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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 play a 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

xi



X1 PREFACE

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.I. 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 BRAILOWSKY

ABsTrRACT. 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,” 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
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D.F., Mexico. Present address: Laboratory of Neurophysiology, C.N.R.S., 91190 Gif sur
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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 stated?3:

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] 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 Mechanisms
Sparing Reactive synaptogenesis
Redundancy Regenerative sprouting
Multiple control Postsynaptic supersensitivity
Substitution Presynaptic hyperactivity
Compensation Silent afferents (‘‘unmasking’’)
Diaschisis (‘‘neural shock’’) Sustained collaterals
Restoration (restitution) Remote disinhibition
Vicariation 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 CNS 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
FactOrs RELATED TO BrRAIN 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,?® and the processes by which an
injured neuron loses all incoming terminals after axotomy and recovers them if
the axon reestablishes contact with its target>> 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 1. Schematic view ot 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,®® 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 proteoglycan'?; 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.>® 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.!2-13 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 play a major role in the initiation and regula-
tion of intracerebral inflammatory and immune responses.>’ 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 APC. Astrocytes and other APCs
(monocytes, macrophages) release interleukin-1 (IL-1), which stimulates T cells
to produce IL-2, an essential factor for the full expression of the T-cell cycle, and
v-interferon, which stimulates further APC expression, IL-1 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.*

The glial proliferation in which all types of nonneural cells participate3+
may impede reorganization through displacement of synaptic terminals® or inter-
fere with growing axon sprouts. Raisman*> considers the latter to be the main
limiting factor in recovery through reinnervation. Recently, Wells and Bern-
stein”® 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 ml/100 g per min and that eventually will
progress to infarction, (2) a bordering zone, now called *‘ischemic penumbra,’’!
where blood flow is between 10 and 15 ml/100 g per min, and (3) a collateral
zone, frequently hyperemic.>®

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’s#* 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 Ca?+ 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 C3%; 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 A,. 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 (IP;). The
former, operating within the plane of the membrane, will activate protein kinase
C (PKC), whereas IP; will be released into the cytoplasm to mobilize Ca?*
stores.> 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,3” a
structure in which plastic phenomena such as long-term potentiation (LTP) 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 LTP and in stimulation of IP in the brain.>¢

The enzymatic reactions associated with stimulation of PKC and with mobi-
lization of intracellular Ca?* through IP; 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 tlow
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.?° 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.#® The cell death observed
after treatment with agonists of excitatory amino acid receptors such as kainic
acid or N-methyl-p-aspartate (NMDA) is also a calcium-dependent phenomen-
on.?2 Interestingly, these authors found that as early as 1 min after incubation of
cerebellar slices with kainate (100 uM), Golgi cells started showing signs of
degeneration, and a 4-min exposure to this drug was enough to cause irreversible
damage.2> These authors suggest that massive release of excitatory neurotrans-
mitters is responsible for acute neuronal necrosis, a hypothesis put forward by
Olney#4 and supported by the protective effects of excitatory amino acid receptor
blockers in a rat model of forebrain ischemia.*® 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 USeDp 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).

1.

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

. 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.>® Recently,
calcium antagonist receptors have been localized to specific synaptic
regions in the brain,?* but their functional significance remains to be
elucidated.

. Inactivators of the Ca?* —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.

. 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 changes®3 in gerbils. How-
ever, in ischemic baboons, it significantly increases edema. Prostacyclin
(PGIL,), 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.

. 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.5! More data are needed from carefully
controlled randomized clinical trials with long-term follow-up to vali-
date the usefulness of barbiturate protection.

. 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.!” Animal
experiments also show conflicting results; for example, Baskin et al.?
report beneficial effects of an opiate agonist, dynorphin(1—13), in cats
with occlusion of the right middle cerebral artery, whereas Tang>2 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, 1% 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.?® 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.6!

To summarize, Table II illustrates some therapeutic measures and their

rationale in patients with completed stroke.

5. MANAGEMENT OF MEDICAL AND NEUROLOGICAL

COMPLICATIONS

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.?7-61
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TaBLE 1I. Therapy of Completed Strokes«

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
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 (fluosol): 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

aFrom: Kistler et al.,3' Fishman,?° and Yatsu et al.5!

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.>! 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.>! 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.

Placebo effects must be controlled (evaluation of subjective effects).

. 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.” 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

TasLE II1. Individualization of Drug Therapy:
Sources of Variability in Response to
Drug Treatment

Patient compliance
Medication errors
Pharmacokinetic 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
DysrFuNcTION

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, Luria33
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 acetylcholine
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 GABA into the motor cortex of freely
moving animals, we have been able to induce a reversible hemiplegia in the rat.®
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
pg/ul) or saline for 7 days (1 wl/hr) 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 pg/1 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 GABA-induced deficit lasted longer than
that produced by the trauma of the cannula itself or by deficits provoked by
aspiration of 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 proposed® 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.'® 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
animals®# and to antagonize the facilitation of recovery produced by ampheta-
mine in motor-cortex-lesioned rats!® (see also Chapter 7). For these reasons, we



16 SIMON BRAILOWSKY

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 wl/hr 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 GABA-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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FicuRrke 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.®
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. !4

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.3® 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 GABA 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 GABA 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
LiripD CHANGES IN CENTRAL
NERVOUS SYSTEM INJURY

PAuL DEMEDIUK AND ALAN I. FADEN

ABSTRACT. Following various forms 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.
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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 Lirib CHANGES IN CNS INjJURY

2.1. DiREcT MEMBRANE EFFECTS
2.1.1. Lirib HYyDROLYSIS

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-workers> 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,3® hypoglycemia,? cold-
induced injury,!? and severe focal ischemia®> and in spinal cord following me-
chanical trauma?? (Table I). Diacylglycerols (DG) have also been documented to
accumulate following CNS trauma.

In normal brain and spinal cord, the concentrations of FFA and DG are very
low. The lowest reported FFA values for brain are those of Yoshida er al., 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 ez al.1'> 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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TasBLE I. Changes in Eicosanoid Levels following Traumatic Injury

Injury type PGE, PGF,, TXA, PGI, LTs References
Cold injury (brain) 1 1 Not Not Not 80
measured measured  measured
Brain ischemia ) 1 1 1 1 15, 74
Concussive brain trauma i 1 Not l Not 28
measured measured
Seizures (brain) 1 1 1 Not Not 6
measured  measured
Spinal cord trauma T ) T No 1 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.?-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 FFA 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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Ficure 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-O-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 FFA 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.!® 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.

Phosphoglycerides 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, (1,2)-diacyl- or 1-O-
alkenyl,2-acylphospholipids are subject to hydrolytic attack by five classes of
lipases. 19,102

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 A,, A,, or plasmalogenase is then susceptible to
hydrolysis by lysophospholipases, which are very active in brain.®” Free fatty
acids may also be liberated by the sequential action of diacylglycerol lipase and
monoacylglycerol lipase. 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 Cord«

Variable Control 2 hr 24 hr 1 week

Total FFA 265.8 329.7 502.6 321.2
(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 2.1 159 = 2.6 1.7 £ 1.2 1.7 £ 09
(mol Pi/mg protein/hr)

H,0 (%) 68.2 £ 0.3 69.7 = 0.5 72.2 = 0.5 70.0 = 0.6

“Data expressed as mean = S.D., n = 6.
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Ficure 2. Maximal total free fatty acid levels resulting from the following types of trauma to the
CNS: (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.2¢

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 A, and A, (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.!9¢ Phospholipid degradation has been
demonstrated following brain ischemia’ and cold injury to the brain.!3 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 Ca?™* 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.’! When phosphorylated,
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lipomodulin dissociates from phospholipases, and the enzymes become active.
Increases in intracellular free Ca?* 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 A,.7>
There is strong, albeit indirect, evidence for early elevation of intracellular free
Ca?+ after CNS trauma.®6-117 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 897

Elevations in FFA and DG following CNS trauma may damage cells and
affect physiological processes by altering membrane structure and fluidity. At
low concentrations, FFA and DG 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 DG 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.30-57-61.101 [n addition, DG,
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 DG
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.>® In
addition, FFA inhibit the Na * -dependent synaptosomal uptake of proline, aspar-
tate, glutamate, and <y-aminobutyric acid and reduce synaptosomal Na*t K-
ATPase activity.!3-84.86 Intracerebral injections of arachidonic acid in rats selec-
tively destroy the outer leaflet of capillary plasma membranes in white matter. 103
Diglycerides stimulate transepithelial sodium transport in frog skin epithelium! !4
and the Ca?™*-activated, phospholipid-dependent protein kinase C from rat
brain.”? Diglycerides also markedly increase phospholipase-catalyzed hydrolysis
of phospholipid bilayers.2?

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.3>-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,3® spinal cord injury,'® 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.3”
These activated oxygen species can initiate a chain peroxidation process with
polyunsaturated fatty acyl side chains of membrane lipids.®® 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 hydroperoxides lead
to a variety of products, including aldehydes and alky! 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.!8.36.103
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.*6-47

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 A, (TXA,),
prostacyclin (PGI,), and hydroperoxy- and hydroxyeicosatetraenoic acids
(HPETEs, HETEs). The PGs and LTs are designated by letters and numbers
(e.g., PGF,, LTC,), 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,® ischemia,!3-7#4 cold injury,8° and
fluid concussive injury.?® Compression trauma and impact trauma to spinal cord
have also recently been shown to cause eicosanoid increases.?2-5>

Most mammalian cells generate eicosanoids in response to a wide variety of
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stimuli.!!! 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 TXA, through the unstable endoperoxides PGG, and
PGH,. Conversion of PGG, to PGH, is accompanied by generation of oxygen
free radicals. Prostaglandin H, acts as precursor for PGD,, PGE,, PGF,, PGL,,
and TXA,. 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 LTB,, LTC,, LTD,, and
LTE,. A new group of lipoxygenase derivatives, the lipoxins, have recently been
demonstrated to be synthesized via the 15-lipoxygenase product 15-HPETE.%?

