mitogens, morphogens, neuronotrophic factors, etc. in fluids or tissue samples 
taken from injured brain.55.68.69 

In our opinion, however, the main contribution of developmental neu
robiology is at the conceptual level. Understanding cellular interactions during 
normal development will help us to generate new concepts and ultimately can 
lead to purification of molecules that may become important potential phar
macological agents that may eventually limit the effect of injury and improve 
functional restoration in injured human nervous system. 
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AHS tRACT. Mammalian central nervous system (CNS) neurons have negligible posttraumatic re
generative capacity, whereas nerves of lower vertehrates and of the peripheral nervous system of 
mammals regenerate spontaneously after injury 

The relationships between neurons and nonneuronal cells are vital for the neuron's maintenance 
and function. Trauma alters these relationships, causing nonneuronal cell proliferation, and in adult 
mammalian CNS creates an environment that is non supportive for regeneration, Introduction of a 
presumably supportive environment derived from a regenerating nerve to injured mammalian CNS 
induces a regencrationlike response. This effect is probably mediated by diffusible substances se
creted by the nonneuronal cells, 

We have applied diffusible substances obtained from either regenerating fish optic nerves or 
neonatal rabbit optic nerves around crushed adult rabbit optic nerve. This manipulation caused the 
adult nerve to show regenerative changes: increased protein synthesis in the retina, selective increase 
in synthesis of a few polypeptides in retina, sprouting from retina in vitro, increased viability of nerve 
fibers as shown by HRP staining, and the appearance of growth cones adjacent to gliallimitans in the 
injured nerves. We termed these diffusible active factors "growth-associated triggering factors" 
(GATFs). One such factor was found to have molecular weight of less than 4000. The active 
preparation (media conditioned by regenerating fish optic nerve) causes, in addition to the phe
nomena described above, various other changes in the injured nerve itself: acceleration of non
neuronal cell proliferation, changes in the protein pattern, e,g" an increase in a 12-kDa polypeptide 
that might be a second mediator in the cascade of events leading to regeneration, increased laminin 
immunoreactive sites in the nerve, and the acquisition of GATF activity in media conditioned by the 
implanted injured nerves. 

Comparison of mRNA derived from nonneuronal cells surrounding regenerating and non-

MICHAL SCHWARTZ, ADRIAN HAREL, CATHY STEIN-IZSAK, VERED LAVIE, AND YOSEF 
BAWNIK Department of Neurobiology, The Weizmann Institute of Science, Rehovot, 
IsraeL ARIE SOLOMON AND MICHAEL BELKIN Goldschleger Eye Institute, Tel Aviv 
University, Tel Hashomer, IsraeL 

281 



282 MICHAL SCHWARTZ ET AL. 

regenerating fish optic nerves showed changes in the nonneuronal RNA-translated polypeptides. 
These mRNA preparations contain sequences homologous to the oncogenesfos and myc. The level of 
hybridization was found to increase during regeneration compared with that in the intact nerve. The 
significance of these oncogenes in the nonregenerating fish nerve and their increased expression 
during regeneration might be a mechanism whereby growth of nonneuronal cells is regulated. 

It is suggested that nonneuronal cells have the capacity to contol neuronal regeneration ability 
provided that they undergo the required changes at the appropriate time. Any nonneuronal cell 
malfunction may lead to failure of regeneration. This brings an optimistic way to view regeneration, 
as it suggests that mammalian eNS glial cells have the capacity to support regeneration with 
appropriate modulation at the right time. 

1. INTRODUCTION 

The nervous system is a sophisticated communication network that senses, inte
grates, and transduces information between the external and internal milieus and 
within the latter. The integrity of the network, which is essential for its suc
cessful functioning, may be disrupted by an injury, with a consequent process of 
degeneration that leads to functional abnormalities that may be either reversible 
or irreversible. The functional activity may be rescued by early prevention of 
degeneration or by a process of regeneration. In order to prevent degeneration, 
the survival demands of the injured axon should be met prior to the period at 
which axonal disintegration commences; however, very little is known about the 
nature of these survival demands. 

Whenever degeneration cannot be prevented, recovery of the injured neuron 
depends on its ability to regenerate. Neuronal regeneration means regrowth of 
injured axons followed by restoration of their synaptic connections and, finally, 
recovery of the original physiological functions. Different classes of neurons and 
neurons of different species differ in their ability to regenerate. Thus, for exam
ple, neurons of lower vertebrates ordinarily regenerate. This also holds for neu
rons of the peripheral nervous system (PNS) in mammals. Distinctively, most of 
the neurons of the central nervous system (eNS) in mammals seldom 
regenerate.2.11.22.34 

Successful regeneration probably depends on a well-defined progression of 
the events that are involved in the various stages throughout the process. The 
cascade of events may be triggered by one or more signals that may be provided 
either by the axonal injury itself or by injury-induced changes in the neuronal 
environment. Induction of regeneration by the injury itself implies that re
generative and nonregenerative nerves differ in an intrinsic property that is 
essential for regeneration. Induction of regeneration by environmental factors 
implies that both the regenerative and nonregenerative nerves may be similar but 
that the environment of the nonregenerative nerves lacks constituents essential 
for regeneration (or contains inhibitory elements). Studies on regeneration have 
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therefore focused on identifying the factors (neuronal or environmental) that 
allow the neurons to shift from a mature resting state into a growth state and 
thereby to accomplish the subsequent events needed for regeneration. In this 
chapter we discuss the literature related to the fate of the neuron in response to 
injury and how it is affected by the environment. In addition, our own results, 
which support the notion that environment-derived factors affect regeneration 
competence, are presented. 

2. BACKGROUND AND LITERATURE SURVEY 

2.1. REGENERATION-AsSOCIATED EVENTS IN THE NEURON 

The neuronal cell body synthesizes and produces the materials required for 
growth of the nerve during development and during injury-induced regeneration 
as well as for axonal maintenance or maturation. Injury causes metabolic altera
tions that are reflected in morphological and biochemical changes in the cell 
body. Some of these changes have been correlated with regeneration and do not 
occur in nonregenerative systems. Most of the changes are presumably needed to 
equip the neurons with substances necessary for fiber construction, for recogni
tion between fibers and supportive cells, and for target reconnection. 

Neuronal substances required for axonal growth, maintenance, and function 
are synthesized in the cell body36 and are transferred to the axon via axonal 
transport mechanisms. Axonal transport, therefore, should playa major role in the 
process of regeneration. Indeed, in addition to changes in synthesis, injury induces 
changes in type, amount, and rate of transport of neuronal substances, which 
include proteins, RNA, and polyamine-related compounds. 6.17.25,30.31,40.52.55.72 
The transported RNA includes primarily t-RNA molecules, presumably par
ticipating in posttranslational modifications required for growth during regenera
tion3o.32 and for axonal maintenance. The polyamine-related compounds (i.e., 
putrescine, spermine, and spermidine) undergo increased axonal transport in 
regenerating optic nerves (examined in fish). In addition, there are changes in 
retrograde axonal transport of target- or environmental-derived substances. 2o 

The anterogradely transported polypeptides that undergo changes after inju
ry are the structural proteins, growth-associated proteins, and neurotransmitter
related proteins. Lipids were also shown to undergo changes in the course of 
regeneration. 

2.1.1. STRUCTURAL PROTEINS 

In this category the only protein that has been intensively studied is tu
bulin.24 During injury-induced regeneration there is an increase in tubulin syn
thesis in the fish optic nerve,24,48 preferentially of the !3 subunit,48 and a 
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selective increase in the synthesis of two low-molecular-weight microtubule
associated proteins (T factors).48 The synthesis of other cytoskeleton-related 
proteins also increases. This includes actin, neurofilamentlike proteins, and 
membrane-associated cytoskeletal materials. 25,4O,56 

2.1.2. GROWTH-AssOCIATED PROTEINS 

Growth-associated proteins are cytoplasmic and membrane-associated poly
peptides whose levels are correlated with growth during neuronal development 
and regeneration. The growth-associated proteins are hardly detectable in the 
mature intact neurons, but during regeneration they are expressed to a higher 
level in lower vertebrates (specifically in the visual system) and in mammalian 
PNS.72 

No specific role has been assigned, so far, to any of the growth-associated 
proteins. However, the timing of appearance of individual proteins during re
generation implies that they playa distinct role in this process. Specifically, the 
acidic 43- to 49-kDa polypeptide5 is synthesized on target disconnection (i.e., 
injury), but it is turned off independently of reconnection with the target. Dis
tinctively, the 24- to 27 -kDa polypeptides, although turned on by the disconnec
tion from the target, return to their basal level only on reconnection.4 Other 
regeneration-associated polypeptides are those whose levels transiently increase 
only if reconnection with the appropriate target organ is made. Their appearance 
may be associated with synaptogenesis and therefore with cessation of growth. 
This is further substantiated by the observation that in the absence of the primary 
target of the regenerating fibers, the regenerative response (manifested mor
phologically and biochemically) does not cease.4,9,16,41 Similar changes in pro
tein synthesis (putative growth-associated proteins) may appear in nonregenera
tive systems in response to artificially imposed external signals,23.62 although 
they do not ordinarily appear in such systems after injury. 

In both regenerative and nonregenerative systems, in addition to changes in 
protein synthesis, there are changes in translation products of mRNA derived 
from the tissues in which the cell bodies are located. This has been demonstrated 
so far in goldfish retinas with injured optic nerves lO ,48,67 and in rabbit retinas 
having injured optic nerves supplied with exogenous factors. 67 

2.1.3. LIPIDS 

The amounts of transported lipids,13,19 especially gangliosides, are also 
increased after injury61 in fish optic nerves. Gangliosides were shown to be 
involved in trophic interactions needed for axonal growth and mainte
nance. 18,65,66 Other lipids, such as cholesterol, may have a role in regeneration. 26 
Exogenous application of phosphatidylcholine, phosphatidylserine, and choles
terol to regenerating retinas in vitro caused modulation of growth. 54 Other 
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indications for the association between lipids and regeneration emerged from 
recent studies that identified a polypeptide (37 kDa) derived from nonneuronal 
cells of rat sciatic nerve as a form of apolipoprotein E (ApoE), 29,64 presumably 
involved in lipid degradation and metabolism, 

2,2, NEURONAL-MICROENVIRONMENT RECIPROCAL RELATIONSHIP 

2,2,1. RESPONSE TO AXONAL INJURY AND NERVE TRANSPLANTATION 

The biochemical changes that occur in a regenerating neuron, described in 
the previous chapter, are associated with the establishment of a growth state and 
subsequent axonal elongation, The absence of these biochemical changes, in
cluding the obligatory ones, in nonregenerative nerves may stem from inap
propriate behavior of the neuronal microenvironment in response to the injury. 

In intact nerves there is a mutual relationship between the axon and the 
nonneuronal cells. This relationship is presumably required for the maintenance 
and functional activity of the axon and the fully differentiated nonneuronal cells. 
As a result of an injury, the neuron is deprived of target-derived substances, and 
the mutual relationship with the environment is disrupted, with a consequent 
transition of the environment to regeneration supportive or to regeneration 
inhibitory . 

Axotomy induces changes in the state of growth of the surrounding non
neuronal cells,44-47,7o which may lead to formation of an environment hostile to 
regeneration as a result of the appearance of either a glial scar tissue or axonal 
growth inhibitors,39 In the last cited work, attempts were made to attribute the 
regenerative failure ofaxons in the adult mammalian eNS to the release of 
growth inhibitors from injured oligodendrocytes, from myelin sheath, or from 
both. Alternatively, the glial proliferation may lead to formation of a growth
supportive environment. 38,62,7l,74 It appears that the formation of both hostile 
and supportive environments may occur at different time periods after injury. 47 It 
is the net outcome of these opposing contributions that may have an impact on 
the nature of the response to the injury, i.e, regeneration or degeneration, 

Surgical manipulations were performed to determine whether a dense glial 
scar, which is formed by proliferating glial cells, interferes with outgrowth of 
neurites in regeneration. These studies showed that such a scar does not represent 
a major obstacle to axonal growth,58,59 However, there is no conclusive infor
mation as to the contribution of scarring to the failure of regeneration in mam
malian eNS, 8,35,43 It is possible that the lack of regeneration may stem not from 
hostile glial cells but from a deficiency in reactive glial cells, 54 

Nerve transplantation experiments demonstrated that the neuronal environ
ment must be conducive for regeneration, 1,14,33,60 Injured spinal cord and brain 
axons regenerate readily through grafted columns of Schwann cells in peripheral 
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nerves but seldom enter grafted CNS nerve segments. 1.33,60 This indicates that 
in contrast to glial cells, the nonneuronal cells of the peripheral nerves (e.g., the 
Schwann cells) or components associated with them (e.g., diffusible or extra
cellular matrix) have the appropriate properties for regeneration. 

2.2.2. ENVIRONMENT-DERIVED DIFFUSIBLE MOLECULES AND 

RESPONSE TO INJURY 

Diffusible substances originating from nonneuronal cells may function as 
trophic agents in the process of regeneration38,71,74 and may affect glial pro
liferation and differentiation, neurite survival, and growth. 

Axonal injury causes changes in the activity of diffusible substances origi
nating from the nonneuronal environment and also from the target organ. Thus, 
for example, the growth of the proximal stump of a transected PNS nerve is 
facilitated by diffusible proteinaceous molecules possibly anchored in the basal 
lamina and released from the distal stump of the transected nerve. 37 Similarly, 
axonal injury induces increased neurite-promoting activity in extracts of the 
target organ. 21 ,27.S0,51 Furthermore, extracts prepared from denervated adult 
skeletal muscle contain an increased amount of neurotrophic activity that pro
motes survival of dissociated motor neurons and outgrowth of neurites from 
explants of spinal cord maintained in serum-free defined mediaY This injury
induced increase in activity has also been observed in the brain. For example, the 
activity of a diffusible substance that is collected from the site of a brain lesion 
and affects the survival of chick sensory neurons in culture is increased after a 
lesion.49 Injury-induced increased activity is also manifested by the better sur
vival of brain grafts in wound cavities several days after the injury.49,so 

Injury to optic nerves of fishs7 and peripheral nerves of mammals63 (both 
regenerative systems) causes changes in the type and amount of diffusible sub
stances derived from surrounding nonneuronal cells. In the peripheral nervous 
system, these changes were manifested by the selective accumulation of a 37-
kDa polypeptide that was identified as a form of apolipoprotein E.29,64 In an 
attempt to get an insight into how environment-derived factors affect regenera
tion competence, we have used visual systems of fish and rabbit, representing 
regenerative and nonregenerative CNS, respectively. The results of our studies 
are summarized below. 

3. RESULTS OBTAINED IN THE VISUAL SYSTEM 

Injury to the visual system of the lower vertebrate, which is endowed with a 
high capacity for regeneration, causes alterations that are manifested by changes 
in the appearance of polypeptides derived from nonneuronal cells. Among such 
polypeptides are a 28-kDa polypeptide that is not detectable in the intact nerveS7 
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and a 12-kDa polypeptide that appeared in the intact nerve but displays an 
increased synthesis during regeneration. 3 Other polypeptides expressed quan
titative alterations in the course of regeneration. It is possible that among these 
there are polypeptides responsible, at least in part, for transforming the environ
ment of the fish optic nerve from a "resting state" (needed for maintenance) into 
a "reactive state" (needed for growth support). 

3.1. MODIFICATIONS OF NEURONAL ENVIRONMENT AND 

REGENERATION 

3.1.1. SUBSTANCES DERIVED FROM REGENERATING FISH OPTIC 

NERVE ACTIVATE INJURED ADULT RABBIT OPTIC NERVE 

To test the assumption, proposed above, that injury induces environmental 
changes needed for regeneration, a graft of regenerating fish optic nerve was 
inserted into an injured (but nonregenerative) optic nerve of adult rabbit. 62 The 
transplantation caused a regenerationlike response in the rabbit retina. However, 
immunologic rejection of the graft was noticed shortly after the surgery. To 
avoid the rejection, we used a "wrap around" implant as a substitute for the 
graft. The injured nerve of the rabbit was "wrapped around" with a silicone tube 
that was internally coated with collagen and incubated prior to implantation in 
diffusible substances (i.e., conditioned media) derived from regenerating optic 
nerves of fish (either carp or goldfish). The resulting response in the rabbit optic 
nerve included events that fulfilled the following criteria for regenerative re
sponse occurring spontaneously after injury in a regenerative system, and which 
were therefore chosen as parameters for a regeneration-associated response: (1) 
general alterations in protein synthesis in the retinas, (2) alterations in synthesis 
of specific polypeptides in the retinas, (3) in vitro sprouting activity, and (4) in 
vivo survival and sprouting. 

Conditioned media derived from regenerating fish optic nerve caused a 
general increase in protein synthesis in retinas of crushed rabbit optic nerves. The 
right optic nerve (R) of each animal served as control. The ratio UR provides an 
index for protein synthesis or for changes in protein synthesis determined by 
incorporation of [35S]methionine into TCA-precipitable molecules. 62 This in
crease was observed in 90% of the animals tested (UR = 1.5, average of all the 
tested animals). Media conditioned by intact fish optic nerves caused only a 
slight increase in protein synthesis (UR = 0.9) relative to retinas of injured but 
untreated nerves (UR = 0.76). 

Gel electrophoretic analysis of the [35S]methionine-labeled products in the 
rabbit retinas revealed a preferential increase in labeling of 130-, 110-, 74-, 64-, 
and 26-kDa polypeptides (Fig. 1). Polypeptides of similar molecular weights (74 
and 65 kDa) were also observed by us in retinas of regenerating fish optic nerves. 
Two-dimensional gel electrophoretic analysis further revealed increased syn-
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thesis of additional polypeptides. Some of these polypeptides are of similar 
molecular weights to the axonally transported proteins described in regenerating 
systems (including goldfish and toad optic nerves as well as mammalian sciatic 
nerves). It may be suggested that a few of these polypeptides function as specific 
growth-associated proteins and may be related to the GAPs defined by Willard 
and Skene.72 

In vitro sprouting activity from the retinas was observed in culture. No 
sprouting could be detected in retinas of injured nerves that were implanted (as a 
control) with the silicone tubes that contained an irrelevant protein such as 
bovine serum albumin (Fig. 2). 

Analysis of the rabbit optic nerve fibers using HRP labeling revealed the 
higher viability of fibers after conditioned medium implantation as opposed to 
fibers of nerves that were injured only. This higher viability was also manifested 
by the higher percentage of viable ganglion cells and nerve fibers in the treated 
nerves (Fig. 3). Along with this observation, electron microscopic analysis re
vealed the presence of growth cones in the injured nerves that were exposed to 
active conditioned medium derived from the regenerating fish optic nerves. 
Similarly, growth cones could not be detected in nerves that were injured and 
exposed to media free of active substances. 

It should be noted that the observed growth cones in the implanted injured 
nerves seemed to be embedded in a tissue that appeared as the putative scar tissue 
(Fig. 4). This observation suggests that the proliferating glial cells do not neces
sarily impede growth and can even support it by forming a scaffold with a 
supportive surface for the growing fibers, provided that they acquire the appro
priate properties at the appropriate time after the injury. 

Thus, our study demonstrates that (1) an injured optic nerve of a non
regenerative system can be induced to express characteristics of regeneration 
provided that its environment is suitably modified, (2) an effective environmen
tal modification can be achieved by diffusible substances derived from a re
generation-supportive environment, and (3) diffusible substances derived from 
regenerating optic nerves of fish have a significantly higher activity than those 
derived from intact optic nerves of fish. These results emphasize that changes in 
diffusible substances derived from the neuronal environment57 are responsible 
for an increased activity of factors that can trigger a regenerative response. This 
higher activity may be the result of increased production of new or already 
existing substances. Alternatively, the higher activity may stem from activation 
of preexisting molecules, a reduced activity of inhibitors, or increased activity of 
materials that neutralize inhibitors. 

