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Abstract

The field of neuronal transplantation has received a great deal of 

interest since the 1970's and is currently considered a possible treatment 

option for both neurodegenerative diseases and spinal cord injury. In this 

dissertation, fetal neostriatal transplants grafted into the lesioned striatum 

were studied in both the rat and rhesus monkey. Golgi-impregnation and 

immunohistochemical techniques were extended to the light and electron 

microscopic levels to determine the detailed anatomy of the developing 

striatal implants. Choline acetyltransferase immunoreactive and subtance P- 

like immunoreactive neurons within the rat striatal transplants were 

morphologically and ultrastructurally similar to normal striatal neurons. 

When the striatal grafting studies were extended into the rhesus monkey, 

normal neuronal maturation was demonstrated three months postoperative, 

both at the light and electron microscopic levels, using various 

neuroanatomical techniques. From these studies it can be concluded that 

fetal striatal grafts may be a useful treatment option for Huntington's 

disease, although numerous difficulties including neuronal degeneration and 

transplant rejection need to be addressed before this approach is applied in 

the clinical setting.

In a second group of experiments, various approaches to improve 

autologous bone spinal fusions were studied. Specifically, the utilization of
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demineralized bone matrix, Type I collagen gel, and recombinant human bone 

morphogenetic proteins were evaluated for their effects on autologous bone 

spinal fusions in canines. The study demonstrated that recombinant human 

bone morphogenetic protein has a strong effect on the amount of bone 

deposition at the fusion site and, in addition, increases the number of 

vertebral levels which solidly fuse. The Type I collagen gel appeared to 

improve the interface between the autologous bone grafts and the host 

bone, while the demineralized bone matrix had a strong negative effect on 

the autologous bone graft fusions. Spinal fusion operations in the future will 

be much more successful if these various methods to improve spinal 

arthrodesis are utilized to their full potential. It is now clear that 

reconstruction of the central nervous system and its bony coverings is a real 

possibility in the very near future, although extensive clinical studies need to 

be performed before they are widely used in the neurosurgery community.
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Introduction to Dissertation

The replacement of damaged or diseased tissues in the human has 

received an inordinate amount of medical research during the last century. It 

is now possible to surgically extirpate virtually every organ and replace it 

w ith human allografts. Every major university hospital has a surgical team 

capable of successfully transplanting the heart, lungs, liver, pancreas and 

kidneys. Although most transplant surgeons are either general or 

cardiothoracic surgeons, the field of transplantation using fetal neuronal 

tissue is now entering the neurosurgical arena as well. Equally interesting is 

the utilization of novel growth factors involved in the development of 

virtually every tissue, including the brain, blood, and bones, to treat diseases 

ranging from Parkinson's disease to disseminated cancer. The goal of this 

dissertation is to explore the use of fetal neuronal grafts to reconstruct 

regions of the central nervous system and to evaluate several novel 

approaches to reconstruct the diseased or damaged spine.

The first attempt at neuronal transplantation can be traced to W. 

Gillman Thompson, a professor of physiology at the New York University 

Medical College.14 He attempted to transplant mature feline cerebral cortex 

into cavities in the cortex of adult dogs. Using very crude techniques, he 

demonstrated no surviving neurons within the xenografts six weeks after 

transplantation. Unaware of Thompson's previous failures, S. Saltykow,

1
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working at the University of Basel, examined cerebral cortex after it had 

been excised and reimplanted into the cerebral cortex of young rats.11 He 

clearly demonstrated progressive degeneration of the implanted neurons 

seven days after transplantation and also noted marked gliosis of the neural 

transplant. A decade later, D'Abundo and Altobelli studied CNS transplants 

in cats and rabbits, respectively, but because of inadequate neuroanatomical 

techniques it could not be determined whether healthy neurons survived the 

transplantation procedure.1,2

Elizabeth Dunn, working at the University of Chicago, was the first to 

clearly demonstrated the survival of transplanted CNS tissue.3 In 1917, she 

reported that cerebral cortex from nine and ten day old rats could be 

successfully transplanted into cortical cavities of other rats. In her break

through studies, she demonstrated that developing neural tissue could 

consistently survive after transplantation and that the transplants would 

have improved survival if transplanted onto a rich vascular bed.

Between 1941 and 1970, most of the neural transplantation work 

was performed by Raoul May.9 May, using the anterior chamber of the eye 

as the recipient site, demonstrated that neural grafts can project axons to 

other neural co-grafts or other normal target tissues. Finally, during the 

1970's the neural transplantation field exploded and scores of 

neuroscientists began to enter this fascinating area.5 Researchers began to
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transplant biochemically and anatomically defined brain regions and to use 

these neuronal transplants to replace damaged brain regions anatomically, 

physiologically and functionally.10

As the field of neuronal transplantation was exploding, novel 

techniques to study the anatomical connections, biochemical development 

and electrophysiologic properties of the brain were also being discovered. In 

order to determine the neuroanatomical connections of distinct brain regions, 

techniques were developed to accurately trace axons both anterogradely and 

retrogradely. These methods included the Fink-Heimer technique,8 

horseradish peroxidase, Phaseolus vulgaris leukoagglutinin,6'7 and various 

fluorescent tracers.12 In addition, modifications of the Golgi impregnation 

technique have made it relatively easy to examine morphologically distinct 

cell types in each brain region. With slight modification of the fixatives and 

staining techniques, tract tracing, immunohistochemistry and Golgi 

impregnation were subsequently extended to the electron microscopic level.4 

A combination of these techniques give a complete picture of the afferent 

and efferent connections, as well as the biochemical and morphological 

characteristics of individual neurons. These approaches, when applied to 

transplanted neuronal tissue or regenerating fiber tracts, can accurately 

correlate neuroanatomy with physiological or functional changes or 

improvements.

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The first two chapters of this dissertation involve a novel technique to 

study the retinal projections to the brain at both the light and electron 

microscopic levels. This technique can also be used to study the

regeneration of the optic nerve after damage or the projection of the retina 

to neuronal transplants, which could conceivably include the lateral 

geniculate nucleus or superior colliculus. Since this unique tract tracer can 

be easily studied at the electron microscopic level, it may be extremely 

useful in correlating anatomically functioning regenerated synapses with 

physiological measurements. Following these two "neuroanatomical 

techniques" chapters, the dissertation focuses on light and electron

microscopic analysis of fetal neuronal transplants. More specifically, fetal 

striatal transplants were injected into the ibotenic acid lesioned striatum, an 

animal model of Huntington's disease, and the implants were 

immunohistochemically stained or Golgi-impregnated. The aim of the studies 

were to determine whether the fetal striatal neurons developed biochemically 

and morphologically, pre-requisites for successful grafting operations in 

Huntington's patients.

Although the various approaches for reconstruction of the central

nervous system and its pathways is of premiere importance to

neurosurgeons and neurologists, the bony coverings of the central nervous 

system, including the spine and skull, have also been of historical interest to
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both neurosurgeons and orthopedic surgeons. The treatment of traumatic 

injuries, congenital anomalies, and degenerative processes of the spine often 

require the surgeon to create a bony fusion over several intravertebral 

segments in order to produce long-term stability and/or halt the progressive 

pathologic process. Several decades of clinical and research experience have 

clearly demonstrated that autologous bone grafts are the "gold standard" 

grafting material for achievement of arthrodesis in the spine. The most 

common location to obtain a bone autograft is from the iliac crest, but this 

procedure is not without risk. Significant rates of infection, bleeding, and 

postoperative pain make this approach far from ideal. Although numerous 

additives to autologous bone grafts and bone graft substitutes have been 

studied both experimentally and clinically, none have been shown to be 

superior to autologous bone alone.

A relatively new approach for improving spinal fusions was initiated in 

the 1960's when Urist, an orthopedic surgeon, demonstrated that protein 

extracts from bone can induce cartilage and bone formation.15 These 

extracts recapitulate the process of bone formation seen during 

development, named endochondral ossification. This process is 

characterized by the formation of cartilage, which subsequently ossifies into 

mature bone. The proteins involved in this process were termed bone 

morphogenetic proteins, and were subsequently purified and cloned.16

5
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Recombinant human BMP's are currently being tested for a variety of clinical 

indications, including long bone fractures and periodontal disease.

Another approach for improving bone healing has been the use of 

Type I collagen gels. The collagen matrix can act as an osteoconductive 

material onto which osteoblasts can freely migrate and may also bind 

osteoinductive growth factors, such as TGF-B and the BMP's. Sweeney, et 

al. demonstrated that the Type I collagen gels can enhance healing of critical 

sized defects in the rat skull.13 In chapter 7 of this dissertation, the 

possible use of demineralized bone matrix, recombinant human bone 

morphogenetic protein-2 (rhBMP-2), and Type I collagen gel to improve 

autologous bone spinal fusions is investigated.

6
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Chapter 1

A METHOD FOR UTILIZING BIOCYTIN 

TO STUDY RETINOFUGAL PATHWAYS 

AT THE LIGHT AND ELECTRON MICROSCOPIC LEVELS

(Published, Journal of Neuroscience Methods, 49 (1993) 97-101)
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INTRODUCTION

Neuroanatomists have successfully utilized numerous methods to 

study the connections of the optic pathway at the light microscopic level, 

including the Nauta-Laidlaw method, the Fink-Heimer method, anterogradely 

transported horseradish peroxidase and anterogradely transported cobaltous 

lysine8,9. Evaluation of retinal projections at the electron microscopic level 

has been more problematic. Anterograde degeneration is limited by the lack 

of a light microscopic correlate, a wide range of degeneration times for 

various axonal populations within a given tract, and aberrant ultrastructural 

morphology. Cobaltous lysine is somewhat difficult to use and requires that 

the tissue is treated with ammonium sulfide to stabilize transported cobalt, 

which distorts the ultrastructure of synaptic junctions2. Although 

horseradish peroxidase has been widely used to study the retinal pathways 

at the electron microscopic level, several studies suggest that many of the 

smaller axons are not adequately stained by this method3,9. In the present 

paper, we present a method for utilizing biocytin as an anterograde tracer for 

retinofugal fibers at both the light and electron microscopic levels. Biocytin 

has not previously been used for defining retinal projections, but has been 

used for studying other neural pathways at both the light and electron 

microscopic levels4,5.
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MATERIALS AND METHODS

Twenty frogs (Rana pipiens) were used in this study. The frogs were 

anesthetized by immersion in 0.1% tricaine (Sigma, St. Louis, MO). Both 

intraocular and transoral approaches were utilized in this study. In five 

frogs, the optic nerve was surgically exposed through the oral mucosa and 

sectioned close to the optic canal. A slurry of biocytin (50 mg/ml in 0.1 Tris 

buffer, pH 7.4) was placed over the cut optic nerve and the oral mucosa 

was closed. In 15 frogs, the frogs were anesthetized as above and the 

posterior chamber of the eye was entered. The lens and vitreous humor 

were removed, 0.25 ml of the biocytin slurry was placed over the retina, and 

the eye was closed with 6-0 prolene suture. The animals were allowed to 

survive one to three days prior to perfusion fixation.

Perfusion and Fixation. The animals were anesthetized by immersion in

0.1%  tricaine and perfused transcardially w ith 25 ml of 0.12 mol/l 

phosphate buffer (pH 7.4) containing 0.25% procaine and 3% sucrose 

followed by 600 ml of a fixative containing 4% paraformaldehyde, 1 % 

glutaraldehyde, 15% saturated picric acid, and 3% sucrose in 0.12 mol/l 

phosphate buffer (pH 7.4). This was followed by 800 ml of a second 

fixative containing 4% paraformaldehyde, 1 % glutaraldehyde and 3% 

sucrose in 0.12 mol/l phosphate buffer (pH 7.4). The heads were removed
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four hours later and immersed in the second fixative overnight. The brains 

were then removed and cut coronally at 75 mm on a vibrating microtome.

Biocytin Histochemistry. The sections were immersed in 20% sucrose in 

phosphate buffer and frozen in liquid nitrogen in order to improve penetration 

of the avidin-biotin complex (ABC) complex. The sections were washed 

three times in phosphate buffer and placed in streptavidin-biotinylated 

horseradish peroxidase (ABC elite, Vector) for two hours with constant 

agitation at 4°C. The sections were washed three times in phosphate buffer 

and placed in a nickel diaminobenzidine solution for 35 - 45 minutes before 

rinsing in buffer and further processing. The DAB solution contained 50 mg 

diaminobenzidine, 40 mg ammonium chloride, 200 mg B-D-glucose, 0.4 mg 

glucose oxidase, and 0.05 mg of nickel, in 100 cc of 0.1 phosphate buffer.

Processing for Electron Microscopy. For light microscopy the sections were 

photographed with a Zeiss Axiophot research microscope. Vibratome 

sections processed as above were placed in 1% osmium for one hour, 

followed by two changes of 3.6% sodium chloride for 30 minutes, and 

dehydrated in increasing concentrations of Quetol 523m (Ted Pella, Inc.) in 

distilled water: 35, 50, and 70% for 10 min each; 80 and 90% for 15 min 

each; followed by 100% Quetol for 20 min. Sections were then floated in a
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50% Quetol-50% maraglas solution (Ted Pella, Inc.) for 12 h followed by 

pure maraglas for 6 h. The sections were flat-embedded on siliconized 

microscope slides and cured for two days at 60°C. Tissue was then cut 

from the area of interest and fixed to epon blocks. Following serial thin- 

sectioning on a Reichert ultramicrotome, the sections were placed on 

formvar-coated grids, double-stained with uranyl acetate and lead citrate, 

and examined with a JEOL electron microscope.

RESULTS

The animals in which biocytin slurry was placed directly on the optic 

nerve demonstrated no anterograde transport of biocytin into the usual optic 

nerve targets. However, many of the animals receiving biocytin injections 

into the posterior chamber demonstrated variable amounts of transport into 

all of the usual retinal targets, including the tectum, basal optic nucleus, and 

nucleus Bellonci3,7'8'9.

Light Microscopy. The nickel-enhanced DAB reaction product completely 

filled labeled axons and boutons (Figs. 1.1 A, B). Many of the labeled axons 

were more fine and delicate compared to the coarser axons which were 

labeled with horseradish peroxidase (HRP) in previous studies in our 

laboratory. The entire retinal projection was not always labeled when 

biocytin was placed in the posterior chamber, although the reason for this is
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unclear. It is possible that small areas of retinal damage occurred during the 

initial surgery, allowing only limited diffusion of biocytin into the surrounding 

extracellular space and subsequent transport into nearby ganglion cells. 

Using the methods described above, the penetration of the ABC complex 

was fairly complete throughout the entire section, although regions deep 

within the section had reactive elements that were more lightly stained than 

in regions close to the surface of the section.

Electron Microscopy. A t the electron microscopy level, axospinous and 

axodendritic contacts were clearly demonstrated in the nucleus Bellonci (Fig. 

1.2A), tectum (Fig. 1.2B), and basal optic nucleus. The DAB reaction 

product completely filled axons and axon terminals, but left the synaptic 

cleft intact enabling accurate identification of axosomatic, axodendritic and 

axospinous synapses. The preservation of the surrounding neuropil using 

this method was excellent. The microtubules in the axons and dendrites and 

neuronal membranes were left intact throughout the entire section and 

demonstrated no obvious adverse effect from the freeze thaw method (Figs. 

1.2A,B).

DISCUSSION

Biocytin as an anterograde tracer of the retinal projection neurons 

seems to be comparable to the HRP method, which has been used

14
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extensively3'9. With the addition of this method, numerous double labeling 

neuroanatomical studies can now be performed at the electron microscopic 

level. For example, DAB can be utilized to label anterogradely transported 

biocytin from one eye and various other chromogens, such as BDHC or TMB, 

can be used to label anterogradely transported HRP from the other eye. This 

method would be particularly useful in ontogenetic or comparative studies of 

primitive vertebrate species in order to study incomplete parcellation1. In 

addition, visual circuits could be studied in detail by using biocytin to label 

retinofugal axons in a given nucleus, and using HRP to  retrogradely label the 

nucleus' projection neurons.

Biocytin also seems to have several other advantages over many other 

anterograde tracing methods. Biocytin clearly labels very small axons and 

boutons, a characteristic not shared with the cobaltous lysine and some HRP 

techniques. In addition, the retinal axons are not severed, eliminating 

degeneration artifacts, and the ABC-DAB staining technique is extremely 

clean and relatively easy to use.

The major drawbacks of the technique are that apparently only a small 

portion of the retinal ganglion cells transport biocytin after intraocular 

injections and possibly inadequate penetration of ABC and DAB during the 

staining procedure, leading to incomplete staining of biocytin filled axons and 

terminals deep within the section. However, biocytin is an extremely useful

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



anterograde tracer for electron microscopic studies designed to qualitatively 

demonstrate neuroanatomical circuits of the optic system.

16
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Figure 1.1: Photomicrograph of ipsilateral nucleus Bellonci following biocytin 

injection into the posterior chamber of the eye demonstrating numerous 

labeled incoming axons (arrowheads) and axon terminals. Scale bar = 50 

pm.
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Figure 1.2: a. Electron micrograph of a biocytin labeled retinal axon 

terminals in the nucleus Bellonci demonstrating a symmetric axodendritic 

synapse (arrowhead), b. Electron micrograph of a biocytin labeled bouton 

the optic tectum making a symmetric axodendritic synapse (arrowhead). 