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 PGI,,
and five- and 14-fold increases in TXB,; in contrast, impact trauma to dog spinal
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cord caused no measurable increase in PGI, and a 16-fold increase in
TXB,.22:23:55 In cat, rabbit, and dog spinal cord, postinjury TXB, levels were
three- to tenfold higher than PGI, levels. Reversible cerebral ischemia in the gerbil
has been found to increase PGI, and TXB, two- and fourfold. In contrast to spinal
cord, though, the postinjury levels of gerbil brain PGI, were 20- to 40-fold higher
than those of TXB,. Significant increases in PGE, and PGI, have been found in
several trauma states. Cold injury to rat brain causes large increases in PGF,,.8°
Compression of feline spinal cord and impact injury to canin spinal cord results in
significant elevations of PGE, and PGF,,.?? Substances with leukotrienelike
immunoreactivity have been found to increase following brain ischemia in ger-
bils7# and after compression of the feline spinal cord.* 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,?3-90-111 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. 198 Thromboxane A, is the most potent naturally occurring vasoconstric-
tor and promoter of platelet aggregation, whereas PGI, is a strong opposing
vasodilator and antiaggregant. Prostaglandin F, is a vasoconstrictor and platelet
aggregator. Leukotrienes C,, D,, and E, have been shown to have potent vas-
oconstrictor activity.??-88.98 In the CNS, these compounds (with the exception of
PGI,) may therefore contribute to postischemic and postconcussive hypoperfu-
sion, formation of platelet microthrombi, and impairment of microcircula-
tion.2!-83 The oxygen free radicals released during eicosanoid biosynthesis may
also produce membrane damage, as previously discussed. Leukotrienes B,, C,,
and D, also may act to increase permability of vascular tissue, resulting in
extravasation of blood elements into surrounding tissue.8!-112 Finally, LTB, 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.*3-%% 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 PGF,, PGE,, and TXB,,>%:76
whereas astrocytes have also been demonstrated to have a very low PGI,-syn-
thesizing capacity. Cerebral blood vessels have a significant biosynthetic capaci-
ty for PGIL, but lack the ability to synthesize TXA,.1-4! 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 unrelated 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,34-3! which
can be induced by glucocorticoids. Lipomodulin inhibits both phospholipase A,
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 A,
and C,54-66.67 35 do the polyamines spermidine and putrescine.®! Some anesthet-
ics also appear to inhibit lipase activity.®4-104 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 A, and C.7® Vitamin E (a-tocopherol), a naturally occurring
antioxidant, has been suggested to retard the action of phospholipases by interac-
tions with unsaturated phospholipids.®>

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.!!-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.23-46.71,110,115
However, only a few have been tested in CNS injury states, with vitamin E (a-
tocopherol) receiving the most attention. Yoshida and co-workers!2-115 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.!13 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 FeC12-
induced focal brain edema.10°

3.2. E1cOSANOID 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 PGG, 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

[Arachidonic Acid |
5-lipoxygenase 15-lipoxygenase 12-lipoxygenase Cycloxygenase
5-HPETE -=15-HETE 15-HPETE-» 15-HETE 12-HPETE-»12-HETE PGG,
LTA4—» LTC, Lipoxin A Lipoxin B PGl, «—PGH, —TXA,
LTB, LTD,4 PGE, PGF,,

LTE,

FiGURE 4. Biosynthetic pathways of eicosanoid production.



34 PauL DEMEDIUK AND ALAN I. FADEN

and pyridine derivatives, which selectively inhibit TXA, synthesis,!? 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.>? 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.*4-48 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.3¢ 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.??
The pyrazoline derivatives such as nafazatrom [2,4-dihydro-5-methyl-2-
(naphthyloxy)ethyl-3H-pyrazol-3-one] and BW755C [3-amino-1-(m-[trifluoro-
methyl]-phenyl)-2-pyrazoline] can also inhibit cyclooxygenase activity, with
BW755C being a much more potent cyclooxygenase inhibitor than nafaza-
trom.®2 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 TXA, and for LTD,.52-7° 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 TXA, or LTD, 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 Na+ ,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 play a role in the progression of CNS injury include, among
others, endogenous opioids,30 excitatory amino acids,’® and metabolites of
membrane glycerophospholipids. This chapter has focused on the potential ef-
fects of changes in membrane lipid metabolism.

Lefer®3 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 CNS 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 CNS injury following trauma or ischemia. It may
then be possible to design clinically relevant therapies for treating patients rela-
tively early after CNS injury, which may prevent or greatly attenuate functional
deficits.
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EXPERIMENTAL SPINAL CORD
INJURY

STRATEGIES FOR ACUTE AND
CHRONIC INTERVENTION BASED ON
ANATOMIC, PHYSIOLOGICAL, AND
BEHAVIORAL STUDIES

MICHAEL S. BEATTIE, BRADFORD T. STOKES, AND
JACQUELINE C. BRESNAHAN

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.#-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 CNS 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!22), and particular attention
has been paid to the documentation of transection completeness.®! 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 Al-
len’s? 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,!?3 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.4® 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!!3 and Rivlin and Tator®3-?¢ 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 time3>-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-consumniing 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 examplie.
after a ‘400 g-cm’’ impact injury to the cat thoracic spinal cord, somatosensory
evoked potentials (SEPs) are completely abolished just after impact.!2¢ These
may then return transiently, only to disappear again at times coincident with the
development of obvious white matter pathology.

Young!?6 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 colleagues’#-19° 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.?3 In addition, there is clear evidence for a rapid
depression in Na* ,K*-ATPase,?® a membrane- bound enzyme, and the rapid
appearance of arachidonate metabolites as soon as a few minutes after injury>
(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 refiect



EXPERIMENTAL SPINAL CORD INJURY 47

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,!2¢ although recent data dispute this claim.®® 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. 1A, where an impact
site in the rat spinal cord is shown in relation to the whole CNS. The distributed
nature of the lesion results, of course, from the fact that disruption of axons
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 of axons is first evident in the region close to the gray matter and progresses
in a central-to-peripheral direction.!2-23 The rate of this progression depends on
the degree of severity of the injury.®-23 Axonal disruption is characterized by the
damming of the products of axoplasmic 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 brair.
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 (DRG) to the caudal portion of the
spinal cord as well as their branches to the brainstem sensory relay neurons (RN-1) are indicated.
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the cord,!2:13.23 tend to be smaller in diameter,!3 and tend to have reduced
myelin sheaths.!? Dying back of the severed axons?7-7° 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.!? 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.?3 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.?* Remyelination of axons at the lesion site is accomplished by
both oligodendroglia and Schwann cells.!2-23

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. 136

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-1 and -2), spinal interneurons (IN-1 and -2), motor neurons (MN-1
and -2), and autonomic preganglionic neurons (PGN-1) 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-1 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 in C. The ascending tract
neurons (ATN-1 and -2) are axotomized, and the rostrally projecting collaterals of DRG neurons
(DRG) are pruned. The interneurons (IN-1), motor neurons (MN-1), and preganglionic neurons
(PGN-1) 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-1 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 CNS seen following
impact injuries in macaques?® 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,>? synaptic stripping,’! and
expansion of remaining collaterals have been reported.®* 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 shock!©? or di-
aschisis,®3 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.!!® Some responses to denervation develop over time as spinal shock
subsides and include denervation supersensitivity,33:196 collateral axonal sprout-
ing or reactive synaptogenesis,?®->* 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.”® 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.!23-126
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.!!® 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.>°
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.!13
More refined assessments of locomotor function include evaluation of treadmill
walking37-57:58.98 and walking on narrow beams>* or wire grids.?4:10% A gross
measure of postural adjustment to body displacement was developed by Rivlin
and Tator®5; 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.>® The vestibular free-
fall responses have quantifiable components that are differentially affected by
spinal cord lesions, and the residual responses correlate with locomotor ability.>°
Motor evoked potentials’® 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,3! hypothermia,®3-73-117 anti-
adrenergic compounds,56-88.91 hyperbaric oxygenation,>!-67-124 enzyme thera-
py,%° and local anesthetics*” 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.1?> 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 function®-34.78 or prevent
changes in neural tissue normally associated with spinal trauma.!7-!'8 Others
have found little effect with similar protocols.4!-6¢ Higher-dosage paradigms
have been suggested!?-78:129 but have not always been clearly effective.4? Issues
of an increase in experimental complications and potential mortality problems
have been raised.*%->¢ In spite of recent improvements,>!23 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.!4-20

The endogenous opioids may play a 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. Mclntosh 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 injury'?# ; more recent evidence disputes
this finding.6®-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.42-4® 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’? 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.3® 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 tissue3? 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,> selenium,> coenzyme
Q,!* megadose corticosteroids,!” and high-dose opiate antagonists’2; TRH,
mentioned above, may also work through such mechanisms.”” 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.!® 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 Goldberger®” 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 p.g/kg) significantly enhanced treadmill performance and positive sup-
porting reactions. Hindlimb proprioceptive placing was unaffected. Naloxone
(100 pg/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,-adrenergic receptor
agonist, can improve functional recovery in cats with long-term paralysis and
sensory loss following impact—contusion injuries.®> However, the interpretation
of this study has been questioned.3® 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.®2 Similarly, Amassian et al.3 showed return of contact placing after
lesions to the ventral anterior thalamus with amphetamine, and Braun et al.?!-22
used amphetamine to restore visual placing and brightness discrimination in rats.
Beattie et al.!° 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.3° Perfor-
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mance could be maintained, however, if a course of gradual drug withdrawal was
employed.8°

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, 12 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 colleagues*?® (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 colleagues!®3
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 reported®?; 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.
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7. StubIES 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.24-86.87.104,113
The major features of these studies and their potential use in pharmacological trials
of the future are described below.