Increased activity of media conditioned by regenerating fish optic nerve was 
also evident when the same conditioned media were examined for their effect on 
sprouting in vitro. This increase was shown to result, at least in part, from 
reduced levels of preexisting inhibitors. 57 It is not clear whether or not the same 
soluble substances are related to those that were found to be active in situ and, if 



FIGURE 2. Neuritic outgrowth from rabbit retinas in culture. Rabbit retinas were excised 7 days 
following the surgery. The retinas were chopped into 400-f.Lm squares and cultured on polY-L-lysine
coated dishes (0.1 mg/ml, Sigma) in DMEM supplemented with fetal calf serum (5%, Biolabl, 
gentamycin sulfate (10 f.Lg/ml, Sigma), HEPES (20 mM, Sigma), and glutamine (Biolab). Three 
retinas in each group were seperately examined. (a,b,d) Photomicrograph of cultured piece of rabbit 
retina of optic nerve that was injured and grafted with substances originating from regenerating optic 
nerve of fish; (a,b) x70; Cd) scanning electron micrograph of a growing fiber, x9260. (c) Pho
tomicrograph of a cultured retina of newborn rabbit optic nerve. (e) Micrograph of cultured rabbit 
retina of an injured optic nerve implanted with a silicone containing BSA. Note the lack of sprouts. 
x 140. (Three pictures in this composition were taken from Hadani et al. 23 ) 
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so, whether they are similarly regulated. This issue is currently under investiga
tion. 

Our study revealed that the observed activity is triggered by a non-NGF 
diffusible factor that is different from nerve growth factor (NGF) , as an applica
tion of NGF in a silicone tube around the injured rabbit optic nerve did not cause 
any subsequent changes in the retinas (A. Harel, A. Solomon, M. Belkin, and 
M. Schwartz, unpublished data). Under the same experimental conditions, me
dia conditioned by injured optic nerve of adult rabbit did not have any activity. In 
contrast, media conditioned by optic nerve of newborn rabbit displayed activity 
similar to that of media conditioned by the regenerating fish optic nerve, thus 
supporting our initial suggestion that the adult rabbit optic nerve can respond to 
exogenous factors but cannot provide them itself.23 These results have led us to 
propose that the ability of a nerve to grow correlates with its ability to provide 
diffusible substances that can trigger a regeneration like response in a non
regenerative system. For this reason, we named the active components growth
associated triggering factors (GATFs). It is possible that the observed effect 
induced by the conditioned medium is a result of several factors active con
secutively or in concert. Purification of such a factor from media conditioned by 
regenerating fish optic nerve involved gel filtration and reverse-phase high
performance liquid chromatography. This procedure yielded a substance of about 
500 daltons that caused a regenerationlike response in the retinas of the im
planted injured nerves. Another factor, a protein of high molecular weight, 
caused an increase in laminin production. The latter is currently in the process of 
purification. 

3.1.2. GATFs CAUSE ENVIRONMENTAL CHANGES 

3.1.2a. THYMIDINE INCORPORATION AND PROTEIN PROFILE. The 
GATFs, when implanted around an injured optic nerve of an adult rabbit, may 
have a direct effect on the nonneuronal cells of the injured nerve. Alternatively, 
it is possible that the implanted triggering factors have a direct effect on the 
retinal cells (the ganglion cells or other neuronal or nonneuronal cells). To 
resolve this issue, several experiments were carried out in an attempt to find out 
whether the nonneuronal cells that surround the injured nerve displayed any 
changes after being exposed to these exogenous factors. 

It appears that media conditioned by injured rabbit nerves that were im
planted with neonatal-derived conditioned media and a week later dissected out 
and washed seemed to be able by themselves to provide active substances. 23 
These changes in activity were accompanied by increased proliferation of per
ineural cells and changes in the profile of proteins derived from the GATF
treated nerves (Fig. 5). The major changes were in a 12-kDa polypeptide and in 
proteins having molecular weights similar to those of cytoskeletal elements. It is 
premature to attribute a role to the 12-kDa polypeptide. However, among other 
possibilities, it might be a secreted protein that comigrates with a polypeptide 
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FIGURE 3. Horseradish-peroxidase-labeled optic nerves. Longitudinal cryosections were taken 
through the optic nerve, and labeled fibers were visualized with HRP using the Hanker-Yates 
method. (a,c,e) Nerve sections taken I week, 2 weeks, and I month, respectively, after the optic 
nerve crush. (b,d,f,g,h) Labeled nerves taken at the same time intervals as above, but after injury and 
implantation of silicone tube containing GATFs. Note the paucity of labeled fibers in the implanted 
injured nerve (f-h) and their absence in the control (e). The arrows point to structures that resemble 
growing fibers. (From Lavie et al. 36a) 
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FIGURE 4. Growth cones in scaffold formed by glial processes after injury and implantation. Micro
graphs a and b represent sections taken from rabbit optic nerves that were injured and treated with 
GATF, whereas micrograph c represents a section taken from newborn rabbit optic nerve. In b , 
abundant glial cells with process (ap) are seen , among which a growth cone (gc) and nerve fibers are 
embedded. Typical growth cones of a newborn optic nerve of rabbit is seen in c. 

originating from media conditioned by regenerating fish optic nerves (Fig. 5). 
Accordingly, the 12-kDa polypeptide might be a second mediator in the cascade 
of events that is induced by GATFs and leads to the neuronal regeneration 
response. This hypothesis can be tested by in vitro application of the isolated and 
purified I2-kDa polypeptide to nerves . (Isolation of the 12-kDa polypeptide is 
underway.) It is possible that GA TFs cause additional alterations mainly in 
triggering growth-related events such as in the composition of the extracellular 
matrix, known to playa role in regeneration. 73 The technique used in Fig. 5 was 
not sufficiently sensitive to detect such components. 

3.1.2h. LAMININ-!MMUNOREACTIVE SITES. To investigate possible 
GATF-induced alterations in the extracellular matrix, we decided to employ 
immunocytochemical tools. Specifically, we examined the presence of laminin
immunoreactive sites, since laminin is a matrix component that, in a regenerative 
system, contributes to the formation of a growth-supportive milieu . 15,28.73 

Our results revealed that in cryostat sections of intact adult rabbit optic 
nerve, laminin-immunoreactive sites appeared in the epineurium and around the 
sparsely distributed blood vessels. Following injury, laminin immunoreactivity 
could be detected in the epineurium, in connective tissue surrounding blood 
vessels, and in coarse bundles of scar tissue. However, after injury and applica
tion of GATF, the pattern of laminin immunoreactivity was changed, and addi
tionallaminin reactive sites could be detected. These appeared as a fine network 
coursing throughout the matrix of the nerve at the actual site of injury as well as 
at sites proximal, but not distal, to it. The more widespread distribution of 
laminin may be directly induced by the GATFs or may result from a cascade of 
events initiated by the GATFs. It could involve increased production or secretion 
of laminin or other metabolic changes that affect its accumulation. 75 Current 
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FIGURE 5. Exposure to GATFs induces the appearance of a 12-kDa polypeptide. Nerve homoge
nates (16 J.l. protein) of the various experimental groups were applied to SDS-polyacrylamide (15 °;' 
acrylamide) gels. After electrophoresis, the gels were fixed and stained. The intensity of labeling of 
the 12-kDa polypeptide, as determined by densitometric scanning of the gel at 560 nm (Gilford), was 
approximately 30 times higher in the proximal segment of the GATF-treated nerve relative to the 
GATF-nontreated nerve. In nine of 13 GATF-treated rabbits, the 12-kDa polypeptide appeared as a 
prominent protein band. In none of the control rabbits (about 20 were tested) could such an increase 
be detected. (From Bawnik et aL.3) 

studies are devoted to identifying the laminin-immunoreactive sites in fish and 
rabbit and to elucidating the mechanisms that regulate its accumulation in the 
adult fish optic nerve and its absence from the adult rabbit optic nerve. 

3.2. MESSENGER RNA DERIVED FROM NONNEURONAL CELLS AND 

REGENERATION 

We have shown that axonal injury in a system that is endowed with a high 
capacity for regeneration is accompanied by environmental changes. These 
changes are manifested by alterations in type, amount, and activity of diffusible 
molecules originating from such an environment. In order to get an insight into 
how these alterations are regulated and what might be the mechanism responsible 
for the changes in growth activity, several experiments were carried out in the 
fish visual system. 
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RNA extractions were achieved by the use of the guanidine isothiocya
nate/CsCI protocol,12 as it yielded the highest amount of translatable, non
degraded RNA. It appeared that regeneration is accompanied by changes in 
translated polypeptides from the RNA of nonneuronal cells surrounding a re
generating fish optic nerve as compared with RNA of an intact nerve analyzed by 
two-dimensional gel electrophoresis. The changes were mainly manifested in 
low-molecular-weight translated polypeptides. 68 

It is likely that the differences in translation of low-molecular-weight poly
peptides in the regenerating preparation reflect true in vivo variability, yet they 
are not a direct result of variability in the average RNA size of the two prepara
tions. Possibly the differences may stem from changes in the 5' ends of RNAs 
from the two preparations, making initiation of translation in one (the regenerat
ing) more efficient than in the other (the normal). Indeed, much research is 
currently underway regarding the 5' terminus of the RNA and its effect on 
translation. In the regenerative CNS visual system of the fish, this may represent 
an efficient and finely tuned mechanism to control the proteins that the non
neuronal cells have available for themselves as well as for the axon under various 
physiological conditions. 

3.2.2. NONNEURONAL CELLS IN REGE1'-'ERATI01'-' AND ONCOGE:'oJES 

Our results suggest that when the neuron regenerates, it initiates growth of 
fibers from the preexisting cell bodies while the perineural cells proliferate. The 
non neuronal cell response may be typical of a growing tissue with a possible 
autonomous type of regulation that may be shifted back to a nonautonomous 
mode on termination of the axonal regeneration and growth. This might be a 
mechanism whereby a system transiently operates more efficiently to compen
sate for an increased need for growth factors. We therefore wanted to discover 
whether there is homology between the genes involved in the control of growth 
and proliferation of the nonneuronal cells in regeneration and cellular oncogenes. 
Oncogene products may function as growth factors, their membrane receptors, 
intracellular messengers, or other constituents in the growth response that leads 
ultimately to DNA synthesis, cell division, and regeneration. We therefore in
vestigated whether, in vivo, the response to neuronal injury involves changes in 
the expression of any oncogene. 

Our results suggest that RNA from cells surrounding optic nerves of fish 
contain sequences homologous to the oncogenesfos and myc. Hybridization with 
fos and myc was visible in mRNA derived from both noninjured nerves and 
regenerating nerves but was two to five times higher in the mRNA of regenerat
ing nerve. 69 
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Several in vitro studies have shown that expression of the fos gene is a 
transient and early response to mitogenic stimuli. It may be that in the visual 
system expression of fos, or fos-like activity, increases within hours or even days 
following the mitogenic stimulus of optic nerve injury. The observed increased 
expression in fish, measured 8 days after injury, may represent the peak or may 
already be a decline to base-line levels. The significance of fos and myc in the 
intact nerve, their increased level in regeneration, and their cellular origin among 
the nonneuronal cells warrant further study, as they may provide tools for under
standing glial growth regulation in response to injury in regenerative and non
regenerative systems. 

We have shown that after injury both the neurons and their surrounding 
nonneuronal cells are activated. The nonneuronal cells respond in a manner that 
might be similar to a reparative response of any other proliferative tissue. The 
lack of regeneration may stem from an inability of the glial cells of mammals to 
accomplish this response and thereby to acquire the appropriate properties at the 
right time. Perhaps the triggering factors provided by nonneuronal cells of grow
ing (regenerating or developing) nerves can cause their activation. 

Further characterization of the active components, analysis of their mode of 
action, determination of the extent of the anatomic regeneration that they in
duced, and establishment of other means of their application, possibly with other 
components known to be absent in mammalian CNS, may eventually contribute 
to alleviating the problem of the mammalian nonregenerative CNS. 
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GROWTH FACTOR INDUCTION 

AND ORDER OF EVENTS IN 

eNS REPAIR 

MANUEL N IETO-SAMPEDRO 

ABSTRACT. In response to damage, the adult CNS exhibits capabilities, such as glial cell prolifera
tion and differentiation and axonal sprouting and growth, typical of the developmental period. This 
"rejuvenation" of the CNS tissue arises as a consequence of the injury-induced increase in the 
activities of neurotrophic and sprouting factors and of glia, fibroblast, and endothelial cell mitogens 
and morphogens. 

In the absence of neuronal division, true regeneration of the CNS is not possible. However, the 
knowledge of the biochemical events underlying the cellular response of the CNS to injury offers a 
way to intervene in the process and attempt functional repair. 

Studies on the time course of induction of various growth activities after a lesion reveal that, 
contrary to what is observed during development, the process of injury repair does not follow a well
ordered temporal sequence. The increase in neurotrophic activity occurs simultaneously with that of 
axon-sprouting factors and at a time subsequent to most secondary neuronal death. The enhancement 
in the activity of nonneuronal mitogens (and the consequent proliferation of glial, fibroblast, and 
endothelial cells) precedes that of axon-sprouting factors. By giving priority to cell proliferation, the 
organism ensures the restitution of blood supply as well as that of the glia limitans and other CNS
body boundaries. But it compromises the regeneration ofaxons across the injury area. 

This information, accumulated for the most part during the last 5 years, allows us to visualize 
various ways of intervention after CNS injury. One of the most obvious would be to supply purified 
neurotrophic factors to the affected area and thus save many neurons from secondary death. Another 
type of intervention that many of us have in mind is the replacement of lost neurons and their 
connections by means of transplants. Transplantation of donor CNS tissue at a time when production 
of neurotrophic and sprouting factors by the injured host is maximal would ensure optimal survival 
and integration of the donor neurons. Finally, the exogenous supply of purified neurite-sprouting and 
elongation factors, together with that of glial mitogen inhibitors (naturally present in the CNS), may 
facilitate the regeneration of interrupted pathways. 

The purification and use of central growth factors and their inhibitors should eventually permit 
convergent multiple interventions to repair damaged CNS tissue. Correct timing and intertwining of 
the requirements of repair with the priorities of the organism seem essential. 

MANUEL NIETO-SAMPEDRO 

vine, Irvine, California 92717. 
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1. INTRODUCTION 

Damage to the CNS breaks the physical and functional boundaries of the nervous 
tissue, disrupts the interactions between neural cells, and destroys both the 
neurons and the connections in which they are involved. Nerve cells do not 
proliferate, and damaged central nerve fibers regrow to a very limited degree. At 
the beginning of the century, Cajal showed that the damaged CNS, on its own, 
was unable to regenerate. 89 Subsequent morphological studies confirmed Cajal's 
observations while, at the same time, revealing that in response to injury the 
adult CNS "rejuvenates." Ironically, the damaged CNS exhibits most of the 
developmental capabilities required for regeneration. New capillary formation, 
glial proliferation and differentiation, axonal sprouting, and reactive synap
togenesis occur after mechanical trauma, stroke, and many degenerative dis
eases. 20 ·78 These responses seem appropriate to compensate for minor CNS 
lesions. However, the functional consequences of large CNS lesions are most 
frequently disastrous, and at present there are no treatments for CNS injury. In 
the absence of neuronal division, true regeneration, i.e., the restitution of the 
CNS to the preinjury state, is clearly impossible, and the best we can hope for is 
functional repair. This chapter describes the work carried out in our own and 
other laboratories, mostly in the last 6 years, attempting to find new ways to 
achieve such an objective. 

2. CELLULAR EVENTS THAT FOLLOW CNS INJURY 

The major events that follow severe CNS trauma are illustrated in Fig. 1. 
Immediately after severe CNS trauma, the blood-eNS barrier breaks down at 
the injury site. Local ischemia/hypoxia/hypoglycemia result from both vascular 
spasm and vascular disruption. Blood cells and serum proteins invade the injury 
area. Edema, resulting from both extracellular fluid accumulation and astrocyte 
swelling, is obvious 24 hr later. 43 ,49 Ultrastructural abnormalities in the axons in 
both gray and white matter can be observed immediately after a contusive injury, 
and uniform necrosis and myelin degeneration follow 8-24 hr later. 8 Many 
blood-derived macrophages accumulate 48 hr after an open wound and engulf 
degenerating myelin and other cell debris. 29 

Groups of neurons not killed immediately after injury begin to die 1-2 days 
later, and gradually enlarging cysts develop and coalesce to form cavities within 
the CNS parenchyma45 that separate previously connected neurons. While 
phagocytosis is going on, astrocytes close to the lesion site begin to proliferate, 
and their enlarged fibrous processes form a web that isolates the surfaces of the 
injury from the surrounding tissue. 3 ,18 At about the same time, fibroblasts from 
the proximal connective tissue invade the injury site and overlay the injury 
surfaces with a layer of collagen, 51, III completing the formation of a new 
boundary, the so-called "glial scar." 
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FIGURE I. Sequence of events after CNS trauma. (a) 
Some neurons in the primary injury area die immediate
ly. Other cells are axotomized or rendered ischemic by 
disruption of the local vasculature or vascular spasm. 
Injury triggers a cascade of events that results in (b) 
secondary neuronal death, that is, death of cells not 
directly affected by the injury. At the same time, debris 
is cleared, capillaries are repaired, and glial prolifera
tion begins. A new CNS boundary is fonned (so-called 
glial scar). Reactive and regenerative sprouts begin to 
grow. (c) However, regenerative sprouts are prevented 
from reaching their targets by a combination of the mis
guiding effects of the new glial boundary and reinnerva
tion of their targets by reactive sprouts. Regenerative 
sprouts either die back or form inappropriate contacts 
near their site of origin. (Adapted from ref. 78.) 
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Complete clearing of degenerative debris may take many months, but in the 
adult, the bulk of it has been removed 4 or 5 days post-lesion, and sprouts from 
nearby undamaged neurons begin to appear at that time. 20 These fibers form new 
synapses that effectively repopulate vacated terminal fields. At about the same 
time, regenerating sprouts start to grow from axon stumps at the injury site. 
However, they have to grow a long distance before reaching their targets. Mean
while, the glial scar (or neo-glia-limitans) has formed across the path of re
generating axons, which, deflected from their normal path, either die back or 
form new synapses with inappropriate proximal targets.lla.89 

Unaided, the CNS cannot achieve complete functional repair. Intervention 
is necessary to prevent secondary neuronal death, to replace lost neurons, to 
control sprouting, and to guide the growth of regenerating sprouts across the glial 
boundary to their appropriate target. I consider each of these problems in tum 
and describe the progress achieved in dealing with them. 

3. NEURONAL SURVIVAL AFTER eNS INJURY 

Only a comparatively small number of neurons die acutely, i.e., in the first 
moments after a lesion. However, CNS injury does not terminate immediately 
after trauma. Many more neurons become necrotic within 24 hr post-lesion, and 
usually an even larger number die in the following 2-7 days in areas not directly 
affected by the injury (Fig. lb). Cell death that is not acute is commonly denomi-
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nated secondary death. Secondary neuronal death after CNS trauma arises from a 
combination of various injury-related causes, including axotomy, ischemia, for
mation of free radicals, alterations in the ionic balance,2s and membrane phos
pholipid hydrolysis (P. Demediuk and A. I. Faden, Chapter 2). 

Replacement of lost neurons by means of transplants is giving us invaluable 
understanding of the variables on which neuronal survival depends. Further
more, transplants may become clinically important in the treatment of chronic 
injuries. However, when considering intervention after CNS lesions, preventing 
secondary neuronal death seems to be the obvious first approach. What are the 
mechanisms of secondary neuronal death? Can neuronal death be prevented or 
minimized? Would the same principles facilitate transplantation of neuronal 
replacements? 

3.1. CENTRAL NEURONOTROPHIC FACTORS AND SECONDARY 

NEURONAL DEATH 

The two major causes of secondary neuronal death in the CNS are probably 
axotomy and the sequels of disruption of the vasculature. A well-known feature 
of neurons subjected to axotomy is chromatolysis,58 and a similar phenomenon 
has been described in the hippocampus after a brief ischemic episode.48 Chro
matolysis of sympathetic neurons is elicited by removal of their supply of nerve 
growth factor (NGF), and their health can be restored by providing exogenous 
NGF.56 By analogy, we may expect that neurons that project into a CNS injury 
area and are deprived of their specific neuronotrophic factors will be affected 
much like peripheral neurons. Thus, deprivation of survival-promoting factors 
(also called neurotrophic or neuronotrophic factors, NTF) may be one of the 
mechanisms underlying secondary neuronal death in the CNS. 

Do NTFs exist in the normal CNS, and, if so, how are they affected by 
injury? In order to answer these questions, rats were given a brain lesion and, at 
various times post-lesion, the animals were sacrificed, and extracts prepared 
from the tissue immediately surrounding the wound cavity. 79.80 The neu
ronotrophic activity of the extracts was then tested on cultures of dissociated 
neurons. Normal brain extracts contained low levels of neuronotrophic activity. 
However, after injury, these levels increased with time, reaching a maximum 
and decreasing thereafter (Fig. 2). The precise time at which maximal activity 
was reached depended on the age of the animal. The initial experiments were 
performed using neonatal animals,68,79 and in this case maximal trophic activity 
accumulated after 3 days post-lesion. But the response was even more pro
nounced when the experiments were carried out with adult or aged animals, 
where maximal trophic titers were reached after 10 and 15 days post-lesion, 
respectively7S,80 (Fig. 2). 