Scale bars = 0.75pm.
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THE ACCESSORY OPTIC SYSTEM IN THE FROG, RANA PIPIENS: 

AN ELECTRON MICROSCOPIC STUDY OF THE RETINAL AFFERENTS 

UTILIZING THE ANTEROGRADE TRACER BIOCYTIN*
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INTRODUCTION

The accessory optic system (AOS) is now generally recognized as a 

primary visual system in vertebrates. Comparative neuroanatomical studies 

have demonstrated a broad range of species variation in the AOS, although a 

basic underlying neural circuit seems to be conserved in both mammalian 

and non-mammalian vertebrates.1'6 Numerous functional studies have 

demonstrated that the AOS is principally involved in optokinetic nystagmus 

and retinal image stabilization.5 Detailed neuroanatomical studies of the 

circuit in mammals have demonstrated that the AOS consists of the inferior 

and superior accessory optic fasciculi, which terminate in three target nuclei 

in the anterior midbrain, the medial, lateral, and dorsal terminal nuclei. The 

AOS is some mammals is missing one or several major components, leading 

to marked interspecies variation in the typical projection pattern.6

The neuronal circuits of the AOS in non-mammalian species is much 

more simplistic. The basal optic root (BOR) leaves the main optic tract 

immediately after crossing the optic chiasm and projects to the basal optic 

root nucleus (nBOR) which is located at the ventral margin of the midbrain 

tegmentum. In frogs, the basal optic root can be separated into a lateral 

fasciculus and a smaller, diffuse, medial fasciculus, both of which innervate 

the nBOR.2 These two fasciculi have different innervation patterns within 

the nBOR, suggesting that the anuran AOS may have more components of

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the classical AOS than previously recognized. A previous retrograde 

horseradish peroxidase study demonstrated that at least six types of retinal 

ganglion cells project to the nBOR and also determined, using the Golgi-Cox 

method, that there are at least four cell types present in the pterional field of 

the nBOR.4 Despite numerous neuroanatomical studies in various species, 

there have been no electron microscopic studies of the AOS to determine 

the ultrastructural details of the circuit. The main objective of this study 

was to determine the ultrastructure of the pre- and post-synaptic elements 

of the retinal projection to the nBOR.

METHODS

Twenty frogs (Rana pipiens) were used in this study. The frogs were 

anesthetized by immersion in 0.1% tricaine (Sigma, St. Louis, MO) and a 

slurry of biocytin (50 mg/ml in 0.1 Tris buffer, pH 7.4) was placed over the 

retina as described previously.3 The eye was then closed with 6-0 prolene 

suture. The animals were allowed to survive one to three days prior to 

perfusion fixation.

Perfusion and Fixation. The animals were anesthetized by immersion in 

0.1% tricane methanesulfonate and perfused transcardially w ith 25 ml of 

0.12 mol/l phosphate buffer (pH 7.4) containing 0.25%  procaine and 3% 

sucrose followed by 600 ml of a fixative containing 4% paraformaldehyde,
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1% glutaraldehyde, 15% saturated picric acid, and 3% sucrose in 0.12 mol/l 

phosphate buffer (pH 7.4). This was followed by 800 ml of a second 

fixative containing 4% paraformaldehyde, 1% glutaraldehyde and 3% 

sucrose in 0.12 mol/l phosphate buffer (pH 7.4). The heads were removed 

four hours later and immersed in the second fixative overnight. The brains 

were then removed and cut coronally or sagittally at 75 pm on a Vibratome.

Biocytin Histochemistry. The sections were immersed in 20% sucrose in 

phosphate buffer and frozen in liquid nitrogen in order to improve penetration 

of the avidin-biotin complex (ABC elite, Vector). The sections were washed 

three times in phosphate buffer and placed in ABC elite at the standard 

dilution for two hours with constant agitation at 4°C. The sections were 

washed three times in phosphate buffer and placed in a nickel- 

diaminobenzidine solution for 35 - 45 minutes. The DAB solution contained 

50 mg diaminobenzidine, 40 mg ammonium chloride, 200 mg p-D-glucose, 

0.4 mg glucose oxidase, and 0.05 nickel ammonium sulfate, in 100 cc of

0.1 M phosphate buffer.

Processing for Electron Microscopy. Vibratome sections were placed in 1 % 

osmium for one hour, followed by two changes of 3.6% sodium chloride for 

30 minutes, and dehydrated in increasing concentrations of Quetol 523m
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(Ted Pella, Inc.) in distilled water: 35, 50, and 70% for 10 min each; 80 and 

90% for 15 min each; followed by 100% Quetol for 20 min. Sections were 

then floated in a 50% Quetol-50% maraglas solution (Ted Pella, Inc.) for 12 

h followed by pure maraglas for 6 h. The sections were flat-embedded on 

siliconized microscope slides and cured for two days at 60°C. Tissue was 

then cut from the area of interest and fixed to epon blocks. Following serial 

thin-sectioning on a Reichert ultramicrotome, the sections were placed on 

formvar-coated grids, double-stained with uranyl acetate and lead citrate, 

and examined with a JEOL electron microscope.

RESULTS

Light Microscopy. Biocytin-labeled axons clearly labeled the optic tracts and 

medial and lateral basal optic fasciculi. As demonstrated in previous studies, 

the nBOR was situated between the caudal edge of the hypothalamus and 

the nucleus of cranial nerve III (Fig. 2.1). Both large and small axons were 

clearly labeled, although a detailed study of individual axons within the nBOR 

could not be determined at the light microscopic level secondary to the 

dense staining of the terminal field.

Electron Microscopy. At the electron microscopic level, the axon terminals 

labeled with biocytin in the nBOR appeared quite dense, but did not fill the 

synaptic vesicles. Many of the axons followed in serial sections terminated
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in numerous large axon terminals, although some of the axons made en 

passant synaptic contacts. The synaptic terminals varied in size from 0.5 

pm to 2.0 pm in diameter (Figs. 2.2,2.3). Most of the labeled axon 

terminals made symmetric axodendritic synapses, but there were very rare 

axosomatic and axospinous contacts as well. The axodendritic synapses 

were more numerous on the smaller dendrites (Figs. 2.2a, 2.3a, b,c,d), 

although there were synapses on the large proximal dendrites (Fig. 2.2c). 

Interestingly, a moderate number of small dendrites or spines were 

completely surrounded by and received synaptic contacts from tw o labeled 

boutons (Fig. 2.2b). In addition, unlabeled boutons adjacent to labeled axon 

terminals were seen on many of the dendritic segments (Figs. 2.2a,2.3a). 

DISCUSSION

Previous investigators have demonstrated that the basal optic root is 

composed of numerous small, myelinated fibers and occasional large, 

myelinated fibers, which display four different types of axon terminal 

arborizations within the nBOR.2 The large diameter axons appeared to 

contact neuronal perikarya and also terminated in the cell-free regions of the 

nBOR. In the present study, the presence of axosomatic and axospinous 

synapses were rare, and most of the large diameter axons made axodendritic 

synapses. These investigators also demonstrated small diameter axons 

ending diffusely in small boutons or which made en passant synapses. The
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smallest diameter axons terminated in fine terminal arborization creating a 

very dense plexus within the nBOR. This type of arborization was clearly 

seen in our material and certainly comprised the majority of axon terminals in 

the nBOR.

Using the Golgi technique, other investigators demonstrated that there 

are six major cell types present in the nBOR, of which the stellate type is 

most numerous.2,4 In addition, in the peri-nBOR region and nucleus of the 

medial longitudinal fasciculus, neurons extend their dendrites into the nBOR, 

where they presumably receive direct optic input. The present study 

demonstrates that neurons in the nBOR, in general, receive mainly 

axodendritic and little axospinous synaptic input. The rare axospinous input 

to the nBOR could have been predicted from the previous Golgi studies, 

which demonstrated most dendrites within the nBOR are spineless. Since 

direct axosomatic synapses were only rarely seen, it is impossible to 

determine the ultrastructure of the retinal input to specific cell types in the 

nBOR without a combined anterograde tracer-Golgi impregnation electron 

microscopic study.
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Figure 2.1: Light photomicrograph of the biocytin filled retinal input to the 

basal optic nucleus. Labeled retinal axons are seen streaming into the 

nucleus from its rostral surface (right), forming a dense fiber network within 

the nucleus. Arrows mark the ventral surface of the brain. Scale bar = 200 

p m .
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Figure 2.2: Electron micrographs of biocytin filled retinal axon terminals in 

the basal optic nucleus, a. Biocytin labeled (arrowhead) and unlabeled 

(arrow) axon terminals making symmetric synaptic contacts with a medium

sized dendrite. b. Two biocytin labeled axon terminals completely 

surrounding and making symmetric synapses (arrowheads) with a small 

dendrite or spine, c. A large proximal dendrite (d) receiving an en passant 

symmetric synaptic contact ( arrowhead) from a labeled axon. Scale bars = 

1.0 pm.
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Figure 2.3: Electron micrographs of biocytin labelled retinal axon terminals 

in the basal optic nucleus. a,b,c,d. Biocytin labeled axon terminals making 

symmetric synaptic contact with small and medium-sized dendrites 

(arrowheads). Note unlabeled terminal synapsing on opposite side of 

dendrite in a and the area of "fallen out" vesicles in the labeled bouton in d. 

a,b,d. Scale bars = 0.5 pm. c. Scale bar = 1.0 pm.
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FETAL NEOSTRIATAL TRANSPLANTS IN THE RAT:

A LIGHT AND ELECTRON MICROSCOPIC GOLGI STUDY*
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INTRODUCTION

The feasibility of using fetal neuronal transplants for the treatment of 

neurodegenerative diseases is gaining acceptance in the neuroscience 

community.2,48 Not only do transplanted neurons establish sparse afferent 

and efferent connections with the host brain9'23'40'41'52'54, but they also 

differentiate into morphologically35 and biochemically1,42,50 distinct cell types 

typical of the brain region transplanted.

The functional effects neuronal transplants have on the host brain 

may be the direct result of the reproduction of normal neuroanatomical 

features in the lesioned areas.13'15,28'30 Anatomical development of neuronal 

grafts has been most heavily characterized in fetal striatal grafts in the 

lesioned rat striatum, an animal model of Huntington's disease.10,33,36 Initial 

tract-tracing studies of connections formed by striatal grafts, utilizing WGA- 

HRP as a combined retrograde and anterograde tracer, were largely 

inconclusive.40,51 A recent series of papers9,52'54 on the other hand, which 

relied primarily on the use of fluorescent tracers, Phaseolus vulgaris- 

leucoagglutinin, and EM-immunohistrochemistry provide considerable 

evidence that intrastriatal striatal grafts are capable of establishing 

significant and appropriate afferent and efferent connections with the host 

brain.

Grafted fetal striatal neurons also differentiate neurochemically into 

several different cell types, including GABA-ergic and enkephalinergic 

medium-sized neurons and cholinergic large neurons.42,51 A previous light 

microscopic Golgi study of striatal transplants demonstrated that the grafted 

neurons differentiate into several morphologically different striatal cell types;
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however, not all of the normal striatal cell types were demonstrated.35 In 

addition, an ultrastructural study of striatal transplants revealed that the 

grafts differentiate into several different cell types based on somatic size and 

nuclear morphology and have a neuropil resembling that of the normal 

striatum, but this study was limited by the fact that striatal cells and their 

processes cannot be identified by ultrastructural characteristics alone.17

It may be hypothesized that all of the striatal cell types must be 

present for the grafts to establish normal function with the host brain. The 

present project was undertaken in order to determine whether the grafted 

neurons differentiate into all of the normal striatal cell types and to 

characterize each of the Golgi identified cell types at the ultrastructural level.

MATERIALS AND METHODS

A total of 25 adult female Sprague-Dawley rats weighing 

250-300 gms and 8 pregnant female rats 14-16 days of gestation were 

used in this study.

Striatal lesioning and transplantation. The transplantation of fetal 

brain tissue into lesioned adult host brain has been previously described2 and 

was only slightly modified in this study. The animals were anesthetized with 

chloropent (3.0 ml/kg) and received unilateral striatal injections of 0.25 pi of 

ibotenic acid (Sigma, 20 mg/pl in phosphate buffer, pH = 7.0) w ith a 2.0 pi 

Hamilton microsyringe at the following stereotaxic coordinates from bregma: 

A = 0.7 mm, L = 3.0 mm, and V = 4.5 mm.39 Striatal implantation was 

performed two weeks after the lesioning. Female rats 14-16 days post

gestation were anesthetized with chloropent (3.0 ml/kg) and the fetuses
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were removed by cesarian section. The fetuses were kept in cold Hank's 

solution without calcium or magnesium (modified Hank's solution, Sigma) 

containing 10 g/l of glucose and 10 U/ml of insulin. Striatal tissue was 

dissected from the dorsal ventricular ridge, suspended in modified Hank's 

solution by repeated suctioning through a fire-polished glass micropipette, 

and injected (2.5-3.0 pi) at the same stereotaxic coordinates into the 

lesioned striatum. Three months following transplantation the rats were 

anesthetized and perfused transcardially with 20 ml of 0.1 phosphate buffer 

(pH 7.4) followed by 500 ml of a fixative containing 4% paraformaldehyde,

0.1%  glutaraldehyde, and 15% saturated picric acid in 0.1 M phosphate 

buffer (pH 7.4).47 This was followed by 800 ml of a second fixative 

containing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M 

phosphate buffer. The brains were removed, placed in the second fixative 

for 12-16 hours at 4°C, sectioned coronally at 75 pm in 0.1 M phosphate 

buffer on a Lancer vibratome, and rinsed for 2 hours in several changes of

0.1 M phosphate buffer.

Golgi impregnation. The vibratome sections were Golgi impregnated 

by the "single section technique" previously described.24,31 Briefly, the 

sections were postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer 

for 30 minutes and free-floated in 3.5% potassium dichromate for 6 hours. 

The sections were mounted between two microscope slides which were 

then taped together at the ends and immersed in 1.5% silver nitrate for 8-10 

hours. The sections were then mounted in glycerol and examined at the 

light microscopic level. Since Golgi impregnated neurons lose much of their 

detail during gold toning, neurons well within the margins of the graft were
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then photographed. The sections were floated off into 0.1 phosphate buffer 

and gold-toned according to the method described by Fairen et al.18 The 

tissue was placed in cold 0.04% gold chloride for 10-12 minutes, rinsed in 

cold distilled water for 20 minutes, and placed in 1 % thiosulfate for 45 

minutes. The sections were then reosmicated in 1 % osmium tetroxide for 

30 minutes.

The single section Golgi method consistently impregnates the entire 

dendritic tree in a given section. However, some impregnated dendrites may 

be cut at the surface of the section, making their apparent dendritic lengths 

significantly shorter than the actual dendritic lengths. Because of this 

limitation with the technique, only dendrites completely within the section 

were measured.

A considerable amount of effort was made to preserve tissue 

ultrastructure and to minimize the amount of gold left in the impregnated 

neurons during tissue processing. In previous EM-Golgi studies the cellular 

membranes and synaptic detail were obscured by the large amounts of gold 

present after gold-toning.7'46 In the present study the gold particles were 

minimized by decreasing the silver nitrate treatment time, which seems to 

decrease the amount of silver deposition during Golgi-impregnation. This 

made it possible to clearly observe the synaptic specializations and cellular 

detail of the neurons, even after Golgi-impregnation and gold-toning. 

Although the neuronal somata and their appendages were more difficult to 

locate at the electron microscopic level, they were still clearly labeled with 

gold.
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Processing for electron microscopy. The sections were dehydrated in 

increasing concentrations of Quetol 523M (Ted Pella, Inc.) in distilled water: 

35%, 50%, and 70% for 10 minutes each; 80% and 90% for 15 minutes 

each followed by 100% Quetol for 20 minutes. The sections were then 

floated in a 50% Quetol, 50% Maraglas solution (Ted Pella, Inc.) for 12 

hours followed by pure Maraglas for 6 hours. Sections were flat embedded 

on siliconized microscope slides and cured for 2 days at 60°C. Gold-toned 

transplant neurons previously identified and photographed at the light 

microscopic level were then cut from the sections and affixed to Epon 

blocks. Following serial thin sectioning on a Reichert Ultramicrotome with a 

Diatome diamond knife, the sections were placed on Formvar coated slot 

grids, double stained with uranyl acetate and lead citrate, and examined with 

a JEOL electron microscope.

RESULTS

Because of the capriciousness of the Golgi impregnation method and 

the rarity of several striatal neuron types, the classification of normal rat 

striatal cell types has remained a controversial area.6 The most
g

comprehensive Golgi study of the normal rat neostriatum utilized a 

classification scheme based on somatic size and cellular morphology. Using 

this scheme, neurons are initially grouped by somatic size,with large neurons 

having a somatic diameter larger that 20 pm, medium neurons having a 

somatic diameter between 10 and 20 pm, and small neurons having a 

somatic diameter less than 10 pm. These groups are then subdivided by 

somatic and dendritic morphology. Type I large neurons have aspinous
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somata and smooth or sparsely spined dendrites, while Type II large neurons 

have somatic spines and sparsely spined dendrites. Type I medium neurons 

have aspinous somata and proximal dendrites, but densely spined distal 

dendrites, whereas Type II medium neurons have somatic spines and 

sparsely spined dendrites. Type III medium neurons have aspinous somata 

and poorly branched, sparsely spined dendrites. Type IV medium cells have 

aspinous somata and highly branched, sparsely spined dendrites and Type V 

medium cells have aspinous somata and sparsely spined varicose dendrites. 

The rare small cells have various somatic and dendritic morphologies. Since 

our own light microscopic observations of Golgi-impregnated neurons in the 

normal rat neostriatum are consistent w ith this classification scheme, the 

identical scheme has been used in the present study to classify Golgi- 

impregnated transplanted neurons at the light microscopic level.

All neurons studied were located in the core of the transplants (see 

Fig. 3.1). In this way, any ambiguity about the source of the cells examined 

(transplant versus host) was avoided.

Large Neurons

Type I large neurons. At the light microscopic level these neurons 

were either fusiform (Figs. 3.2a and 3.4a) or polygonal in shape and did not 

display somatic spines. The dendrites were non-varicose, very sparsely 

spined, and sparsely branched. The longest dendrite observed was 

approximately 175 pm.

At the electron microscopic level the somata of Type I large neurons 

were characterized by an oval, highly invaginated nucleus surrounded by 

abundant, pale cytoplasm rich in organelles, including rough endoplasmic
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reticulum, mitochondria, free ribosomes, polyribosomes, Golgi complexes, 

lysosomes and microtubules (Fig. 3.4b). A moderate number of symmetric 

axosomatic synapses with axon terminals w ith loosely packed vesicles were 

observed (Fig. 3.4c). The proximal dendrites also had multiple symmetric 

synapses with axon terminals loosely packed w ith vesicles (Fig. 3.4d). The 

axon of the neuron shown in Figure 3.4 arose from the soma, was 

unmyelinated and rich in neurofilaments, and had multiple synapses on the 

its hillock (Fig. 3.5a). The large dendrites exhibited numerous mitochondria, 

microtubules, and symmetric axodendritic synapses (Fig. 3.5b). The 

axodendritic terminals were loosely packed w ith vesicles.