7.1. THE OH1O 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 QOUTCOMES
7.2.1. BEHAVIORAL OUTCOMES AND RELIABILITY

An initial study?* 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-
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Ficure 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 II+, 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!!5; 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.?> 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,!%4 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 experiment?* 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.2%)
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FiGURE 5. Behavioral evaluation of
open-field walking (A), inclined
plane tests (B), and grid walking (C)
for control and light-, intermediate-,
and heavy-injury groups. All animals
were tested for a minimum of 2 days
preoperatively and at least on days 3,
8, 14, and 21 postoperatively. Stars
indicate significant differences be-
tween the normal group and the light-
injury group at the 0.05 level at least.
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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.8” 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!©>; this will allow us to define further the number of
fibers required for functional recovery.!?

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.!2” Several studies have provided the direct evidence supporting this
conclusion. First, intraaxonal calcification has been shown to occur in spinal
injury.® Second, atomic absorption spectrometry of injured cords has revealed
marked calcium elevations (fivefold by 8 hr) at the injury site.®* Third, calcium
chloride superfusion of the normal spinal cord induces changes similar to those
induced by spinal injury.® 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).110.131 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-
teins®9-190 and activate the enzymatic tools that eventually destroy the integrity
of neural and glial elements.%8

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 Ajthough 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,!3! another
presented evidence for a spontaneous recovery to 0.6 mM over the first 3 hr
independent of electrode location.!!! 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!?® 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.!!? 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 examined!%+-113 the
extracellular calcium recovery curves from three populations of animals injured
with known biomechanical predictors.?#-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.3” 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.!%5 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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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.!!? The
dose—response relationship of these findings is illustrated here. At the high
doses*3-128 that invoke neurological improvement (10 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!?8 have recently been questioned.%%-120 It is likely that the effects
are principally mediated by other mechanisms such as prevention of membrane
destruction by antioxidant properties.”?

7.3.3. EFFECcTS OF NIMODIPINE

In contrast to naloxone, the calcium channel blocker nimodipine has little
effect on recovery from spinal injury.#® This is perhaps at least superficially
surprising, since it could potentially block calcium entry and dramatically re-
verse spinal ischemia.”!-107 Qur 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.2°
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Qinjury
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B FiGURE 8. Nimodipine restitiution of extracellular

s 10 m calcium activity after spinal cord injury in the dog.
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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.!2” 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,”? 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.®> 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.?® 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,13? 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 AcCUTE 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 breakdown*-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. Mclntosh 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 Wolfe%? suggest, for example, that in
CNS ischemia, at least three factors play a role: injury-induced increases in
intracellular Ca%*, 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-term 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-term 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 regeneration>> (S. E. Karpiak et al., 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. Numeszous 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 forms, studies of the partially successful growth of axons 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,®? 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 formation of new connections does become possible through com-
bined grafting and pharmacological therapies, the question still arises as to the
utility of the newly formed 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 of axons 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-
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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 Goldberger®”? 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 er al.116 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 group®* 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-lesioned 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 CNS to repair itself.
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SEROTONIN ANTAGONISTS
REDUCE CENTRAL NERVOUS
SYSTEM ISCHEMIC DAMAGE

JUSTIN A. Z1IVIN

ABsTRACT. We have demonstrated that serotonin antagonists 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 of
the mechanisms of action of serotonin is required. Although the mechanisms of injury reduction are
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 cardiac
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 CNS
ischemia, but there is no method of minimizing destruction after focal ischemia
has occurred. During ischemia, it is probable that destruction of the CNS 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 CNS injuries, but salvaging marginally viable tissue can
be crucial because, in the nervous system, important functions are frequently

JusTiN A. ZiviN ¢ Department of Neurology, San Diego Veterans Administration Medical
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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.!8-27 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.2! 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.?¢ 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,> 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 (5S-HIAA, the principal metabolic breakdown product of seroto-
nin) increased.!?

Brown et al.! 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 al.? 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!5-2° 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.%14 In another paper,* 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 associates®-? 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.1” 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.” studied serotonin changes in a model of incomplete cerebral
ischemia in the rat. Ischemia was 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 CNS ISsCHEMIA

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 model3° 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 of the 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.?° 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 technique? 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,). If the treatment curve is shifted to the right relative to the control
curve (ETs, 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 ET4 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 ETs,s, 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

FiGURrE 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 ETsg 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- o 10 20 ;lo 4‘" i 510 6'0
plegic animals are indicated at the top of the i
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 ETs, 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. Mi1crOSPHERE 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. 1 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 ESs, 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 ETs, in the RSCIM. We then test
for significant differences between the ES;s 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-pm 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. 10.13.16.22,23 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 vy
counter.

We found that 50-pm 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 pm 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-pm microspheres are required, so
they are much less costly to use than the 15-pwm microspheres for these types of
studies. Using these methods we have been able to generate highly reproducible
embolus versus neurological damage curves using '2°I-labeled microspheres in
rabbits.

4. BIOCHEMICAL STUDIES OF THE EFFECTS OF SEROTONIN IN
CNS 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.3! The rationale was that if any changes were
found it might indicate which pharmacological interventions would be most
likely to alter the consequences of CNS 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.2°
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 CNS
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 5S-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,
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. Therefore
BOL does not ‘‘rescue’’ the spinal cord from damage after the ligature is re-
leased and does not restore function in tissue that has already suffered severe
damage. The protection afforded by BOL both increased the number of animais
that maintained at least some neurological functions and also increased the
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TasLE 1. Effects of Serotonin Agonists on ET,, for Ischemia-Induced Paraplegia®

Treatment

time Dose ETso
Drug (min) (mg/kg) (min) n
Control 28.26 = 2.28 35
LSD 5 0.15 25.12 £ 1.23 29
BOL —-15 0.06 28.80 + 5.98 15
—15 0.375 32.87 = 4.48 24
—-15 1.5 36.62 + 4.29* 19
S 1.5 30.29 = 4.51 17
S 3.0 38.48 + 3.95% 23
20 1.5 25.71 £ 5.17 16
Cinanserin —~15 2.0 35.11 = 1.40%* 19
5 10.0 37.68 = 2.96* 14
Cyproheptadine -15 1.0 39.28 = 1.41* 17
5 1.0 34.46 + 4.02 21
5 2.0 40.03 *+ 4.55%* 22
Methysergide —15 4.0 25.32 = 1.98 14
Bufotenine -15 2.5 29.40 = 7.29 20
Quipazine —15 5.0 29.44 + 3.87 10

Cyproheptadine and 1.0

bufotenine ~15 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 ETs,. 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,!! 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 ml/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.?® 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.2® Intravenously administered serotonin
will not reach the CNS, so we used bufotenine or quipazine.?® These two drugs
are pharmacologically similar to serotonin but readily enter the CNS. We found
that neither drug alone caused any alteration in the ET5, 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-HIAA
concentrations after treatment with cyproheptadine and BOL.2° 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.1?-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 ES5, for
50-pm microspheres was 306.6 = 37.2 ng (n = 32). When cyproheptadine was
administered intravenously at a dose of 2 mg/kg 2 min after the emboli were
injected, the ES5, for the treated group increased to 633.1 * 137.0 pg (n = 22).
This is a significant difference by group #-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.



SEROTONIN ANTAGONISTS 87

REFERENCES

11.

12.

13.

14.

17.

18.

19.

. Brown, R. M., Carlson, A., Ljunggren, B., Siesjo, B. K., and Snider, S. R., 1974, Effect of

ischemia on monoamine metabolism in the brain, Acta Physiol. Scand. 90:789-791.

. Calderini, G., Carlsson, A., and Norstrom, C. H., 1978, Influence of transient ischemia in

monoamine metaoblism in the rat brain during nitrous oxide and phenobarbitone anesthesia,
Brain Res. 157:303-310.

. Crowell, R. M., Marcoux, F. W., and DeGirolami, U., 1981, Variability in reversibility of

focal cerebral ischemia in unanesthetized monkeys, Neurology (N.Y.) 31:1295-1302.

. Cvejie, V., Micic, D. V., Djuricic, B. M., Mrsulja, B. J., and, Mrsulja, B. B., 1980, Mono-

amines and related enzymes in cerebral cortex and basal ganglia following transient ischemia in
gerbils, Acta Neuropathol. 51:71-77.

. Gaudet, R., Welch, K. M. A., Chabi, E., and Wang, T.- P., 1978, Effect of transient ischemia

on monoamine levels in the cerebral cortex of gerbils, Neurochemistry 30:751-757.

. Ginsberg, M. D., Reivich, M., Giandomenico, A., and Greenberg, J. H., 1977, Local glucose

utilization in acute focal cerebral ischemia: Local dysmetabolism and diaschisis, Neurology
(Minneap.) 27:1042—-1048.

. Harik, S. 1., Yoshida, S., Busto, R., and Ginsberg, M. D., 1986, Monoamine neurotransmitters

in diffuse reversible forebrain ischemia and early recirculation: Increased dopaminergic activity,
Neurology (N.Y.) 36:971-9717.