All types of injury examined, including chemical and ischemic insults and 
selective deafferentation, cause increases in NTF activity, generally proportional 
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FICt:RE 2. Postlesion increase in the neuronotrophic activity of Sprague-Dawley rats: CA.) :'I days 
old; (.) adult; (e) 24-26 months old. One trophic unit per milliliter supports 50% of the maximal 
neuron survival. Target cells were purified chick embryo (E8) ciliary ganglion neurons. Maximal 
neuron survival was 95 ± 891- of the cells seeded. The titer values C±S.E.M, n = 3-10) are 
expressed per milliliter of packed tissue (ca. per g tissue). (Adapted from ref. 75.) 

to the extent of the lesion. The activity increased five to 50 times compared to 
normal brain, depending on the age of the animal and the neuronal type used as 
test cell in the assay. 68,75,80, 108 The highest activity occurred in the tissue 
immediately surrounding the lesion at about the time when secondary neuronal 
death ceased. It seems that the increased supply of NTF prevented further neu
ronal death. If this were the case, an exogenous supply of such factors soon after 
injury might prevent most neuronal death arising from axotomy. 

3.2. EXCITOTOXICITY AND SECONDARY NEURONAL DEATH 

Of all the sequels of injury, disruption of the blood supply is perhaps the 
most traumatic. Recently, several lines of investigation have provided evidence 
that neuronal death subsequent to ischemia and the accompanying anoxia and 
hypoglycemia is mediated by excitatory amino acids (Fig. 3).70,92,110 As a result 
of such trauma, excessive amounts of glutamate (up to eight times normal) are 
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FIGURE 3. Excitotoxic neuronal death. (A) Under normal circumstances, the glutamate (*) liberated 
at the synaptic cleft acts on the postsynaptic cell. Its excitatory action is terminated by removal into the 
astrocytic processes (Ast.) surrounding the synapse and amidation to glutamine (e), and repolarization 
is ensured. (B) Injury causes the liberation of a large excess of glutamate that overwhelms the capacity 
of the astrocyte to remove it from the synaptic region. The postsynaptic cell is permanently depolarized; 
large amounts of chloride (and the accompanying water) swell the cell, which finally (C) undergoes 
osmotic lysis. 
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released into the extracellular space. II If glutamate levels remain elevated for 
periods beyond several minutes, or if excitatory amino acids are injected directly 
into the CNS, cell death results. 92 Several glutamate antagonists, particularly 
those in the phosphonic acid series, can be protective if applied either immediate
ly before or shortly after the insult. 70.102 The excitotoxic action of glutamate can 
be reproduced in cultured neurons or in brain slices, where the conditions can be 
precisely monitored. 93 Neuronal death results when cultures are maintained in a 
partially ischemic environment and exposed to glutamate (approximately 100 
f.Lm). Glutamate antagonists, particularly those of the N-methyl-D-aspartate 
(NMDA) class, protect against cell death in these systems. 28 •93 ,94 

3.3. PREVENTING SECO.'\lDARY NEURONAL DEATH 

Minimizing or preventing secondary neuronal death may greatly contribute 
to a favorable prognosis for recovery after CNS injury without further interven
tions to replace the lost cells. Several chapters in this volume deal with early 
postlesion deleterious events that may lead to neuronal loss and pharmacological 
treatments that may prevent it. From the work reported above, I propose two 
interventions: (I) treatment with glutamate antagonists specific for the NMDA 
receptor type; (2) treatment with neuronotrophic factors. A third intervention, 
astrocyte type 1 transplantation, is considered in Section 5.5. 

A number of glutamate antagonists specifically inhibit binding to the 
NMDA receptor (Table I). Of these compounds, the best candidates for clinical 
use appear to be AP7, CPP, and compound MK -801. These compounds cross the 
blood-CNS barrier and, therefore, can be conveniently administered. Although 
CPP is the most potent glutamate antagonist at the NMDA receptor and MK-801 

Compound a 

AP4 
AP5 
AP6 
AP7 
CPP 
MK-801 
GDEE 
Kynurenateb 

pBrBPzDa 

T ABLE I. Excitatory Amino Acid Antagonists 

Receptor specificity 

Presynaptic antagonist to AP4-type receptor 
NMDA antagonist 
Neuronodulator, acts at glial binding site 
NMDA antagonist, crosses blood-brain barrier 
Powerful NMDA antagonist; crosses blood-brain barrier 
Potent NMDA antagonist, active orally 
Quisqualate receptor antagonist 
General antagonist, occurs naturally in CNS 
Very powerful general antagonist 

Reference 

21 
22 
40 
70 
22 
28, 112 
94 
31 
30 

aAbbreviations: AP4. 4-aminophosphonobutanoic acid; AP5. 5-aminophosphonopentanoic acid; Ap6. 6-amino
phosphonohexanoic acid; AP7. 7-aminophosphonoheptanoic acid; CPP. 3-(1 ± ]-2-carboxypiperazin-4-yl)-pro
pyl-I-phosphonic acid; GDEE. glutamate diethyl ester; pBrBPzDA; p-bromobenzoylpiperazine dicarboxylic acid; 
MK-801. (+ )-5-methyl-lO.ll-dihydro-5H-dibenzo[a.d]cyclohepten-5.10-imine maleate. 

"Recent data from B. Meldrum (personal communication) indicate that kynurenic acid is useful in protecting the 
brain against ischemic damage. 
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is both potent and approved for clinical use as an anticonvulsant, other general 
antagonists may also prove useful. Kynurenate, in particular, has the advantage 
of being a naturally occurring CNS metabolite. 

The therapeutic use of NTFs is far less advanced than, and may not be as 
convenient as, that of amino acid antagonists. However, NTF treatment of open 
CNS injuries may eventually prove very important. It has recently been shown 
that the best-known neuronotrophic factor, NGF, is present in brain and plays a 
key role in the survival of central cholinergic neurons. 50.100,107 The loss of 
septal cells following fimbria transection 109 could be almost completely pre
vented by infusion of NGF (F. H. Gage, personal communication; see also B. 
Will et at., Chapter 16). Similar studies have not been carried out using other 
central NTFs. However, we have shown that an exogenous supply of a crude 
extract of injured brain tissue made possible the survival of fetal striatal tissue 
implanted immediately after an open injury. 82 These results clearly indicate that 
NTFs may be used as pharmacological agents in the treatment of CNS injury. 
Purification of injury-induced CNS neuronotrophic factors and cloning of the 
corresponding genes would make possible a clinical trial of these molecules. 

3.4. REPLACING LOST NECRONS: INJCRy-INDUCED NElJRONOTROPHIC 

FACTORS AND TRANSPl.ANT SURVIVAl. 

Regardless of our success in preventing secondary neuronal death, a vari
able number of cells will be lost during the acute phase of injury. Furthermore. 
preventing neuronal loss is of little help to chronic CNS injury patients. In these 
cases, transplantation of fetal tissue into the injured CNS has been proposed as a 
means of replacing lost neurons. In order to be useful as therapeutic tools, 
transplants must survive in a wound cavity. Reliably successful survival of 
masses of neurons, that is, survival of tissue grafts, is therefore necessary. 

However, the survival of solid fragments of embryonic CNS tissue in a 
wound cavity made in the host parenchyma is variable, depending not only on 
the age of the donor tissue but also on the type of neuron transplanted. Many 
cortical neurons survive well, septal or monoamine neurons less well, and striatal 
AChE-positive neurons survive poorly or not at all. The survival and growth of 
striatal neurons in a wound cavity were dramatically enhanced by placing the 
transplant in the host after neuronotrophic factor production had began to rise 
(Fig. 4a). There was a close correlation between NTF activity for striatal neurons 
in the tissue immediately adjacent to the cavity and survival of transplants of the 
same type of neurons. 68,79,80,108 Optimal survival coincided with maximal pro
duction of NTFs (Fig. 4b), and an exogenous supply of injured-brain extracts at 
the time of transplantation made the delay unnecessary. 82 Any donor tissue 
tested so far survives successfully when grafted using the delayed transplantation 
paradigm. 

The delayed transplantation technique was introduced before information on 
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FIGURE 4. Variables that influence transplant 
survival. (a) A cavity was aspirated in the oc
cipital! entorhinal cortex of an adult rat host 
and filled with gelfoam soaked in saline. Im
mediately or after a delay, solid grafts of em
bryonic tissue were transplanted into the 
wound cavity. (b) The survival in the wound 
cavity of grafts of embryonic corpus striatum 
(0) showed a strong dependence on the length 
of the delay. About 8 days was the optimum 
delay, which coincided with the maximum in 
the injury-induced NTF activity in the wound 
cavity (e). The NTF activity was determined 
using striatal neurons as test cells. (c) Neu
ronotoxic activity increased with the age of the 
rat (A, neonate; D, adult; e, aged) but did not 
seem to be affected by injury. (d) The number 
of capillaries lining the walls of the wound 
cavity also increased over the first 8 days post
lesion but leveled off after reaching the 
number in the normal cortex surface. 
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injury-induced NTFs was available. 57, \03 The delay was assumed to allow the 
formation of a vascular bed that facilitated transplant survival. \03 In adult rats, 
vascularization of a cortical wound surface occurs at the same time as the rise in 
NTF activity. However, whereas the number of capillaries in the new eNS 
surface levels off after 10 days post-lesion (Fig. 4d), both neuronotrophic ac
tivity and transplant survival reach a maximum at about 8-10 days post-lesion 
and decay thereafter (Fig. 4b). The decreased availability of NTFs explains why, 
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with delays longer than 10 days, the transplants show diminished viability in 
spite of the presence of a well-established capillary bed in the host cavity. 

Another variable that may be critical for transplant survival is the presence 
in the wound cavity of neuronotoxic factors, i.e., substances that cause neuronal 
death directly or that prevent the action of NTFs. Extracts of normal brain 
contain such substances. Their activity increases during development (Fig. 4c) 
and shows neuronal selectivity. Thus, brain neurotoxins kill central cells but less 
well or not at all peripheral ganglion neurons (see also G. Moonen et al., Chapter 
13). However, neurotoxic activity does not change after injury (Fig. 4c) and is 
therefore unlikely to be involved in the enhanced survival observed in the de
layed implant paradigm. 

In conclusion, establishing a blood supply is essential for long-term survival 
of the transplants. 88 But the major cause for the enhanced implant viability after 
a transplantation delay appears to be the presence of increased concentrations of 
neurotrophic factors in the host wound. 

4. REACTIVE AND REGENERATIVE GROWTH AFTER eNS 
INJURY 

Minor CNS injury is usually compensated by ongoing plasticity processes 
that, when required, can adapt to perform limited functional repair. At the 
neuronal level, the most general of these processes is called synapse turnover. 
Synapse turnover, i.e., synapse loss and replacement, is a maintenance process 
in the adult mammalian CNS that is elicited by a variety of normal stimuli 19,20 

and is expressed massively in response to injury. 78 The first step of injury
induced synapse turnover, the degeneration of axon terminals separated from 
their parent bodies, results in partial denervation of undamaged cells. The un
damaged and damaged axons remaining in the denervated area sprout, that is, 
differentiate new nerve endings that extend towards the vacated postsynaptic 
sites (Fig. 5A). New synapses replacing those lost by injury are then formed by 
these sprouts in the process called reactive synaptogenesis (Fig. 5B). The term 
reactive synaptogenesis denotes synapse formation triggered by stimuli that are 
not part of the developmental program. 20 If the new synapses arise from re
generative sprouts, the process is usually called regeneration or regenerative 
synaptogenesis. Regenerative synaptogenesis involves long-distance axonal ex
tension and is not observed in the eNS except after transplantation. Reactive 
synaptogenesis has been extensively documented in many areas of the CNS, but 
the most extensive studies have been performed in the dentate gyrus of the 
hippocampal formation. I illustrate the essential features of reactive synap
togenesis by describing the effects of partial deafferentation of the dentate gyrus 
by unilateral entorhinal cortex ablation. 
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4.1. REACTIVE SYNAPTOGENESIS 

The dentate gyrus is the only eNS structure where the response to deaf
ferentation of all known afferents has been monitored. In the adult rat, the 
sequence and timing of events after unilateral entorhinal ablation are stereotyped 
(for review, see ref. 78). One day after the lesion, 90% of the synapses in the 
outer two-thirds of the dentate molecular layer are lost, and fibers display exten
sive degeneration. Terminal degeneration proceeds rapidly for the first 10 days 
but continues at a lower rate therafter. The period of rapid degeneration coincides 
with the development of an impressive glial reaction. Astrocytes in the molecular 
layer hypertrophy within 48 hr post-lesion, orient their processes towards the 
denervated area, and actually migrate part way into this zone. At the same time, 
macrophages, probably originating from blood monocytes, reach three times 
their preoperative number by 4 days post-lesion. 

At an early time post-lesion, degeneration and removal of degeneration 
products are the most prominent morphological features of the response to inju
ry. The processes of clearing the debris and initiation of axon sprouting appear 
closely related, both of them proceeding more rapidly in the zone invaded by 
commissural-associational fibers than in the rest of the molecular layer. In this 
initial period, and perhaps associated with astrocyte migration, a rearrangement 
of the vascular bed is observed in the outer dentate molecular layer. The capillar
ies change from a primarily vertical orientation with respect to the granule cell 
layer to one that is essentially horizontal. 

The first clear signs of reactive sprouting by septal and commissural-asso
ciational fibers are observed 3-4 days post-lesion, and reactive synaptogenesis 
follows soon after. Maximal sprouting is achieved around 12-15 days post
lesion, but reactive synapse formation still continues I month later. Elec
trophysiological studies on the commissural afferents and temporodentate path 
show that new synapses first become functiol 9 days post-operation and that 
nearly all are functional after 15 days.20 

4.2. FUNCTIONAL SIGNIFICANCE OF REACTIVE SYNAPTOGENESIS 

The existence of reactive synaptogenesis proves that new synapses can 
indeed form in the mature eNS, replace those lost by injury, and mediate 
synaptic transmission. 20.78 Reactive synaptogenesis does not replace the original 
circuitry but results in a selective increase in the residual input that, in the case of 
small lesions, may have beneficial consequences. Thus, it has been argued that, 
in the hippocampus, reactive synaptogenesis facilitates recovery of performance 
on a reinforced alternation task after unilateral entorhinal ablation. 65 In addition, 
the reactive sprouts, by providing presynaptic input to deafferented neurons, may 
also help to prevent the dendritic atrophy associated with deafferentation. 

On the negative side, reactive synaptogenesis may interfere with the process 
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of functional recovery by introducing abnormal connections, some of which 
possibly compete with regenerative sprouts for available synaptic spaces. The 
finding that sprouting in the human hippocampus)7 appears to follow the same 
rules as those deduced from deafferented rodent models33 emphasizes the need to 
understand the significance of this process. 

4.3. NEURITE-PROMOTING FACTORS AND AXONAL SPROUTING 

We have recently examined the effect of entorhinal ablation on the ap
pearance in the cortex and the deafferented hippocampus of neurite-promoting 
factors, a class of growth factors capable of promoting neurite extension from 
cultured neurons.?4 Two types of lesion were performed with identical results. 
Electrolytic ablation selectively destroyed the entorhinal cortex without other
wise perturbing the hippocampus. Cortical ablation by vacuum aspiration tran
sected the angular bundle but in addition also damaged the occipital cortex and 
deliberately nicked the dorsal hippocampus. In the case of electrolytic lesions, 
only the hippocampal tissue was sampled, whereas with aspiration lesions, both 
the hippocampus and the tissue surrounding the lesion were examined. 

The animals were sacrificed at various times post-lesion, and extracts of 
tissue were prepared and tested for neurite-promoting factor (NPF) activity. Test 
cells were primary cultures of embryonic ciliary ganglion neurons that were freed 
on non neuronal elements and plated at low density to avoid indirect interfering 
effects.75 In addition, the survival and initiation of neurite outgrowth by the cells 
are totally insensitive to NGF. These neurons can be maintained alive with 
neuronotrophic factors that lack neurite-promoting activity or by increasing the 
K + concentration of the culture medium. Under these conditions, the neurons 
assume a rounded morphology, which they maintain for prolonged periods (up to 
2 weeks). However, addition of brain extract, either fresh or freeze-thawed in the 
presence of sulfhydryl agents, causes extensive neurite outgrowth from these 
cells74 (Fig. 6). 

Uninjured brain had a basal NPF activity of 1300 units/g tissue that in
creased fourfold 10 to 15 days after a lesion (Fig. 6). Both basal and injury
induced brain NPF activities had the properties of proteins, i.e., were nondiffusi
ble and temperature and protease sensitive. The injury-induced increase in ac
tivity originated, at least in part, from the appearance of new molecules. The 
molecular weight of most of the basal activity was 9000-17,000. Injured brain 
had additional activities with molecular masses of 30, 70, and 2::200 kDa. Injury
induced NPF activities further differred from the basal NPF in their greater 
sensitivity to oxidation, although both activities were abolished by treatment 
with N-ethylmaleimide. 

The time course of appearance of injury-induced NPF activity closely corre
lated with the sprouting of commissural-associational or septal fibers after ento
rhinal ablation (Fig. 6), lending support to the hypothesis that brain NPF activity 
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Fl(;URE 6. Effect of brain neurite-promoting factors. (A) Purified ciliary ganglion neurons can be 
maintained in culture as healthy, spherical cells with no neurites. (B) Addition of brain extracts 
causes profuse neurite outgrowth. (C) In the dentate gyrus, the post lesion increase in neurite
promoting activity after entorhinallesion closely correlates with the sprouting of CI A fibers. (Adapt
ed from ref. 74.) 

is responsible for the sprouting response observed histologically after partial 
denervation. The hippocampal sprouting response was considerably delayed in 
aged animals97 ; correspondingly, hippocampal NPF activity showed no increase 
after entorhinal ablation in 24 to 26-month-old rats, although neuronotrophic 
activity increased after the lesion as much as in young adults. Furthermore, in 
initial experiments in my laboratory, injections of injured-brain extract into the 
hippocampi of rats that had received an entorhinallesion accelerated sprouting in 
the dentate gyrus. After extract injection, sprouting of septohippocampal and 
commissural fibers was evident 2 days after entorhinal ablation compared to 4-5 
days in controls injected comparable amounts of serum albumin (unpublished 
observations). These results open the way to the study of the molecules responsi
ble for injury-induced sprouting in the eNS. 

From the point of view of interventive eNS repair, an important open 
question is whether or not the same molecules that cause reactive sprouting will 
also mediate regenerative sprouting. It would be a great advantage if the mole
cules that mediate the two phenomena were different. In any case, naturally 
occurring NPF inhibitors or antibodies against NPFs could, in principle, be used 
clinically to control maladaptive sprout formation after eNS injury. The sen
sitivity of NPF to oxidants could explain one of the deleterious effects of perox
ides on regeneration. 25 It also opens an independent pharmacological approach 
to controlling sprouting. 
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Axonal extension during reactive synaptogenesis is limited to a few tens of 
micrometers. The greatest expansion of a terminal field so far reported is that of 
hippocampal CA4 fibers, which sprout 40 to 60 f.Lm in the dentate molecular 
layer after entorhinal ablation. 78 On the other hand, the reconstruction of a 
disrupted CNS pathway generally requires extension of renerative sprouts over 
much longer distances, a process usually called regeneration. Unaided, CNS 
axons fail to regenerate, but such failure is not because of lack of ability of 
transected central axons to sprout new growth cones or lack of growth capacity of 
these sprouts. Central fibers can be induced to grow many times their normal 
length (up to several centimeters) into a segment of the sheath of a myelinated 
peripheral nerve. Such peripheral nerve implants have been used to join the 
stumps of transected spinal cord, to bridge two widely separated levels of the 
brain and spinal cord, to guide the growth of CNS axons into other tissues, and, 
more recently, to guide the growth of transected retinal axons to the superior 
colliculus. 4,5 The central axons that emerge from the peripheral nerve grow into 
the CNS tissue for a short distance, conduct normal nerve impulses, and seem to 
form functional synapses. 5 

Thus, the success or failure of axonal regeneration seems to depend on 
signals that the regenerating neurons exchange with their immediate environ
ment. It is possible that the CNS extracellular territory is inappropriate for axons 
to navigate over long distances once connections are established during develop
ment. The use of transplants of embryonic CNS tissue into adult hosts provides a 
way to test that hypothesis. A transplant of embryonic CNS tissue homologous to 
that lost by injury would function as a relay station, receiving the original input 
from the host and sending to the original target projections similar to those 
interrupted by the lesion. This arrangement permits the examination of long
distance navigation in the adult CNS by both developing and adult fibers. 