Type II large neurons. At the light microscopic level the somata of 

this second type of large neuron was polygonal or fusiform (Fig. 3.2b) and 

displayed multiple somatic spines. Due to the refractiveness of the glycerol 

it was difficult to photograph these spines; however, they were clearly 

demonstrated at the electron microscopic level. The dendrites were 

moderately branched and sparsely spined throughout their lengths.

At the ultrastructural level the somata of these neurons had deeply 

invaginated nuclei and a large amount of pale cytoplasm rich in organelles 

similar to the Type I large cell. Multiple somatic spines exhibiting various 

morphologies protruded from the soma (Fig. 3.7a,b). Axon terminals both 

loosely and densely packed with vesicles made symmetrical and 

asymmetrical synapses with these spines. Often, both types of boutons 

contacted the same spine (Fig. 3.7a,b). A moderate number of axosomatic 

synapses were observed whose axon terminals were similar to those 

occurring on the somatic spines, i.e. both loosely (Fig. 3.7a) and densely
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(Fig. 3.7b) packed with vesicles. The proximal dendrites displayed numerous 

spines, which received symmetric synaptic input from boutons loosely 

packed with vesicles (Figs. 3.6c and 3.7c), and axodendritic synapses with 

boutons loosely packed with vesicles (Figs. 3.6c and 3.7c). Several boutons 

synapsed with both the dendritic surface and a dendritic spine (Fig. 3.6c). 

The majority of somatic and dendritic spines contained a spine apparatus 

(Fig. 3.7a,b,c). The distal dendrites displayed both symmetric (Fig. 3.7d) 

and asymmetric synaptic input.

Medium Neurons

Type I medium neurons. At the light microscopic level these cells 

were characterized by aspinous somata and proximal dendrites, but densely 

spiny distal dendrites (Figs. 3.3c and 3.8a). The dendrites were moderately 

branched and unusually long, with the longest dendrite measuring 200 pm. 

Occasional distal dendrites were only sparsely spined or totally without 

spines.

At the electron microscopic level the somata of Type I medium 

neurons were characterized by unindented nuclei surrounded by a thin rim of 

dense cytoplasm containing a large number of free ribosomes and 

polyribsomes, but only a moderate number of mitochondria and lysosomes 

(Fig. 3.8b). The rough endoplasmic reticulum and Golgi complexes were 

quite sparse. Several large axon terminals containing numerous 

mitochondria and loosely packed vesicles made symmetric contacts with the 

somata (Fig. 3.8c). Sparse axodendritic synapses were present on aspinous 

proximal dendrites, which contained occasional mitochondria and numerous 

microtubules (Fig. 3.9c). The distal dendrites had many spines with varying
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morphologies which were asymmetrically contacted by axon terminals 

loosely packed with vesicles (Fig. 3.9a,b). These spines consistently 

displayed a spine apparatus (Fig. 3.9a,b).

Type II medium neurons. At the light microscopic level these neurons 

were characterized by spiny somata and moderately spined proximal and 

distal dendrites (Fig. 3.10a). Unlike the Type I medium neurons, the 

dendrites displayed spines which were evenly distributed over the entire 

dendritic length, not just on the distal dendrites.

At the electron microscopic level these neurons were characterized by 

highly invaginated nuclei surrounded by a moderate amount of cytoplasm 

packed with rough endoplasmic reticulum forming nissl bodies (Fig. 3.10b). 

Mitochondria, lysosomes, perinuclear Golgi complexes, free ribosomes, and 

polyribosomes were also observed. Axon terminals loosely (Figs. 3.10c and 

3.11a) and tightly (Fig. 3.10d) packed with vesicles made symmetric 

synapses with the somata. Multiple axodendritic and axospinous synapses 

were present on the dendrites (Fig. 3.11b).

Type III medium neurons. At the light microscopic level Type III 

medium neurons were characterized by aspiny somata with sparsely 

branched, very sparsely spined dendrites (Figs. 3.3a and 3.12a). The 

primary dendrites branched into several short secondary dendrites, with the 

longest dendrite observed being 100 pm in length.

At the electron microscopic level these cells were characterized by 

somata with invaginated nuclei in a moderate amount of cytoplasm 

containing mitochondria,lysosomes, free ribosomes, and polyribosomes, but 

very sparse rough endoplasmic reticulum and Golgi complexes (Fig. 3.12b).
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Although the neuron in Figure 3.12b appears to have only an irregular 

nuclear outline, an invaginated nuclear envelope was demonstrated through 

the examination of serial sections. Relatively few symmetric axosomatic 

synapses with boutons densely packed with vesicles were observed (Fig. 

3.13a). The dendrites had very few axodendritic synapses and only one 

dendritic spine with an asymmetric axospinous contact was observed (Fig. 

3.13b).

Type IV medium neurons. At the light microscopic level Type IV 

medium neurons were characterized by aspinous somata with highly 

branched dendrites (Figs. 3.3b and 3.14a). The dendrites were non-varicose 

and were either sparsely spined or totally smooth, with both types occurring 

on the same cell.

At the electron microscopic level these cells were characterized by 

somata with slightly invaginated nuclei surrounded by a rim of cytoplasm 

containing relatively few organelles, which included mitochondria, 

lysosomes, ribosomes, Golgi complexes, and rough endoplasmic reticulum 

(Fig. 3.14b). The somata received symmetric synaptic input from large 

axon terminals moderately packed with vesicles (Fig. 3.14c). Dendrites rich 

in microtubules and with sparse mitochondria received sparse symmetrical 

axodendritic synapses from large axon terminals loosely packed with vesicles 

(Fig. 3.15a,b).

Type V medium neurons. At the light microscopic level these neurons 

displayed aspinous somata and markedly varicose dendrites (Fig. 3.16a). 

These dendrites were very sparsely branched and were completely devoid of 

spines. The dendritic lengths varied greatly with each cell, some with
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relatively short dendrites (Fig. 3.16a) and others with dendrites extending up 

to 150 pm.

A t the electron microscopic level Type V medium neurons were 

characterized by somata containing a highly invaginated nucleus and a 

moderate amount of dense cytoplasm rich in mitochondria, free ribosomes, 

polyribosomes, Golgi complexes, and microtubules (Fig. 3.16b). Lysosomes 

and rough endoplasmic reticulum were relatively scarse in this cell type. 

Axon terminals loosely packed with vesicles made rare symmetric 

axosomatic contacts (Fig. 3.16a). Varicosities in the dendrites could also be 

seen at the electron microscopic level (Fig. 3.17). These dendrites received 

numerous symmetric synaptic input from boutons loosely packed with 

vesicles (Fig. 3.15).

Small Neurons

No small neurons were observed in this study. However, some of the 

medium neurons did have somatic sizes on the borderline between medium 

and small cells, i.e. 10 pm.

DISCUSSION

The present study has employed the "single section Golgi" technique 

to demonstrate unequivocally that fetal neostriatal transplants differentiate 

within three months of implantation into all seven major striatal cell types. 

Gold-toned, Golgi-impregnated neurons were subsequently examined at the 

electron microscopic level in order to evaluate the ultrastructural 

characteristics of each cell type. The results suggest that both similarities 

and differences exist between normal adult and transplanted fetal striatal 

neurons at the light and electron microscopic levels. Other investigators
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have suggested that at least some of the differences seen betwen the 

striatal transplants and the normal striatumm could be accounted for by the 

contamination of the transplants by non-striatal tissue.17,54 Therefore, the 

differences seen between Golgi-impregnated transplant neurons and normal 

striatal neurons may be due to the inclusion of non-striatal cells in the study. 

Large Neurons

Light microscopic analysis. In the normal rat neostriatum, most 

previous studies have demonstrated only Type I large neurons, which are 

characterized by smooth somata, sparsely spined or smooth proximal 

dendrites, and sparsely spined and occasionally varicose distal
fi 7  11 19  I P  3 4  3 7

dendrites....................... Type II large neurons, which are characterized by

somata bearing spines and sparsely spined dendrites, have been 

demonstrated only by tw o group of investigators in the rat4'6'7, but have also 

been demonstrated in the monkey.16'38

In the present study both Type I and Type II large neurons are present. 

At the light microscopic level these neurons are very similar to those 

described by Chang et al.6, except that the dendrites of both of these large 

neurons were noticeably shorter in the transplant than those described in the 

normal rat striatum.6'7 This may well be due to the limitations of the single

section Golgi method used in this study.

Large neurons have also been observed in neostriatal grafts by several

35other investigators. McAllister et al. demonstrated large neurons with 

somatic diameters between 40-50 pm with cresyl violet staining. Because 

no large neurons were found in their Golgi-impregnated material, they could 

not comment on the somatic and dendritic morphologies of these cells.
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Large acetylcholinesterase-reactive neurons presumed to be Type I or Type II 

large neurons have been identified in striatal transplants at the light 

microscopic level.50 In an ultrastructural study of striatal grafts17, tw o types 

of large neurons were observed: one with a "globular" soma and the other 

with an "elongated" soma. No spines were observed on these cells; 

therefore, these two cell types probably represent the tw o somatic 

morphologies, polygonal and fusiform, of the Type I large neurons described 

in the present study.

Electron microscopic analysis. Type I large cells have been studied at 

the electron microscopic level in the primate16'21'22’38, cat32, and rat.7'18 

Type II large neurons have been examined at the electron microscopic level 

in the primate16 and rat.4'7 In general, both types of large neurons are 

characterized by invaginated nuclei surrounded by copious, pale cytoplasm 

rich in organelles, including rough endoplasmic reticulum. Chang and Kitai7 

also observed that Type II large neurons not only had somatic spines, but 

also had qualitatively more axosomatic synapses than Type I large neurons. 

These investigators postulated that the presence of somatic spines and 

numerous somatic synapses may account for any functional differences 

between the two large cell types.7

The present Golgi study demonstrates that both Type I and Type II 

large neurons are ultrastructurally similar to those in the normal rat 

neostriatum. Both normal and transplanted large neurons have highly 

invaginated nuclei and large amounts of organelle rich cytoplasm. In 

addition, somatic spines can be demonstrated on Type II cells at the electron 

microscopic level. However, the difference in the number of somatic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

synapses seen on normal Type I and Type II large cells are not characteristic 

of the transplanted cells. Chang and Kitai7 frequently observed more than 

one axon terminal synapsing with one somatic or proximal dendritic spine. 

In our transplants this is also seen; however, in striatal transplants two types 

of axon terminals, one moderately filled and the other tightly packed with 

vesicles, synapse on one somatic spine. This suggests that there are two 

distinct afferent fibers projecting to these somatic spines.

In rat striatal transplants large cells have been previously 

demonstrated at the electron microscopic level by DiFiglia et al.17 In their 

electron microscopic analysis of neostriatal grafts, these investigators 

described large cells with indented nuclei, but did not classify these cells as 

Type I or Type II based on the presence or absence of somatic spines or 

discuss any differences in the number of somatic synapses.

Medium Neurons

Type I medium neurons. The Type I medium neuron is by far the most 

common cell type in the neostriatum, accounting for 95% and 94% of the 

striatal neurons in the cat32 and rat43, respectively. Numerous Golgi studies 

have described these neurons at the light microscopic level in the 

primate16'21'22, cat32, dog49, and rat.7,11'12'34'37 These studies have shown 

that these medium-sized neurons have smooth somata and proximal 

dendrites, but densely spiny distal dendrites.

Transplanted Type I medium neurons morphologically similar to normal 

Type I medium neurons have been identified in Golgi-impregnated striatal 

grafts.35 The only differences observed were that some dendrites displayed 

slightly fewer spines than normal Type I medium neurons. This was also
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demonstrated in the present study, with some dendrites of these cells only 

sparsely spined, while others were heavily spined. McAllister et al.35 

suggests that these differences are due to the presence of immature forms 

of the Type I medium neuron in the grafts. It has been demonstrated that 

much of the afferent input into the striatum terminates on the spines of 

these medium neurons.8'25,26,32,38,45 The decreased spine density may 

therefore be due to insufficient input from regions extrinsic to the graft. 

These neurons may also represent a variant of the Type I medium neuron 

that has a decreased spine density which has been observed in a previous 

study (medium spindle cells of Lu and Brown).34

At the electron microscopic level Type I medium neurons have been 

described as having unindented nuclei, sparse, moderately dense cytoplasm 

containing no Nissl bodies, and smooth primary dendrites which are rich in 

microtubules but poor in mitochondria.7,18,43,45,46 The transplanted Type I 

medium cells in the present study displayed each of these ultrastructural 

characteristics. A previous study17 reported that the percentage of neurons 

with unindented nuclei was dramatically decreased in the graft, suggesting 

that their are either fewer Type I medium neurons present or that 

transplanted Type I medium neurons also have indented nuclei. This was 

not observed in the present study.

Numerous asymmetric axospinous synapses are characteristically seen 

on the distal dendrites of Type I medium neurons in both the normal 

striatum38,46 and transplanted striatum. DiFiglia et al.17 quantitatively 

studied these axospinous synapses in striatal graft neuropil and found that a
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normal percentage (approximately 92%) were asymmetric, although these 

spines could not be identified as belonging to Type I medium neurons.

Type II medium neurons. Type II medium neurons were first identified 

as a medium-sized striatal cell exhibiting somatic spines by Chang et al.6 

These investigators recognized the similarities between Type II medium 

neurons and Type II large neurons, but chose to classify them as two 

different cell types for clarity and consistency. In reality, however, these 

two types may represent one cell type with a continuous distribution of 

somatic size in both the medium and large cell ranges. In the present study 

transplanted Type II medium neurons, identified at the light microscopic 

level, were identical to normal Type II medium neurons6, displaying 

numerous somatic spines and sparsely to moderately spined dendrites, with 

these spines evenly distributed along the entire dendrite. Medium sized 

neurons having somatic spines were not mentioned in the previous Golgi 

study of transplanted striatal neurons, although they may have been 

classified as another cell type (Spiny II neuron of McAllister et al.).35

Type II medium neurons in the normal rat striatum have never been 

demonstrated at the electron microscopic level. This study has 

demonstrated that these neurons are characterized by an invaginated nucleus 

and contain the largest amount of Nissl substance of any cell type. The 

invaginated nuclei are consistent w ith the indented nuclei usually seen in 

normal "aspiny" striatal cells.18 The cytoplasm tightly packed with Nissl 

substance is characteristic of this cell type and differentiates it from the 

Type II large cell. Therefore, the separation of neurons having somatic 

spines into Type II large and Type II medium neurons may well be justified.
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Type III medium neurons. At the light microscopic level there have 

been many inconsistencies in the classification of this striatal cell 

type.6,11,12,18,34,37 The normal Type III medium neuron has an aspinous 

somata and long, sparsely spined dendrites that are sparsely branched. 

Transplanted Type III medium neurons demonstrate all of these features, but 

their dendritic lengths are significantly shorter than normal. This cell type 

was also demonstrated in the previous Golgi study of transplanted 

striatuM.35

At the electron microscopic level this neuron is characterized by 

somata with invaginated nuclei, minimal cytoplasm, few organelles, and 

numerous dense bodies (the Type IV neuron of DiMova et al.).18 In the 

present study the characteristics of this cell type are quite similar, except 

that the large number of dense bodies seen in normal striatum are not seen 

in the transplant.

Type IV medium neurons. Type IV medium neurons have been 

inconsistently identified and classified in the normal striatum.6,11,12,18,34 37 

The transplanted Type IV medium neurons found in the present study were 

identical to the Type IV medium neurons found in the normal striatum6, with 

highly branched, non-varicose, sparsely spined dendrites. This cell type was 

not seen in the previous Golgi study of transplanted striatum.35 At the 

electron microscopic level the transplanted Type IV medium neurons are 

similar to those observed in the normal striatum, with indented nuclei and 

moderate amounts of cytoplasm, but the transplanted cells had a 

significantly lower number of mitochondria than normal Type IV neurons 

(Type II neuron of DiMova et al.).18
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Type V medium neurons. Type V medium neurons have been 

consistently and easily identified in the normal rat striatum, and are 

characterized by varicose dendrites radiating outwardly up to 250 pm away 

from the soma.6,11'12,18'34'37 In the present study neurons with varicose 

dendrites were identified, but the dendrites of these cells were not as long or 

as branched as those seen in the normal striatum. These neurons were also 

previously observed in striatal transplants by McAllister et al.35

At the electron microscopic level normal Type V medium neurons 

exhibit indented nuclei surrounded by a considerable amount of cytoplasm, 

mitochondria, and Nissl granulations.18 Transplanted Type V medium 

neurons have indented nuclei and abundant mitochondria, but only sparse 

cytoplasm and no Nissl bodies.

The origins of afferent terminals and their ultrastructural 

characteristics in the normal striatum have been summarized by Bolam.3 

Afferent terminals from the cerebral cortex, thalamus, and dorsal raphe 

nucleus make asymmetric contacts within the striatum. Dopaminergic 

terminals from the substantia nigra and acetylcholine, substance P- and 

GABA-containing terminals from intrinsic striatal neurons all form symmetric 

synapses within the striatum. The presence of both symmetric and 

asymmetric synapses within the grafts, suggests that both intrinsic and 

extrinsic striatal circuits are formed within the graft. The existence of a 

nigrostriatal projection into the graft and intrinsic GABAergic connections 

within the graft has been demonstrated in several studies42'53, but the 

presence of other intrinsic striatal graft circuits is only speculative.
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The present study demonstrates that transplanted fetal neurons have 

the capacity to differentiate and develop into morphologically and 

ultrastructurally mature brain tissue. All of the major neuronal components 

present in the normal striatum have also been demonstrated in striatal grafts. 