. Harrison, M. J. G., and Ellam, L. D., 1981, Role of SHT in the morbidity of cerebral infarc-

tion—a study in the gerbil stroke model, J. Neurol. Neurosurg. Psychiatry 44:140—143.

. Harrison, M. J. G., Marsden, C. D., and Jenner, P., 1979, Effect of experimental ischemia on

neurotransmitter amines in the gerbil brain, Stroke 10:165—168.

. Hossmann, K. A., Hossmann, V., and Takagi, S., 1978, Microsphere analysis of local cerebral

and extracerebral blood flow after complete ischemia of cat brain for one hour, J. Neurol.
218:275-285.

Isbell, H., Miner, E. J., and Logan, C. R., 1959, Cross tolerance between p-2-brom-lysergic
acid diethylamide (BOL 148) and the p-diethylamide of lysergic acid (LSD-25), Psychophar-
macologia 1:109-116.

Ishihara, N., Welch, K. M. A., Meyer, J. S., Chabi, E., Nartomi, H., Wang, T.- P., Nell,
J. H., Hsu, M.- C., and Miyakawa, Y., 1979, Influence of cerebral embolism on brain mono-
amines, J. Neurol. Neurosurg. Psychiatry 42:847—853.

Kogure, K., Busto, R., Scheinberg, P., and Reinmuth, O. M., 1974, Energy metabolites and
water content in rat brain during the early stage of development of cerebral infarction, Brain
97:103-114.

Kogure, K., Scheinberg, P., Matsumoto, A., Busto, R., and Reinmuth, O. M., 1975, Cate-
cholamines in experimental brain ischemia, Arch. Neurol. 32:21-24.

. Lust, D. W., Mrsulja, B. B., Mrsulja, B. J., Passonneau, J. V., and Klatzo, 1., 1975, Putative

neurotransmitters and cyclic nucleotides in prolonged ischemia of the cerebral cortex, Brain Res.
98:394-399.

. Marcus, M. L., Heistad, D. D., Ehrhardt, J. C., and Abboud, F. M., 1976, Total and regional

cerebral blood flow measurement with 7-, 10-, 15-, 25-, and 50-pm microspheres, J. Appl.
Physiol. 40:501-507.

Matsumoto, M., Kimura, K., Fujisawa, A., and Matsuyama, T., 1984, Differential effect of
cerebral ischemia on monoamine content of discrete brain regions of the Mongolian gerbil
(Meriones unguiculatus), J. Neurochem. 42(3):647-651.

Molinari, G. F., and Laurent, J. P., 1976, A classification of experimental models of brain
ischemia, Stroke 7:14—17.

Moossy, J., 1979, Morphological validation of ischemic stroke models, in: Cerebrovascular



88

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

JusTIN A. Z1viN

Diseases (R. T. Price and E. Nelson, eds.), 11th Princeton Conference, Raven Press, New
York, pp. 3-10.

Mrsulja, B. B., Mrsulja, B. J., Spatz, M., and Klatzo, 1., 1976, Brain serotonin after experi-
mental vascular occlusion, Neurology (Minneap.) 26:785-7%7.

Schmidt, C. F., 1960, Central nervous system circulation fluids and barriers, in: Handbook of
Physiology, Volume 3 (J. Field, H. W. Magoun, and V. E. Hall, eds.), American Physiological
Society, Washington, pp. 1745-1750.

Siegel, B, A., Meidinger, R., Elliott, A. J., Studer, R., Curtis, C., Morgan, J., and Potchen,
E. J., 1972, Experimental cerebral microembolism—multiple tracer assessment of brain edema,
Arch. Neurol. 26:73-77.

Vise, W. M., Schuier, F., Hossmann, K.- A., Takagi, S., and Zulch, K. J., 1977, Cerebral
microembolization. I. Pathophysiological studies, Arch. Neurol. 34:660.

Waltz, A. G., 1979, Comparative pathophysiology of ischemic stroke models: An evaluation,
in: Cerebrovascular Diseases (R. T. Price and E. Nelson, eds.), 11th Princeton Conference,
Raven Press, New York, pp. 11-17.

Waud, D. R., 1972, On biological assays involving quantal responses, J. Pharmacol. Exp.
Ther. 183:577-607.

Welch, K. M. A., Wang, T. P. F., and Chabi, E., 1978, Ischemia-induced seizures and cortical
monoamine levels, Ann. Neurol. 3:152-155.

Yatsu, F. M., 1976, Biochemical mechanisms of ischemic brain infarction, in: Handbook of
Clinical Neurology, Volume 27 (P. J. Vinken and G. W. Bruyn, eds.), American Elsevier, New
York, pp. 27-37.

Zivin, J. A., 1985, Cyproheptadine reduces or prevents ischemic central nervous system
damage, Neurology (N.Y.) 35:584-587.

Zivin, J. A., and DeGirolami, U., 1986, Studies of the influence of biogenic amines on central
nervous system ischemia, Stroke 17:509~514.

Zivin, J. A., DeGirolami, U., and Hurwitz, E. L., 1982, Spectrum of neurological deficits in
experimental CNS ischemia, Arch. Neurol. 39:408-412.

Zivin, J. A., and Stashak, J., 1983, The effect of ischemia on biogenic amine concentrations in
the central nervous system, Stroke 14:556-562.

Zivin, J. A., and Venditto, J. A., 1984, Experimental. CNS ischemia: Serotonin antagonists
reduce or prevent damage, Neurology (N.Y.) 34:469—-474.

Zivin, J. A., and Waud, D. R., 1983, A precise and sensitive method for measurement of spinal
cord blood flow, Brain Res. 258:197-200.



5

OPIATE ANTAGONISTS IN CNS
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).!4° Three distinct opioid
prohormone systems have now been identified: (1) preproenkephalin A, from
which enkephalins are derived; (2) preproenkephalin B, from which leucine-
enkephalin and the dynorphin family of peptides are derived; and (3) pre-
proopiomelanocortin, from which -endorphin is derived. These peptide systems
have differential anatomic distributions within the CNS>! and may subserve
different physiological roles.11

Present evidence also supports the existence of at least three opiate receptor
types: p, 8, and k.98 The . receptor has been best characterized; morphine is the
prototypic ligand for this receptor, and B-endorphin is an endogenous opioid
with potent w effects. Leucine-enkephalin is the endogenous ligand with greatest
specificity for the d-receptor, whereas dynorphin has been proposed as the en-
dogenous ligand for the k-receptor.? The possible existence of additional types of
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opioid binding sites (e.g., o, €, and \) 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.!!

Traumatic insults to the CNS may produce tissue injury through both direct
and indirect (secondary) mechanisms.2--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.3-58.61.62
Recently, endogenous opioids have been proposed as secondary injury factors
following CNS trauma, !3-14:29-57 Jargely 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 doses
naloxone has selectivity for the p receptor, but at higher doses it also acts on
and k sites.?: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.!! 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.%3

During the past few years a number of receptor-selective opiate antagonists
have been developed. These include the p-receptor antagonists $-funaltrexamine
(B-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). Stercoisomers 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 Antagonists®

Receptor Agonist Antagonist

W Morphine B-FNA
DAGO Naloxonazine

S DADLE ICI-154,129
DSTLE ICI-174,864

K EKC WIN44,441-3

Dynorphin A MR2266
U50,488H Nalmefene
BNI

“DADLE, [p-Ala2-p-Leu®]lenkephalin; DSTLE, [p-Ser?-
Leu’-Thré]enkephalin; DAGO, [p-Ala2-MePhe*-Gly-ol]
enkephalin; EKC, ethylketocyclazocine; B-FNA, B-funal-
trexamine; BNI, binaltorphamine.

3. RATIONALE FOR USE OF OPIATE ANTAGONISTS IN CNS
INJURY

There is considerable evidence that central opioid systems are involved in
the regulation of cardiovascular function under both physiological and patho-
physiological conditions.!3-18:45 Endogenous opioids and opiate receptors have
been found in a large number of central cardioregulatory sites including limbic
cortex, hypothalamus, brainstem, and spinal cord.47-8.37.44,49,50.59.64 Intra-
cerebroventricular (i.c.v.) or intraparenchymal injections of endogenous opioids
in brain cardioregulatory sites cause cardiorespiratory changes at very low con-
centrations.!8 k agonists, including dynorphin, have been found to produce
hypotension when injected into both forebrain and hindbrain cardioregulatory
nuclei.?5:36-41 In contrast, p. and & agonists generally produce hypertension,
particularly at low doses and in unanesthetized animals.3

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 hemorrhagic® and endo-
toxic shock!7-4¢ and proposed that endogenous opioids contribute to the pa-
thophysiology of shock.!? Because of the effectiveness of naloxone in the
treatment of hemorrhagic and endotoxic shock, Faden and colleagues?2-23.47
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.

3.1. 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.?4-25 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 B-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.2* Treatment with naloxone at high doses (2 mg/kg bolus followed by 2
mg/kg per hr for 4 hr) at 1 hr after injury resulted in significant recovery of spinal
cord blood flow (SCBF).2* 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-1 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.3%.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.38-6¢ In later studies it was found that naloxone
treatment significantly improved neurological outcome even when treatment was
delayed for 4 hr following trauma.?® 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 er al.? that the pathophysiological changes following spinal cord trauma
arereversible as long as 4-hr 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.®” Naloxone, administered after
reversal of the occlusion, significantly enhanced motor recovery and reduced
histopathological changes in rabbits.27-3! 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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mg/kg for four hourly injections; total dose 10 mg/kg).3! Interestingly, very-
high-dose naloxone therapy (10 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 {WIN44,441-3[WIN(—)], vide infra}
also showed an inverted-U dose—response curve, with diminishing effects at very
high and very low doses.?!