4.4.1. PROJECTIONS FROM TRANSPLANT TO HOST: SPECIFICITY 

In general, embryonic fibers are remarkably successful in forming the ap
propriate synapses with the adult target after growing over long distances in the 
adult CNS. Implants of embryonic locus coeruleus,12 septum, 13 raphe,6,14 and 
entorhinal cortex34 form their own distinctive pattern of connections in the rat 
dentate gyrus, identical to that of the original synapses. The positioning of the 
implants in very abnormal locations, i,e., occipital cortex, does not prevent the 
fibers from reaching their correct target. 57 ,80 Furthermore, it appears that the 
specificity of the connections formed by a given type of afferent is determined by 
the neurotransmitter used by that type of fiber. For example, after fimbria- fornix 
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transection in the adult rat, transplants of cholinergic cells from embryonic 
corpus striatum80 or habenula35 form similar termination fields as those of septal 
transplants or the original septal fibers. 

Thus, the specificity of synapse formation resides in both the afferent origi
nating in the transplant and the host target cells. The embryonic axons reach their 
target independently of whether they will eventually be myelinated (such as the 
perforant path) or unmyelinated (i.e., septal fibers). In summary, the adult CNS 
environment does not seem to offer obstacles to the progress of embryonic 
axons. However, adult growth cones seem to find greater difficulties. 

4.4.2. PROJECTIONS FROM HOST TO TRANSPLANT: AN UNSOLVED 

PROBLEM 

Most CNS circuits seem to require accurate point-to-point connectivity for 
correct function. Therefore, if transplants are to have therapeutic value in repair
ing this type of circuit, it is not sufficient that the projections from the transplant 
reach the correct host target. The converse must also occur, i.e., host axons must 
be able to innervate the appropriate cells in the transplant. 

Can adult axons grow, reach embryonic transplants, and there form appro
priate contacts? A preliminary answer is possible, with the caveat that only a few 
studies dealing with this question have appeared. Thus, nonmyelinated host 
septal or dorsal raphe fibers are capable of entering the transplants and correctly 
innervating the hippocampa}53.105 or corticaP4 cells. This is even more remark
able because the cellular organization of embryonic transplants tends to be more 
disarranged than that of the normal tissue. 34.52,84.105 

In contrast, damaged myelinated fiber systems are rarely able to penetrate 
into the transplant. Thus, transplanted entorhinal neurons usually do not receive 
innervation from the thalamus, contralateral entorhinal cortex, presubiculum, or 
subiculum (Fig. 7). Typically, these fibers grow around the transplant but do not 
enter it. However, in one case, contralateral entorhinal and subicular fibers 
entered the implant. 34 The zone of the implant where the host fibers were seen 
entering was that where the layer of glial cells usually surrounding trans
plants7 ,64.66 was either very sparse or absent (R. Gibbs, personal communica
tion). It appears that the layer of glia in the surface of the implant and/or the 
surface of the host injury cannot be crossed by these axons. 

Thus, in general, CNS transplants are incomplete relay stations. They send 
acurate output but receive only a minor proportion of input. In order to achieve 
effective transplant-host integration, the problem of the glial boundary has to be 
solved. At this time, it appears essential to define the various roles that astroglia 
can play and search for the mechanisms that control the number and type of these 
cells. 
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5. MULTIPLE ROLES OF ASTROGLIA 

Increased interest in the study of astrocyte development and physiology has 
revealed an almost bewildering number of roles for these cells. Such variety of 
functions has led us to investigate the possibility that astrocytes may in fact be a 
number of morphologically similar but functionally (and phenotypically) differ
ent classes of cells. Although this work is only in its beginning, the initial results 
are very exciting. 

In vivo, two types of astrocytes, traditionally denominated protoplasmic and 
fibrous and more recently type 1 and type 2, can be observed. These two types of 
glial cell differ in immunophenotype and appear to be developmentally dis
tinct. 72,87 Type 1 astrocytes usually show a flat, fibroblastlike morphology, 
whereas type 2 cells exhibit a more fibrous, stellate shape. However, mor
phology alone is not a good criterion to distinguish between the two glial types. 
In vivo, after a lesion or in culture in the absence of serum or in the presence of 
various substances with morphogenic activity, type I astrocytes may assume 
type 2 morphology but not immunophenotype; intermediate morphologies arc 
not uncommon. 

After injury, astrocytes become reactive, a condition typically characterized 
by enlargement and increase in the number of GFAP filaments. It is not clear 
whether both astrocyte types respond independently to injury or even if injury 
may trigger the interconversion of one type into the other. Type I astrocytes 
respond more actively to mitogens and seem responsible for the majority of the 
cell division observed after a lesion. The morphologically fibrous astrocytes that 
form the "glial scar" are predominantly type 1,71 as are those forming the 
original glia limitans. 

Most of the astrocytes grown in culture in the experiments that are described 
below were cortical type 1 astrocytes. These are the astrocytes associated with 
synapses and are probably concerned with maintaining local ionic balance, neu
rotransmitter removal and inactivation, and growth factor secretion. It is sus
pected that astroglial cells associated with particular neuronal or synaptic popula
tions may be unique in ways specific to that synaptic population. 38 ,39,98.99 The 
fundamental role of astrocytes in neural function is described at the end of this 
section in terms of a model, the unit of function neuron-glia. 

5.1. THE "GLIAL SCAR" OR NEo-GLIA LIMITANS 

The "glial scar" is a layer of glial cells that forms at the surface of a CNS 
injury or, indeed, at any new CNS surface. In the case of an occipital cortex 
lesion, a loose layer of nonneuronal cells, predominantly astrocytes and blood 
monocytes (the latter frequently confused with microglia), is apparent 4-5 days 
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after injury. This layer is penetrated by new blood vessels and becomes more 
compact, reaching a stable structure in the following 15 days (M. Nieto-Sam
pedro, unpublished observations). At this point, astroglia are the major cellular 
component in contact with the CNS, but fibroblast layers are laid over the glial 
cells. The final glial layer, frequently called "glial scar," closely resembles 
the glia limitans and probably fulfills the same functions, an idea also advanced 
by Reier et ai.90 Both, glial scar and glia limitans are formed by type 1 astro
cytes.72 

A more or less obvious neo-glia limitans also surrounds solid embryonic 
transplants 7,64,66 and probably contributes in preventing or making difficult the 
ingrowth of fibers from the host. The glial scar is widely regarded as an obstacle 
to regeneration and transplant-host integration. Regenerating axons usually fail 
to grow across an injury zone or the host-transplant boundary. Most frequently, 
they tum around and either die back or make inappropriate synaptic contact on 
available sites proximal to their place of origin. Reactive glia are traditionally 
held responsible for this behavior. Astrocytes in an injury area become reactive 
less than I day after the lesion. In the following days they both migrate and 
proliferate, and their enlarged fibrous processes form a web that isolates the new 
surface of the brain from nonneural tissue. 2,18 

The glial scar does not act as a simple mechanical barrier. Axons do not 
cross a transection zone even when the scar is very thin or virtually absent32 ,37 

but can cross collagen barriers24 or dense implanted scar tissue. 9o The neo-glia 
limitans functions in much the same way as the normal glia limitans. Although 
we do not know why, axons do not cross either the glia limitans or the glial scar. 
It is possible that, because astrocytes prefer growing guided by astrocytic pro
cesses, they are actually misguided by the glial scar. 

Another view, initially proposed by Ramon y Cajal,89 is that astrocytes 
actively inhibit axonal growth. However, this view is contradicted by two facts: 
(I) some axons can in fact penetrate the glial web; (2) there is evidence from 
multiple sources (see Section 5.4) that astrocytes secrete substances that promote 
the survival, attachment, and sprouting of neurons. 

This paradox ceases when we consider that astrocytes may not be a homoge
neous population. The age of astrocytes seems to determine their morphology27 
and their behavior with respect to axon growth. Using a preparation consisting of 
transected sciatic nerve regenerating in a silicone chamber, Kalderon44 showed 
that immature blastlike astrocytes (15-day-old cells) facilitate peripheral nerve 
regeneration, whereas older, mature cells (45 days old) prevent it. The transition 
from young astrocytes to mature, reactive astrocytes correlated with the disap
pearance in the latter of plasminogen activator molecules. 44 

All these observations place the glia in the center stage of the regeneration 
problem and emphasize the importance of the cellular and molecular processes 
that control the number and type of the various glial populations. 
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5.2. THE CONTROL OF GLIAL POPULATIONS IN ADULT eNS: 
MITOGENS, MORPHOGENS, AND INHIBITORS 

How are eNS glial populations controlled, and how do these controls re
spond to injury? Type 1 astrocytes can be easily prepared from embryonic or 
neonatal rat cortex and maintained in greater than 95% pure cultures.69 With the 
help of these cultures, it is possible to study the activity of molecules that in vitro 
promote astrocyte proliferation (mitogens) and morphological transformation 
from protoplasmic into fibrous (morphogens). Thus, we can correlate the pro
liferation of glia following eNS injury and the changes in the injured tissue of 
mitogenic and morphogenic activities. 

Astrocytes rarely, if ever, divide in the normal eNS. The number of eNS 
glial cells reaches a maximum soon after birth and then remains practically 
constant throughout adulthood. Although glial cells retain their ability to prolife
rate, 104 and the normal eNS contains molecules capable of causing division and 
differentiation of cultured astrocytes, 55,62,86,106 glial cell division in a healthy 
adult is a potentiality rather than a normal event. After injury, however, astro
cytes become reactive (i.e" enlarge and become more fibrous-looking) and 
mUltiply. 

Do mitogenic and morphogenic activities increase after eNS injury? Do 
glial proliferation and fibrous appearance follow the increase in mitogens and 
morphogens? Recently, we have studied the effect of extracts of injured brain 
tissue on the proliferation and differentiation of purified astrocytes in culture. 81 

A cavity was aspirated in the occipital cortex of adult rats; at intervals ranging 
from 1 hr to 60 days post-lesion, the animals were sacrificed, and the mito
genic and morphogenic activities were determined. Parallel groups of injured 
animals were perfused, and the number of glial cells/unit area counted in thin 
sections, 

The mitogenic activity in the tissue surrounding the wound increased 
rapidly, reaching maximum values after 6 days post-lesion (Fig. 8a). Tissue 
morphogenic activity began to increase at a later time (6 days post-lesion) and 
remained high 60 days later (Fig. 8c). Glial cell number in the injury area also 
increased rapidly, closely following the rise in mitogenic activity (Fig. 8b). 

The injury-induced increase in mitogenic activity seems to be largely caused 
by the postiesion loss of mitogen inhibitory activity. Two lines of evidence support 
this statement. The first is the shape of the dose-response curves for the mitogenic 
activity of extracts from uninjured versus injured brain (Fig. 9). The bell shape of 
the dose-response curve for uninjured tissue is diagnostic of the presence of 
inhibitory activity. The second line of evidence was the recovery, after filtration 
of the extracts through an Amicon membrane of considerably greater than 100% of 
the mitogenic activity. 81 As a simplistic first approach, it appears that astrocytes 
do not divide in the eNS under normal circumstances because inhibitory mole
cules prevent the action of the mitogens, The nature and site of action of these 
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mitogen inhibitors are subjects of active research (see G. Moonen et al., Chapter 
13). 

5.3. ASTROCYTES ACCUMULATE AND DETOXU"Y GLUTAMATE 

Glial proliferation after injury, by contributing to the closing of the bound
aries that separate the CNS from the rest of the organism, has a definite survival 
value. However, the increase in glial number has several additional beneficial 
effects, one of which is control of extracellular excitotoxin concentration. 

The great majority of the CNS synapses are excitatory, and most of these 
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o 
2.0 

FIl;URE 9. A decrease in the activity of mitogen inhibitors was probably responsible for the increase 
in brain mitogenic activity after injury: (0) normal adult brain extract; (e) extract of tissue adjacent 
to an injury 10 days post-lesion. 

use glutamate or related compounds as neurotransmitters. It has been hypoth
esized that, under normal circumstances, the excitatory action of glutamate is 
terminated by its uptake into the astrocytes surrounding the synapses; it is inacti
vated by amidation and, in this inactive form, shuttled back to the neurons. 77 

Although definitive evidence for this cycle is not yet available, we have shown 
that one of its key elements, a chloride-dependent high-affinity glutamate recep
tor with a KD of 0.5 j-LM, is present in astrocytes. 16 

The glutamate receptor of astrocytes has unique binding and pharmacologi
cal properties that distinguish it from the five Glu binding sites present in neurons 
(Table II). Highly excitotoxic compounds such as kainate or N-methyl-D-aspar-

T ABLE II. Ligand Specificity of Glutamate Binding 
to Astrocyte Membranes 

Displacer 

None 
L-Aspartate 
Quisqualate 
D-Aspartate 
N-Methyl-D-aspartate 
2-Amino-5-phosphonopentanoate 
Kainate 
L-2-Amino-4-phosphonobutyrate 
AMPAa 

Glutamate bound (%) 

100 
4 ± 3 

49 ± 2 
76 ± 6 

106 ± 26 
84 ± 6 
86 ± 11 
95 ± 15 

106 ± 26 

aAMPA, a-amino-3-hydroxy-5-methy!-4-isoxazole propionate. Specific 
binding of [3H1G!u (lOOnM) to astrocyte membranes was determined in 
50 mM Tris-HC!, ! mM CaC12 , at 30°C, 60 min, in the presence of the 
compounds indicated (lOOfLM).16 
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tate are unable to bind to the astrocyte receptor. They are toxic because they 
cannot be removed by astrocytes. Glutamate and aspartate are able to use the 
astrocyte binding site and are neurotoxic only when they are in large excess with 
respect to their physiological concentration, as is the case following CNS 
trauma. 11 

Astrocytes, by their ability to bind excitatory amino acids, constitute a 
natural protective system against excitotoxic lesions. Their rapid proliferation 
after injury may help to arrest secondary neuronal death. 

5.4. ASTROCYTES PRODUCE FACTORS THAT PROMOTE NEURONAL 

SURVIVAL, SPROUTING, AND SUBSTRATE ATTACHMENT 

Central neurons show no long-term survival in culture in the absence of 
astrocytes or their secretion products. Astrocytes seem to be a major source of 
NGF and non-NGF neuronotrophic and neurite-promoting factors,9.63.73.95 par
ticularly laminin.59 Furthermore, astrocytes are an excellent substrate for neuron 
attachment and neurite extension both in culture26.83.85 and in ViVO,90.101 per
haps because of their ability to produce laminin. 59-61.67 .91 Following injury to 
the adult CNS, the conditions and time course of production of neuronotrophic 
and neurite-promoting factors in vivo parallel those of astrocytosis and astro
gliosis78.80 (Fig. 10). Suppression of glial proliferation causes suppression of 
injury-induced factor production.42 In summary, both in vitro and in vivo, astro
cytes provide neurons with trophic support, growth signals, and substrate attach
ment. Astrocytes could be responsible for the enhanced postiesion plasticity of 
the CNS. From this point of view, astrocyte proliferation following injury also 
appears beneficial, i.e., adaptive. 

600 30 
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FIGURE 10. Glial cells are at least partially 100 U 

responsible for the increased neuronotrophic 
activity after a eNS lesion. The NTF produc-

5 10 15 tion parallels the number of "scar" cells per 
unit length of injury edge in tissue sections. Days postlesion 
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5.5. TRANSPLANTS OF PURIFIED ASTROCYTES PROMOTE FUNCTIONAL 

RECOVERY 

Astrocytes bind excitotoxins, secrete neuronotrophic and neurite-promoting 
factors, and are a preferred substrate for axonal growth. From these properties it 
could be expected that astrocytes transplanted into an injury area immediately 
after a lesion may help recovery of function in two ways: (1) by preventing 
secondary neuronal death and (2) by stimulating neuronal plasticity. We have 
recently shown that after a cortical lesion this prediction is correct. 46 

Bilateral ablation of the mediofrontal cortex of adult rats causes severe 
deficits in the learning of spatial tasks. Typically, cortically damaged animals 
require at least twice as many trials as normal controls to learn a simple rein
forced alternation task in aT-maze. Stein and collaborators showed that recovery 
from this deficit could be accelerated by transplantation of embryonic frontal 
cortex and that the T-maze performance of those injured animals that subse
quently received transplants was indistingishable from that of controls. 54 A 
puzzling observation in these experiments was that formation of transplant-host 
connections did not appear to be involved. The authors suggested that trophic 
mechanisms could be responsible for the recovery, an idea suceptible to experi
mental test. 

We operated on a set of neonatal rats, placed a gelfoam fragment in the 
injury cavity, and, when the neuronotrophic activity in the gelfoam reached 
maximal levels, transferred the gelfoam (called "injury gelfoam") from the 
neonates to a group of adult test animals that had received a medial frontal cortex 
ablation immediately before. The T-maze performance of the injury gelfoam 
recipients was indistinguishable from that of either sham-operated controls or 
controls that received a delayed transplant of embryonic frontal cortex. Howev
er, if the gelfoam fragments were extracted and the extract applied to the lesions 
soaked in a fresh gelfoam fragment, the improvement in performance did not 
occur (Fig. 11). 

The only difference between the gelfoam fragments transferred directly to 
the test animals and those that were first extracted and the extract then supplied 
absorbed in a new gelfoam fragment was the presence in the former of glial cells. 
Accordingly, we tested the ability of glial cells to mediate functional recovery. 
Purified astrocytes were cultured in gelfoam fragments, and the fragments im
planted immediately after frontal cortex ablation, as for injury gelfoam. The 
performance in the T -maze alternation task of this group of rats was indis
tiguishable from that of sham-operated controls. Astrocyte transplants acceler
ated recovery to the same extent as did transplants of either injury gelfoam or 
embryonic frontal cortex46 (Fig. 11). On the other hand, when astrocyte trans
plants were performed 8 days after the lesion, no recovery of function was 
observed. 

These results indicate that astrocytes, when transplanted immediately after 
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lllJUry, may act in two independent ways: (1) removing and inactivating excit
otoxins, thus preventing secondary neuronal death; (2) producing neuronotrophic 
and neurite-promoting factors that stimulate the plasticity response of the surviv
ing neurons. 

5.6. CONTROL OF THE NEURAL ENVIRONMENT BY ASTROCYTES: A 

NEURON-AsTROCYTE UNIT OF FUNCTION 

Many CNS responses are best understood in terms of dynamic units of 
function, neuron-glia. Astrocytes are intimately associated with neurons and, 
because of their sensitivity to ions and their ability to bind and transport neuro
transmitters, are able continuously to monitor and modify their microenviron
ment. Furthermore, astrocytes can be depolarized by excitatory neurotransmit
ters,15.47 show specialized regions of high conductance,76 and are able to 

conduct action potentials. 1 These properties make astrocytes able to monitor 
(receive, interpret, and act according to) continuously the information signaled 
by neurons. They seem to function as "environment stats" that maintain the 
environmental composition appropriate for a normal pattern of neuronal activity. 
Any deviation from that composition triggers a glial response, for example. by 
removing excess excitatory molecules before they reach excitotoxic levels or by 
producing levels of neuronotrophic and sprouting factor activities adequate to 
ongoing neuronal requirements. In summary, astrocytes seem to be the primary 
controllers of the CNS environment as regards ionic composition, neurotransmit
ter concentration, and supply of neuronal growth factors. 

Under normal circumstances, astrocytes are able to fulfill a large variety of 
unrelated roles. After injury. glial cells are subject to greatly increased demands. 
The number of cells available attempts to meet the new demands by various types 
of reaction, including hypertrophy and, if necessary, cell division. However, 
large injuries appear to overwhelm the astrocyte capabilities. A general and 
immediate consequence of CNS injury is astrocyte swelling at the injury site. 
Swollen cells may be impaired in their ability to carry out their functions. 
Neurons near an injury may die from the combination of excitotoxicity, a de
crease in the availability of trophic factors, and/ or an increase in neuronotrophic 
requirements. Transplantation of purified astrocytes could have great therapeutic 
usefulness in CNS repair by helping the indigenous cells to carry the additional 
load imposed by the lesion. Implanted astrocytes would help to restore the 
neuronal environment to a composition that falls within the buffering capacity of 
the available glial cells. 