Other studies have demonstrated that transplanted and normal striatum 

contain identical neurochemical markers, including GABA, leucine- 

enkephalin, NADPH-diaphorase, and acetylcholinesterase.42,50 It is therefore 

likely that normal intrinsic striatal circuits are also present in striatal grafts. 

Chang et al.6 demonstrated that all of the normal striatal cell types, except 

Type II large neurons, have local axon collaterals, indicating that they 

function, at least partially, as interneurons; however, the presence of local 

axon collaterals could not be demonstrated in our Golgi preparations since 

axons were only rarely impregnated. Although striatal transplants exhibit 

many morphologic and ultrastructural similarities with normal rat striatum, it 

is still unclear how the tissue implants effect behavioral recovery in lesioned 

rats.
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Figure 3.1: Fetal neostriatal transplants, a. Light micrograph of a Nissl-

stained coronal section of a fetal rat brain 15 days post-gestation. The dorsal 

ventricular ridge is outlined by arrowheads. Scale bar 0.5 mm. (Courtesy of 

Dr. Peter Brunjes, Department of Psychology, University of Virginia), b: 

Light micrograph of fetal striatal transplant in an ibotenic-acid lesioned 

striatum five months after implantation (outlined by arrowheads). Scale bar 

2.0 mm.
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Figure 3.2: Drawings of Golgi-impregnated neurons in fetal striatal grafts, 

a: Type I large neuron. Scale bar 40 pm. b: Type II large neuron. Scale 

bar 35 pm. c: Type II medium neuron. Scale bar 20 pm.
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b —

Figure 3.3: Drawings of Golgi-impregnated neurons in neostriatal grafts, a: 

Type III medium neuron. Scale bar 20 pm. b: Type IV medium neuron. 

Scale bar 20 pm. c: Type I medium neuron. Scale bar 20 pm.
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Figure 3.4: Golgi-impregnated Type I large neuron in fetal striatal transplant, 

a: Light micrograph of Golgi-impregnated Type I large neuron prior to gold- 

toning. Scale bar 30 pm. b: Electron micrograph of the cell after gold- 

toning. Scale bar 5.0 pm. c: Perikaryon of the cell receiving symmetric 

synaptic input (arrowhead) from an axon terminal loosely packed with 

vesicles. Scale bar 1.0 pm. d: Proximal dendrite of the cell receiving

symmetric synaptic input (arrowhead) from an axon terminal loosely packed 

with vesicles. Scale bar 0.75 pm.
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Figure 3.5: Ultrastructural details of Type I large neuron, a: Axon hillock of 

the Type I large neuron in Figure 2 receiving symmetric synaptic input from 

an axon terminal loosely packed with vesicles (arrowhead). Scale bar 2.0 

pm. b: Mid-portion dendrite of the cell receiving symmetric axodendritic 

contacts from boutons loosely packed with vesicles (arrowheads). Scale bar 

1.0 pm.
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Figure 3.6: Golgi-impregnated Type II large neuron in fetal striatal transplant, 

a: Light micrograph of Golgi-impregnated Type II large neuron prior to gold- 

toning. Scale bar 50 pm. b: Electron micrograph of the cell after gold- 

toning. Scale bar 5.0 pm. c: Axon terminals loosely packed with vesicles 

making axodendritic and axospinous contacts with the neuron (arrowheads). 

Scale bar 1.0 pm.
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Figure 3.7: Ultrastructural details of Type II large neuron, a: Somatic spine 

of the Type II large neuron's perikaryon (P) shown in Figure 3.4 receiving 

symmetric synaptic input from axon terminals both loosely and densely 

packed with vesicles. Scale bar 1.0 pm. b: Electron micrograph of the

perikaryon (P) showing axon terminals both loosely and densely packed with 

vesicles making asymmetric contacts (arrowheads) w ith a somatic spine. 

Scale bar 0.5 pm. c: Proximal dendrite exhibiting dendritic spine receiving 

symmetric input (arrowhead) from axon terminals loosely packed w ith round 

vesicles. Scale bar 1.0 pm. d: Distal dendrite receiving symmetric synaptic 

input (arrowhead) from an axon terminal loosely packed with vesicles. Scale 

bar 1.0 pm.
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Figure 3.8: Golgi-impregnated Type I medium neuron in fetal striatal

transplant, a: Light micrograph of Golgi-impregnated Type I medium neuron 

prior to gold-toning. Scale bar 50 pm. b: Electron micrograph of the cell in 

a after gold-toning. Scale bar 2.5 pm. c: Perikaron receiving symmetric 

synaptic input (arrowhead) from an axon terminal loosely packed with 

vesicles. Scale bar 1.0 pm.
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Figure 3.9: Ultrastructural detail of Type I medium neuron, a: Dendritic 

spine of the Type I medium neuron shown in Figure 6 receiving an 

asymmetrical synapse from a bouton loosely packed with vesicles. Scale bar 

1.0 pm. b: Distal dendrite and dendritic spine of the cell receiving synaptic 

input from an axon terminal loosely packed with vesicles. Scale bar 2.0 pm. 

c: Proximal dendrite of the neuron exhibiting no spines. Scale bar 2.0 pm.
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Figure 3.10: Golgi-impregnated Type II medium neuron in fetal striatal

transplant, a: Light micrograph of Golgi-impregnated Type II medium neuron 

prior to gold-toning. Scale bar 40 pm. b: Electron micrograph of the cell 

after gold-toning. Scale bar 2.5 pm. c: High-magnification micrograph of 

the perikaryon receiving symmetric synaptic input (arrowhead) from an axon 

terminal loosely packed with vesicles (lower boxed area in b). Scale bar 0.5 

pm. d: High-magnification micrograph of the perikaryon receiving symmetric 

synaptic input (arrowhead) from an axon terminal densely packed w ith 

vesicles (upper boxed area in b). Scale bar 0.5 pm.
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Figure 3.11: Ultrastructural detail of Type II medium neuron, a: Somatic 

spine of the Type II medium neuron in Figure 8 receiving symmetric synaptic 

input (arrowhead) from an axon terminal loosely packed with vesicles. The 

same bouton also makes a contact with the perikaryon (P). Scale bar 1.0 

pm. b: A spine on a dendrite of the cell receiving symmetric synaptic input 

(arrowhead). Scale bar 1.0 pm.
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Figure 3.12: Golgi-impregnated Type III medium neuron in fetal striatal 

transplant, a: Light micrograph of Golgi-impregnated Type III medium

neuron prior to gold toning. Scale bar 20 pm. b: Electron micrograph of the 

cell after gold-toning. Scale bar 2.5 pm.
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Figure 3.13: Ultrastructural detail of Type III medium neuron, a: The

perikaryon of the Type III medium neuron shown in Figure 10 receiving 

symmetric synaptic input (arrowhead) from an axon terminal densely packed 

with vesicles. Scale bar 1.0 pm. b: A dendrite of the neuron followed by 

serial section exhibiting a small spine (arrowhead). Scale bar 2.0 pm.
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Figure 3.14: Golgi-impregnated Type IV medium neuron in fetal striatal

transplant, a: Light micrograph of Golgi-impregnated Type IV medium

neuron prior to gold-toning. Scale bar 20 pm. b: Electron micrograph of 

the neuron after gold-toning. Scale bar 2.5 pm.
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Figure 3.15: Ultrastructural detail of Type IV medium neuron, a: Dendrite of 

the Type IV medium neuron shown in Figure 14 receiving symmetric 

synaptic input (arrow) from an axon terminal loosely packed with vesicles. 

Scale bar 3.0 pm. b: High magnification micrograph of the symmetric

synapse (arrowhead) shown in a. Scale bar 1.0 pm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.16: Golgi-impregnated Type V medium neuron in fetal striatal

transplant, a: Light micrograph of Golgi-impregnated Type V medium

neuron prior to gold-toning. Scale bar 25 pm. b: Electron micrograph of the 

neuron after gold-toning. Scale bar 3.0 pm.
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Figure 3.17: Varicose dendrite of the Type V medium neuron shown in

Figure 14, receiving symmetrical synaptic input (arrowhead) from a bouton 

loosely packed with vesicles. Scale bar 1.0 pm.
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Chapter 4

CHOLINE ACETYLTRANSFERASE- AND SUBSTANCE P-LIKE 

IMMUNOREACTIVE ELEMENTS IN FETAL STRIATAL GRAFTS IN THE RAT: 

A CORRELATED LIGHT AND ELECTRON MICROSCOPIC STUDY*

*(Published, Neuroscience 47 (1992) 621-639)
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INTRODUCTION

The scientific basis for treatment of neuro-degenerative diseases 

through the use of fetal neuronal transplantation continues to develop. 

Transplanting fetal striatal tissue into the ibotenic acid-lesioned adult rat
13,49

striatum, an animal model of Huntington's disease, has proved to be 

invaluable in studying the neuroanatomical development of neuronal
12,22,48,59,77-79

grafts. The striatal lesions produce behavioral changes that can
. „ . . . , 17-21,24,32-35,64

be partially reversed with fetal striatal implants. A recent series

of papers has shown that fetal striatal grafts are capable of establishing 

significant and appropriate afferent connections with the host cerebral
59,77,82,83 59,78,83 59,78

cortex, substantia nigra, and thalamus, and efferent
59,79 59,79

connections with the host globus pallidus and substantia nigra. In
28

addition, Helm et al. have shown in an electron microscopic-Golgi study

that the grafted neurons differentiate into all of the normal striatal cell
10,11

types. In situ hybridization histochemical studies of striatal grafts using 

oligodeoxyribonucleotide probes specific for several mRNAs, suggest that 

gene expression for neurotransmitters in striatal grafts is present, but
51,65

different from that seen in the normal striatum. In addition, several 

studies have demonstrated that striatal grafts contain many of the 

biochemically distinct cell types found in the normal striatum, including those 

expressing leave, substance P, cholecystokinin, neuropeptide Y, NADPH- 

diaphorase, calbindin-d28k, acetylcholinesterase, and choline
25,26,34,44,45,61-63,75

acetyltransferase reactivity. Additionally, Roberts and Di
61,62

Figlia examined GABA-, enkephalin-, NADPH-diaphorase-, and calbindin- 

d28k-positive striatal graft neurons at the electron microscopic level. Each
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of these labeled cell types showed striking similarities to their counterparts in 

the normal striatum, although significant differences were also observed.
76

Finally, Wichmann et al. demonstrated that striatal grafts can partially 

restore acetylcholine release in the lesioned striatum.

The present project was undertaken in order to study choline 

acetytransferase-immunoreactive (ChAT-IR) and substance P-like 

immunoreactive (SP-IR) neurons at the electron microscopic level, and to 

compare their ultrastructural characteristics with immunoreactive elements 

typically seen in the normal striatum.

MATERIALS AND METHODS

A total of fifteen adult female Sprague-Dawley rats weighing 250-300 

gms and seven pregnant female rats, 14-16 days of gestation, were used in 

this study.

Striatal Lesioning and Transplantation. The transplantation of 

fetal brain tissue into lesioned adult rat brain has been previously
3

described and was only slightly modified in this study. The animals were 

anesthetized with intraperitoneally injected chloropent (3.0 ml/kg) and 

received unilateral striatal injections of 0.25 ml of ibotenic acid (Sigma, 20 

mg/ml), in 0.1 molar phosphate buffer (pH = 7.0) with a 2.0 ml Hamilton 

microsyringe at the following stereotaxic coordinates from bregma: A = 0.7
55

mm, L = 3.0 mm, and V = 4.5 mm. Striatal implantation was performed 

two weeks after the lesioning. Female rats 14-16 days postgestation were 

anesthetized with intraperitoneally injected chloropent (3.0 ml/kg) and the 

fetuses were removed by caesarean section. The fetuses were kept in cold 

Hanks’ solution without calcium or magnesium (modified Hanks' solution,
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Sigma) containing 10 g/L of glucose and 10 units/ml of insulin. Striatal 

tissue was dissected from the dorsal ventricular ridge, resuspended in 

modified Hanks' solution by repeated suctioning through a fire-polished glass 

micropipette, and injected (2.5-3.5 pi) at the same stereotactic coordinates 

into the lesioned striatum. Three months following transplantation, the rats 

were anesthetized and perfused transcardially with 20 ml of 0.1 molar 

phosphate buffer (pH 7.4) followed by 500 ml of a fixative containing 4% 

paraformaldehyde, 0.1% glutaraldehyde, and 15% saturated picric acid, in
69

0.1 molar phosphate buffer (pH 7.4). This was followed by 800 ml of a 

second fixative containing 4% paraformaldehyde, and 0.1% glutaraldehyde 

in 0.1 molar phosphate buffer. The brains were removed, placed in the 

second fixative for 12-16 hours at 4°C, sectioned coronally at 50 mm in 0.1 

molar phosphate buffer on a Lancer vibratome, and rinsed for 2 hours in 

several changes of 0.1 molar phosphate buffer. In order to improve antibody 

penetration, the vibratome sections were sunk in 15% sucrose in 0.1 molar 

phosphate buffer (pH 7.4) and frozen in liquid nitrogen. Alternating sections 

were Nissl stained or processed for substance P- or choline 

acetyltransferase-immunohistochemistry.

Choline Acetvltransferase Immunohistochemistrv and Substance P. 

The sections were incubated in a primary antibody directed against choline 

acetyltransferase (Boehringer) diluted 1:1000 with 0.1 molar Tris buffered 

saline (pH 7.4)or substance P (Pel-Freez) diluted 1:500 with 0.1 molar Tris 

buffered saline (pH 7.4) containing 0.25% carrageenan (Sigma) and 0.05% 

sodium azide at 4°C constant agitation for 24-48 hours. The sections were
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rinsed for 30 min in three changes of 0.1 molar Tris buffered saline followed 

by an incubation in a biotinylated secondary antibody (Vector) diluted with

0.1 molar Tris buffered saline containing 0.25% carrageenan for 2 hours at 

4°C with constant agitation. After another rinsing, the sections were placed 

in ABC elite (Vector) for 30 min with constant agitation. The sections were 

then washed for 30 min in three changes of 0.1 molar phosphate buffer and 

placed in a diaminobenzidine/nickel solution for 35-45 min at room 

temperature with constant agitation. The DAB solution contained 50 mg 

diaminobenzidine, 200 mg B-D-glucose, 30 mg ammonium chloride, 0.4 

glucose oxidase (Sigma) and 0.05 mg nickel sulfate per 100 ml of 0.1 molar
36

phosphate buffer (pH 7.4). Immunohistochemically-stained tissue from the 

striatal grafts was then examined and photographed at the light microscopic 

level. The relative frequency of immunoreactive neurons within the grafts 

was determined by comparing the number of immunoreactive neurons in the 

graft in a given section with the total cell count in an adjacent Nissl-stained 

section.

Processing for Electron Microscopy. The sections were then placed in 

1.0% osmium tetroxide for 30 min, in tw o changes of 3.6% sodium 

chloride, and dehydrated in increasing concentrations of Quetol 523 M (Ted 

Pella, Inc.) and distilled water: 35%, 50%, and 70% for 10 min each; 80% 

and 90% for 15 min each; followed by 100% Quetol for 20 min. The 

sections were then floated in a 50% Quetol, 50% Maraglas solution (Ted 

Pella, Inc.) for 12 hours followed by pure Maraglas for 6 hours. The 

sections were flat-embedded on siliconized microscope slides and cured for
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tw o days at 60°C. Tissue with identified immunoreactive cells was cut 

from the sections and fixed to epon blocks. Following serial ultrathin 

sectioning on a Reichert ultramicrotome, the sections were placed on 

formvar-coated grids, double-stained with uranyl acetate and lead citrate, 

and examined with a JEOL electron microscope.

RESULTS

Choline Acetvltransferase - Light Microscopy. Figure 1 shows a typical 

three-month old fetal striatal graft. At the light microscopic level ChAT-IR 

neurons were usually greater than 20 pm. in diameter (Fig. 4.2a,b,c), 

although there were several neurons with somatic diameters between 10 

and 20 pm. (Fig. 4.2d). The somata of the large neurons were either oval, 

fusiform, or polygonal in shape and the perikarya, proximal dendrites and 

distal dendrites were usually all immunoreactive. The somata of the 

medium-sized neurons were round or oval. Overall, less than 0.1%  of the 

neurons in the grafts were immunoreactive for ChAT and these neurons 

were evenly distributed throughout the graft. The large ChAT-IR neurons 

displayed between two and five primary dendrites which were moderately 

branched (Fig. 4.2). Although the neuropil surrounding the immunoreactive 

neurons did contain a moderate number of choline acetyltransferase-positive 

axons, there were few punctate structures, suggesting that there were few 

ChAT-IR boutons in the transplant.
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Choline Acetvltransferase - Electron Microscopy. At the electron 

microscopic level, the ChAT-IR neurons could be classified into two groups 

based on somatic diameter. A total of eight large ChAT-IR neurons were 

examined at the electron microscopic level, each of which contained an 

indented nucleus surrounded by copious cytoplasm rich in mitochondria and 

endoplasmic reticulum (Figs. 4.3,4.4). The ChAT-immunoreaction product 

was quite dense in both the cytoplasm and nucleus in ChAT-IR neurons 

close to the surface of the section (Fig. 4.4), but became very light in cells 

deep in the section (Fig. 4.3). Three medium-sized ChAT-IR neurons were 

also examined at the electron microscopic level. Each contained a highly 

indented nucleus surrounded by a thin rim of cytoplasm (Fig. 4.5). The large 

cholinergic neurons in the grafts received occasional axosomatic contacts, 

while the medium-sized ChAT-IR neurons received dense axosomatic input 

(Fig. 4.6a).

In the neuropil surrounding the ChAT-IR neurons, numerous ChAT-IR 

dendrites could be easily identified. These dendrites were moderately to 

heavily stained with ChAT-immunoreaction product and contained numerous 

mitochondria. The proximal, middle, and distal dendrites all received 

axodendritic contacts from non-immunoreactive axon terminals (Fig. 

4.6b,c,d). Because of the dense immunoreactivity of the dendrites, it could 

not be determined with certainty whether these axodendritic synaptic 

specializations were symmetric or asymmetric. In all of the material 

examined, no ChAT-IR dendrites were contacted by ChAT-IR boutons.