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-p. 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. Antagonists included ICI-154,129
(ICD), 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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Ficure 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,3® 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 pg/kg given sys-
temically, a dose approximately 50 times less than that required by naloxone for
equivalent efficacy.2! WIN(—), but not the dextrostereoisomer WIN(+), also
proved effective following traumatic spinal cord injury in cats.?! 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.4? 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, Mclntosh et al.>®
observed that the opiate antagonist WIN(—) stereospecifically improves mean
arterial pressure (MAP), CBF, 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 CBF 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 CBF. These effects on regional CBF
and EEG activity were subsequently observed to be independent of the systemic
pressor action of the WIN(—) compound.>’ 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 x receptor mediates pathophysiological
consequences of traumatic brain injury.

4. RoLE OF SPECIFIC OpPIOIDS AND OPIATE RECEPTORS IN
CNS INjURY

The high doses of naloxone required to show beneficial effect in CNS injury
have suggested that the beneficial actions may be at non-p 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 p. receptors.#3 In addition, traumatic injury to the spinal cord
caused up-regulation of k receptors but not p. or d receptors®2 (Fig. 3). Finally,
tissue concentrations of dynorphin increase, in a dose-related manner, at the
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injury site with increasing degrees of traumatic injury3* (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 confirmed 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.37 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 INjJURY: CLINICAL STUDIES

A Phase I study of naloxone in human spinal cord injury has recently been
published.3 Naloxone was administered in doses ranging from 0.14 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 (n = 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 multiinstitutional 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 states>> as well as improving neurological recovery following spinal trau-
ma in cats,?® even when treatment was delayed up to 24 hr after injury.3? 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.>* Since these
substances may play a 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.!4
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

EFFeECcTS OF DRUGS

FraNnz HEFT1 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.5%-%9 In Huntington’s disease cortical and striatal neurons degenerate,’2 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 dopaminergic agonists effectively
alleviate the symptoms!4-60; 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
dopaminergic 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
DorPAMINERGIC 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.23,35,56,63

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.>®

Transmitter biochemistry of the dopaminergic neurons has been well char-
acterized and described in many reviews.!2,36.63.71 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, D, and D, receptors (for review see refs. 16, 18, 41). D, receptors
are coupled to adenylate cyclase, whereas D, receptors are not or are negatively
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coupled to this enzyme. Apparently, most behavioral effects of DA are mediated
by D, receptors. The function of the D, 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.!>-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.”7*75 In recent years, another compound, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which was discovered as a by-product of synthetic
heroin, was found to destroy nigrostriatal dopaminergic neurons selectively in
primates and man.4-42-30 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 are
available that selectively block DA receptors on postsynaptic neurons. !¢-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
mesolimbic 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.!4-57-60
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.*® This activity is a function of neuronal input to both the mesencephalon
and other neurons that influence dopaminergic neurons by acting on presynaptic
receptors.“® 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 [3Hjtyrosine to [3H]DA? or the accumulation of DOPA after
inhibition of AAAD.3%:33 Dopamine release was assessed by measuring the
levels of the principal DA metabolites, DOPAC and HVA.!-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 neurons*® and therefore serve as an index of the number
of surviving dopaminergic neurons.

Agid er al.? first reported that partial dopaminergic lesions resulted in
elevated ratios of newly formed [PH]DA to DA and concluded that the partial
lesions resulted in an elevated rate of DA synthesis by remaining dopaminergic
neurons. This was later confirmed by studies showing that partial lesions aiso
elevated the ratio of DOPA accumulating after AAAD inhibition to DA 3053
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.”® found increased TH/DA 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 ez al.3° found no elevation in TH/DA 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.!!->! 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 of lesion
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 HVA/DA ratios
are elevated up to fourfold. !-30-33.78 Increases in transmitter synthesis and release
induced by partial nigrostriatal lesions seem to be permanent, since elevated ratios
have been observed 1 to 2 months after lesioning.”®

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 system®® 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, if DA autoreceptors on striatal dopaminergic
terminals are accessible to DA released from neighboring neurons, partial
nigrostriatal lesions 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,? 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.30-31.33 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. 19-35 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
NIGROSTRIATAL 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 HVA/DA ratio is elevated in the
caudate nucleus.!0-3° 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.?8—34
Briefly, rats were injected with 2—10 wg of 6-hydroxydopamine into the right
anteromedial substantia nigra (level A2400, 2.6 mm ventral, 1.6 mm lateral*>).
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 reduced 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.”¢-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 DOPAC and
HVA. Morphine increases the firing rate of nigrostriatal neurons, most probably
by acting on opiate receptors in the substantia nigra.3-%! The increase in activity
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FiGURE 1. Synthesis of DA by nigrostriatal neurons surviving a unilateral partial nigrostriatal lesion
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-
ase 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: (1) 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 (pmol/g wet weight, means
* S.EM.).
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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.!3-20-67 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.® In striata ipsilateral to the partial nigrostriatal lesion, haloperidol in-
creased the DOPAC/DA ratio 4.5-fold and the HVA/DA 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.>3-3* This elec-
trophysiological activation is accompanied by increases in striatal HVA but not
DOPAC concentrations.’3->* A single injection of nicotine increased the

TaBLE 1. Effect of Morphine, Haloperidol, and Nicotine on DA Release by
Dopaminergic Neurons Surviving a Partial Nigrostriatal Lesion

DA DOPAC HVA DOPAC/DA HVA/DA

Controls
Con. side 64.2 £ 5.7 35+0.5 3.6 04 0.06 + 0.01 0.07 * 0.02
Les. side 89 +25 0.7 = 0.3 1.0 £ 0.2 0.08 = 0.01F 0.13 * 0.017
Morphine
Con. Side 72.6 = 8.8 53*0.7 52*0.8 0.08 + 0.01 0.08 + 0.01
Les. side 93+ 14 1.0 £ 0.2 1.7 £ 0.3 0.11 = 0.01* 0.22 + 0.03*F
Haloperidol
Con. side  60.6 = 8.0 16.0 = 1.4 175 £ 1.3 0.29 + 0.02 0.36 = 0.04
Les. side 9.8 + 1.6 24 *03 2.5*0.5 0.27 £ 0.02* 0.30 = 0.04*
Nicotine
Con. side 67.0 £ 2.4 48 +0.3 3.0 0.2 0.08 = 0.01 0.06 * 0.01
Les. side 47 1.4 0.5 0.2 0.6 0.1 0.13 £ 0.04* 0.21 + 0.04*%

“Rats had partial unilateral lesions of the dopaminergic nigrostriatal systems induced by injection of 6 g 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; T different from contralateral side; P < 0.01 (z-test).
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DOPAC/DA and HVA/DA ratios to levels 2.2 and 3.0 times control values,
respectively, i.e., to levels higher than those produced by the nigrostriatal lesion
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.'?-3° 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.3® 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 HVA/DA ratio is 10—30 times smaller
than in cortical areas.3® In brains from parkinsonian patients in whom a large
proportion of dopaminergic neurons have degenerated, the HVA/DA ratio is
elevated in the caudate nucleus!®-32 but not in cortex and hippocampus.3® 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 ez al.”73 have
recently reported the development of selective antagonists for DA autoreceptors,
which stimulated DA synthesis of neurons surviving a partial nigrostriatal

lesion.??
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->* A clinical trial with nicotine carried out in 1926 revealed significant
improvement after nicotine in some patients.®> 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.7-40.43.44.59.64 Smokers seem to have a smaller risk of being affected by
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 normal
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. CoOMPENSATORY 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 D, recep-
tors located on striatal interneurons and D, receptors located on interneurons and
probably also on cortical afferents.!® These subtypes are identified by specific
ligands.!6-18.41 In addition, D, but not D, receptors are characterized by their
ability to stimulate adenylate cyclase.*1-42 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 er al.® described
rotational behavior in rats with unilateral electrolytic lesions that destroyed the
nigrostriatal pathway. In subsequent studies, Ungerstedt and Arbuthnott’>
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.!9-24.70

The concept of DA receptor supersensitivity, which was derived from be-
havioral studies, was later confirmed using biochemical methods. Creese and
Snyder!” found that nigrostriatal lesions that support rotational behavior result in
an elevation of the number of striatal D, receptor sites. In these studies receptors
were analyzed in membrane fractions under equilibrium conditions. Denerva-
tion-induced supersensitivity of DA receptors in damaged striata in vivo was
found by Neve et al.®> but not by Bennett and Wooten,® 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.%®

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.3?-33 Similar findings were
obtained in animals given L-dopa, which stimulates DA receptors by elevating
striatal DA levels.30-33 In addition, binding to postsynaptic DA receptors was
reported to increase after nigrostriatal lesions of the same severity.!”?

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 phar-
macologically or by behavioral stimulation.3%-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.!9-3°

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 nigrostriatal lesions. In Parkinson’s disease, drugs inducing
the expression of DA receptors might postpone the manifestations of symptoms.
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CATECHOLAMINES AND
RECOVERY OF FUNCTION AFTER
BraiN DAMAGE

DENNIS M. FEENEY AND RICHARD L. SUTTON

ABSTRACT. 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. HistToricAL BACKGROUND

1.1. TAcTILE PLACING

Occasionally serendipity can play as 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

DeEnNis M. FEENEY AND RicHARD L. SuttoN ¢ Departments of Psychology and Phys-
iology, The University of New Mexico, Albuquerque, New Mexico 87131.
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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 er al.?” These data contradicted what I had
been taught about brain function and was not incorporated into any modern
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 of
the visual-motor reflex by administering the d or [ 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
! 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 reflexes report-
edly lasted only 12 hr, which we have verified quite recently for tactile plac-
ing.!” Disappointingly, all of the cats completely recovered visual cliff
performance after the second dose of AMP, an effect we attributed to incomplete
lesions. Others® 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. HEmiPLEGIC 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.!-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.!3-16:1° 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.!® 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. 1).