6. CELLULAR SOURCES OF TROPHIC FACTORS 

Central nervous system injury begins with the initial traumatic event but 
does not end with it. Trauma triggers a cascade of events, some independent of 
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each other and some causally related, that continue in time far after the initial 
trauma. Some of these events, particularly those leading to secondary cell death, 
are clearly deleterious and increase the extent of the initial injury. Others, like 
glial scar formation, are apparently deleterious in that they may prevent recovery 
of function; however, they fulfill an adaptive function because they are keyed to 
protect the survival of the whole organism. 

What are the cells that produce glial mitogens, morphogens, and inhibitors 
and neuron survival and sprouting factors? When, after injury, do they begin to 
produce these substances? Do these cells proliferate, and, if so, when? We have 
enough data to propose reasonable answers to several of these questions. 

Two working hypotheses, by no means mutually exclusive, propose that 
neuron survival and neurite-promoting factors are (1) produced by the neuronal 
target-in this case, it is common to assume that sprouting factor production is 
inhibited in the fully innervated state and rises after denervation20 and (2) pro
duced by nonneuronal cells and regulated by neuron-glia interactions. 78 A 
number of solid experimental observations (see refs. 20 and 78) support both 
hypotheses, and it is unlikely that either may be totally incorrect. A hypothetical 
model for the increase in NTF and NPF production after a lesion is summarized 
in Fig. 12. Under normal conditions, neurons and glia exchange signals about 
their mutual metabolic state; astrocytes maintain appropriate levels of extra
cellular growth factors, ions, and neurotransmitters. Neurons produce mitogen 

FIGURE 12. Cellular sources of trophic signals. 
(a) Normally, astrocytes (A) and neurons (N) 
exchange signals on their mutual metabolic 
state. Neuronal mitogen inhibitors maintain the 
normal glial population stationary. (b) Injury 
disrupts both the blood-CNS barrier and the 
neuronal circuitry. Blood components invade the 
CNS. Neurons cease to produce mitogen inhib
itors. Mitogenic signals from monocytes (M) 
help trigger astrocyte proliferation and perhaps 
enhance growth factor secretion. (c) These 
growth factors help axotomized and ischemic 
neurons to survive and initiate sprouting. Repair 
of the capillaries, restitution of the glial bound
ary, and reinnervation of neurons by sprouts shut 
the sources of initiating signals, and a new 
steady state is achieved. 
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inhibitors that maintain glial populations stationary (Fig. 12a). Denervation (Fig. 
12b) may directly cause an increase in factor secretion by the deafferented target 
or indirectly through the glia. Astrocytes could detect CNS damage, for exam
ple, as an elevation in the levels of K + or of excitatory amino acids. These or 
other signals may trigger the additional production of trophic factors. Alter
natively, each astrocyte may continue to produce its usual amount of trophic 
factors, but the total output will increase through local astrocyte proliferation. 

Signals to initiate astrocyte proliferation may come from activated blood 
monocytes (Fig. 12b; "ameboid microglia"37). Blood monocytes may become 
activated by cell debris in the injury area. Alternatively, astrocyte proliferation 
may be directly initiated by activation of astrocyte voltage-gated K + channels. 23 
At the same time, damaged neurons may decrease or cease their output of 
mitogen inhibitors. 4 ! The process thus initiated will lead to astrocyte prolifera
tion. The new cells, in tum, will reform the glia limitans and secrete survival and 
sprouting factors. Closing of the blood-CNS barrier and reinnervation of deaf
ferented neurons by reactive sprouts will shut the sources of the initiating signals, 
and the CNS will return to a new steady state (Fig. 12c). 

7. TIMING OF THE INTERVENTION IN eNS REPAIR 

Extensive CNS trauma has a major impact on the survival of the whole 
organism. Has any priority system evolved for the response of the CNS to such 
an emergency? Indications may be obtained by comparing the order of events 
during development (Fig. 13A) with that following injury (Fig. l3B). 

During development, the two earliest events observed concomitantly with 
the appearance of the CNS as a distinct organ are the development of a primitive 
vasculature and the appearance of a boundary, a basal lamina. This points to two 
major CNS priorities: first, to ensure the supply of oxygen and nutrients and the 
removal of catabolites; second, to develop structures that protect the CNS from 
indiscriminate influences from the rest of the organism. The second priority is 
emphasized by the subsequent rapid formation of an incipient blood-CNS bar
rier, a layer of glia limitans and a pia-arachnoid system. These events occur in 
the early days of development and affect the CNS as a whole. Most neuronal and 
glial proliferation, axonal and dendritic growth, and synapse formation occur 
subsequently, over a period that in rats is measured in weeks rather than days. 
They are local events that have their own pace in each individual CNS locus, 
although in each case the sequence of events is highly coordinated and reproduci
ble. 

The same priorities seem to be maintained throughout the lifetime of the 
organism and are expressed in the spontaneous response to injury. The CNS is 
critically dependent on blood supply. At the same time, the blood-CNS barrier 
has to be strictly maintained so that concentrations of metabolites that would be 
normal in other organs, such as glutamate or aspartate, cannot cause havoc in the 
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CNS by indiscriminately flooding all excitatory synapses. Therefore, re
vascularization and glia proliferation leading to the formation of the neo-glia 
limitans begin very rapidly after a CNS lesion (Fig. 13B). A vascularized glial 
boundary is observed 5 days after mechanical damage to the rat cortex. Mean
while, secondary neuronal death is in progress, reaching a maximum around 4 
days post-lesion. Maximal production of neuronotrophic factors that could arrest 
neuronal death is only reached around 8-10 days post-lesion. In development, 
sprouting and synaptogenesis occur within a system enclosed by the glia lim
itans, and most astrocyte proliferation follows sprouting. After injury, the con
verse is true: sprouting follows astrocyte proliferation and glial scar formation 
(Fig. 13B). Consequently, regenerating axon sprouts find between themselves 
and their target the new glial boundary, which they cannot cross. 

The spontaneous repair response of the mammalian CNS seems only ade
quate to cope with minor injury. When faced with major lesions, the overall time 
course of events seems to be directed to CNS survival but not to restoration of 
function. It appears that, during the evolution of mammals, functional repair of 
the CNS after a major injury provided no selective advantage. 

The priorities of the neurologist are the same as those of the tissue-to a 
certain point. Preserving the organism is essential, but functional recovery also 
has major importance. Our increasing understanding of the biochemical and 
cellular events after CNS injury permits a new optimism concerning the pos
sibility of functional CNS repair. From the work carried out thus far, we may 
derive a few general principles. I believe that in order to achieve functional 
repair: (I) we should try to use as far as possible the natural repair response of the 
CNS; (2) interventions should be directed to manipulate, when necessary, the 
temporal expression of this natural response; (3) therefore, timing of the inter
ventions will be critical; (4) multiple interventions, intertwining our priorities 
and those of the CNS, will most likely be necessary; (5) we should try to use, as 
far as possible, the same compounds and cells that the injured CNS does. 

Treatment of CNS injury in animal models, using a global approach based 
on the conceptual advances made in recent years, has not yet been performed. 
The sequence of treatments of an open CNS injury proposed below is certain to 
be very simplistic and incomplete, but it gives an idea of the type of multiple 
interventions that I have in mind. 

As soon after injury as possible, we want to "engineer" the neuronal 
environment in order to prevent secondary neuronal death. This may be possible 
by treatment with glutamate antagonists and infusion of neuronotrophic factors. 
It seems reasonable to continue this treatment for about 4-6 days post-lesion. 
Treatment with other substances, such as antiinflammatory drugs, sulfhydryl 
reagents, and inhibitors of lipolysis, may be added, keeping in mind that it may 
be as important to avoid treatments that are deleterious as to provide the correct 
ones. In this respect, high levels of glucocorticoids seem to potentiate excitotoxic 
neuronal death96 and should perhaps be avoided. Finally, implantation of 
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cultured astrocytes, also performed as soon after trauma as possible, would help 
to normalize the neuronal environment and promote neuronal survival and 
sprouting. 

Treatment with neurite-promoting factors may help to initiate sprouting, 
thus stimulating process regeneration. There are no data indicating the optimal 
time to initiate treatment with NPFs. Here, we face the contradiction that we 
want to initiate regenerative growth as soon as possible, yet we do not want to 
encourage reactive sprouting. Treatment with neurite-promoting factors is ques
tionable until we have data on their specificity. Research is essential to investi
gate whether regenerative sprouting and reactive sprouting are both promoted by 
the same factors. Also, the possibility of isolating substances that accelerate 
neurite elongation is critical to intervention in axonal regeneration. Virtually no 
studies are available in this area. 

Ideally, one should use purified injury-induced factors from the same spe
cies as that of the injured animal. However, these factors have not yet been 
purified. Other factors such as NGF, acidic and basic FGF, EGF, plasminogen 
activator, and its inhibitors are available in pure fonn. Their general neu
ronotrophic and/or neurite-promoting activity has not yet been fully evaluated. 

Following the early treatment, large injuries would receive, 8-10 days post
lesion, a transplant of homologous embryonic tissue. Local injections of mitogen 
and/or morphogen inhibitors may facilitate innervation of the implant by host 
fibers and make possible functional transplant-host integration. However, a 
major problem remains in that the CNS needs a glial boundary, whereas the 
neurologist needs regenerative growth across this glial layer. Glial inhibition has 
to be local, and axon growth directed to that particular area. More intense 
research into the molecules and processes that contribute to the guidance of 
axonal growth is essential. 

Sprouts from nondamaged local axons are close to the deafferented neurons 
and will occupy all available postsynaptic sites before regenerating fibers are 
able to reach them. After neurons are fully innervated, the competition between 
reactive and regenerative fibers would be limited to that allowed by ongoing 
synapse turnover. This is a problem that may require additional surgery to 
provide postsynaptic space or the application of molecules that accelerate syn
apse renewal. The reports that monoamines and acetylcholine 10 increase synapse 
turnover deserve to be examined in this context. 

8. CONCLUSION 

Learning about glial cells and about the various types of sprouting response 
is a key problem in CNS repair. Neuronotrophic and neurite-promoting activities 
may be a byproduct of glial proliferation. In general, astroglia playa peculiar 
dichotomous role-they are both beneficial and detrimental. Functional repair of 
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the CNS will probably require the development of methods that permit the 
control of glial proliferation and differentiation at precise anatomic loci. It may 
also require selective stimulation of the initiation and growth of regenerative 
sprouts. Much of the work outlined in this chapter was performed within the last 
5 years. The basic findings permit the visualization of new conceptual ap
proaches to CNS repair. The clinical crystallization of these concepts has not yet 
occurred but is likely to follow soon. 
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NERVE GROWTH FACTOR 

EFFECTS ON eNS NEURONS AND ON 

BEHAVIORAL RECOVERY FROM BRAIN 

DAMAGE 

BRUNO WILL, FRANZ HEFTI, VIVIANE PALLAGE, AND 

GUY TONIOLO 

ABSTRACT. Nerve growth factor (NGF) is a well-characterized protein that acts as a neurotrophic 
factor for catecholaminergic neurons of the peripheral sympathetic nervous system and for a sub
population of peripheral sensory neurons. In the central nervous system, catecholaminergic neurons 
are not affected, but evidence obtained in recent years indicates that NGF acts as a neurotrophic 
factor for cholinergic neurons of the basal forebrain innervating cortex and hippocampus. Nerve 
growth factor affects survival, fiber growth, and expression of transmitter-specific enzymes by these 
cholinergic neurons. Intracerebral administration of NGF has been found in several studies to modify 
the behavioral recovery of animals from experimentally induced brain damage. Such effects were 
observed after lesions in target areas and areas of origin of forebrain cholinergic neurons (septum. 
fimbria-fornix, hippocampus, cortex) and also after lesions in hypothalamus, striatum, and nucleus 
accumbens, i.e., in areas not innervated by forebrain cholinergic neurons. The mechanisms mediat
ing the behavioral effects of NGF and the possible involvement of central cholinergic and peripheral 
sympathetic neurons are discussed. 

1. INTRODUCTION 

In recent years, evidence has accumulated that neuronal maintenance and sur
vival as well as developmental, adaptive, and restorative neuroplasticity (e.g., 
ref. 76) depend on the humoral and cellular microenvironment of the neurons. 
The dependence of neuronal "behavior" on specific sets of microenvironmental 
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influences was demonstrated mainly by in vitro techniques of neural tissue and 
cell cultures (e.g., ref. 71). For instance, it has been extensively documented that 
peripheral nervous system (PNS) terrain favors, whereas central nervous system 
(eNS) terrain prevents, the regeneration of both PNS and eNS injured axons. 
The humoral, surface-associated, or architectural factors responsible for the 
competence or incompetence of a terrain were often shown to be not only source 
specific but also target specific. These factors are mostly proteins and act as local 
mediators rather than as hormones and show (1) trophic effects (neuronotrophic, 
i.e., supporting neuronal growth and survival, and/or neurite-promoting, i.e., 
stimulating specifically neurite extension), (2) antitrophic effects (inhibiting 
growth and facilitating cell death). and/or (3) tropic or tactic effects (inducing 
directional guidance by attraction or by restriction, respectively). 

In this chapter, only one of these factors is considered, namely, the nerve 
growth factor (NGF), because it has recently been demonstrated that, in addition 
to its already well-known action on PNS neurons, NGF also plays a role in eNS. 
The latter observation suggests that this compound (or similar compounds) may 
be used for pharmacological symptomatic and perhaps even etiologic manage
ment of some patients suffering from brain injury or neural degeneration. 

2. THE NERVE GROWTH FACTOR AND lrs EFFECTS ON PNS 

NEURONS 

The prototype macromolecular factor showing trophic, tactic, and tropic 
effects is the NGF discovered by Levi-Montalcini and Hamburger more than 30 
years ago. 39•40 First identified in sarcoma-I80 tumors, NGF was also for
tuitously found in snake venom that was being used for degrading the nucleic 
acids of the active fraction extracted from sarcoma-I80 cells. Many other sources 
of NGF were found later, the richest being the convoluted tubules of adult male 
mouse submaxillary glands, which are similar in certain respects to the venom 
glands of snakes. 18 

Nerve growth factor was first isolated from mouse submaxillary glands and 
biochemically characterized. Submaxillary gland NGF is a protein multimer (the 
7 S NGF complex) with a molecular weight of 131,500 that can be subdivided 
into two 0: subunits, two -y subunits, and one ~ subunit. The neurotrophic and 
neurotropic activity of NGF resides in the ~ subunit, a basic polypeptide with an 
isoelectric point of 9.3 (2.5 S NGF being a partial degradation product of ~
NGF). The ~ subunit of NGF is a dimer, i.e., a complex of two identical 
polypeptide chains, each of which has a molecular weight of 13,250. The gene 
coding for ~-NGF has recently been sequenced and cloned, and its organization 
has been elucidated. 12.58,70 Another recent study revealed that in the iris, one of 
the target areas of peripheral sympathetic neurons, NGF exists in the form of the 
~-NGF, since the 0: and -y subunits were not found.48 It therefore seems possible 
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that the 7 S complex of NGF represents a special storage form synthesized by 
secretory organs. In the present chapter, NGF is used synonymously with ~
NGF. 

Nerve growth factor has been extensively characterized in its role as neu
rotrophic and neurotropic factor for peripheral sympathetic neurons and was 
shown to be a selective neurotrophic factor for a subpopulation of peptidergic 
sensory neurons also (for reviews see refs. 15,67,68). Nerve growth factor is 
necessary for the normal development, maintenance, and survival of these sym
pathetic and sensory cells. It is synthesized by target tissues of NGF-sensitive 
neurons and acts on specific receptors located on their plasma membranes. 
Following internalization and retrograde transport to the cell body, NGF stimu
lates the biosynthesis of RNA, of neurotubule proteins, and of key enzymes 
(tyrosine hydroxylase, TH, and dopamine ~-hydroxylase, DBH) necessary for 
norepinephrine production. Treatment with NGF results in a marked hypertrophy 
of embryonic dorsal root ganglia and sympathetic ganglia. 37 Administration of 
antibodies to rodent embryos results in atrophy and irreversible degeneration of 
the sympathetic nervous system. 35 ,36,38 In animals subjected to experimental 
axotomy of peripheral neurons, which frequently results in their retrograde de
generation, NGP-sensitive neurons can be rescued by direct administration of 
NGF. 1,16,26,49 This observation suggests that the primary injury signal in these 
neurons is the absence of target-derived NGF. 

3. EFFECTS OF NGF ON eNS NEURONS 

After peripheral sympathetic (noradrenergic) neurons were shown to be 
highly sensitive to NGF, several studies were carried out in order to characterize 
the influence of NGF on central catecholaminergic neurons. The findings clearly 
demonstrated that NGF fails to affect central catecholaminergic neurons. How
ever, recent investigations have accumulated evidence showing, surprisingly, 
that NGF acts as a neurotrophic factor for central cholinergic neurons in a similar 
way to that by which it influences peripheral sympathetic neurons. 

First, with enzyme-linked immunoassays for quantification of endogenous 
NGF and cDNA or cRNA probes for quantification of the messenger RNA 
coding for NGF (mRNA-NGF), it was recently demonstrated that NGF and the 
mRNA-NGF are present in the rat brain. 29,34,59,72,73 The distribution of NGF 
and mRNA-NGF correlates well with that of central cholinergic neurons. The 
NGF levels are highest in hippocampus, cortex, septum, and nucleus basalis, 
whereas mRNA-NGF localization remains restricted to hippocampus and cortex, 
suggesting that, in eNS as in PNS, NGF is produced by target cells and retro
gradely transported to cell bodies of NGF-sensitive neurons. 

A second group of findings indicates that central cholinergic neurons con
tain receptors for NGF. Indirect evidence for such localization of NGF receptors 
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is provided by experiments showing that exogenous [125I]NGF injected into 
target areas of forebrain cholinergic neurons (i.e., hippocampus and cortex), is 
taken up by nerve terminals and retrogradely transported to the cell bodies of 
cholinergic neurons located in the basal forebrain but not to other cell bodies 
projecting to the same target areas. 57 More recently, NGF receptors were di
rectly demonstrated in the rat forebrain by immunoprecipitation with a mono
clonal antibody to the NGF receptor protein. 64,65 By autoradiographic tech
niques, NGF receptors have been found in the septum and nucleus basalis of the 
rat brain. 53 Furthermore, NGF receptors were visualized on cholinergic neurons 
of the rat and human forebrain using immunohistochemical procedures and 
monoclonal antibodies to NGF receptors21 (Fig. 1). 

A third group of findings provides evidence that the stimulation of NGF 
receptors on forebrain cholinergic neurons mediates trophic effects on these 
cells. Nerve growth factor has been found to elevate the activity of choline 
acetyl transferase (ChAT) in central cholinergic neurons and in aggregate cultures 
of fetal telencephalic neurons of rats, especially after continued treatment31 and 
when added together with triiodothyronine, which plays an important role in 
normal brain development. 30 In cultures of dissociated neurons of the fetal rat 
septum, both murine and bovine NGF increased ChAT activity, and the effect of 
NGF was blocked by antiserum to NGF. 23 In these in vitro studies performed on 
fetal rat cells, NGF was shown to evoke only a slight increase in acetylcholine
sterase (AChE) activity. Initial studies failed to reveal effects of NGF on survival 
and fiber outgrowth of cholinergic neurons. 23 However, in slice cultures of brain 
tissue from neonatal rats grown for several weeks, the presence of NGF stimu
lated the growth of septal cholinergic neurons towards target cells in the hippo
campus. 13 Several in vivo studies showed that NGF selectively stimulates ChAT 
activity of forebrain cholinergic neurons. In neonatal rats, repeated intracerebro
ventricular (i.c.v.) injections of murine or bovine NGF elevated ChAT activity 
measured a few days after the last injection in those brain regions that are rich in 
cholinergic perikarya (septum, diagonal band of Broca, nucleus basalis) or nerve 
terminals (cortex, hippocampus). No effect ofNGF treatment on AChE, TH, and 
glutamate decarboxylase (GAD) was observed. 14,47 Finally, in adult rats with 
partial transection of the fimbria, i.c.v. injections of NGF for 4 weeks also 
increased ChAT activity in the hippocampus and in the septum when measured 3 
days after the last NGF injection. 22 

However, the NGF-induced ChAT activation was not observed in the hip
pocampus of adult rats when this structure received its normal cholinergic in
put,22 nor when it was virtually devoid of septal afferents. 69 In this last study we 
made unilateral fimbria-fornix lesions by aspiration through the overlying cingu
late cortex and found that acetylcholine-rich fetal forebrain tissue grafted in the 
severely denervated hippocampus of adult rats partially restored hippocampal 
ChAT activity and that repeated intrahippocampal NGF injection further en
hanced ChAT activity in cholinergic neurons grafted in the deafferented hippo
campus yet had no effect on cells grafted in the intact hippocampus (Fig. 2). 
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vi vi 
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nb 

FIGURE I. Visualization of NGF receptors in rat brain with an immunohistochemical procedure 
using a monoclonal antibody recognizing this receptor. This procedure located the receptors in the 
medial septal nucleus, the nucleus of the diagonal band of Broca, and the nucleus basalis. The 
localization corresponds to that of cholinergic neurons in the basal forebrain. A: NGF receptor 
staining in the diagonal band of Broca. B: In the nucleus basalis. gp, globus pa\lidus; nb, nucleus 
basalis; vI, vertical limb of the nucleus of the diagonal band of Broca. 
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F\(;CRE 2. Choline acetyltransferase activity in the right hippocampus on the side of the fimbria
fornix lesions, grafts, and treatments as a percentage of activity in the left (intact) hippocampus. The 
three groups of rats received either lesion alone (group I), ACh-rich ventral forebrain grafts placed 
into the lesioned hippocampus (group II), or ACh-rich grafts placed into the intact hippocampus, 
which was subsequently lesioned just prior to sacrifice (group III). Separate rats from cach group 
received six treatments of either NGF or cytochrome c (Cyt C, a control protein) injected into the 
hippocampus at 4-day intervals or no injections at all (CONT, control). Vertical bars indicate S.E.M. 
Group II differs significantly from groups I and III (P < 0.001). and within group II the NGF 
treatment differs significantly from the two control treatments (P < 0.05). 