As predicted by the light microscopic observations, the number of 

ChAT-IR boutons in the transplants was small. These ChAT-IR boutons
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were heavily stained with the nickel-enhanced diaminobenzidine reaction 

product and contained clear vesicles. Of the fifteen clearly reactive boutons 

found within the tissue, all made symmetric axodendritic contacts (Fig. 

4.7a,b,c,d). No ChAT-immunoreactive boutons forming axosomatic or 

axospinous contacts were demonstrated in the grafts.

Substance P Light Microscopy. A t the light microscopic level, 

substance P-like immunoreactive (SP-IR) neurons were between 10 and 25 

pm. in diameter (Figs. 4.8a,b,c,d). Their somata were either round or 

polygonal in shape and were heavily stained with immunoreaction product. 

The dendrites of these cells were moderately to heavily stained proximally, 

but became non-reactive distally. Overall, less than 0.1% of the neurons in 

the grafts were immunoreactive for substance P, and these neurons were 

evenly distributed throughout the grafts. Some SP-IR neurons were 

surrounded by a terminal field of SP-IR axon terminals, while other stained 

neurons had very few immunoreactive terminals in the surrounding neuropil. 

In some instances, the terminal fields of a SP-IR neuron were close to the 

margin of the graft, and it seems probable that some of the immunoreactive 

axons did extend into the host brain. However, this could not be determined 

with certainty.

Substance P Electron Microscopy. A total of nine SP-IR neurons were 

examined at the electron microscopic level. These could be classified into 

two types based on ultrastructural characteristics. Type I immunoreactive 

neurons contained an unindented nucleus surrounded by a thin rim or
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moderate amount of cytoplasm containing mitochondria and rough 

endoplasmic reticulum (Figure 4.9). In most instances, the cytoplasm was 

moderately to densely stained for substance P and few axon terminals 

contacted the perikarya. Type II SP-IR neurons contained an indented 

nucleus which was surrounded by copious cytoplasm rich in mitochondria, 

rough endoplasmic reticulum, and Golgi apparatus (Figure 4.10). Numerous 

non-immunoreactive axon terminals made axosomatic synapses onto these 

Type II immunoreactive neurons (Figure 4.11). SP-IR dendrites could be 

easily seen in the surrounding neuropil. These dendrites contained many 

mitochondria and received numerous axodendritic contacts (Figure 4.12). 

Because of the dense immunoreactivity within the dendrites, it could not be 

determined with certainty whether these axodendritic contacts were 

symmetrical or asymmetrical. In all of the axodendritic contacts examined, 

we found only one equivocal case of a SP-IR axon terminal contacting a SP- 

IR dendrite. Numerous SP-IR axon terminals making symmetric contacts with 

medium and small dendrites (Fig. 4.13a,b,c) and spines (Fig. 4.14) were 

observed in the neuropil. The axon terminals varied greatly in size and were 

consistently heavily stained. In addition, several SP-IR boutons were in close 

apposition to the somata of unstained graft neurons, but no clear synaptic 

specializations could be identified.

DISCUSSION

The mechanisms by which fetal striatal grafts in the ibotenic acid 

lesion rat striatum improve behavioral deficits are not clear at the present 

time, but may require the presence of normal striatal interneurons and 

projection neurons within the graft. In the present study, we used choline
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acetyltransferase immunohistochemistry to study cholinergic neurons within 

the striatal grafts, neurons that function as interneurons in the normal
43,56,70,80

striatum. In addition, we used substance P-like

immunohistochemistry to study substance P utilizing neurons, which
6,66,81 68 

function both as striatal interneurons and projection neurons in the

normal striatum.

It is now recognized that the ChAT-positive neurons in the normal 

striatum are the "classical" large neurons demonstrated in previous Golgi
7,10,23

studies in the rat. Afferent connections to these cholinergic neurons
41

have been demonstrated from the substantia nigra dopaminergic system
5

and from substance P utilizing striatal neurons. Electron microscopic 

studies have also shown that the cholinergic neurons receive asymmetric 

synaptic input, suggesting that they receive input from the cerebral cortex
5,66 .

and/or intralaminar nuclei of the thalamus. In addition, the striatum 

exhibits a marked medial to lateral gradient in the density of cholinergic
9

neuropil.

Cholinergic interneurons have been shown to project to several
37,56

different cell types within the striatum and function as excitatory
2

modulators. Cholinergic axon terminals synapse w ith medium spiny striatal
37,56.72

projection neurons, which have been shown to use substance P,

enkephalin, and/or GABA as their neurotransmitter. Therefore, the 

cholinergic system may have a strong influence on striatal output.

Substance P utilizing neurons within the neostriatum can be classified
8

into two types based on ultrastructural characteristics. One type represents 

the typical medium spiny neuron, which mainly projects to the globus
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pallidus, entopeduncular nucleus, and substantia nigra, but also sends
54.66,68.81

recurrent collaterals to other striatal neurons. The second type
8

represents one of the medium aspiny neurons, which function mainly as
11,70

striatal interneurons. There is now considerable evidence that suggests 

that substance P has an overall excitatory role in substantia
27.16,38,50,58,74

nigra. Substance P injection unilaterally into the substantia

nigra has been shown to cause an increase in the dopamine turnover in the
30 38 71 73

ipsilateral striatum and also causes contralateral turning behavior, ' ' '

while bilateral injections of substance P into the zona reticulata of substantia
39

nigra produces increased grooming behavior. Although the function role of
6

substance P in the striatum has not been fully elucidated, substance P has
42

been shown to increase the electrical activity of striatal neurons.

Choline Acetyltransferase-Light Microscopy

Previous ChAT-immunohistochemical studies of neurons in the rat 

striatum have demonstrated that cholinergic neurons have large somatic 

diameters (20-35 pm.) and oval, spindle-shaped, triangular, or polygonal
31,40,56

perikarya. Their long, sparsely branched dendrites characteristically

have few dendritic spines. The cholinergic neurons are evenly distributed 

throughout the neostriatum and comprise approximately 1.7% of its total
56

neuronal population. In the present study, the large ChAT-IR neurons seen 

in the fetal striatal transplants were, in general, similar in size and shape to 

those seen in the normal striatum. However, less than 0.1%  of the neurons 

displayed ChAT immunoreactivity in the transplants, which is markedly less 

than that seen in the normal striatum. In addition, the population of ChAT-IR 

graft neurons having somatic diameters less than 20 pm. has not been
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demonstrated in the normal striatum. The large- and medium-sized ChAT-IR
45

neurons were demonstrated in fetal striatal grafts previously by Liu et al. 

These investigators suggested that these medium-sized neurons may 

represent small ChAT-immunoreactive interneurons usually seen in the
31

cortex of the rat, which were inadvertently dissected from the fetal rat 

brains along with the primordial striatum.

Choline Acetyltransferase • Electron Microscopy

Choline Acetvltransferase-lmmunoreactive Neurons. The electron

microscopic characteristics of ChAT-immunoreactive neurons in neostriatum
4,7

has been thoroughly studied by Bolam et al. in a combined choline 

acetyltransferase-immunohistochemical and Golgi study and was later
56

expanded by Phelps et al. in a more detailed choline acetyltransferase- 

immunohistochemical study. Both groups demonstrated that ChAT-IR 

neurons have round, fusiform, oval, or multipolar perikarya, which, at the 

ultrastructural level, are characterized by a deeply invaginated nucleus 

containing a prominent nucleolus. The abundant cytoplasm within these 

neurons contain numerous mitochondria, prominent Nissl bodies, and Golgi 

complexes, and characteristically received few symmetric axosomatic 

contacts. Each of these ultrastructural features are characteristic of the 

large cholinergic neurons in the striatal grafts. The large ChAT- 

immunoreactive neurons in the present study are also ultrastructurally

identical to the large Type I striatal neurons demonstrated in previous
10,80

electron microscopic-Golgi studies of the normal rat striatum and of
28

mature striatal grafts.
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56
Choline Acetvltransferase Immunoreactive Dendrites. Phelps et al. 

demonstrated that the cholinergic neurons in the neostriatum receive most of 

their synaptic input on their dendrites. While the proximal dendrites of the 

ChAT-IR neurons receive moderate synaptic input, their secondary and 

tertiary dendrites receive numerous symmetric and asymmetric contacts 

from unlabeled boutons. Although the distal dendrites of the ChAT- 

immunoreactive dendrites in the fetal striatal grafts also received more 

synaptic input than the proximal dendrites, their synaptic input was probably 

less than that demonstrated in the normal striatum. The synaptic 

specializations of these cholinergic neurons were difficult to characterize due 

to the dense ChAT-immunoreaction product in the dendrites. Therefore, we 

cannot comment on whether the axodendritic contacts displayed asymmetric 

or symmetric synaptic specializations.
56

Choline Acetvltransferase Immunoreactive Boutons. Phelps et al. 

also demonstrated that ChAT-positive axons within the normal striatum are 

either large diameter myelinated fibers or small diameter unmyelinated fibers. 

The fascicles of the internal capsule traversing the striatum also contained 

unmyelinated ChAT-immunoreactive fibers. They demonstrated that ChAT- 

immunoreactive boutons contained pleomorphic synaptic vesicles and made 

symmetric synaptic contacts with unlabeled dendrites, spines, and somata 

within the striatum. In addition, occasional synaptic contacts between 

ChAT-IR boutons and ChAT-labeled dendrites were demonstrated. In the 

present study, ChAT-IR boutons made symmetric contacts only with 

unlabeled dendrites. No axospinous or axosomatic contacts were identified. 

Whether this difference is due to the sparse innervation of the transplants by
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ChAT-IR boutons, inadequate sampling, or represents a developmental 

abnormality of the grafts is currently only speculative.

Substance P • Light Microscopy

Initial studies on the distribution of substance P immunoreactivity in
46 15

the brain of the rat by Ljungdahl et al. and Cuello and Kanazawa showed 

that small groups of substance P immunoreactive cells with diameters less 

than 25 pm were present in the rostral caudate nucleus, particularly in the 

ventral parts. In addition, there were single cells with a diameter between 

15 and 25 pm, which were spread diffusely throughout the dorsal parts of 

the nucleus. The studies also showed that the striatum contained a network 

of fine substance P-like immunoreactive nerve terminals with a marked 

regional distribution, with the density of nerve terminals greatest in the 

anterior and ventral areas of the nucleus. In the present study, substance P- 

like immunoreactive neurons in fetal striatal transplants were similar in size 

and shape to those seen in normal striatum. However, the SP-IR neurons 

were never seen grouped together and the SP-IR neurons and axon terminals 

were also decreased in frequency compared to those in the normal
15

striatum.

Substance P - Electron Microscopy

Substance P-like Immunoreactive Neurons. The ultrastructural 

characteristics of substance P-like immunoreactive neurons and nerve

terminals in the normal striatum have been fully characterized by Bolam et
8

al. These investigators reported that SP-IR neurons can be classified into 

two types. Type I neurons have characteristics typical of the medium-sized
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spiny neurons reported in previous electron microscopic-Golgi and 

immunohistochemical studies. These neurons have round or oval nuclei 

which are not invaginated and the number of organelles in the sparse 

cytoplasm is typically low. In addition, boutons containing large, round or 

oval vesicles made symmetrical contacts w ith the perikarya of these 

neurons. The present study has also demonstrated the presence of Type I 

SP-IR neurons in striatal transplants. The nuclei and cytoplasmic 

characteristics of these neurons were similar to the SP-IR neurons found in 

the normal striatum. However, the numerous axosomatic contacts made on 

these neurons in the normal striatum were not present in the transplants. In 

the present study, we could not verify that the distal dendrites of these cells 

contained spines. However, in a previous electron microscopic-Golgi study

of fetal striatal grafts, we demonstrated that all neurons w ith unindented
28

nuclei were typical medium-sized, densely spiny neurons; therefore, we 

can say with reasonable certainty that this Type I SP-IR neuron is of the 

medium-sized spiny type. The Golgi study also demonstrated that these 

neurons receive symmetric and asymmetric synaptic contacts on their

dendritic shafts and spines, suggesting that they may receive input from the
28,66

cerebral cortex or other host brain regions.
8

The Type II SP-IR neurons described by Bolam et al. were of medium 

size and were characterized by deeply invaginated nuclei. These neurons 

also contained sparse cytoplasm which contained very few organelles and 

their perikarya received only sparse synaptic input, mainly from small 

boutons, making symmetric axosomatic contacts. The Type II SP-IR neurons 

seen in fetal striatal transplants also contained an invaginated nucleus,
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placing them in the aspiny category described in our previous electron
. 28 

microscopic-Golgi study. However, the cytoplasm was abundant and

contained numerous organelles, and the perikarya received numerous

axosomatic contacts. There is currently no explanation for these differences

in cellular ultrastructure and synaptic input.

Substance p-like Immunoreactive Terminals. Substance P-like

immunoreactive nerve terminals have been shown to make tw o types of
8

synaptic contacts in the normal rat brain. Bolam et al. demonstrated that 

SP-IR nerve terminals in the striatum make symmetrical synaptic contacts 

with their postsynaptic targets. These investigators also demonstrated that 

these axon terminals were very similar to the boutons of recurrent axon
67

collaterals of medium-sized spiny neurons. Somogyi et al. demonstrated 

tw o types of substance P-like immunoreactive axon terminals in the normal 

rat substantia nigra. Type I boutons contained large vesicles and made 

symmetrical contacts only with dendrites, whereas Type II boutons 

contained smaller vesicles and formed asymmetrical synapses with both
57

dendrites and perikarya. Picket et al. demonstrated that SP-IR axon 

terminals also make symmetric and asymmetric junctions with dendritic 

shafts and spines, respectively, in the rat nucleus accumbens. In the fetal 

striatal transplants, SP-IR boutons made only symmetric contacts with their 

postsynaptic elements, elegantly reproducing the anatomy of normal rat 

striatum. Whether SP— IR neurons in the fetal striatal grafts project to the 

host substantia nigra and form both Type I and Type II contacts is only 

speculative at this time. However, this connection is supported by several
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studies which have demonstrated that fetal striatal grafts project to normal
59,79

striatal targets.

Frequency of Immunoreactive Neurons. In the present study, choline 

acetyltransferase- and substance P-like immunoreactive neurons in fetal 

striatal transplants were similar in size and shape to those seen in the normal 

striatum. However, both types of immunoreactive neurons were seen in

decreased frequencies compared to the normal striatum. Roberts and Di
61,62

Figlia demonstrated that GABAergic, enkephalinergic and NADPH-

diaphorase-positive neurons occurred in the similar frequencies in the grafts 

as in the normal striatum, and, therefore, it is unclear why our grafts 

contained relatively fewer immunoreactive neurons. One explanation could 

be that our fetal striatal grafts were contaminated with nonstriatal tissue, 

which, in effect, diluted the number of immunoreactive neurons in the 

transplant. In addition, in the present study the rats were not pretreated 

with colchicine prior to perfusion fixation and, therefore, the number of 

neurons immunoreactive for substance P was surely reduced compared to 

studies of the normal striatum which utilized colchicine. However, ChAT 

immunoreactivity would not be affected by colchicine treatment. Lastly, the 

decreased number of immunoreactive neurons could be a result of decreased 

afferent input to the striatal grafts. Multiple investigators have shown that 

substance P and substance P messenger RNA production is under
1,14,52,53,60

dopaminergic control in the normal striatum. Additionally, striatal

cholinergic neurons are known to receive dopaminergic synaptic input in the
41

rat. Previous studies have demonstrated that catecholiminergic innervation
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of fetal striatal grafts occurs in small patches and that the D1 and D2
, 12,29,34,45,47,78 45

receptors are underdeveloped. In addition, Liu et al.

demonstrated that the large cholinergic neurons exist only in these 

dopaminergic patches. This data suggests that ChAT-IR and SP-IR neurons 

may be reduced in number in striatal grafts secondary to inadequate 

dopaminergic innervation from the host.
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Figure 4.1: Photomicrograph demonstrating three month post

transplantation fetal striatal graft outlined by arrowheads. The transplant 

extends into the overlying cortex and there is a small area of necrosis in the 

lower part of the transplant. Scale bar = 0.2 cm.
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Figure 4.2: a, b, c. Photomicrographs of large-sized ChAT-immunoreactive 

neurons in a fetal striatal graft demonstrating oval, fusiform, and polygonal

shaped perikarya and sparsely branched dendrites. Scale bar = 25 pm. D. 

Photomicrograph of medium-sized ChAT-immunoreactive neuron in fetal 

striatal graft. The medium-sized neurons may represent ChAT- 

immunoreactive neurons in the cerebral cortex which were inadvertently 

transplanted with the primordial striatum. Scale bar = 25 pm.
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Figure 4.3: a. Photomicrograph of a large ChAT-immunoreactive neuron in a 

fetal striatal graft. Scale bar = 50 pm. b. Electron micrograph of the ChAT- 

immunoreactive neuron demonstrating an indented nucleus, copious 

cytoplasm, numerous mitochondria, and rough endoplasmic reticulum. Scale 

bar = 4 pm.
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Figure 4.4: a. Photomicrograph of large ChAT-immunoreactive neuron in 

fetal striatal graft demonstrating a fusiform perikarya and a lightly stained 

primary dendrite. Scale bar = 20 pm. b. Photomicrograph of a semithin 

section of the neuron demonstrating a single, large nucleolus and densely 

immunoreactive cytoplasm. Scale bar = 15 pm. c. Electron micrograph of 

the ChAT-immunoreactive neuron demonstrating an eccentrically placed, 

indented nucleus surrounded by copious cytoplasm, both moderately labeled 

with ChAT-immunoreaction product. Scale bar = 7.5 pm.
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Figure 4.5: a. Photomicrograph of ChAT-immunoreactive neuron in fetal

striatal graft characterized by round, medium-sized perikarya and a long, 

heavily-stained dendrite. Scale bar= 20 pm. b. Electron micrograph of the 

ChAT-immunoreactive neuron demonstrating in a deeply indented nucleus 

and patches of ChAT-immunoreaction product in both the cytoplasm and 

nucleus (arrowheads). Scale bar = 3 pm.
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Figure 4.6: Ultrastructural detail of ChAT immunoreactive dendrites, a. 