A dose—response study !5+ using rats with unilateral motor cortex ablations
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 1 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. 1),
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.#® Although methylphenidate affects both NE and DA,*? 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 Pettigrew??-3? (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 pg/10 wl) 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
pg/pl of DA is blocked by pretreatment with FLA-57 (30 mg/kg i.p.; a
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FiGURE 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 spontanecous 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 al.16 Copyright 1982 by AAAS.)

dopamine—B-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-> 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.

Boyeson* 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 B-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.?* 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.?>* 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. BiINocULAR 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.'® 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.?> 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 recovery!8 ; 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.?2-27 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. MorrHOLOGICAL 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,2? a revision of some aspects of von Monakow’s!3.52
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. VICARIATION

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,!8-27
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.4” 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,!? 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,!7-37 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,“3 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 (F; ;, = 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
(Fy .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!®-2% have proposed that recovery after cor-
tical injury may depend on the alleviation of RFD, which is a modern revision of
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von Monakows’!3-52 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
dehydrogenase!® (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.29 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.2% Apomorphine, which does not enhance behavioral recovery,*® 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 [!4C]2-deoxyglucose utilization 48 hr

FiGuURE 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. 10 and 20 and the text for details.)
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after cortical injury.2° 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.!-> 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.!3-31.39

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!3-!9:52 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.3? However, modern techniques may be
useful for determining potential underlying physiological mechanisms for this
concept.'? The construct of RFD is a more limited and modern construct and
may be preferable to the more global and often misused concept of diaschi-
sis.!3:19 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.2° However, RFD only
applies to depressed function after brain injury, although pathological excitation
may also produce behavioral symptoms and should be included in a modern
revision of the theory of diaschisis.!3

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

FiGURrE 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) [!4C]2-Deoxyglucose (2-DG) 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-DG 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-DG 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 al.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 Sprague*> 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

We*6 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.>> 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,?2-28 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 er al.>! have replicated the basic effect of AMP (2 mg/kg) in the
hemiplegic rat model. Administration of the selective o, 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 (1 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 o,
receptors. It may be that the released NE is acting on presynaptic o, receptors,
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FIGURE 5. Mean beam-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-amphetamine (AMP; 2 mg/kg) as compared to saline controls. Administration of a single
dose of the selective a, antagonist idazoxan (I 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 a, 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 o, adrenoceptors cannot be ruled
out at this time. To clarify the role of various noradrenergic receptors in the NE
mediation of the AMP effect,>-3! 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.® 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-lesioned 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 hypothesis?® 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 Salo** developed an animal model of embolic stroke for her doctoral disser-
tation research. Using a morbidity index modified from McGraw et al.3¢ and a
peg-walking locomotor task such as developed by Watson and McElligott,>*
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.!® 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.*? 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. CorrIiCcAL 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.!4 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, ¢ = 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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FiGURE 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 DAaTA

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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FiGURrE 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 humans.”-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.® Only recently has a double-blind, placebo-controlled study
examined the effect of AMP on recovery in stroke patients with objective tests of
recovery.!! 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 1 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 .33

3.8. 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.40-4! 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. 19). 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.!”?

4. Furure DIRECTIONS

4.1. MECHANISMS

There are two complementary lines of research that should be undertaken to
further our understanding of the role of the CAs in recovery of function. First.
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 injury> or on recovery of forepaw
dexterity (see Fig. 7) or on locomotor recovery after more severe (i.e., 800 g-cm)
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,?? 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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ABSTRACT. The systemic administration of Gy;; monosialoganglioside has been shown to amelio-
rate outcome following injury to the adult mammalian central nervous system. In addition, cultured
neurons, both primary and clonal, are known to respond to the ganglioside with pronounced mor-
phological changes characteristic of cell differentiation. In cells with an absolute requirement for a
neuronotrophic factor for survival and/or neurite outgrowth, the Gy, effects are associated with
amplification of the effects of the trophic factor on its target neuronal cells.

In an attempt to elucidate the underlying mechanisms in vitro and their relationship to Gy,
effects in vivo, the present chapter analyzes the information now available concerning (1) the role of
neuronotrophic factors following brain injury, (2) the function of gangliosides in the process of
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and primary neuronal cells in vitro. In addition, the possible relevance of neuronotrophic factors in
G effects in vivo is discussed.
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1. INTRODUCTION

In the central nervous system (CNS), 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.52-63-83 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.!15

1.1. NEURONOTROPHIC ACTIVITY AFTER INJURY

In the adult, trophic signals are most readily detectable following CNS
injury. Many laboratories have shown that injury elicits an increase of neu-
ronotrophic activity in the denervated tissue.”-14-34.35.64.75,76,119 A good exam-
ple is the sprouting of sympathetic fibers into the denervated hippocampus
following damage to the cholinergic septal-hippocampal pathway.!* This sympa-
thetic ingrowth is induced by sufficiently increased levels of nerve growth factor
(NGPF)-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 CNS injury, e.g., the axonal sprout-
ing that may occur following partial target denervation.!6-64.76.77 These and other
evidence have led to the hypothesis that neuronotrophic signals, in sufficient
amounts, play a key role in determining the outcome following injury to the adult
brain.!!3 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. TrorHIiCc EFfFecTs 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 hippocampus** and to partially prevent the injury-induced
death of the septal cholinergic neurons.43-34-121 ]t 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.>? Other neuronotrophic factors effec-
tive on diverse neuronal cell types in vitro have been detected in the
CNS.4,19,20,47,69,72,117 Tt jg 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.!!3 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 G,,,; (nomenclature according to
Svennerholm198). 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 Gy, 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 G,,, 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.>> 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. ! 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 Gy, .

2.1. CHEMICAL DIVERSITY OF THE GANGLIOSIDES

Gangliosides are a heterogeneous group of glycosphingolipids characterized
by the presence of sialic acid.!?® Each ganglioside molecule consists of a hydro-
phobic ceramide 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 (C,4 or C,,), unsaturated (sphingenine) or
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Ficure 1. Chemical structure of Gy, ganglioside.
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saturated (sphinganine). The sialosyloligosaccharide is B-glycosidically linked to
the ceramide. It consists of a neutral oligosaccharide core to which one or more
sialic acids are attached.!0®

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.!?® For example, the
following neutral oligosaccharide cores have been found to occur in gang-
liosides: (1) galactose (Gal), (2) lactose (GalBl — 4Glc), (3) gangliotriose (Gal-
NAcBl — 4GalBl — 4GlIc), (4) gangliotetraose (GalBl — 3GalNAcBl — 4Galpl
— 4Glc), (5) globotetraose (GalNAcBl — 3Galal — 4GalBl — 4Glc), and (6)
neolactotetra (hexa-, octa-)ose [(GalBl — 4GIcNAcBl — 3) GalBl — 4Gic].
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!® of the gangliosides into monosialoganglioside
(Gpm1), disialoganglioside Gy, ,, etc. (see Table I and note that this classification
also takes into consideration the position of the sialic acid, e.g., Gp,;, versus
Gp,»> as well as the length of the oligosaccharide core e.g., Gy, versus Gy,,).
For further information concerning ganglioside structure and nomenclature, see
the recent reviews by Wiegandt,120 Ledeen,>> and Ando? and the report of the
IUPAC-IUB Commission on Biochemical Nomenclature.46

TABLE 1. Chemical Structure and Nomenclature (According to Svennerholm!08) of the
Major Gangliosides of the Ganglio Series

Svennerholm nomenclature Schematic structure
Gma NeuAca2 — 3GalBl — 1’Cer
Gms NeuAca2 — 3GalBl — 4GlcB1 — 1’Cer
Gp3 NeuAca2 — 8NeuAc2 — 3GalBl — 4Glcf1 — 1’Cer
Gme GalNAcB1 — 4Gal (3 < 2aNeuAc)Bl — 4Glcl — 1’Cer
Gpa GalNAcB1 — 4Gal (3 <« 2aNeuAc8 < 2aNeuAc)Bl — 4GlcBl — 1’Cer
Gm GalB — 3GalNAcB1 — 4Gal (3 < 2aNeuAc)Bl — 4GlcBl — 1’Cer
Gpia NeuAca2 — 3Gal1 — 3GalNAcB1 — 4Gal
(3 < 2aNeuAc)B1 — 4GlcBl — 1'Cer
Gp1b GalBl — 3GalNAcB1 — 4Gal
(3 < 2aNeuAc8 < 2aNeuAc)Bl — 4GlcBl — 1'Cer
Gria NeuAca2 — 8NeuAca2 — 3GalBl — 3GalNAcB1 —> 4Gal
(3 < 2aNeuAc)Bl — 4GlcB1l — 1'Cer
Grip NeuAca2 — 3Gal1 — 3GalNacB1 — 4Gal
(3 <« 2aNeuAc8 < 2aNeuAc)Bl — 4GlcBl — 1’Cer
Gomw NeuAca2 — 8NeuAca2 — 3GalBl — 3GalNAcB1 — 4Gal