In the absence of cholinergic terminals, locally injected NGF may be unable 
to affect cholinergic function merely because it cannot be taken up by cholinergic 
terminals on which NGF receptors are located, or, in the case of a virtually 
normal density of cholinergic terminals (with or without the addition of grafted 
fetal cholinergic cells), NGF may be unable to affect cholinergic function in 
adult animals because these cells are supplied by endogenous NGF, which ascer
tains maximal survival and function. A role of endogenous NGF in development 
of cholinergic neurons has recently been established by Otten et ai. 50 In 6-week
old rats treated in utero (at embryonic day EI5.5) by a single injection of anti
NGF antibodies, ChAT activity was reduced in the nucleus basalis region, sep
tum, and hippocampus. 

In the partially deafferented hippocampus of adult rats, the NGF-induced 
increase of ChAT activity was only transitory (lasting for less than 10 weeks), as 
ChAT activity in NGF-treated rats was found to be similar to that of control rats 
when measured 10 weeks after termination of the NGF injections.75 Further
more, the NGF-mediated increase in hippocampal ChAT activity was not accom
panied by increased AChE activity or by an increased density of cholinergic 
fibers in this area. 22 Based on these findings, it was concluded that NGF tran
sitorily stimulates ChAT activity in spared or grafted cholinergic neurons without 
affecting their regenerative or sprouting capacity. However, in these experi
ments, NGF also increased ChAT activity in the septum, and this increase was 
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not transitory but was still observed 10 weeks after completion of NGF treat
ment. 22 ,75 

To account for these findings, it was hypothesized that NGF might affect 
survival of septal cholinergic neurons and that 10 weeks was probably too short a 
period for observing any regenerated processes from septal fibers into the hippo
campus, Indeed, Hefti21 reported that NGF is able to enhance survival of septal 
cholinergic neurons after axonal transection in adult rats. Using Nissl and AChE 
(with diisopropylfluorophosphate pretreatment) staining, Hefti found that 
fimbrial transections resulted in retrograde degeneration of cholinergic septohip
pocampal neurons and that repeated i.c.v. NGF treatment strongly attenuated 
this lesion-induced degeneration. In control rats with lesions, the total number of 
AChE-positive cells contained in the medial septal nucleus and in the vertical 
limb of the diagonal band of Broca on the lesion side was reduced by 50% as 
compared to the number on the intact side. In rats treated with NGF, the number 
of cholinergic cells on the lesion side was reduced by only 12%. Similar findings 
were recently presented by Williams and co-workers,76 showing that continuous 
intraventricular infusion of NGF ipsilateral to a fimbria-fornix transection re
sulted in substantial protection of cholinergic and other neurons in the medial 
septum and diagonal band against their otherwise expected death. The findings 
of these studies indicate that NGF is able to rescue rat forebrain cholinergic (and 
perhaps even other) neurons from degeneration after transection of their pro
cesses; they broaden the role of NGF in the function of these neurons and provide 
a further line of evidence demonstrating that NGF acts as a neurotrophic factor. 

Finally, a fifth group of findings suggests that central cholinergic neurons 
and peripheral sympathetic neurons react to the same neurotrophic factor, NGF. 
Indeed, when cholinergic neurons innervating the hippocampus are destroyed, 
endogenous and exogenous (i.e., transplanted) sympathetic fibers grow to and 
occupy the same anatomic target sites that were previously occupied by cho
linergic fibers. 5 .6,42,43 .63 

Taken together, the five groups of findings presented in the preceeding 
paragraphs (see Table I) strongly support the hypothesis that NGF acts as a 
neurotrophic factor for central cholinergic neurons. All cholinergic neurons of 
the forebrain seem to react to NGF. These neurons include the ascending cho
linergic neurons of the basal forebrain, which have their cell bodies in medial 
septal nucleus, nucleus of the diagonal band of Broca, substantia innominata, 
and nucleus basalis and project to hippocampus, cortex, olfactory tubercle, and 
amygdala (for review of the anatomy of central cholinergic systems, see Mes
ulam et al. 46). 

The ascending cholinergic projections of the basal forebrain are topograph
ically organized. Cell bodies located in the medial septal nucleus project pri
marily to the hippocampus and give rise to the cholinergic septohippocampal 
projection. The cortical input is derived from cell bodies of substantia in
nominata and nucleus basalis (cholinergic basalocortical projection). Besides 
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these ascending projection neurons, cholinergic intemeurons of the striatum also 
respond to NGF.44.47 As judged by immunohistochemical visualization, none of 
the noncholinergic neurons in the forebrain express receptors for NGF. 24 In the 
forebrain, the ability to respond to NGF seems to be a selective capability of 
cholinergic neurons. It would be valuable to complement the studies performed 
on the cholinergic forebrain neurons (sectors ChI to Ch4 according to the classi
fication by Mesulam et ai. 46) with similar studies on the cholinergic neurons 
located within the ponto mesencephalic reticular formation and the tegmental 
gray of the periventricular area (neurons of sectors Ch5 and Ch6), areas that 
provide the major cholinergic innervation of the thalamus. Cholinergic motoneu
rons were already shown not to respond to NGF.9 

4. EFFECTS OF NGF ON BEHAVIOR 

As shown in Table II, NGF treatment of adult animals with brain lesions 
was reported several times to enhance and/or accelerate recovery from behav
ioral deficits produced by the lesions. However, some "negative" reports (no 
NGF effect or even NGF-induced behavioral impairments) must also be taken 
into account in order to evaluate the processes underlying the NGF-induced 
modulation of behavioral recovery. 

The first behavioral experiments carried out in the 1970s were all implicitly 
based on the assumption that NGF might trophically affect catecholaminergic 
neurons in the CNS as it does in the PNS. Indeed, this assumption had actually 
received some support from an experiment that tended to demonstrate that NGF 
is able to stimulate regenerative processes in central catecholaminergic neurons. 4 
Berger et ai. 2 reported that a single i.c.v. injection of NGF given at the time of 
brain damage facilitated recovery from feeding deficits associated with lateral 
hypothalamic lesions, enhanced the feeding response to exogenous norepine
phrine (i.e. v.) administration, and conferred a lasting protection against re
instatement of the lateral hypothalamic syndrome by 6-hydroxydopamine. 
Berger et al. considered that NGF may stimulate the regeneration of reversibly 
damaged neurons in the noradrenergic feeding system or may promote supersen
sitivity to norepinephrine. 

Similar assumptions stimulated the work by Tarpy and co-workers,66 who 
reported that NGF antiserum, administered either centrally at adult age or sys
tematically at birth (producing immunosympathectomy), decreased subsequent 
self-stimulation under variable-ratio schedules of reinforcement with the stimula
tion electrodes implanted in the posterior hypothalamus. The authors interpreted 
their results as an antiserum-induced reduction in central catecholamine levels. 

Later studies that were still based on the assumption of catecholaminergically 
mediated behavioral effects of NGF were conducted by Donald Stein and his 
group. Rats with bilateral lesions of the caudate nucleus that were given intracau-



T
A

B
L

E
 I

I. 
B

eh
av

io
ra

l 
E

ff
ec

ts
 o

f 
N

G
F 

in
 B

ra
in

-D
am

ag
ed

 A
ni

m
al

s 

S
ub

je
ct

sa
 

L
es

io
nb

 
N

G
Fc

 
D

os
ed

 
D

el
ay

' 

B
er

ge
r 

et
 a

L.
2 

$ 
L

H
 (

E
le

c)
 

M
* 

(i
.c

.v
.)

 
4 

H
ar

t 
et

 a
l.

2o
 

$ 
C

au
da

te
 (

R
F)

 
M

* 
(c

au
da

te
) 

4 
* **

 

L
ew

is
 e

t 
al

.4
1 

$ 
A

cc
um

be
ns

 
M

* 
(s

. 
ni

gr
a)

 
2.

5 
* 

(6
-0

H
D

A
) 

K
im

bl
e 

et
 a

l.
33

 
$ 

H
ip

po
ca

m
pu

s 
7 

S*
 (

hi
pp

oc
am

pu
s)

 
20

 
**

 
(A

sp
.)

 
S

te
in

 e
t 

al
.6

1 
$ 

L
H

 (
R

F)
 

M
* 

(i
.v

.c
.)

 
4

o
r2

 
* 

Y
ip

 a
nd

 G
ra

fs
te

in
 77

 
G

ol
df

is
h 

O
pt

ic
 n

er
ve

 (
C

ru
sh

) 
M

+
7

S
+

lh
 

90
0 

to
 1

79
0 

B
U

 
* 

+
 c

on
ti

nu
ed

 (
in

-
tr

ao
cu

la
r)

 (
op

ti
c 

ne
rv

e)
 

St
ei

n 
an

d 
W

ilI
6

2
 

$ 
E

nt
or

hi
na

l 
co

rt
ex

 
M

* 
(h

ip
po

ca
m

pu
s)

 
4 

* 
(E

le
c)

 
**

 

E
cl

an
ch

er
 e

t 
a/

.1
O

 
F

em
al

e 
ra

ts
 

S
ep

tu
m

 (
E

le
c)

 
M

* 
(i

.c
.v

.)
 

30
 

*,
**

 
(7

 d
ay

s)
 

V
M

H
 (

E
Je

c)
 

M
* 

(i
.c

.v
.)

 
*.

**
 

W
il

l 
an

d 
H

ef
ti

7
4

 
$ 

F
im

br
ia

 (
se

ct
io

n)
 

M
 (

i.
c.

v.
) 

re
pe

at
ed

 
8 

x 
10

 
* **

 

Pa
ll 

ag
e 

et
 a

P
1

 
F

em
al

e 
ra

ts
 

M
ed

ia
l 

se
pt

um
 

M
* 

(h
ip

po
ca

m
pu

s)
 

8 
**

 

(E
le

e)
 

**
* 

aS
ub

je
ct

s:
 $

, 
m

al
e 

ju
ve

ni
le

 o
r 

ad
ul

t 
ra

ts
. 

bL
es

io
n:

 A
sp

, 
as

pi
ra

tio
n;

 E
le

c,
 e

le
ct

ro
ly

ti
c;

 L
H

, 
la

te
ra

l 
hy

po
th

al
am

us
; 

R
F,

 r
ad

io
fr

eq
ue

nc
y:

 Y
M

H
. 

ve
nt

ro
m

ed
ia

l 
hy

po
th

al
am

us
. 

cN
G

F:
 M

, 
m

ou
se

 2
.5

 N
G

F;
 ,

ac
ut

e;
 i

.c
.v

.,
 i

nt
ra

ce
re

br
ov

en
tr

ic
ul

ar
. 

dD
os

e:
 m

ic
ro

gr
am

s/
an

im
al

 o
r 

bi
ol

og
ic

al
 u

ni
ts

 (
B

V
).

 

B
eh

av
io

r 

F
oo

d 
in

ta
ke

 

S
pa

ti
al

 r
ev

er
sa

l 

A
ct

iv
ity

; 
re

-
sp

on
se

 t
o 

d-

am
ph

et
am

in
e 

M
az

e 
le

ar
ni

ng
 

W
at

er
 i

nt
ak

e,
 r

e-
ac

ti
vi

ty
 d

is
-

cr
im

in
at

io
n 

S
ta

rt
le

 r
ea

ct
io

n 

M
az

e 
le

ar
ni

ng
 

T
w

o-
w

ay
 a

ct
iv

e 
av

oi
da

nc
e 

M
az

e 
le

ar
ni

ng
 

S
po

nt
. 

al
te

r-
na

ti
on

 
M

az
e 

le
ar

ni
ng

 

R
es

ul
ts

i' 

( +
) 

an
d 

in
cr

ea
se

d 
re

si
st

an
ce

 
to

 6
-0

H
D

A
 

(+
) 

(0
) 

(+
) 

(0
) 

(+
) 

(0
) 

( -
)
 i

nc
re

as
ed

 f
re

ez
in

g 
( +

) 
si

m
il

ar
 e

ff
ec

ts
 f

or
 a

cu
te

 
an

d 
re

pe
at

ed
 t

re
at

m
en

t 

(+
) 

(0
) 

(+
) 

in
 s

ep
ta

l 
ra

ts
 (

i.
e.

, 
de

-
cr

ea
se

d 
pe

rf
or

m
an

ce
) 

(+
) 

(0
) 

(-
) 

(-
) 

eD
el

ay
 b

et
w

ee
n 

la
st

 N
G

F 
in

je
ct

io
n 

an
d 

st
ar

t 
of

 b
eh

av
io

ra
l 

te
st

in
g

:.
, 

le
ss

 t
ha

n 
3 

w
ee

ks
. 

,*
. 

be
tw

ee
n"

 
w

ee
ks

 a
nd

 2
.5

 m
on

th
s:

 *
**

. 
m

or
e 

th
an

 2
.5

 m
on

th
s.

 
fR

es
ul

ts
: 

(+
) 

fa
ci

lit
at

io
n 

of
 r

ec
ov

er
y:

 (
0)

 n
o 

ef
fe

ct
 o

n 
re

co
ve

ry
: 

(-
) 

de
le

te
ri

ou
s 

ef
fe

ct
s 



NERVE GROWTH FACTOR 349 

date injections of NGF were found to show faster recovery of normal appetitive 
behavior and perseverated less than their buffer-treated counterparts on a spatial 
reversal task.20 However, NGF had no ameliorating effect on some other behav
ioral deficits that accompany bilateral caudate-putamen damage, nor had NGF 
any effect on steady-state caudate dopamine levels. In another study, Lewis and 
collaborators41 found that following 6-hydroxydopamine-induced depletion of 
dopamine in the nucleus accumbens, NGF administration in the vicinity of the 
substantia nigra promoted recovery of the locomotor response to d-amphetamine. 
However, this apparent behavioral recovery could not be related to increased 
dopaminergic neuronal reinnervation of the nucleus accumbens. 

In a further study, Stein and his collaborators found that in intact rats, NGF 
disrupted behavioral performance in visual discrimination learning, whereas in 
rats with lateral hypothalamic lesions they did not find any difference between 
NGF-treated and control rats. 61 They suggested that this failure to replicate the 
findings of Berger et at. 2 may be associated with the lesion size, which might 
have been larger in their study than in that of Berger et at. 2 Finally, in the late 
1970s, Kimble and collaborators published a report that further increased the 
complexity of the situation concerning behavioral NGF effects. 33 They exam
ined the effect of NGF on maze-learning behavior of rats with hippocampal 
lesions and on the development of lesion-induced anomalous noradrenergic in
nervation of the hippocampus by peripheral sympathetic fibers. Neither behavior 
nor sympathetic sprouting was found to be affected by the single administration 
of NGF, which was made directly into the damaged brain tissue. Thus, near the 
end of the 1970s, NGF seemed to have beneficial consequences in some experi
mental conditions, whereas in others it was found to be completely ineffective. 
The reasons for the discrepant findings were not clear, perhaps partly because 
knowledge of neurotrophic effects of NGF on eNS neurons was still scarce at 
that time. 

The situation changed noticeably in the early 1980s. In 1982, Yip and 
Grafstein77 reported that various forms of NGF ((3,2.5 S, and 7 S), administered 
by intraocular injection or by local application to the lesion site on the goldfish 
optic nerve, increased axonal outgrowth and decreased the time required for 
recovery of the startle reaction to a bright light. The effect produced by a single 
intraocular injection given at the time of surgery was not further increased by 
subsequent injections. Thus, in the lower vertebrate eNS, NGF was shown for 
the first time not only to facilitate behavioral recovery following eNS injury but 
also to enhance axonal regeneration. 

However, there are many examples demonstrating that generalization from 
lower vertebrate eNS to mammalian eNS should be done with great caution 
because of the large evolutionary separation of the two classes. 

These data, as well as the discovery of the neurotrophic effects of NGF on 
central cholinergic neurons of mammalians, prompted us to start a series of 
experiments based on an assumption that focuses not on the neurotrophic role of 
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NGF in catecholaminergic systems but rather on its role in cholinergic systems. 
In three separate experiments we studied the effects of NGF on behavioral 
recovery from various lesions to the hippocampal system. In our first study, 62 

mature rats with entorhinal cortex lesions received a single bilateral injection of 
NGF into the dorsal hippocampus because we assumed that NGF might affect the 
lesion-induced fiber sprouting from the remaining, particularly cholinergic, in
tact neurons. In our second study (D. G. Stein, F. Deluzarche, and B. Will, 
unpublished data), mature rats with dorsal hippocampal lesions received a single 
bilateral injection of NGF into the dorsal hippocampus. Here, the assumption 
was that NGF might affect the regeneration and/or survival of the cholinergic 
septohippocampal neurons. In both studies we found that NGF produced a facili
tation of behavioral recovery in maze learning but that this facilitation was no 
longer detectable 8 weeks after NGF treatment. Because it was possible that 
chronic or repeated administration of NGF may have promoted a more persistent 
functional recovery, we used the repeated-i.c.v.-injection paradigm, which was 
shown by Hefti and collaborators22 to enhance hippocampal and septal ChAT 
activity in adult rats with partial fimbria lesions. Again, we found that NGF 
produced only an acceleration of maze learning (after an initial impairment) in 
rats with such lesions74 (Fig. 3). We also found that the NGF-induced increase of 
ChAT activity was observable at the end of behavioral testing only in the septum 
and not in the hippocampus. 

In contrast, the data recently reported by Eclancher and her co-workers III 
tend to demonstrate that NGF can have lasting effects on functional recovery 
from brain damage. In rats with lesions of either the ventromedial hypothalamus 
or septal nucleus, they found that a single i.c.v. injection of NGF given at the 
time of surgery can facilitate recovery of function by attenuating lesion-induced 
symptoms in each case: NGF treatment increased two-way active avoidance 
performance in rats with hypothalamic lesions and decreased performance in rats 
with septal lesions. This study by Eclancher and collaborators, showing some 
more persistent behavioral effects of NGF than in most previously mentioned 
reports, also differs from them in that CNS lesions and NGF administration were 
performed in infant rats (7-day-old rats), whereas in the other studies rats were 
operated on at a much later developmental stage. 

Finally, in a study aimed at investigating the interaction between NGF and 
intrahippocampal septal grafts on the behavior of rats after a medial septal lesion, 
we followed up the behavioral alterations over a much longer postoperative 
period than in the preceeding studies because of the late behavioral expression of 
transplant effects. 5 I We were surprised not only to find very long-lasting behav
ioral effects of NGF in female rats that were given surgery and NGF injections at 
young adult age but also to find that these effects were "negative," i.e., that the 
deleterious lesion and NGF effects were additive (Fig. 4). Specifically, in a 
radial maze task, both immediate and delayed grafts reduced the lesion-induced 
deficit several months after surgery, whereas the single intrahippocampal NGF 
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injection (whether given without or in conjunction with grafted dissociated cells) 
increased this deficit, especially 5 months postoperatively. 