Electron micrograph of a loosely packed axon terminal making a synapse 

(arrowhead) with the soma (S) of the ChAT-immunoreactive neuron 

demonstrated in Figure 4. Scale bar = 0.75 pm. b. Electron micrograph of 

a heavily stained, ChAT-immunoreactive dendrite receiving synaptic input 

(arrowheads) from a non-immunoreactive axon terminal. Scale bar = 

1.0 pm. c. Electron micrograph of a ChAT-immunoreactive dendrite 

receiving synaptic input (arrowhead) from a non-immunoreactive axon 

terminal. Note the large mitochondria in the immunoreactive dendrite. 

Scale bar = 1.0 pm. d. Electron micrograph of a ChAT-immunoreactive 

distal dendrite receiving synaptic input (arrowhead) from a non- 

immunoreactive axon terminal. The adjacent non-immunoreactive axon 

terminal also made a synaptic contact with the dendrite in an adjacent 

section followed by serial thin-sectioning. Scale bar = 1 .0  pm.
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Figure 4.7: ChAT immunoreactive axon terminals, a. Electron micrograph of 

a large ChAT-immunoreactive axon terminal containing multiple round 

vesicles making a symmetric synaptic contact with an unlabeled dendrite 

(arrowheads), b. Electron micrograph of a ChAT-immunoreactive axon 

terminal making an asymmetric contact (arrowheads) w ith an unlabeled 

distal dendrite, c. Electron micrograph of a ChAT-immunoreactive axon 

terminal making a symmetric contact (arrowhead) w ith an unlabeled 

dendrite, d. Electron micrograph of a large ChAT-immunoreactive axon 

terminal containing multiple mitochondria making a symmetric contact 

(arrowheads) with an unlabeled dendrite. Scale bars = 0.5 pm.
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Figure 4.8: Photomicrographs of substance P-like immunoreactive neurons 

in a fetal striatal graft demonstrating polygonal- and oval-shaped perikarya. 

Scale bar = 20 pm. Note that the dendrites are moderately stained 

proximally, but become non-immunoreactive distally.
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Figure 4.9: a. Photomicrograph of substance P-like immunoreactive neuron 

in neostriatal graft demonstrating a polygonally-shaped perikaryon and a 

moderately stained proximal dendrite. Scale bar = 10 pm. b. Semi-thin 

section of the neuron demonstrating dense immunoreaction product 

throughout the cytoplasm and light staining of the nucleus (Scale bar = 1 0  

pm), c. Electron micrograph of the neuron demonstrating an unindented 

nucleus with a single nucleolus and a moderate amount of cytoplasm rich in 

mitochondria and rough endoplasmic reticulum. Note the absence of 

axosomatic contacts on the neuron. Scale bar = 3 pm.
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Figure 4.10: a. Photomicrograph of substance P-like immunoreactive neuron 

in fetal striatal graft demonstrating an oval perikaryon surrounded by a 

neuropil rich in immunoreactive axon terminals. Scale bar = 20 pm. 

b. Electron micrograph of the neuron demonstrating dense immunoreaction 

product in the neuropil and nucleus. Note the highly indented nucleus, single 

nucleolus, and abundant Nissl substance. Scale bar 3.0 pm.
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Figure 4.11: Electron micrograph demonstrating two non-immunoreactive

axon terminals making synaptic contacts with the perikaryon of the 

substance P-like immunoreactive neuron demonstrated in Figure 4.10. The 

synaptic specializations seem to be symmetric, although the post-synaptic 

surfaces are obscured by the dense immunoreaction product. 

Scale bar = 0.5 pm.
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Figure 4.12: Substance P-like immunoreactive dendrites, a. Electron

micrograph of substance P-like immunoreactive dendrite containing numerous 

mitochondria which receive synaptic input from an unlabeled axon terminal 

(arrowhead), b., c. Electron micrographs of a substance P-like 

immunoreactive dendrites receiving synaptic input (arrowhead) from loosely 

packed unlabeled axon terminals. Scale bars = 0.75 pm.
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Figure 4.13: Substance P-like immunoreactive axon terminals, a. Electron 

micrograph of a large substance P-like immunoreactive axon terminal 

containing numerous mitochondria making a symmetric axodendritic contact 

with an unlabeled dendrite. Scale bar = 0.75 pm. b. Electron micrograph of 

a small non-immunoreactive dendrite receiving symmetric synaptic input from 

a substance P-like immunoreactive axon terminal (arrowhead). 

Scale bar = 0.75 pm. c. Substance P-like immunoreactive axon terminals 

making symmetric synaptic contacts with a small unlabeled dendrite 

(arrowheads). Scale bar = 0.5 pm.
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Figure 4.14: Electron micrograph of a substance P-like immunoreactive axon 

terminal making a synaptic contact with an unlabeled dendritic spine in a 

fetal striatal graft. Scale bar = 0.75 pm.
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INTRODUCTION

Studies concerning the transplantation of fetal neurons for the 

treatment of neurodegenerative diseases have been performed primarily in 

rodents. Behavioral, biochemical, and neuroanatomical studies in rat models
10,15-17,23,38,41,72 2,3,11,26 2,8,31

of Huntington's, Alzheimer's, and Parkinson's

disease have demonstrated that the use of fetal neuronal transplantation for 

the treatment of these diseases may be feasible in the near future. 

Huntington's disease is a genetic disorder characterized by the premature
33,47,58

death of projection neurons in the caudate nucleus and putamen. The
13,45

rat model of Huntington's disease introduced by Coyle and Schwarz and
49

McGeer and McGeer, which utilizes the injection of excitotoxic acids to 

lesion the neostriatum, has proved to be one of the most useful tools for the 

study of fetal neuronal transplants. The lesions produce behavioral deficits 

which can be partially reversed through the implantation of fetal neostriatal
15,17,39-41

neurons into the lesioned area. Biochemical studies suggest that

this recovery is related to the restoration of GABAergic striatopallidal and
60

striatonigral pathways. This has been supported by neuroanatomical
75 56

studies by Wictorin et al. and Pritzel et al., which demonstrated that 

neostriatal grafts have significant efferent connections with the host globus
73,74,77

pallidus, entopeduncular nucleus, and substantia nigra. Other studies 

have demonstrated that the grafts receive afferent input from the host 

cerebral cortex, thalamus, and substantia nigra. Furthermore, Golgi-
35,48 36,37,59,71

impregnation and immunohistochemical studies have

demonstrated that the morphological and neurochemical differentiation of 

grafted neostriatal neurons is complete in six month old transplants.
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Several groups of investigators have now extended neuronal
53

transplantation studies into the primate. Morihisa et al. attempted 

embryonic substantia nigra implants and host adrenal medulla implants into 

the caudate nucleus of rhesus monkeys after lesioning of the host substantia 

nigra. Their nigral transplants failed to survive, while their adrenal autografts
57

appeared healthy 3 to 8 months after transplantation. Redmond et al. 

subsequently demonstrated that fetal mesencephalic tissue transplanted into 

the MPTP-lesioned African green monkey can survive for extended periods of 

time and can lead to the partial reversal of behavioral abnormalities created 

by the destruction of dopaminergic neurons in the substantia nigra. These
. . . . , ,  , . 12,25,28,61-64
initial studies have been confirmed by other investigators. It has

been hypothesized that this behavioral improvement is directly related to the 

reinnervation of the host striatum by the transplanted dopaminergic neurons.

Multiple investigators have reported that lesioning of the primate 

striatum with either kainic acid or ibotenic acid can produce behavioral 

abnormalities, including chorea and athetosis, which suggests that such a
14,34,43

lesion may also produce a useful model of Huntington's disease.
42

Isacson et al. demonstrated that rat fetal neostriatal neurons transplanted 

into the lesioned baboon striatum survived for up to 6 weeks if the hosts are 

immunosuppressed with cyclosporin. The aims of the present study were to 

demonstrate that neostriatal allografts could survive in the lesioned primate 

striatum and to characterize the early development of these transplanted 

neurons using histologic staining, Golgi-impregnation, and electron 

microscopy. Because of the complex neuroanatomy of the primate
1,9,20,24,29,30,46

neostriatum, including multiple cell types as well as numerous
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. r ,  4,65.66.76
afferent and efferent connections, the study of fetal striatal grafts in

the lesioned primate striatum may be an ideal model to determine whether 

fetal neuronal grafts can eventually be used to treat human disease.
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MATERIALS AND METHODS

One adult female Rhesus monkey and tw o pregnant Rhesus monkeys 

at an estimated 55-70 days of gestation were used in this study. One 

pregnant female was used initially as a fetal donor and was subsequently 

used as the recipient of a striatal graft after completely healing from the 

initial cesarean section.

Striatal lesioning and transplantation. Initially, the recipient monkeys 

were anesthetized with ketamine and pentobarbital and received T1 and T2 

weighted magnetic resonance imaging (MRI) scans to localize the striatum. 

Several days after the initial MRI scan, the primates were again anesthetized 

with ketamine and pentobarbital and received four injections of 0.5 ml of 

ibotenic acid (Sigma, 20 mg/ml), in phosphate buffer (pH = 7.4) into the 

anterior putamen, utilizing stereotactic coordinates obtained from the MRI 

scans, with a 1.0 ml Hamilton microsyringe. Eight days following lesioning 

the animals again received MRI scans in order to verify correct placement of 

the lesion. Striatal implantation was performed nine days following the 

lesioning. A pregnant Rhesus monkey was anesthetized with ketamine and 

pentobarbital, and the fetus was exposed by Caesarean section. The brain 

was exposed and frontal cortex was resected with the use of a dissecting 

microscope. Striatal tissue was dissected from the dorsal ventricular ridge in 

order to obtain pure striatal precursors and resuspended in modified Hanks' 

solution without calcium and magnesium by repeated suctioning through a 

fire-polished glass micropipette. A 5.0 ml Hamilton syringe was then used 

to inject 5.0 ml of the cell suspension into the striatum while slowly 

withdrawing the syringe. Two injections were made using the same 

stereotactic coordinates as the lesion. Postoperatively one recipient monkey
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received no immunosuppressant therapy. The other initially received 

cyclosporine (15 mg/kg/day) in two divided doses and prednisone (2.5 

mg/day). The daily cyclosporine dose was tapered to 10 mg/kg/day over 

four weeks. Ten weeks following transplantation the recipient monkeys 

received a final MRI scan. The monkeys were then anesthetized and 

perfused transcardially with 50 ml of 0.12 mol/L phosphate buffer (pH 7.4) 

containing 0.25% procaine and 3% sucrose followed by 10 L of a fixative 

containing 1% paraformaldehyde, 4.0% glutaraldehyde and 3% sucrose in 

0.1 mol/L phosphate buffer (pH 7.4). The head was removed four hours 

after perfusion and placed in the fixative overnight. The brain was removed, 

cut coronally at 0.5 cm with a brain knife, and photographed. The cerebral 

cortex was cut away from the slices and the blocks were then sectioned 

coronally at 80 m in 0.12 mol/L phosphate buffer containing 8% dextrose on 

a Lancer vibratome. The sections were rinsed for several hours in 0.12 

mol/L phosphate buffer and were then histologically stained, Golgi- 

impregnated, or embedded for electron microscopy. Other coronal slices 

were paraffin-embedded, sectioned coronally at 10 m, and stained by the 

hematoxylin-eosin and Bielschowsky techniques.

Processing for electron microscopy. Vibratome sections were placed 

in 1 % osmium for 1 h, followed by 3.6% sodium chloride for 30 min, and 

dehydrated in increasing concentrations of Quetol 523 M (Ted Pella, Inc.) in 

distilled water: 35%, 50%, and 70% for 10 min each; 80% and 90% for 15 

min each; followed by 100% Quetol for 20 min. The sections were then 

floated in a 50% Quetol, 50% Maraglas solution (Ted Pella, Inc.) for 12 h 

followed by pure Maraglas for 6 h. The sections were flat-embedded on
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siliconized microscope slides and cured for tw o days at 60°C. Tissue was 

then cut from the area of the transplant and fixed to  epon blocks. Following 

serial thin-sectioning on a Reichert ultramicrotome, the sections were placed 

on formvar-coated grids, double-stained with uranyl acetate and lead citrate, 

and examined with a JEOL electron microscope.

Golgi impregnation. Vibratome sections were Golgi-impregnated by 

the "single section technique" previously described by Gabbott and
32

Somogyi. Briefly, the sections were post-fixed in 1 % osmium tetroxide in

0.12 mol/L phosphate buffer for 30 min and free-floated in 3.5% potassium 

dichromate for 6 h. The sections were mounted between tw o microscope 

slides which were then taped together at the ends and immersed in 1.5% 

silver nitrate for 14 to 20 h. The sections were then mounted in glycerol 

and examined at the light microscopic level. Neurons well within the 

margins of the graft were then photographed and/or drawn using a drawing 

tube.

Gold toning. Sections of intereset were floated o ff into 0.1 mol/L 

phosphate buffer and gold-toned according to the method described by
27

Fairen et al. The tissue was placed in cold 0.04%  gold chloride for 10-12 

min, rinsed in cold distilled water for 20 min, and placed in 1 % thiosulfate 

for 45 min. The sections were then reosmicated in 1 % osmium tetroxide for 

30 minutes and embedded as described above.

RESULTS

The striatal grafts in the monkey receiving no immunosuppression 

were small and showed evidence of necrosis. The tw o grafts in the 

immunosuppressed recipient were located in the anterior putamen and
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measured approximately 0.4 cm x 0.8 cm (Fig. 5.1a). Grossly, the 

transplants appeared to be slightly darker than normal gray matter, had no 

evidence of hemorrhage or necrosis, and could be easily distinguished from 

the surrounding host brain. The vibratome sections of the grafts were more 

translucent than the host brain and, therefore, the graft tissue could be 

easily identified.

Light microscopy. The fetal striatal transplants were very cellular, 

containing neuronal, glial, and vascular elements (Fig. 5.1b). Hematoxylin- 

eosin and Nissl-stained sections demonstrated numerous neurons in various 

stages of development. The grafted neurons varied greatly in size, w ith the 

majority having somatic diameters between 8 and 20 pm, while a few 

neurons had somatic diameters up to 40 pm. In general, the medium 

neurons had nuclei displaying multiple nucleoli surrounded by sparse 

cytoplasm (Fig. 5.1c), whereas the larger neurons had a more developed 

nucleus and cytoplasm containing Nissl substance (Fig. 5.1 d). The neuropil 

surrounding the transplanted neurons was incompletely developed compared 

to the surrounding normal striatum. Multiple inflammatory cells were seen in 

Virchow Robins space around some of the large blood vessels supplying the 

graft. However, there was no evidence of necrosis surrounding these 

perivascular infiltrates in the immunosuppressed recipient. The neurons 

were further characterized by Bielschowsky staining (Figs. 5.2a,b) and Golgi 

impregnation (Fig. 5.2c). The graft-host interface was clear and showed 

little gliosis.
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Golgi-impregnation. The Golgi impregnated graft tissue was also 

clearly different from the host brain since the graft tissue was much less 

osmiophilic. The percentage of neurons and glial cells that were Golgi- 

impregnated within the transplant was much less than that of the 

surrounding normal brain. However, multiple neurons and glia cells could be 

identified within the transplant. Most of the Golgi-impregnated neurons had 

somatic diameters between 8 and 20 pm and were at various stages of 

maturation (Fig. 5.3). Some neurons were quite immature, displaying short, 

varicose dendrites with terminal growth cones and filopodia and very few, if 

any, dendritic spines (Fig. 5.3a). Other neurons had much longer and more 

elaborate dendrites, which, however, also had varicosities and growth cones 

(Fig. 5.3b). Cells in later stages of development were also demonstrated, 

some of which had dendrites measuring up to 150 mm which were aspinous 

proximally and moderately spined distally (Fig. 5.3c). These spines appeared 

to be longer and thinner than spines in the normal striatum. These neurons 

also had no evidence of somatic spines. Although Golgi-impregnated axons 

could be demonstrated within the transplant, the axons of Golgi-impregnated 

neurons could not be accurately characterized due to inadequate 

impregnation or to the axons projecting out of the given tissue section. 

Electron Microscopy

Golgi impregnated cells. Electron microscopy was utilized to study 

the ultrastructure of several different cell types within the striatal transplant. 

Most of the medium-sized sparsely spined neurons contained an unindented

nucleus, characteristic of the mature medium spiny neuron in the adult
20,22

striatum. However, the cytoplasm was under-developed and the nucleus
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contained numerous nucleoli, typical of immature neurons (Fig. 5.4). The 

large neurons within the graft had long, sparsely spined dendrites and a well 

developed soma containing mitochondria, lysosomes, Nissl substance, and 

an indented nucleus displaying a single nucleolus (Fig. 5.5). These neurons

were ultrastructurally similar to the mature large neurons seen in the normal
20,22

primate striatum. The dendrites of the neurons also received sparse 

axodendritic and axospinous contacts (Fig. 5.6). Well developed glial cells, 

were also impregnated with the Golgi technique. One was examined at the 

electron microscopic level (Fig. 5.7).

Growth cones. Numerous growth cones were demonstrated in the 

striatal graft. Small mounds containing numerous large vesicles were seen 

protruding from many somatic membranes (Figs. 5.8a,b). The vesicles were 

pleomorphic in both size and shape, some appearing to form long tubular 

structures. The tips of many growing dendrites containing well developed 

microtubules also ended in growth cones void of organelles except large, 

clear vesicles (Fig. 5.8c).

Synapses. The neuropil surrounding the grafted neurons contained 

numerous growing dendrites which were contacted by axon terminals. 

Immature axodendritic synapses were frequently associated with coated 

vesicles (Fig. 5.9) and had little synaptic thickening (Fig. 5.10b). Other axon 

terminals made more mature appearing synapses with both small dendrites 

(Figs. 5.10a,c) and dendritic growth cones (Fig. 5.1 Od).