(3 < 2aNeuAc8 « 2aNeuAc)Bl — 4GlcBl — 1'Cer
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The gangliosides, thus, are a crowded family of compounds differing in
both their sialosyloligosaccharide and ceramide compositions. 20 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 DiISTRIBUTION AND CELLULAR LOCALIZATION

Unlike other glycosphingolipids in mammals, the highest concentrations of
gangliosides are found in the gray matter of the nervous system.2-53.56,109,120
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 CNS 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 Gy, Gpy,, Gpiys Gr1p. a0d G, Whereas the major
gangliosides of brain white matter are G,,; and Gp,-

Gangliosides have been shown to be almost exclusively localized on the
outer leafiet 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.?-#> Although a number of agents have been shown to interact with the
sialosyloligosaccharide portion of gangliosides,*?-41-109 the most specific in-
teraction is that of cholera toxin with Gy,,.3? 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).4!
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.4! 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.!!? In addition, a similar situation appears to occur in the
case of tetanus toxin binding to the cell surface.”® 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-
tion*! (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.!0!1

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.%® 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.!!! 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.®” 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.”’#-°7 The gangliosides tend to concen-
trate into clusters, thereby affecting the curvature, local composition, and sta-
bility of the membranes.63

2.3.1. DYyNAMIC 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 cells2°
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 G,y,.3? 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 G,,, molecules on the surface of living
cells.’®* Human and murine lymphocytes, when labeled at 4°C with cholera
toxin, show a fluorescence either evenly distributed or in small aggregates.36 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.3! These observations have led to the suggestion that
Gy, may be associated with membrane proteins, which in turn 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 G,,,. The radiolabeled ganglioside is
known to associate readily with both membrane preparations'!? and cells!3-29-84
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 ot
associated ganglioside is intercalated into the outer layer of the membrane.”®
Furthermore, headgroup interactions have been reported to occur between the
exogenously inserted gangliosides themselves and Ca?>™* as well as with cell
surface glycoproteins.3° The formation of caps on the cell surface has also been
observed after addition of exogenous, fluorescently labeled G,,, molecules to
lymphocytes treated with the B subunit of cholera toxin. !9* This suggests that (1)
the inserted G,,; 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.®# 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
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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 transduction3-6-10-11 by
directly or indirectly modulating receptor coupling to second messenger systems,
membrane-bound enzyme systems,?!-37-60.79 and/or ion permeability.!!6 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.8:110

3. EVIDENCE FOR GANGLIOSIDE INVOLVEMENT IN NEURONAL
CeLL RESPONSIVENESS 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 G,,,, 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 CNS differentiation.>3:122
For example, intense expression of ganglioside G; has been shown to be a
common feature of mitotically active neuroectodermal cells.3%-92 With transition
to a postmitotic phase of neuronal development, Gp,; drops to a much lower level
with an accompanying accretion of the more complex gangliosides.®0-°! 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.®® Also noteworthy is the study of Willinger and
Schachner!?? reporting expression of Gy, on maturing postmitotic cerebellar
granule cell neurons and their growing neurites. As the granule cell matures,
Gy, gradually becomes restricted to the cell body. These studies have led work-
ers to postulate that gangliosides, and in particular G,4,, play a distinctive role in
neurite growth and sprouting during development. This hypothesis is consistent
with evidence indicating that anti-G,,, antibodies produce long-lasting mor-
phological and behavioral abnormalities when administered to developing
animals.4?

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, Gy,, and G,,, gang-
liosidosis (‘‘accidents of nature’’).8!.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-G,,, antibodies inhibit neurite regeneration in vitro'%> and
axonal elongation in vivol0? is consistent with the hypothesis that the normal
membrane G,,, 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 [n
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. StubikEs 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.?2-6.85 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 neuritelike processes and to express biochemical properties
characteristic of mature neurons.?3 Such differentiation is usually accompanied
by profound changes in membrane architecture and properties, including changes
of membrane fluidity?® 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 G,,,, to the culture medium.!214,24.48.59,61.68,71 Thijg effect is (1) not
mimicked by the addition of neutral glycolipids, sulfatides, or free sialic
acid,!2-3% (2) not caused by the presence of contaminants in the gangliosides,!?
(3) correlated with a stable insertion of the ganglioside on the cell surface
(studies limited to Gy,;),?® and (4) associated with changes in biochemical
parameters (e.g., decreased proliferation) characteristic of cellular differentia-
tion.>® There is evidence that the individual gangliosides differ in their ability to
affect different neuroblastoma cell lines!2-48.87.114 (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.!-68.89 For
example, the ganglioside-induced neurite outgrowth in mouse neuroblastoma
N,A cells has been reported, under selected conditions, to be associated with the
appearance of maturelike synapses.106-197 Interestingly, this effect occurs only
when the Gy,; ganglioside is present. Gy, has also been reported to facilitate the
development of neuromuscular junctions in spinal cord—muscle preparations in
vitro.”8

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
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in other cell types, e.g., pheochromocytoma PC,, 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 N, A cells, there is evidence that the neuritogenic response
to the exogenously supplemented G,,, ganglioside is characterized by a series of
temporally related biochemical events, e.g., increases in cAMP content and
protein phosphorylation.3° Furthermore, in the SB21B1 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.”?
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. StupikEs UTILIZING PRIMARY PNS NEURONS AND PC |, CELLS

Following the studies utilizing neuroblastoma cells, gangliosides came to be
viewed as potential neuronotrophic or neuritogenic agents. A critical question.
thus, is whether gangliosides, in particular exogenous G,,, , 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. Gy AND NGF

In an attempt to answer the first question, many laboratories have evaluated
the effects of exogenous gangliosides, in particular G, , in cultured PC,, 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.%2 Likewise, PC,, 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.3?

The addition of Gy, to the culture medium of chicken DRG (E8) or sym-
pathetic ganglia (E11) explants has been reported, under the appropriate condi-
tions, to facilitate NGF-induced neurite outgrowth.>7-°° No appreciable Gy,
effects were observed in the absence of NGF. This indicates that the G,,, effect
in these cells (1) is dependent on NGF and (2) involves G,,, 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,, cells.31-50.68.89

As with neuroblastoma cells, asialo-G,4,, sulfatide, and free sialic were
totally ineffective.3!-8% This suggests that the Gy, effects are directly linked to
the integrity of the G,,; molecule and presumably are not the result of aspecific
ionic interactions. G,,, was also shown to facilitate NGF effects in adult mouse

FiGure 2. Example of Gy;-induced potentiation of NGF effects in fetal chicken dissociated DRG
(E8) neurons in vitro. NGF * Gy, 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
al.,?5 and observed under phase contrast (left panel) and fluorescence microscopy (right pannel). a,b,
NGF (5 ng/ml); ¢,d, Gy (100 pg/ml); e,f, NGF (5§ ng/ml) + Gy (100 pg/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 Gy, is not limited
to fetal tissue.!07

Thus, in cells with an absolute NGF requirement for survival and/or neurite
outgrowth, the exogenously supplied Gy,,, 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 Gy, together
with NGF is associated with a ganglioside-induced increase in the expression of
neurofilament protein.

3.3.2. UNDERLYING MECHANISMS

Most likely the G,,,-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 Gy,
exerts its effects have yet to be identified. Binding studies have not revealed
increased NGF binding by G,,;-treated cells.3! 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 Gy, is known to modify enzymatic activities of
neuronal membranes.®® Analogously, very small amounts of exogenously insert-
ed G,,, have been reported to affect platelet-derived growth factor (PDGF)-
induced receptor phosphorylation in fibroblast 3T3 cells.!® This may indicate
that the exogenous G,,, 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.103.10% Ap-
other possibility is that stable membrane-associated G,,; may then be inter-
nalized and recycled into more complex gangliosides.?®-191 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. Gy 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 PC,, cells and primary fetal (E8) chicken neurons, none of the other
major ganglioside species (e.g., Gp1a» Gpip, and Gy), as with Gy,,, 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 Gy, is the most
effective in potentiating the action of NGF,%8-89 but others show that the poly-
sialogangliosides (G, and Gg) are more effective in facilitating neurite out-
growth (studies mainly conducted in older ganglia).26-4? 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
Gy, 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. Affinity-purified antibodies to
Gy, were shown to be able to block the NGF-induced neurite sprouting of
chicken embryo DRG explants, whereas antibodies to G,,, 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 G,,; molecules on the
surface play a role in mediating the NGF effects. An important step will be the
identification of molecular steps affected by the exogenously inserted G4, mole-
cules and determination of whether such events are affected by anti-G,,,
antibodies.

3.4. StubpIEs UTILIZING PRiIMARY CNS NEURONS

Another important question is whether the exogenously supplied Gy, is
also effective in promoting survival and/or neurite outgrowth in CNS neurons in
vitro. For this purpose the effects of exogenous gangliosides, including Gy,
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 CNS 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 G,,,, has been reported to facilitate
neurite outgrowth in a variety of primary dissociated CNS neurons in vitro.27-67.98
In addition, in fetal mouse dissociated mesencephalic neurons maintained in
serum-free conditions, exogenously supplied G,,; but not asialo-G,,;, has been
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shown to enhance the biochemical development and survival of at least the
dopaminergic and GABAergic neurons present.>8 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 NGF in primary sensory (E8) and sympathetic (E11) neurons, G4,
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, NGF is totally without effect on the
dopaminergic and GABAergic neurons in the mesencephalic culture system. This
suggests that G,,, potentiation of the neuronotrophic efficacy on neuronal cells is
not limited to NGF. Such a conclusion is consistent with the observations that the
exogenously supplied G,,; also amplifies the ciliary neuronotrophic factor
(CNTF)-dependent effects in fetal chick (E8) ciliary ganglia neurons in vitro.%®

4. Gy EFFecTS 1v Vivo: POSSIBLE RELATIONSHIP WITH
NEURONOTROPHIC FACTORS

As discussed earlier, the systemic administration of G,,, 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, Gy, ganglioside affects neuronal behaviors in vitro. In cells with an
absolute requirement for a neuronotrophic factor for survival and/or neurite
outgrowth, G,,, 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 NGF, 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 G,,,-induced potentiation of CNS
recovery in vivo may be related to the G,,; enhancement of the neuronotrophic
factor effects, as found in vitro. This implies that the potentiating effect of Gy,
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 G,,.