In order to explain the long-term detrimental effects of NGF observed in 
that study, several possibilities can be considered. One of these possibilities is 
based on the already mentioned fact that destruction of the cholinergic input to 
the hippocampus results in an ingrowth of peripheral sympathetic fibers originat
ing from the superior cervical ganglia into the CA3 and dentate gyrus. In fact, 
this ingrowth of peripheral sympathetic fibers is presumably the most readily 
apparent effect of intracerebrally administered NGF. Because peripheral sym
pathetic neurons are responsive to NGF, we have speculated that the detrimental 
effects produced by NGF might result from an enhanced sympathetic sprouting 
into the deafferented hippocampus, preventing cholinergic (endogenous and/or 
grafted) septal fibers to reinnervate their hippocampal targets. 

5. DISCUSSION 

Although NGF has been characterized primarily by its effects on the devel
opment, maintenance, and survival of peripheral sympathetic and sensory neu
rons, there is now a strong body of evidence demonstrating that this protein plays 
also a role in the function of central cholinergic neurons. Does this recent 
demonstration of a NGF-mediated modulation of CNS function give us any help 
in understanding the NGF-mediated behavioral effects reported above? 

Lesions of the ascending cholinergic projections of the basal forebrain result 
in learning and memory deficits in rats. 11.27.28.52.56 However, no lesion tech
nique exists permitting the specific and exclusive destruction of cholinergic 
neurons. Therefore, we also need to take into consideration a host of phar
macological experiments that all tend to confirm the notion that cholinergic 
systems are involved, to a major degree, in cognitive functions necessary for 
mastering the behavioral tasks (maze learning and retention, spontaneous and 
reinforced alternation, acquisition of active and passive avoidance conditioned 
responses, etc.) used in most reported experiments for testing NGF efficien
cy.3.8.17.32.45.54 Thus, some of the findings reported above suggest the pos
sibility that the behavioral improvements observed in NGF-treated animals re
flect its promotion of ChAT activity and/or survival of cholinergic neurons. The 
long-term behavioral impairments observed in the NGF-treated rats with lesions 
of the medial septum may be caused by a functional antagonism between the 
abnormal sympathetic and normal cholinergic innervation of the hippocampus. If 
sympathetic neurons show a competitive advantage over cholinergic neurons for 
occupying the deafferented cholinergic sites in the hippocampus, NGF may 
thwart behavioral recovery as measured by learning and memory tests by enhanc
ing sympathetic sprouting. However, these interpretations remain highly spec
ulative until we know much more about the causal link between behavioral 
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events and modulation of cholinergic as well as sympathetic function in the 
various brain areas considered. In any case, the early behavioral experiments 
reported during the 1970s need to be reconsidered in the light of the recent 
findings on NGF-mediated effects on central cholinergic neurons. 

Several other features may help us to approach a more synthetic view of the 
varied behavioral data reviewed. One of these features may be the time course of 
behavioral modifications after NGF administration (or after last administration 
when NGF was given repetitively). Indeed, all the studies that reported "posi
tive" effects of NGF treatment on behavioral recovery in adult animals have 
found that these effects are detectable only during the second and third weeks 
after the last NGF injection, or they have used too short a period of testing to 
allow an appreciation of the persistence of such behavioral effects. "Negative" 
effects of NGF treatment51 have been observed after much longer delays (5 
months), at which time the NGF-mediated ChAT activation is no longer found in 
the hippocampus,74 and the sprouting of sympathetic fibers (possibly enhanced 
by NGF treatment) has had enough time to produce reinnervation of the hippo
campal sites vacated by degenerated septohippocampal fibers. The absence of 
NGF effects reported by Kimble and co-workers33 could be explained either (1) 
by the fact that they conducted behavioral testing at about 50 days after surgery, 
i.e., between periods at which "positive" and "negative" effects had been 
observed, respectively, or (2) by one of several other possibilities, one of which 
is the small number of animals used (five hippocampal saline- and six hippocam
pal NGF-treated rats). 

A second feature that may help us to understand the variability found in the 
reported behavioral data is the age of the subjects at surgery (and NGF treat
ment). Indeed, in infant rats, as compared to adult rats, Eclancher et ai. 10 found 
similar time courses in behavioral results after septal lesions but not after ven
tromedial hypothalamic lesions. With the latter lesions, the NGF effects ap
peared only after a longer delay, and the differences between NGF- and saline
treated rats were persistent (at least for 7 weeks after surgery). However, the 
discrepancies between these and other results may also reflect differences in 
lesion locus and in the locus of NGF administration. 

Although these few indications for a tentative synthesis of the available 
behavioral data remain unsatisfactory, some important clues for a more compre
hensive view of NGF-induced behavioral effects have already appeared. First, 
although Honegger and Lenoir31 have shown that in vitro continued NGF treat
ment is more effective for stimulating ChAT activity than a more acute treat
ment, most behavioral experiments have demonstrated that chronic (or repeated) 
treatment by NGF seems to be no more efficient than a single administration 
given at the time of surgery (e.g., ref. 77); however, no behavioral testing has 
been performed during continued NGF treatment. 

Second, the possibility that the small amounts of renin that contaminate 
most mouse salivary gland NGF preparations might act on central cholinergic 
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neurons seems unlikely, as it has been shown that bovine NGF, which is renin
free, and mouse NGF, which is renin-contaminated, have similar biological 
activities 19 and similar effects on central cholinergic neurons. 23 Renin itself 
actually impaired performance of intact and brain-damaged rats in a spatial 
reversal task55 and seems, therefore, not to be a good candidate for explaining 
the transient "positive" NGF effects observed in several experiments. Renin, 
however, might explain the detrimental long-term effects of NGF treatment 
found by Pallage et ai., 51 and this possibility should be considered in association 
with the explanation of these detrimental NGF-induced effects in terms of the 
action of this protein on sympathetic sprouting. 

Third, at least in infant rats, NGF was shown to promote genuine recovery 
of behavioral function and did not merely increase performance. 10 Nerve growth 
factor attenuated symptoms by improving performance in rats that showed le
sion-induced impairment of performance (ventromedial hypothalamus lesions) 
and by reducing performance in rats that showed a lesion-induced increase of 
performance (septal nucleus lesions). Similar studies need to be conducted using 
adult animals. 

Fourth, although it is certainly unjustified to claim that a substance must 
have an endogenous physiological role because it has an effect when adminis
tered to an organism, evidence is now accumulating for an endogenous function 
of NGF in the CNS. Endogenous NGF and mRNA coding for NGF have recently 
been localized in the brain, and it seems highly probable that this endogenous 
NGF is able to affect the function of central cholinergic neurons as does ex
ogenous intracerebrally injected NGF. Since NGF is able to affect neurons of the 
CNS trophic ally , one should consider the use of NGF as a therapeutic tool for the 
treatment of nervous system injury. A degenerative disease, such as Alzheimer's 
disease, associated with degeneration of forebrain cholinergic neurons has been 
speculatively explained by a lack of endogenous NGF. 25 It can thus be assumed 
that compounds mimicking the action of NGF by trophic influences on central 
cholinergic neurons might be beneficial in the treatment of Alzheimer's and 
similar diseases. Beneficial effects of NGF can also be anticipated even with 
causative factors other than NGF itself. Increasing the availability of NGF to 
cholinergic neurons is likely to stimulate many synthetic processes in these cells. 
This may result in strengthening of their morphological structures and in a higher 
capability for transmitter synthesis. Such neurons might be less vulnerable to 
primary disease processes and have an augmented probability of survival. The 
possible application of NGF in Alzheimer's disease is discussed in detail in a 
recent review. 25 

Nerve growth factor is a protein that does not cross the blood-brain barrier. 
For human application it is therefore necessary to develop a carrier system with 
which NGF can be delivered to the brain. Alternatively, drugs might be devel
oped that mimic the actions of NGF on its central receptors. Very little is known 
about the structural requirements by which NGF stimulates its receptor(s), and its 
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receptor domain has not been characterized. It is therefore not possible at the 
present time to outline a rational strategy for the development of orally active 
agonists of NGF. 

A further note of caution is suggested by our findings indicating that NGF 
administration in rats can produce "negative" effects after certain experimental 
lesions. It is likely that, besides destroying NGF-responsive cells, experimental 
lesions also sever other, nonresponsive neurons. Application of NGF might 
therefore stimulate survival or regrowth of one cellular population only, resulting 
in a functional imbalance that produces behavioral effects more detrimental than 
the original lesion itself. A similar situation might arise in the human brain when 
a disease process affects several neuronal populations. Enhanced survival of a 
given neuronal population might not be sufficient to improve the general behav
ioral status of patients. 

At the present time, NGF represents the only isolated neurotrophic factor 
that affects central neurons. With the knowledge obtained in recent years about 
neurotrophic factors in the PNS,68 it seems likely that many more trophic factors 
with selective and different specificities exist in the mammalian brain. The 
isolation and characterization of such neurotrophic factors remains one of the 
major goals of modem neurobiology. The knowledge gained on NGF's role in 
the brain will serve in a paradigmatic way to characterize the actions of these new 
factors. We can speculate that a combination of neurotrophic factors promoting 
survival and functions of affected popUlations of neurons might represent a future 
treatment for neurodegenerative diseases. 
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RECOVERY FROM STROKE 

ANDREW KERTESZ 

ABSTRACT. The pharmacological approach to first-stage recovery in acute stroke is aimed at 
controlling edema and improving microcirculation and cellular protection in the ischemic penumbra. 
Limiting lesion size with these early measures may influence outcome significantly. Careful meth
odology is necessary to measure recovery rates and outcome. The extent of recovery is influenced by 
initial severity. Lesion size in a stroke population correlates significantly with outcome measures. 
Recovery in the initial period, the first 3 months, is significantly greater in all groups and in all 
functional deficits. Evidence appears to indicate that both homologous contralateral and ipsilateral 
functionally connected hemispheric structures playa role in recovery. Comprehension and semantic 
processing may have more widespread cerebral compensation than motor and assembly functions of 
language, which are more left hemisphere dependent. Pharmacological studies in recovery must 
consider these factors and utilize more precise methodology to define functional deficits. 

1. INTRODUCTION 

Human brain injury from stroke or trauma produces deficits that recover to a 
variable extent. Human ischemic deficit and recovery from it have a special 
neurobiology. In order to investigate the effect of any form of therapy on recov
ery, first- and second-stage recovery should be distinguished. Some of the recov
ery studies have concentrated on preventing ischemic damage or increasing the 
resistance of the brain to ischemia. Recent developments in describing various 
patterns of cerebral perfusion, electrical activity, and ionic pump failure in 
ischemia have provided a conceptual basis for pharmacological intervention.l 
Much of the change in the acute phase is related to the recovery from the acute 
effects of hemorrhage, edema, electrolyte disturbances, and cellular reaction, 
which subside in a matter of days and weeks. 

In addition, the concept of "ischemic penumbra," which is a zone of viable 
but metabolically lethargic cells surrounding an area of focal infarction, is also 
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important in first-stage recovery. It is the reversibility of electrical activity and 
ionic changes in this area that provides the impetus for pharmacological research. 
The ischemic threshold of cerebral perfusion for membrane failure is around 8 
mll 100 g per min. Therefore, damage can be reversed if blood flow can be 
elevated. The rapid recovery from neurological deficit after a stroke is often 
attributed to the recovery of function of the cells in this ischemic penumbra. 

There are many experimental models for cerebral ischemia. Most studies of 
pharmacological agents deal with these models, which widely differ in their 
reliability and relevance to clinical stroke. The literature in first-stage interven
tion is very extensive and is reviewed only selectively. 

The interest in our laboratory has focused on second-stage recovery, beyond 
the acute effects of ischemia, hemorrhage, cellular reaction, and chemical altera
tions. Recovery of human cognitive function, especially recovery of language, 
can provide an important behavioral model for the biological determinants of 
second-stage recovery. The study of recovery from brain damage is more than 
just a practical prognostic exercise for the clinician or a baseline for therapy. It 
also provides an important theoretical framework for cerebral reorganization. 

Monakow43 realized the changing nature of aphasic and cognitive deficits, 
and his explanation for second-stage recovery, which he called "diaschisis," is 
still a valid concept in neurobiology. He thought that in acute injury, the dam
aged brain deprives the surrounding, mostly functionally connected areas from a 
trophic influence of innervation. The denervation would then cause the initial 
deficit to be larger than would have been expected from a mere loss of function. 
Monakow suggested that these areas recover by acquiring innervation from 
somewhere else or becoming autonomously functional. 

Much of what we know about the reorganization of brain function in man 
comes from the functional analysis of deficits and their relationship to brain 
lesions. After stroke, trauma, or infection, human cognition is affected in a 
complex fashion, and its measurement and analysis are difficult. The re
producibility of observations is influenced by many biological and psychological 
factors. The main areas investigated are language, nonverbal cognition, visu
omotor performance. and memory. The complexity of deficit analysis in cogni
tion and in aphasia has been recognized, and some quantitation has been achiev
ed by several advances in methodology. Aphasia tests became better 
standardized and more specific for a language-disordered population, and the 
methods of follow-up and the statistical evaluation of change have become more 
sophisticated. 17,25,26 Also, advances in cognitive psychology and linguistics 
have contributed to deficit analysis. Developments in neuroimaging, such as 
computerized tomography (CT) and magnetic resonance imaging (MRI), allow 
us to localize and quantitate lesions in patients who can be examined in detail 
with neuropsychological tests at the same time. 

In this chapter, the pharmacological aspects of first- and second-stage re-
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covery and the methodological advances in measuring recovery from aphasia as 
an example of human second-stage recovery are discussed. 

2. PHARMACOLOGICAL INTERVENTION AND FIRST-STAGE 

RECOVERY 

The pharmacological treatment of stroke patients is usually aimed at first
stage recovery. Since many of these drugs have vasodilating as well as cellular 
protective effects, and some are platelet antiaggregants that decrease the vis
cosity of the blood, the classifications of these antiischemic medications are 
overlapping (Table I). In the first few days after stroke, there is often progressive 
deterioration. In fact, a recent survey indicated that about a third of stroke 
patients show worsening that may interfere with their ultimate recovery. 19 Most 
of this initial deterioration is related to cerebral edema, occasionally to secondary 
hemorrhage into a dry infarct and at times recurrent embolism or what is often 

T ABLE I. Drugs in Acute Stroke 

Edema control 
Hyperosmolar agents: mannitol, glycerol 
Corticosteroids: dexamethasone 
Barbiturates 

Oxygen enhancers 
Hyperbaric oxygen 
Fluorocarbons 

Cerebral vasodilators 
Papaverine 
Aminophylline 
CO2 inhalation 
f3-Blockers 
Prostacyclin and thromboxane inhibitors 
Calcium channel blockers: nimopidine 
Serotonin inhibitors 

Microcirculation enhancers 
Low-molecular-weight dextran 
Prostacyclin and thromboxane inhibitors 
Platelet antiaggregants: ASA, dipyridamole 
Anticoagulants: coumadin, heparin 

Fibrinolytics: streptokinase, urokinase, viper venom 
Cellular protection 

Barbiturates 
Calcium antagonists: flurazine 
Opiate antagonists: naloxone 
Prostacyclin 
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called' 'stroke in evolution." At times drug effects, metabolic complications, 
most often generalized anoxia, or diabetes contribute to a negative change. Most 
of the time the physician is restricted to controlling the nonspecific complica
tions. 

Some of the pharmacological treatment of first-stage deterioration is an 
attempt to control cerebral edema. Hyperosmolar agents such as mannitol and 
glycerol reduce brain volume and increase cerebral blood flow, but most of the 
acutely effective drugs unfortunately have only a temporary effect, and some 
even produce a rebound edema. The hypervolemia after repeated administration 
leads to renal or cardiac failure and electrolyte disturbance. Mannitol and 
glycerol are used extensively in head injury, but their efficacy has not been 
proven in stroke. Similarly, the use of corticosteroids is controversial, to say the 
least. Most neurologists do not use it because a recent study suggested that not 
only is it not effective even in very high doses,44 but it actually increases 
mortality 1 1 by increasing the risk of infections and worsening diabetes. There is 
evidence that high glucose levels produce high lactate, which is cytotoxic, rather 
than acting to increase available substrate for metabolism. 48 

Acute oxygen therapy of hyperbaric oxygen has been tried, but the hyper~ 
baric effect seems to last only a few hours, and prolonged use of high concentra
tions of oxygen may be toxic. 42 Fluorocarbons apparently have some protective 
effect in acute ischemic models. 45 Subsequent studies showed only moderate 
modification on pathology. 46 

Cerebral vasodilators have obvious therapeutic potential, but the problem is 
the loss of autoregulation of the arteries in ischemic areas. Therefore, vas
odilators, such as papaverine and carbon dioxide, tend to dilate normal cerebral 
blood vessels, stealing blood from ischemic areas. 33 Theophylline and pa
paverine were also found to be ineffective in influencing the outcome of cerebral 
infarction.5,41 Attempts to exploit this paradoxical failure of autoregulation use 
the opposite effect of vasoconstrictors. These drugs should shunt blood into 
ischemic areas, because only normal cerebral vessels will vasoconstrict. Vaso
constrictors would also have the added effect of increasing systemic blood pres
sure and improving cerebral circulation by the proportionate increase of blood 
delivered to the brain. However, vasoconstrictors may contribute further to 
ischemia, and increased blood pressure may produce hemorrhages. Therefore, 
vasoconstrictors have not been used extensively in acute stroke except to support 
hypotension and failure of circulation. Hyperventilation and alkalosis are also 
potential vasoconstrictors of the cerebral circulation. The treatment of stroke 
with hyperventilation has failed to be effective and caused several complica
tions. 7 Drug-induced metabolic alkalosis using aminomethane was also ineffec
tive.40 

Other drugs that would increase microcirculation and possibly reverse is
chemia have been tried in great numbers in animal models as well as in clinical 
experiments. Low-molecular-weight dextran decreased platelet aggregation and 
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blood viscosity and improved cerebral blood flow. 20 In a double-blind study in 
patients, fewer deaths after treatment were seen in severe stroke, but survivors 
were equally disabled at 6 months. 38 Platelet antiaggregants have been used after 
stroke not only to prevent recurrence but also to improve microcirculation. 4 
Recent studies of hemodilution showed a moderate but definite effect. 55 
Fibrinogen contributes to blood viscosity, and viper venom, which is fibrinolyt
ic, was used successfully in ischemic stroke to decrease viscosity.22 

Prostacyclin causes vasodilation and inhibition of platelet aggregation, re
duces the size of myocardial infarction, decreases the oxygen demand of tissue, 
and counteracts the effect of endotoxins. However, the efficacy of prostacyclin 
in stroke has not been confirmed by controlled trials, even though some stroke 
patients appear to have benefited. 18 Other studies showed that prostacyclin re
duced blood-brain barrier leakage. 2 A double-blind study showed some neu
rological improvement in the first 3 days, but no significant effect was observed 
by 2 weeks after the initial stroke. 23 Thromboxane synthesis inhibitors have been 
tried in order to alter cerebral blood flow and perfusion of ischemic areas. 
Indomethacin is thought to inhibit all the products of cyclooxygenase that accu
mulate in cerebral ischemia and contribute to thromboxane synthesis inhibition. 

One of the important electrolyte changes in acute ischemia is the increase of 
intracellular calcium (Ca), which inhibits mitochondrial respiration. Impaired 
membrane permeability increases Ca influx, which seriously interferes with neu
ronal functioning. Calcium channel antagonists not only inhibit Ca influx but 
also prevent the postischemic reduction of cerebral blood flow and reduce mor
tality in various animals. 57 Different calcium blockers have different organ spec
ificity: some like bepridil and verapamil have mostly cardiac effects and are 
antiarrhythmic and antianginal; others like nifedipine exert a therapeutic effect 
mainly by vasodilation. However, protection from calcium at the cellular level 
also contributes to the antiischemic effect. 15 Calcium antagonists seem to have a 
potentially useful effect in first-stage recovery, but this is still insufficiently 
documented. 12 

Barbiturates have been tried for their effect of decreasing cerebral metabo
lism and lowering intracranial pressure. Recent studies also demonstrated that 
barbiturates may protect the brain by scavenging free radicals released by is
chemia. 13 Although barbiturate anesthesia reduced the neurological disability 
and the severity of cerebral infarction in the stroke model using carotid artery 
occlusion in dogs, the use of barbiturates in severe stroke or deteriorating stroke 
has not been proven. 52 Most neurologists avoid inducing barbiturate coma in 
stroke because of the difficulty in monitoring patients and the problems of 
overloading intensive care unit capacity. 