Vascular elements. The grafts contained numerous small blood 

vessels, most of which appeared to have intact junctional structures, 

suggesting that an intact blood brain barrier had been developed (Fig. 5.11).
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However, other vessels were surrounded by a lymphocytic infiltrate, which, 

in the immunosuppressed recipient, was not associated with tissue necrosis. 

The blood vessels were usually associated with surrounding glial cells and 

numerous astrocytic foot processes.

Magnetic resonance imaging. The striatal grafts could be easily 

identified using T1 and T2 weighted MRI scans. Figure 5.12 demonstrates a 

T2 weighted scan which demonstrates the two large transplants in the 

anterior putamen, which correspond in both size and location to the 

transplants seen in Figure 5.1a. The low signal intensity in the center of the 

transplants probably represents iron, whereas the high signal intensity zone 

around the periphery of the transplant represents areas with a high water 

content. This "edema" correlates well with the large areas of extracellular 

space seen throughout the neuropil which was seen at the electron 

microscopic level.

DISCUSSION

In this paper, we have demonstrated that fetal striatal allografts 

transplanted in the lesioned Rhesus monkey striatum can survive for 

extended periods of time and that, ten weeks following transplantation, the 

grafts contained neurons at various stages of differentiation. Golgi 

impregnation and electron microscopic analysis confirmed that the striatal 

grafts consisted of maturing neuronal tissue, complete with differentiating 

neurons, developing neuropil, and numerous synapses. In addition, the 

study demonstrated that magnetic resonance imaging (MRI) can be used to 

localized and follow the growth patterns of fetal neuronal transplants in the 

brain of the primate.
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The prenatal morphological development of the Rhesus monkey
19,21 22

striatum has not been previously studied. However, Di Figlia et al. ' ’ 

performed Golgi and electron microscopic studies on the newborn Rhesus 

monkey neostriatum. They demonstrated that the Golgi-impregnated 

neurons within the newborn monkey can be classified into five neuronal 

types, as well as neurons which are too undifferentiated to classify. A t this 

stage of development, most of these striatal neurons were characterized by 

varicose dendrites, terminal growth cones, and filopodia, characteristics
50-52,67-69

typical of immature dendrites. Their study demonstrated that the

medium spiny neuron had an increasing spine density w ith increasing age, 

with the dendritic spine distribution the same as in the adult striatal neuron. 

Throughout all stages of maturation, these neurons had aspinous proximal 

dendrites and moderately to densely spined distal dendrites. In the present 

study, we have demonstrated that the transplanted fetal striatal neurons 

were at various stages of maturation. Some transplanted neurons exhibited 

the same immature dendritic features as the neurons described in the 

newborn primate. However, the spine density of the neurons in the present 

study was less than in the newborn primate, probably because the post- 

gestational age of the transplanted neurons (E125-140) was less than that 

of the newborn (E165).
22

At the electron microscopic level, Di Figlia et al. confirmed that the 

newborn primate striatum contains somata and dendrites at various stages 

of maturation, displaying dendritic and axonal growth cones, filopodia, and 

varicosities. Multiple investigators have demonstrated that axospinous and 

axodendritic synapses are apparent in the neonatal primate, and that
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axosomatic synapses tend to develop at a later age. In the present 

study, we also demonstrated at the electron microscopic level that neurons 

at various stages of maturation are present in the fetal striatal transplants. 

The axonal and dendritic ultrastructure of the transplanted cells are similar to
, , 7,18,44,55,67-69,70

that of normal developing neurons. The presence of

axodendritic contacts in the neuropil demonstrates that connections are 

being formed by the transplanted neurons, even at this relatively early age. 

Whether the presynaptic boutons in the transplants are from host neurons, 

graft neurons, or both, will have to be determined in subsequent studies.

The large areas of extracellular space seen in the striatal transplant were not
22

seen by DiFiglia et al. in the neonatal striatum, probably because the 

transplant was slightly more immature than the neonatal tissue.

It is now widely accepted that fetal neuronal transplants can 

ameliorate the behavioral and biochemical changes seen after the lesioning of 

various areas of the rat brain. Multiple investigators have now attempted to 

extend these studies into the primate, but most have reported difficulties
53

with graft growth. Morihisa et al. reported that no surviving 

catecholaminergic neurons were seen after three to eight months in their
57

nigral transplants in the rhesus monkey. In contrast, Redmond et al. and
61

Sladek et al. demonstrated that grafted dopaminergic neurons can survive 

and mature in the striatum of the African Green monkeys, although their 

transplants were of limited size. In the present study we have demonstrated 

that primate fetal striatal allografts can survive in enormous numbers for at 

least 10 weeks after transplantation. We believe that the success of these

5,22
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transplants is dependent on technical considerations, appropriate fetal age, 

and postoperative immunosuppression.

During the transplantation procedure, the primate fetus was kept 

attached to the umbilical cord prior to the dissection of the brain in order 

that the blood supply to the fetal neurons was kept intact as long as 

possible. In addition, the time from which the first neuroblast was taken 

from the fetus to the time when the last transplant injection was made was 

less than 10 minutes, during which time the cell suspension was kept cold. 

These efforts to increase the oxygen supply and decrease the metabolic 

needs of the neuroblasts most likely added to the success of transplanting 

large numbers of viable neurons.

The fetal striatal neurons in the present study were obtained from 

Rhesus monkey fetuses which were between 55 and 70 days post

gestation, as opposed to 13-15 days post-gestation used in previous rat
6 3

studies. Brand and Rakic demonstrated in a H-thymidine autoradiographic 

study that striatal neurons are generated during a 45-day period in the first 

half of gestation. Large striatal neurons with somatic diameters between 25 

and 40 urn are generated between embryonic age 36 and 43 days, whereas 

small striatal neurons with somatic diameters between 13 and 22 pm are 

generated between embryonic age 36 and 70 days. Therefore, the fetal 

striatal tissue that was used in the present study contained most of the 

potential neuronal elements of the adult striatum, except for possibly a few 

small neurons which would have been generated for a short period after the 

harvest of the fetal cells. The window during which fetal striatal neurons 

can be successfully transplanted in the Rhesus monkey is currently not
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known. Theoretically, any striatal neuroblasts present in the developing 

brain have the potential to be successfully transplanted. Since the 

generation of striatal neuroblasts begins at gestational age 36 days, it is 

possible that these initial cells could be transplanted at this stage. The 

optimal gestational age at which fetal striatal neuroblasts should be 

transplanted is probably 70 days, since at this time all of the striatal neurons 

have been generated and are still undifferentiated. It is currently not known 

whether neuroblasts with gestational ages later than 70 days can be used 

for transplantation, but it is probable that striatal neuroblasts can be 

successfully transplanted in cell suspensions up until they develop neuronal 

processes. Since Golgi and electron microscopic studies have not been 

performed on fetal primates, the gestational age at which this occurs is 

presently undetermined.

The importance of immunosuppression in the survival of primate 

neuronal allografts remains a controversial area. In this study striatal grafts 

in the non-immunosuppressed recipient were small and showed evidence of 

necrosis, whereas the striatal grafts in the immunosuppressed recipient were 

large and showed no evidence of necrosis. However, even in the 

immunosuppressed primate, the grafts produced a perivascular inflammatory 

response. The importance of these lymphocytic infiltrates to the extended 

survival of the grafts past 10 weeks is unclear. It is possible that the 

inflammatory response will be completely benign, since the grafted neural 

tissue was left completely intact. In future studies, the use of 

immunosuppression may prove to be essential for the healthy long-term 

survival of neural transplants in primates.
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One of the major problems in studying the neuroanatomy of fetal 

grafts concerns the precise localization of the transplant within the host 

brain so that anterograde or retrograde tracers can be injected within the 

transplant in order to determine the grafts' afferent and efferent
54

connections. Perschanski et al. demonstrated that neuronal grafts can be 

visualized in vivo using MRI, although the resolution was relatively poor. In 

the present study, we have demonstrated that MRI can also be used to 

localize neuronal transplants within the primate brain. With the addition of 

an MRI-compatible stereotactic frame, accurate injections of these tracers 

could be obtained. In addition, an MRI-compatible frame could be used to 

inject neuroanatomical tracers within the host brain in order to anterogradely 

label the grafts' afferent fibers or retrogradely label the grafts' projection 

neurons. With larger magnets and improved software, the resolution of the 

MRIs should improve over the next decade, which will make it even easier to 

visualize the transplant and normal structures within the primate brain. It is 

also possible that MRI imaging can be used to follow graft rejection by 

monitoring graft size or imaging characteristics.

Many neuroscientists have hypothesized that the use of fetal neuronal 

tissue may be used in the future to treat human disease. However, the 

extension of these studies into the primate has been problematic. The cost 

of primate research has proved to be enormous, which has decreased the 

number of transplant studies done in the primate as well as the total number 

of animals used in each study. In addition, behavioral changes seen in the 

primate after lesioning of the striatum, substantia nigra, or basal forebrain 

are more complex than those seen in the rat, and it is, therefore, much more
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difficult to study behavioral improvements after fetal transplantation. Finally, 

the inflammatory response seen in transplanted neuronal tissue in the 

primate, even after immunosuppression, is not seen in rat neuronal 

allografts. Further studies will need to be done in order to determine which 

immunosuppressant regimen will lead to the best graft survival in primates. 

Once these difficulties have been overcome, it will be possible to further 

delineate the neuroanatomy of the neuronal grafts within the primate, 

including their neurochemical differentiation, morphologic development, and 

afferent and efferent connectivity with the host brain.
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Figure 5.1: Primate neostriatal grafts, a. Coronal section through the

anterior putamen of a Rhesus monkey brain demonstrating two large fetal 

striatal transplants, 10 weeks post-transplantation (arrowheads). Note that 

there is no evidence of hemorrhage or necrosis within the transplants. Scale 

bar = 1 cm. b: Photomicrography of fetal striatal transplant demonstrating 

neuronal, glial and vascular elements (hematoxylin-eosin, H&E). Scale bar = 

100 pm. c: High power magnification photomicrograph of a cluster of

medium-sized neurons displaying multiple nucleoli and sparse cytoplasm 

within the transplant (H&E). Scale bar = 30 pm. d: High power

photomicrograph displaying a large mature appearing neuron (arrow) within 

the striatal graft which is surrounded by numerous smaller and more 

immature neurons (H&E). Scale bar = 30 pm.
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Figure 5.2: Neurons in neostriatal graft, a, b: High power photomicrographs 

of two grafted striatal neurons demonstrating long dendritic processes 

(Bielschowsky method). Scale bars = 30 pm. c: Photomicrograph of Golgi 

impregnated neuron within a striatal graft demonstrating long, moderately 

spined dendrites and a smooth, medium-sized soma. Scale bar = 50 pm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.3: Camera lucida drawings of Golgi-impregnated neurons within a 

primate fetal striatal graft, a: Undifferentiated neuron displaying varicose 

dendrites and terminal growth cones (open arrows), b: Maturing neuron 

displaying dendrites with varicosities, growth cones and filopodia (closed 

arrow), c: A more differentiated neuron displaying multiple dendritic spines 

and few  dendritic varicosities, d: A neuron with dendrites at various stages 

of development. Some of the dendrites exhibit varicosities, growth cones 

and filopodia, while others have a more mature appearance, displaying 

multiple spines. Scale bars = 50 pm.
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Figure 5.4: a: Electron micrograph of a gold-toned Golgi-impregnated

neuron demonstrating a medium-sized soma containing sparse cytoplasm, an 

indented nucleus, and a large primary dendrite. Scale bar = 4 pm.

b: Camera lucida drawing of the gold-toned Golgi-impregnated neuron seen 

in A demonstrating sparsely spined dendrites. Scale bar = 25 pm.
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Figure 5.5: a: Camera lucida drawing of a gold-toned Golgi-impregnated 

neuron with a large somatic diameter, several somatic spines and long 

sparsely-spined dendrites. Scale bar = 100 pm. b: Electron micrograph of 

the neuron shown in A demonstrating a highly indented nucleus surrounded 

by copious cytoplasm rich in organelles. Scale bar = 5 pm.
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Figure 5.6: Electron micrographs of gold-toned Golgi-impregnated dendrites 

of the neuron shown in Fig. 5 which receive sparse axodendritic contacts 

(arrowheads). Scale bars = 1 pm.
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Figure 5.7: a. Electron micrograph of a gold-toned Golgi-impregnated 

fibrous astrocyte with a nucleus (n), a cytoplasm rich in filaments, and 

numerous processes. Scale bar = 2.5 pm. A camera lucida drawing of the 

cell is demonstrated in b (Scale bar = 10 pm).
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Figure 5.8: a: Electron micrograph of a neuron in a transplant with a 

nucleus (n) and a bulge in the cytoplasmic membrane (arrowheads) 

containing numerous, pleomorphic large vesicles, probably representing a 

primordial dendritic growth cone. Scale bar = 2.0 pm. The structure is 

demonstrated at a larger magnification in b (Scale bar = 0.75 pm), c: A 

dendrite (d) within the transplant with a terminal growth (arrowheads) 

containing numerous large vesicles. Scale bar = 0.75 pm.
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Figure 5.9: a: Electron micrograph of a dendrite (d) within a transplant 

which has a smaller dendrite forming a coated vesicle (arrowhead). The 

region is in close apposition to an axon terminal, b: Electron micrograph of 

an immature synapse which has apparently added a coated vesicle to its 

membrane (arrowhead) and has an associated coated vesicle in the dendrites 

cytoplasm. Scale bars = 0.5 pm.
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Figure 5.10: Electron micrographs of axodendritic synapses (arrowheads) 

within the striatal allograft, a: A mature axodendritic contact with normal 

membrane thickenings, b: An immature synapse with underdeveloped 

membrane thickenings, c: A dendrite receiving numerous axonal contacts, 

d: An axon terminal contacting both a dendritic growth cone and a more 

mature dendrite. Scale bars = 0.75 pm.
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Figure 5.11: Electron micrograph of a small blood vessel within the 

transplant with an associated glial cell (g). Note the normal tight junctions 

formed by the endothelial lining of the capillary. Scale bar = 3.0 pm.
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Figure 5.12: Magnetic resonance image (T2 weighted) of the primate brain 

10 weeks after transplantation. The striatal transplants are characterized by 

a low signal center surrounded by a high signal zone (arrowheads), most 

likely representing high water content, t  = temporal lobe, v = ventricle. 

Scale bar = 2.0 cm.
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Chapter 6

DEGENERATION OF LONG-TERM FETAL NEOSTRIATAL ALLOGRAFTS 

IN THE RHESUS MONKEY: AN ELECTRON MICROSCOPIC STUDY*

‘ (Published, Experimental Neurology 123 (1993) 174-180)
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INTRODUCTION

The potential use of feta! neuronal transplants for the treatment of 

Parkinson's and Huntington's disease has been firmly established in 

behavioral, biochemical, and neuroanatomical studies performed primarily in 

rodents.1,2 The rat model of Huntington's disease introduced by Coyle and 

Schwarcz 5 and McGeer and McGeer 19 utilizes the injection of excitotoxic 

amino acids to lesion the striatum, leading to selective neuronal losses and 

behavioral deficits which closely resemble Huntington's disease. Fetal 

striatal neurons implanted into the lesioned striata have been shown to 

ameliorate partially these biochemical and behavioral deficits.

7 8  12 13 15 16 22 24 Despite these encouraging results in rodents, the extension 

of these studies into the primate has been limited. Several investigators. 

have now reported that excitotoxic lesioning of the primate striatum can 

produce behavioral abnormalities similar to the human disease. 6,10,18 in 

addition, Isacson et al 17 reported that rat fetal neostriatal neurons implanted 

into the lesioned baboon striatum can survive for up to six weeks if the 

hosts are immunosuppressed, while Hantraye et al 11 showed that the grafts 

can improve behavioral deficits in the lesioned primates. In a previous study, 

we have demonstrated that fetal neostriatal allografts in the Rhesus monkey 

can survive for up to three months. 14 At this time, the grafts contain 

neurons at various stages of maturation, numerous growth cones, 

developing dendrites, and mature and immature synapses, as assessed by 

Golgi impregnation and electron microscopy. The aims of the present study 

were to investigate whether neostriatal allografts could survive for longer 

periods of time in the lesioned primate striatum and to characterize the
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grafts at the electron microscopic level. Anatomical studies assessing long

term survival of neuronal transplants in non-human primates and behavioral 

analysis of the effects of long-term graft survival are essential before this 

approach should be utilized in the clinical setting.

EXPERIMENTAL PROCEDURES

One adult female Rhesus monkey and tw o pregnant Rhesus monkeys 

(Hazelton Research Products) at an estimated 55 to 70 days of gestation 

were used in the study. One pregnant female was used as a fetal donor and 

subsequently as the recipient of striatal grafts after completely healing from 

the initial Caesarean section. All animal studies were performed under the 

auspices of a protocol approved by the University of Virginia Animal 

Research Committee.

Initially, the recipient monkeys were anesthetized w ith Ketamine and 

Pentobarbital and received T-| and T2 weighted magnetic resonance imaging 

(MRI) scans to localize the striatum. Several days after the initial MRI scan, 

the primates were again anesthetized with Ketamine and Pentobarbital and 

received four injections of 0.5 //L of ibotenic acid (Sigma, 20 mg/ml), in 

phosphate buffer (pH 7.4) into the anterior putamen, utilizing stereotactic 

coordinates obtained from the MRI scans. Several days after lesioning, the 

animals again received MRI scans in order to verify correct placement of the 

lesion. Striatal implantation was performed nine days after lesioning using 

techniques described previously. 14 Eight months following transplantation, 

the recipient monkeys were anesthetized and perfused transcardially w ith 50 

mL of 0.1 2 mol/L phosphate buffer (pH 7.4) containing 0.25%  Procaine and 

3% sucrose followed by 10 liters of a fixative containing 4%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

paraformaldehyde, 1% glutaraldehyde, and 3% sucrose in 0.1 mol/L 

phosphate buffer (pH 7.4). The heads were removed four hours after 

perfusion and placed in the fixative overnight. The brain was removed and 

cut coronally at 0.5 cm with the brain knife. The cerebral cortex was cut 

away from the slices and the blocks were then sectioned at 80 M. in 0.12 

mol/L phosphate buffer containing 8% dextrose on a Lancer vibratome. The 

sections were rinsed for several hours in 0.12 mol/L phosphate buffer and 

were then Golgi impregnated or examined at the electron microscopic level 

as described in a previous study. 14 

RESULTS

Light Microscopy. The 8 month neostriatal transplants obtained in 

this study were significantly smaller than the three-month transplants 

obtained in our previous primate study. 14 The grafts were between 1.0 and 

1.5 mm in diameter and contained a high number of glial cells as well as 

small regions of necrosis (Fig. 6.1). However, clearly visible neurons of 

various sizes were seen amongst the glia. Because of the dense gliosis, it 

was difficult to determine the exact sizes of most of the grafted neurons and 

the development of the surrounding neuropil at the light microscopic level. 