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 G,,, effective on CNS neurons in vitro are compatible
with those obtainable in the brain after systemic administration in vivo.5® Early
postlesion treatment with Gy, has been reported to facilitate neuronal cell sur-
vival not only of dopaminergic!-!'3 and noradrenergic neurons!> but also of
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FiGure 3. Theoretical graphic representation of neuronotrophic titers and activity following adult
mammalian CNS injury: the working hypothesis of Gy effects in vivo (see text for further elucida-
tton and also Varon!!5)

cholinergic neurons!”-'%° known to be NGF responsive. Furthermore, initial in
vivo experiments conducted utilizing NGF #+ G,,, treatment in neonatal rats
following vinblastine-induced sympathectomy indicate that G,,, enhances the
NGF effects on the maintenance of noradrenergic innervation in the target
organs.!!4A 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 BrRAIN
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. '+

Research efforts are currently under way to understand th¢ 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. 3942 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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Ficure 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. 1B)
and (2) by increasing the response of postsynaptic cells via up-regulation of
postsynaptic receptors (Fig. 1D) 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. 1E). 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. 1F). Compensation in Fig. 1D and Fig. 1F 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.39-59-5% [ 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.3 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.® 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, G,,, gangliosides are expressed on the cell surface
of differentiating cells as well as on their growing axonal membranes.>3 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 G,,, gangliosidosis, the deficiency of the appropriate enzyme ($3-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-workers3%-34 thought it might be
possible to find similar effects in the brain after hippocampal deafferentation.
Since their first publication in 1981,3° 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 ez al.30 created electrocoagula-
tion lesions of the medioventral septum. After such lesions, an initial 4-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 (P18) 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 (G,,,) was
used.?® After entorhinal cortex lesions, which destroy glutaminergic input to the
hippocampus, G,,, 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 G,,, 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 G,,, 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!3 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 P10. 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 nigrostriatal lesions! (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.?3 Furthermore, the
rate of synthesis and release of ACh is enhanced in cortical slices taken from cats
with gangliosidosis.?>

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.4”

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_,, of tyrosine hydroxylase (TH) activity and homovanillic acid (HVA)
content on P8.°° When animals are treated with purified monosialogangliosides
(Gpy), they show the same reduction of enzyme activity on P8.7% Whereas on
P15, saline-treated controls still show only 50% TH activity, G,,,-treated rats
recover 80% of normal TH levels; because the increase in TH activity was further
substantiated by immunofluorescence and by HVA analysis, it was concluded
that G,,, 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 HVA 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) G,,, reduces the loss of
[PH]DA uptake in striatal synaptosomes in the first few days after a lesion,
indicating that more terminals are present (did not degenerate?), and (2) Gy,
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 G,,, 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.?-4! We reasoned that if G,,, 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 P15,
however, there were significantly more labeled neurons in SNr of G,,,-treated
animals (see Fig. 2).

Although these findings strongly suggest that G,,, 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 ez al.?¢ 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 neocortex?4:28 and spinal cord.4-2!

In order to create cerebral cortex lesions in adult rats, Kojima et al.?8 slowly
infused 6-OHDA 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 Gy,
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
days?* and 2 weeks?8 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 Gyy,-
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FIGURE 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 (CN). 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 P15, 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 P15 in animals treated (LG15) or not treated (L15) with Gyy;. (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 Gy4,-treated rats.® 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,2! the
spinal cord was hemisected, resulting in a loss of 5-HT below the transection and
a bilateral loss of S-HIAA, NE, and DA. The G, 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.#*® When gangliosides are given early in
life, there is indirect evidence that they enhance central regeneration or sprouting
after neurotoxin lesions in neocortex?* and spinal cord.!® Direct evidence for
enhanced sprouting has very recently been reported in the kitten red nucleus'®:!”7
and in the superior colliculus of golden hamsters.*?

2.3.1. NEUROTOXIN LESIONS

Systemic injections of 5,7-HT (a serotonin neurotoxin) or 6-OHDA 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.2* Although the initial neurotoxin-induced
loss of transmitter activity was not affected by Gy, treatment, G,,, partially
restored serotonin levels in cortex?* and perhaps in spinal cord.'® This elevation
of transmitter levels can be considered indirect evidence for Gy,,-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.!6-17 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 formation 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 normally innervate the rSC,

FiGURrE 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 (LGv), 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 LGv 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 Gy, gangliosides, this sprouting
response is significantly enhanced without reducing the abnormal innervation fields located more
proximal to the retinal ganglion cells (LGv, LP).
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grow abnormally to the left tectum and terminate in areas near the midline*® (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.#®

In order to test for possible sprouting enhancement by G,,,, we induced
sprouting on Pn9 (a stage of intermediate growth vigor) by right eye removal and
injected G,,, 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 G, had a stimulatory effect on
sprouting, we would expect to see a larger and/or denser termination field in the
left tectum.

Ficure 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 10x 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 Gy, treatment. Note the larger size and greater density of the
terminal field and the more extensive lateral spread in the Gy, case.
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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
G- Significant differences were only seen in the left SC. Abbreviations are explained in legend to
Fig. 3.

The quantification of the left tectal terminal field involved (1) the area
measurement of the retinotectal terminal 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 100X, oil immersion; see Fig. 4).

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

We also quantified the size of diencephalic terminal fields in the right
hemisphere. These are structures normally innervated by the left eye, such as the
dorsal and ventral lateral geniculate nuclei of the thalamus (LGd and LGv),
several pretectal nuclei (PT), and spared tissue of the damaged superior col-
liculus (rSC). Terminal 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 Gy, treatment. Thus, Gy, 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 finding!! that Gy, fails to initiate
neurite sprouting. Rather, G,,, 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,!> there was clear penetration of catecholaminergic fibers over a distance of
0.5 to 1 mm into the host brain, but G4, 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 Gy,,.°

2.4. CONCLUSIONS ON SPROUTING

Currently, the two most important questions are (1) 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 metabolites3%-34 and an increased retrograde cell labeling.3%-4! 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 of axons, there is no G,,, effect!?-4° (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.3¢

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 AFTER BRAIN
INjJURY

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 al., 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.3! In addition, G,,, 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 P10 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 G,,; 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 G,,; 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).’
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 Gy, 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 G,,,-treated animals and lesion controls appear shortly
(within hours or days) after the lesion. If this is so, the primary action of the G,
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!© that is in agreement with such a
hypothesis. When unilateral cortical damage was inflicted in 30-day-old rats,
Gy, prevented retrograde soma shrinkage and denritic loss in the basal nucleus,
evident after a 30-day treatment with daily G,,, 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 G,4; or whether G,4; 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.2® 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, Gy,; reduced the loss of both AChE and ChAT activity compared
to lesioned controls. When the lesion was less severe, however, this G,,, effect
was not observed.
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These data suggest a tight correlation between the amount of degeneration
and the facilitating effects of G,,,. They also suggest that if the lesion placement
varies slightly, the G,,, 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 G,,, injections, there is only a 20% loss of TH activity.>! Because a
semiquanitative analysis of immunocytochemical material revealed similar find-
ings, it was concluded that G,,, 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 G, increased transmitter synthesis in sur-
viving neurons.

Two observations are consistent with such a hypothesis. First, close inspec-
tion of recent findings'® of increased DA utilization per neuron after G,,, 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 G,,,-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 G,,,
treatment.3 Because no such effect was seen more caudally, increased optical
density of TH activity in caudal SNc in G,,,-treated animals was interpreted as
enhanced cell survival. Thus, the possibility exists that cell loss is little, if at all,
affected by G,,, but that G, elevates the compensatory up-regulation of trans-
mitter synthesis (see discussion above). A purported increase in the ‘‘length’’ of
nigral dendrites’! may also be the result of the same compensatory mechanism.

Whatever the true event may be, G,,, 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.#® This interpretation would also
explain why behavioral deficits after total lesions cannot be reduced by G,,,
treatment. '? 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.3® 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

FiGURE 6. Part A: When rats receive lesions of the caudate nucleus (CN) (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 Gy, 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, G,
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.3* observed at P5 a less severe reduction of
[*H]}dopamine uptake in striatal synaptosomes in animals that were treated with a
Gy, 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 G,,, 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 G,,, 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 ez al.,!? who could not observe effects of G,
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 Gy, on degeneration in development seems to be of particular
interest.

In our study of sprouting of the optic tract axons described above,** 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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tectal lesion without prior knowledge of the group identity. Although the Gy,
treatment was not started until Pn9, treated animals had significantly smaller
right tectal lesions 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
Gy, treatment.

To assess the time course and possible effects of G,,, 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, J. 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 1 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 G,,,-treated hamsters had compara-

FiGURE 7. We made heat lesions of the right superior colliculus (rSC) in hamsters on postnatal day
1 (Pnl). At Pn9, a 3-week-long treatment with Gy, 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 G, -treated animals (59%), which no