Dramatic response to naloxone, an opiate antagonist, has been reported for 
focal cerebral ischemia. 24 Improvement, however, tends to be temporary and 
may be related to cerebral arousal rather than to a specific vasogenic protective 
effect. Amphetamines have also been used for their protective effect in cerebral 
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ischemia (see D. M. Feeney and R. L. Sutton, Chapter 7). Reports of intra
cerebral hemorrhage related to amphetamine use discouraged the clinical trial of 
this drug. 54 Studies of circulating catecholamines after stroke provided the ra
tionale for treatment with serotonin and dopamine inhibitors. Seratonin antag
onists (cephaloridine) have shown to protect the CNS from experimental isch
emia. 5o Tradozone appears to have an ischemic effect through the selective 
inhibition of serotonin reuptake. Currently, a clinical trial is underway to deter
mine its effectiveness in acute stroke. 12 

Fibronolytic agents have been initially rejected because of the danger of 
hemorrhage. Some of these early studies demonstrated the thrombi were dis
solved with greater frequency with streptokinase, but no clinical improvement 
was evident, and a small risk of hemorrhage was noted. 39 Urokinase injections 
later than 24 hr after the onset of symptoms of completed strokes was not 
effective. 14 Recent large-scale studies on cardiac uses of fibrinolysis did not 
show any increase in the incidence of intracranial hemorrhage. 56 Limited clinical 
experience indicated that improvement can occur in some patients in acute stroke 
even with intravenous injection. 9 The experience in myocardial ischemia indi
cates that the best results are obtained when the treatment begins within 6 hr of 
the onset of ischemia. This would maximize functional tissue recovery by limit
ing the duration of parenchymal injury. More recent studies used a local intraar
terial infusion of streptokinase or urokinase, and although recanalization oc
curred in most patients, the recovery rate was modest, and 17% of patients had 
some hemorrhage. 9 

3. PHARMACOLOGICAL TREATMENT IN SECOND-STAGE 

RECOVERY 

The range of pharmacological agents used to promote second-stage recov
ery in established stroke is much smaller than in the acute period. However, the 
extent of recovery is considerable, and the potential for drugs to promote this 
stage of compensation has not been explored extensively. The common foci of 
treatment in second-stage stroke are physio-, speech, and occupational therapy 
aimed at functional restoration. Physiatrists and rehabilitation specialists have 
traditionally relied on physical and psychological means of restoration rather 
than drugs. Nevertheless, there are a few commonly used drugs and a few 
experimental ones. The role of baclofen or dantrolene sodium or centrally active 
muscle relaxants in controlling muscle spasm is controversial. Most physicians 
only use these drugs with severe, incapacitating spasticity, because many am
bulating stroke patients need a little spasticity, in fact, to stand up, and if this is 
taken away, one can hinder rehabilitation and actually increase weakness. 

Anecdotal reports of the use of L-dopa and dopa decarboxylase inhibitor in a 
few aphasic patients have been presented, but there has been no reliably con-
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trolled study. Sodium amobarbital and amphetamines have also been tried with 
no significant success. Barbiturates only increase the dysarthric component of 
speech but do not release the severe word-finding problem, which has all the 
appearance of a blockage that should respond to a drug that releases inhibitors in 
the central nervous system. 

The process of structural reorganization may be promoted by brain gang
liosides, which are natural components of cellular membranes. 49 Stroke patients 
2 weeks post-onset who were treated with monosialogangliosides for 6 weeks 
showed a moderate but significant benefit. 3 

Finally, the judicious use of antidepressants is well accepted, but the diag
nosis of depression is difficult at times because of the communication problem in 
left-hemispheric stroke and because of the effect of disturbed emotional ex
pression and processing in right-hemisphere stroke. The peculiar forced crying 
and laughter that are often part of the so-called "pseudobulbar palsy" seen in 
bilateral or more caudally (often in the brain stem) located strokes is not caused 
by depression, although it is often mistaken for it, leading to unnecessary 
medication. 

4. FACTORS IN SECOND-STAGE RECOVERY 

Second-stage recovery is a complex and largely unexplained phenomenon. 53 

A study of any therapeutic modality has to account for a variety of important 
factors influencing outcome. Some of the methodological issues discussed below 
are valid also for first-stage recovery. It is essential to control some of these 
second-stage recovery factors in order to study drug effects in humans for acute
stage studies as well. 

Among the factors important in recovery is initial severity. Early investiga
tors considered initial severity to have a highly predictive value in aphasia. 16.29 

The severity of deficit at onset has a considerable effect on recovery rates 
because mildly affected aphasics do not have much room for recovery (a "ceil
ing effect") and severe aphasics often have more potential. The lack of consid
eration of initial severity is a major error in design in some treatment studies. 
Treated patients tend to be selected from the less severe groups and bias the 
results. Unless initial severity is controlled, studies of treatment should not be 
considered reliable. There are various methods of controlling for initial severity, 
such as analysis of covariance or using outcome measures instead of recovery 
rates or expressing the change as a percentage of the initial severity or comparing 
patient groups with equal severity. 

The methodology of patient selection is also an important issue. Often 
patients are included in recovery studies at various stages on the recovery curve. 
In our studies, we took care to start our evaluation within the acute period, 
usually between 10 and 45 days after a stroke. Since most of our patients were 



368 ANDREW KERTESZ 

examined at exactly 14 days after onset, this population is rather homogeneous. 
Only the more severely affected patients, who could not be examined at that time 
because of intercurrent medical illness or obtundation, were kept until the upper 
limit of the time period. 

Various etiologies were grouped together in many early studies, but this 
seems a significant disadvantage. Traumatic aphasia, for instance, improves 
quickly if it is related to closed head injury. Dysarthria, however, tends to be 
persistent in severe trauma, and this often disrupts communication to such a 
degree that the extent of posttraumatic aphasia is difficult to determine. Penetrat
ing head injury affects a different age group and behaves differently because of 
the variation in the speed and path of the missile and the associated concussion. 
Therefore, posttraumatic aphasia is biologically different from the vascular type. 
There are many similarities, however, indicating that the recurring patterns of 
aphasic types are not necessarily related to the distribution of vascular lesions. A 
recent study by Ludlow et al. 37 on Vietnam veterans showed that the lesions that 
produce persisting asyntactic or Broca's aphasia are large and involve subcortical 
and parietal structures in addition to Broca's area, very similar to recovery after 
stroke. 

Age or sex does not seem to be a significant factor as long as an adult 
population with strokes is studied. Prepubertal children recover quite well from 
injury, and even infantile hemispherectomies develop normal speech with only 
slight limitation on verbal intelligence. \0 Etiology compounds the age factor, 
since young individuals are much less likely to suffer from stroke. When only 
similar etiologies are studied, the differences between childhood and adult recov
ery rates tend to decrease significantly. 58 Other pathological variables, such as 
repeated stroke insults, cerebral atrophy, or intercurrent latent dementia, remain 
factors to be considered or even studied directly, although they can be controlled 
by exclusion such as was done in our studies. 

5. THE MEASUREMENTS OF DEFICIT 

Various recovery studies used different language examinations. Extremely 
detailed testing of function does not allow a practical number of follow-up 
studies. We used the Western Aphasia Battery (WAB) because it covers lan
guage functions comprehensively yet is practical to administer to most pa
tients.26 The interrater, test-retest, and reliability content, intratest validity, and 
rationale of the test have been described.25 The W AB provides a summary of the 
language subscores as a measure of overall severity called the aphasia quotient 
(AQ). Among the subtests, the information content provides a measure of func
tional communication, and it can also be used separately as a measure of recov
ery. Comprehension is tested with yes/no questions, a pointing task of auditory 
word recognition, and a syntactically complex sentence task. Naming of visually 
presented common objects, sentence completion, and responsive speech are 
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measures of lexical access. Repetition is tested with words and sentences of 
increasing difficulty. The test includes reading, writing, and an assessment of 
praxis, calculation, and a section of nonverbal performance such as block design, 
Raven's Colored Progressive Matrices, drawing, and line bisection. The tests are 
done at 10-45 days, 3 months, 6 months, and 12 months after stroke. 

6. RECOVERY RATES AND TIME INTERVALS 

Second-stage recovery is most marked in the first 3 months, and recovery 
curves are initially steeper in all aphasic groups and also for the total group. 
More severely affected aphasics continue to recover at a later stage if they are 
followed for a sufficient length of time. Some investigators, such as Broida6 

suggested that recovery continues beyond I year, although this was based on 
only a few selected cases. In our previous study, 29 we found no significant 
recovery beyond I year when a larger population was looked at. 

7. LESION SIZE AND RECOVERY 

Lesion size and location have also been recognized as relevant but complex 
factors. Until recently, clinicians relied on autopsy correlations, but modem 
neuroimaging has provided an opportunity to study lesion characteristics in vivo. 
We presented our first study of lesion size measured on CT and recovery from 
aphasia in 1979. 28 We found that the larger the lesion the poorer the outcome 
with one unexpected exception: the recovery rate of comprehension was found to 
increase with lesion size! Why this occurred can be best understood if another 
study of ours is considered in which the best-recovered modality was found to be 
comprehension. 36 Patients with large lesions having global or severe Broca's 
aphasia often show greater improvement in comprehension than patients with 
smaller lesions, such as anomics, who already have good comprehension and 
therefore have less room for recovery (ceiling effect). The large lesions with 
more recovery and small lesions with little change give rise to a consistently 
positive correlation between lesion size and recovery unless the initial severity is 
covaried, as was done in our subsequent studies. 

Since then, various other authors dealt with localization of the lesions in a 
somewhat different, symptom-oriented approach. 32,50 Knopman et al. 32 looked 
at fluency, lesion size, and location and found that in the language area about 60 
cm3 was a critical size; a larger lesion results in relatively less recovery. Motor 
speech has less redundancy, and if the areas surrounding Broca's area and the 
precentral gyrus are involved, less recovery will take place. Semantic access is 
severely impaired in Wernicke's aphasics, and after large lesions there is less 
recovery. The symptom-orientation approach generally leads to less focal 10-
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calization of functional deficits, as some of these functions are widely distributed 
in the brain and can be affected from several sites. 

Improvement in imaging techniques and in measuring the lesion parameters 
increased the accuracy beyond that ofCT studies. The recent magnetic resonance 
imager (MRI) utilizes greater white and gray matter contrast and allows visu
alization of the brain in quasianatomic sections in any desired plane in vivo, 
while the patients are being examined. 

Lesion tracing should be performed blindly without knowledge of the pa
tient's clinical features to avoid bias in locating the anatomic structures that are 
involved. The issue of direct tracing of lesions or using templates onto which the 
lesions are drawn cannot be resolved easily. Direct tracing is more reproducible 
between observers, but because of the variability of head positioning, different 
scanning techniques, and different skull shapes of individuals, tracing on stan
dard templates by a human observer allows mental adjustment for angulation of 
the head and various differences in the size and shape of the scans of different 
patients. The digitization of the lesion areas is a fairly standard process, and 
modem scanners have algorithms that provide for an automated pixel count. 
Even in this case, the human observer has to draw the edges or limits of the 
lesion. When a lesion is digitized for each slice, the areas can be multiplied by 
the slice thickness, and a volumetric measurement can be obtained. 

8. LESION LOCATION AND RECOVERY 

Lesion location is often determined by a checklist of regions of interest that 
has been worked out in severallaboratories37 •5o including ours (see below). The 
actual involvement in each structure may be scored as a percentage of involve
ment, but this is difficult to reproduce and may create a spurious source of 
variability. A simplified scoring system of less than half, more than half, or total 
involvement is more realistic. 

The CT scan evaluation of lesion locations, using a three-point rating of the 
extent of involvement of each anatomic structure was carried out in 22 Broca's 
aphasics divided by the median for poor and good recovery. The structures with 
significant involvement (more than 50%) were the inferior frontal gyrus, es
pecially the pars opercularis and triangularis, and the insula in both groups. 
There were only two patients in whom the posterior inferior frontal gyrus was not 
involved, and both of these patients had significant involvement of the putamen 
or the caudate nucleus or both. The difference between the persisting and re
covered cases of Broca's aphasia was most prominent in the involvement of the 
precentral, postcentral, and supramarginal gyri in the cases of poor recovery. In 
those cases in which recovery was good, supramarginal and inferior parietal gyri 
were not involved. The subcortical regions showed significant differences in the 
involvement of the putamen and the caudate, which was twice as frequent in the 
persistent cases. 
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Specific structural correlates of recovery were also examined for Wer
nicke's aphasia. Those who have better recovery rates have clearly smaller mean 
lesion volumes, and certain structures are less frequently involved than others. 
The most consistently involved structure was the superior temporal gyrus. In 
cases of poor recovery, the middle temporal gyrus and the supramarginal gyrus 
are significantly more frequently involved in addition to the postcentral gyrus 
and the insula, which is twice as frequently involved in unrecovered cases. 

9. CEREBRAL ASYMMETRY 

The possible interaction of cerebral asymmetry or atypically distributed 
language in the two hemispheres and recovery was explored in Broca's and 
Wernicke's aphasics by measurings the frontal and occipital "petalias" (promi
nence of one side or the other) and width on CT scans according to the meth
odology of LeMay and Kido. 34 It has been suggested that more bilaterally 
distributed language capacity could result in better recovery in unilateral brain 
damage.47 We divided the "petalias" and width measurements into groups of 
right larger than left, equal, or left larger than right. 27 Broca's aphasics were 
then grouped according to their recovery. Those who remained Broca's aphasics 
were compared to those who changed into other categories such as anomics, 
conduction or transcortical motor aphasia, or recovered completely. Those pa
tients with better recovery were in the majority (n = 16). Although there were 
some trends for the better-recovered patients to have less typical cerebral asym
metry with cerebral petalia and width measures, the differences between the two 
groups were not significant. A similar lack of significance for asymmetries was 
found in Wernicke's aphasics. 

Certain aspects of hemispheric specialization may vary according to indi
viduals even though anatomic asymmetries do not seem to playa role in recovery 
as was suggested. It could be that anatomic asymmetries relate more to handed
ness than to language distribution, as suggested by some of our studies in nor
mals,27 and this may be the reason why we are not seeing an effect on language 
recovery. The individual variations in the intra- and interhemispheric distribution 
of various functional components may contribute to an important extent to the 
ability of the mature brain to compensate after a single nonprogressive lesion. 

10. FUNCTIONAL REORGANIZATION 

Rather than anatomic reorganization through axonal regrowth or collateral 
sprouting, which can be demonstrated in the peripheral nervous system and to a 
lesser extent in the CNS of rodents, it is probably "functional reorganization" 
that underlies recovery in the human brain. Parts of the intact and functionally 
connected brain substitute for others, and the homologous portion of the con-
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tralateral hemisphere may do this to some extent. Right hemisphere compensa
tion has been suggested by Wernicke and subsequently by Henschen. 21 This 
principle was based largely on anecdotal evidence of large left hemisphere le
sions with good recovery. 

In some patients who became aphasic with a single left-hemisphere stroke 
and subsequently recovered, a second right-hemisphere stroke may produce lan
guage deficit. 35 These cases are rarely documented and may represent bilateral 
language organization to begin with rather than a common mechanism of func
tional transfer to the contralateral hemisphere after destruction of a certain 
amount of language-related structure in the left hemisphere. One of the most 
dramatic demonstrations of the residual capacity of the right hemisphere to 
compensate for the loss of language resulting from left hemisphere lesions is 
given by the hemispherectomy studies51 that indicated that symptoms resembling 
global aphasia occur after a left hemispherectomy. Some comprehension re
covers, but the patient continues to remain nonfluent. When written or verbal 
input was separated to each of the hemispheres, converging evidence from cal
losal-sectioned patients demonstrated that the right hemisphere is capable of 
processing single words, usually concrete nouns. 59 

The idea that compensation after partial left hemisphere damage occurs 
through right hemisphere functions was supported to some extent by studies of 
sodium amobarbital given to aphasics who have recovered. 8,30 The studies indi
cated that even though the aphasic disturbance occurred from a left-hemisphere 
lesion it was the right hemispheric injection that increased the language distur
bance, indicating that the right hemisphere compensated for the previous deficit. 
Recent studies of cerebral blood flow with xenon 133 also indicated right hemi
sphere participation in recovery to a variable degree. 31 

Our studies, nevertheless, demonstrated the importance of structures that 
surround the lesion areas in the recovery process. Those left hemispheric struc
tures that are connected sequentially with the opercular and anterior insular 
regions playa crucial role in recovery from Broca's aphasia. Patients who have 
adjacent involvement, especially the inferior portion of the precentral gyrus and 
the anterior parietal region, show less recovery than those in whom these areas 
are spared, thus indicating their role in compensation. Phonemic output mecha
nisms are processed by a cortical-subcortical network that can be damaged 
partially with good recovery. However, if both cortical and subcortical compo
nents of the network are impaired, recovery is much less likely. 

A complex integration of structures also takes place for the processing of 
language comprehension, although interhemispheric connections may playa 
larger role in comprehension than in motor output. It seems that a restricted 
deficit in the dominant hemisphere auditory association area, the posterior supe
rior temporal gyrus and the planum temporale, can be compensated for by the 
opposite, homologous hemispheric structures or by surrounding structures in the 
temporal and inferior parietal regions and in the insula. However, when either of 
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these compensating structures is affected, or when the lesion is large, precluding 
right hemisphere access, recovery is not as likely. 

11. IMPLICATIONS FOR PHARMACOLOGICAL TRIALS IN 

PATIENTS 

Language recovery following stroke provides a potential measure of the 
efficacy of pharmacological intervention in stroke patients. The variables that 
have been carefully analyzed could serve as a baseline, and the methodology of 
sequential follow-up utilized in comparing treated and untreated groups. Re
gardless of whether the drug treatment is in the acute or in the second stages of 
recovery, the final outcome is influenced by certain variables that need to be 
considered in order to match experimental groups. The major ones are etiology, 
initial severity, lesion size, and lesion location. These are interdependent vari
ables, and considering one will account for some of the others, but each contrib
utes additional variability and is worth examining separately. 

The functional analysis should be as detailed as possible, considering not 
only the overall deficit but all the separate cognitive and language processes 
whenever practicable. Even if early assessment at the time of administration is 
impossible in detail, subsequent testing may still serve as a base line for longitu
dinal follow-up. 

Group comparisons of repeated measure with ANOV A, multiple regression 
analysis, and contingency tables can be used to determine the efficacy of treat
ment. Covariance of initial severity is important for recovery rates to avoid a 
ceiling effect. Sample size estimation can be based on the above-quoted studies 
of rates of recovery for various stroke groups. Careful attention should be given 
to choosing outcome measures or recovery rates, because the two often differ. 
Correlation analysis using recovery rates can give results opposite to those ob
tained from outcome measures. Neglecting the complexity of second-stage re
covery may result in negative drug trials or even in false claims of efficacy. 
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apomorphine-induced rotations, 201, 202 

Arachidonate, 54 
arachidonic acid, 6, 9, 23, 24, 28-30, 33-36 

Aromatic amino acid decarboxylase (AAAD), 105. 
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Brain damage, 168 
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Cajal, Ramon y, 168, 191,274 
Calcium, 53, 54, 61-65, 365 

Ca2 +, 61, 65, 149,270 
calcium cascade, 6, 7, 11 

Calcium channel antagonists, 363, 365 
calcium channel blockers, 9, 53, 63, 65, 363, 365 

flunarizine, 9, 363 
nifedipine, 9, 365 
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Cell counts, 202 
Cell death, 185 
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Nucl~us accumbens, 105, 106, 348, 349 
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Opiate antagonists, 47, 53, 54, 363, 365 
naloxone, 10, 11,47,53,54,61,63,67,90-95, 

98, 363, 365 
Opiate receptors, 91, 95 
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Opioids, 10 

endogenous opioid peptides, 89 
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sensory function, 242, 243 
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Pathophysiology, 6 
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Plasma membrane 156, 228 
Plasminogen activators, 262, 264, 272 

tissue type, 263, 272 
urokinase type, 263, 272, 273 

Platelet antiaggregants, 363, 365 
ASA, 363 
dipyridamole, 363 
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Ribonucleic acid (RNA). 282-284, 295 

biosynthesis, 341 
messenger (mRNA). 294-296 

Rotation. 173. 202. 204 
rotational asymmetry. 201, 203. 210, 222-225 
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