However, many of the neuronal nuclei in the grafts were pyknotic compared 

to the neuronal nuclei in the surrounding normal striatum. Unfortunately, no 

neurons within the striatal graft stained properly with the Golgi impregnation 

method, despite normal impregnation of the surrounding primate striatum.

Electron Microscopy. At the electron microscopic level, the neostriatal 

allografts were characterized by marked gliosis, as well as light and dense 

neuronal degeneration. There were, however, a moderate number of normal
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appearing neurons in the graft. These implanted neurons could be classified 

into three types based on ultrastructural features and somatic diameter. 

Large neurons with a somatic diameter greater than 20 jjm consistently 

contained a large, indented nucleus with a single nucleolus surrounded by 

copious cytoplasm rich in mitochondria, rough endoplasmic reticulum, and 

polyribosomes (Fig. 6.2). However, these neurons contained numerous 

lipofuscin granules characteristic of aging neurons. Medium-sized neurons 

with somatic diameters between 10-20 fjm contained unindented nuclei and 

sparse cytoplasm, typical for the "medium spiny" striatal neuron, while 

others contained an indented nucleus, characteristic of several types of 

medium-sized aspiny neurons.

The majority of the neurons, however, showed evidence of 

degeneration, with small pyknotic nuclei surrounded by a thin rim of 

cytoplasm containing scant Nissl substance. The neurons were surrounded 

by numerous filamentous astrocytes which seemed to occupy most of the 

neuropil with their glial processes. Interspersed amongst the glial processes 

were occasional axodendritic and axospinous synapses. These synapses had 

well developed synaptic specializations and appeared to be quite mature (Fig. 

6.3). The numerous coated vesicles and pits seen commonly in three month 

striatal primate grafts were not seen in the present study. In addition, no 

dendritic growth cones were seen within the transplants. Throughout the 

graft there was no evidence of lymphocytic infiltration, which one would 

expect if there was any immunologic rejection of the graft by the host.
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DISCUSSION

In this paper we have demonstrated that fetal striatal allografts 

transplanted into the lesioned Rhesus monkey striatum can survive for up to 

eight months, although the transplants are characterized by neuronal 

degeneration, premature neuronal aging, and marked gliosis. However, the 

neurons also contain axodendritic and axospinous synapses suggesting that 

some of the neurons may be functional. Whether the axon terminals 

originate from other transplanted neurons or from the host brain is currently 

only speculative.

Gopinath et al. 9 have previously reported that fetal mesencephalic 

transplants in the rat develop normally for approximately 180 days after 

being implanted into the adult rat striatum. After this time, the dopaminergic 

neurons age prematurely, showing a reduction in rough endoplasmic 

reticulum and an increase in large vacuoles and lipofuscin granules. In 

addition, there is a marked reduction in neuronal densities of the transplants. 

Although there have been numerous studies performed on fetal rat and

primate nigral transplants, no other studies have reported these changes
21 26seen with aging. ’ It is possible that these other studies of nigral 

transplants have not had long enough survival times to produce these 

changes, or that these morphological changes were simply not recognized. 

However, Roberts and DiFiglia 23 have demonstrated long-term survival (16 

months) of fetal neostriatal grafts in the rat. The transplanted neurons 

express GABA, enkephalin, and NADPH-diaphorase immunoreactivity similar 

to the host striatum and showed no evidence of degeneration. Other studies 

have also suggested that striatal allografts are stable in the rat. The reason

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



173

for the neuronal instability in primate striatal allografts, as compared to the 

relative neuronal stability in rat striatal allografts, is currently only 

speculative.

Since a limited number of animals received neuronal grafts in this 

study, it is possible that the degenerative changes were simply due to 

individual variability or technical differences. However, a more intriguing 

explanation for the neuronal degeneration is that the transplanted neurons do 

not receive the appropriate afferent input from or do not make sufficient 

efferent connections with the host brain. This could, in theory, lead to 

inadequate neurotrophic substances reaching the neurons, subsequently 

causing them to degenerate or age prematurely. Previous neuroanatomical 

studies of rat neostriatal allografts by Wictorin et al 32 and Pritzel et al 20 

have demonstrated significant efferent connectivity with the host globus 

pallidus, entopeduncular, and substantia nigra, while several investigators 

have demonstrated that the grafts receive afferents from the host cerebral
O f t  *3/t A

cortex, ' thalamus, and substantia nigra. ' However, Walker and 

McAllister 31 demonstrated only minimal connectivity between the striatal 

grafts and the surrounding host brain. Many of the synapses seen in the 

transplants in the present study were asymmetric, suggesting that the 

cortical-striatal pathway may have been established by the grafts. 3,27 More 

recent studies concerning the implantation of human fetal striatum into the 

rat brain have demonstrated massive fiber outgrowth into appropriate target 

regions. 29 Whether the human neurons have a greater potential to grow 

axons over long distances because they develop more slowly or whether 

they are not affected by the neurite growth inhibitors present on
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oligodendrocytes in the rat central nervous system is currently not known. 

25,29 The connectivity of the fetal striatal allografts in the primate may be 

hampered by the significant distances from the grafts to their efferent 

targets or by neurite growth inhibitors possibly present in the primate central 

nervous system.
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Figure 6.1: a. Light micrograph of a Nissl-stained 8 month fetal striatal 

transplant (t) in the lesioned Rhesus monkey striatum (I) demonstrating a 

moderate number of neurons surrounded by large numbers of glial cells. The 

* allograft's cellularity can be compared to that of the normal monkey 

neostriatum(s). Scale bar = 0.5 mm. b. A large neuron within the transplant 

(arrowhead in A.) contains a moderate amount of nissl-substance and is 

surrounded by numerous glial cells. Scale bar = 10 //m. c. A polygonally- 

shaped medium-sized neuron within the graft contains a large amount of 

Nissl substance. Scale bar = 10 //m.
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Figure 6.2: Electron micrograph of a large neuron in the striatal graft 

demonstrating a large, indented nucleus (N) surrounded by copious 

cytoplasm rich in rough endoplasmic reticulum <ER) and mitochondria. Note 

the numerous lipofucsin granules (arrowheads) indicating premature aging of 

the neuron. Scale bar = 4.0 [im.
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Figure 6.3: Electron micrographs of an eight month fetal striatal graft 

demonstrating: a. Two axodendritic synapses (arrow and arrowhead), b. An 

axodendritic synapse (arrowhead) and an axospinous synapse (arrow), c. An 

axodendritic synapse (arrowhead) onto a medium sized dendrite, d. A large 

axon terminal synapsing on a dendrite (arrowheads). Note the dense glial 

fibers in the surrounding neuropil. Scale bars = 1.0 //m.
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Chapter 7

THE UTILIZATION OF TYPE I COLLAGEN GEL, 

DEMINERALIZED BONE MATRIX AND BONE 

MORPHOGENETIC PROTEIN-2 (rhBMP-2) TO 

ENHANCE AUTOLOGOUS BONE LUMBAR SPINAL FUSION*

*(ln Press, Journal of Neurosurgery, 1996)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION

Spinal fusion continues to play a significant role in both neurological 

and orthopedic surgery in the treatment of numerous pathological conditions 

of the spine, including trauma, tumors, congenital anomalies, and 

degenerative disease. Although internal fixation with instrumentation, such 

as Harrington rods, Luque rings, and Steffi plates, is useful for short-term 

spinal stability, bony fusion is always required for long-term stability. The 

ideal spinal fusion technique creates a strong, healthy bone mass between 

the vertebrae with a high rate of fusion, needs little technical expertise, and 

has a low complication rate. It has now been well established in both

clinical and laboratory studies that autologous bone is the "gold standard"

grafting material for achievement of arthrodesis in the spine. Obtaining an 

autologous bone graft from the iliac crest is now a standard procedure, but 

is also associated with risks of infection, bleeding, and increased post

operative pain.27'40 In order to avoid donor site morbidity, allografts,

xenografts and synthetic grafts have been studied experimentally, but there 

is a risk of transmission of infectious agents and none are superior to 

autologous bone alone.35

During the last ten years, the cellular mechanisms that regulate bone 

formation have been extensively studied.36,37 Osteoinductive growth factors 

such as the bone morphogenetic proteins (BMPs) have been demonstrated to
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induce bone formation through endochondral mechanisms, leading to their 

potential use in both fusions of the spine and fractured long bones.37 

Manipulation of the support proteins in the extracellular space around a 

fusion site may also improve bony fusion. For example, isotonic, neutral pH 

gels of purified Type I collagen have been shown to provide a matrix onto 

which osteoblasts freely migrate, leading toward enhanced healing of critical 

size defects in the rat skull.28 The aim of the present study was to 

determine whether isotonic, neutral pH Type I collagen gel, demineralized 

bone matrix (DBM), an excellent source of bone growth factors, and 

recombinant human bone morphogenetic protein-2 (rhBMP-2) can be utilized 

to improve the rate and strength of autologous bony fusions in the 

decompressed canine lumbar spine.

MATERIALS AND METHODS

A total of 40 adult female beagles were used in this study. The 

method for lumbar decompression and fusion utilized at the University of 

Virginia Health Sciences Center for the treatment of spinal stenosis was 

used in this study, which consists of a unilateral bony decompression of 

laminae, facets, and pedicles with undercutting of the spinous processes 

followed by a contralateral autologous bony fusion. Group I (10 dogs) 

received a unilateral decompression with the usual contralateral bony fusion. 

Group II (7 dogs) received a unilateral decompression with a contralateral
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fusion using autologous bone and DBM. Group III (10 dogs) received a 

unilateral decompression with contralateral fusion using autologous bone in a 

Type I collagen gel. Group IV (7 dogs) received a unilateral decompression 

with a contralateral fusion using autologous bone and DBM in a Type I 

collagen gel. Group V (6 dogs) received a unilateral decompression with a 

contralateral fusion using autologous bone and recombinant human bone 

morphogenetic protein-2 (rhBMP-2).

The animals were anesthetized with Tiletamine 50%/Zolazepam 50% 

(10 mg/kg), intubated and placed under halothane anesthesia. The lower 

back was shaved, prepped, and draped in sterile fashion, and a midline 

incision was made over the spinous process from L3 to S1. The 

lumbodorsal fascia was incised bilaterally at the margin of the spinous 

processes and the paraspinous musculature was dissected off of the spinous 

processes and laminae using scissors and periosteal elevators. At this point, 

hemilaminectomies, facetectomies, and pediculectomies were performed on 

the left side at the L4, L5, and L6 levels. All removed bone was saved in 

normal saline solution, while the removed ligaments were discarded. 

Adequate hemostasis was obtained with bipolar cautery.

Attention was then directed toward the right-sided bony fusion. The 

facet joints from the inferior facet of L3 to the superior facet of L7 were 

decorticated and the bone saved as usual. In Group I, the autologous bone
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was then placed over the laminae and facets between L3 and L7. In Group 

II, 2.0 gm of dog DBM was added to the autologous bone. In Group III, 3.0 

cc of a solution of Type I collagen was added to the bone chips. Group IV 

grafts contained the autologous bone, 2.0 gm of dog DBM, and 3.0 cc of 

the Type I collagen gel solution. In Group V, 2.0 mg of recombinant human 

bone morphogenetic protein-2 (rhBMP-2, Genetics Institute) was added to 

the autologous bone, with or without a bovine collagen carrier. The fascial 

layer was then closed in an interrupted fashion using 3.0 Nurolon sutures. 

Subcutaneous tissue was closed in an interrupted fashion using 3.0 Vicryl 

sutures and the skin was closed with interupted stitches using 3.0 

Dermalon. The dogs received post operative analgesia as needed and post 

operative antibiotics for three days.

Preparation of Type I Dog Collagen. Tail tendons from assorted 

species of dogs were stripped from their fascial sheaths and cut into thin 

strips. The remainder of the preparation was carried out at 4°C. The strips 

were soaked in 0.5 M acetic acid while stirring for at least 2 days, and the 

mixture was then filtered through sterile gauze using positive pressure. 

Following centrifugation of the filtrate for 25 minutes at 5000 G, the 

supernatant was fractionated using sodium chloride (0.1 gram/ml) added 

very slowly over 6-10 hours while stirring. After all of the sodium chloride 

had been added, the solution was allowed to stir for 18-25 hours. It was
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then centrifuged again for 25 minutes at 5000 g, and the pellet was 

resuspended in 0.5 M acetic acid. Lyophilization indicated a solution of 8 

mg/ml, and an SDS gel indicated a high level of purity of the collagen 

isolated by this method when compared to standard Type I collagen.

The collagen preparation was then dialyzed against 330 ml Dulbecco's 

Modified Eagle's Medium (DMEM) plus 670 ml 0.5 M acetic acid, 670 ml 

DMEM plus 330 ml 0.5 M acetic acid, and 2000 ml DMEM for 15 minutes, 

15 minutes, and 45 minutes, respectively. A few drops of chloroform added 

to the final step for germicidal purposes were allowed to evaporate during 

the dialysis.

Collagen gels were prepared by combining 1.40 ml collagen solution in 

DMEM, 0.20 ml 5x DMEM, and 0.16 mi 20x sodium bicarbonate and 

titrating carefully just to the point of color change (from yellow to pink) with

0.5 M sodium hydroxide.

Preparation of Demineralized Bone Matrix. Demineralized bone matrix 

was prepared from segments of femora and tibiae of freshly sacrificed adult 

canines. All soft tissue was removed and the bones were washed in sterile 

deionized water on ice, extracted with a 1:1 chloroform-methanol mixture 

(30 ml/g), air-dried overnight, and pulverized in a Wiley Mill w ith crushed dry 

ice. The resulting powder was rinsed with serial changes of sterile deionized 

water to bring the pH to 3.5 or more and was then lyophilized and stored at
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70°C. Random samples were taken for cultures which demonstrated no 

bacterial or fungal contamination. Previous studies have demonstrated the 

osteoinductive activity of this preparation.2,15

Computerized Tomography. Each dog in the study received a 

complete CT scan of the spine from L2-L7 before surgery and 1 week, 3 

months, and 6 months post operatively. Dogs were imaged under general 

anesthesia with Tiletamine 50%/Zolazepam 505 (10 mg/kg) in the supine 

position. Scanning was performed using a Picker PQ-2000 (software version 

4.2). Axial images with 2.0 mm collimation and 1.5 mm table increment 

were performed using the standard algorethm, with 130 KV, 150 mA and 2 

second scan time. The field of view of 24 cm, with a display field of view 

of 12 cm.

Volumetric analysis was performed on a Voxel Q workstation (Picker 

International, Cleveland, OH). A binary image was created by setting the 

window to zero (0) Houndsfield units (HU). A level of HU was chosen, since 

preliminary data demonstrated that this level most accurately correlated with 

the volume of cortical bone. Volumetric data was generated based on slice 

thickness and number of pixels per slice with attenuation values greater than 

or equal to 100 HU. Regions of interest (ROI) were manually created to 

include only posterior elements. The ROI was further subdivided by drawing 

a coronal line bisecting the spinal canal. The volume of the posterior
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elements were then compared between the pre-operative scans and the 

post-operative scans obtained prior to euthanasia.

Histological Methods. One experimental animal from groups l-IV was 

euthanized 12 weeks post operatively with an overdose of sodium 

pentabarbital. No histology was performed on the group V spines since our 

rhBMP-2 resources limited this group to only six animals, all of which were 

used for biomechanical studies. The lumbar spine was removed, grossly 

cleaned of musculature, and fixed in 10% buffered formalin for 5 days. 

After rinsing in cold tap water for one hour, the specimen was placed in a 

decalcifying solution (Baxter Laboratories), which was changed at 2.5, 5, 

10, 24, 36, and 48 hours. After decalcifying for a total of 72 hours, the 

specimen was rinsed in cold tap water for 30 minutes and returned to 10% 

buffered formalin.

The bone was then treated by a 12 hour course in a Histomatic Tissue 

Processor (Fisher Scientific) and embedded in paraffin. Using a Tissue Tek 

Accu-Cut microtome (Miles Scientific), 5 pm sections were cut and placed 

on slides. After drying overnight, the slides were deparaffinized, stained 

with hematoxylin and eosin, and mounted with Permount (Fisher).

Biomechanical Testing. Twelve (Group V) or twenty-four (Groups l-IV) 

weeks post operatively the remainder of the experimental animals were given 

an overdose of sodium pentobarbital. The lumbar spine was removed,
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grossly cleaned of musculature, and placed in one liter of 30% hydrogen 

peroxide at a temperature of 60°C. After ten minutes in the acidic solution, 

the specimens were dipped in cold water to neutralize the hydrogen peroxide 

and loose pieces of residual tissue were removed using forceps. This 

method resulted in bony specimens completely free of soft tissue, except for 

the annulus fibrosis of the intravertebral discs. The specimens were then 

ultrasonically cleaned in cold water for 35-45 minutes to ensure complete 

removal of the hydrogen peroxide and any residual soft tissue. The samples 

were then photographed and stored in a sodium chloride solution.

In order to clamp onto the vertebral bodies during biomechanical 

testing, the vertebral bodies were placed into a mold and Cerro metal was 

poured around the vertebral bodies and allowed to cool. Cerro metal, an 

alloy of bismuth, tin, cadium, and lead, melts at 70°C and was therefore 

ideal for this purpose. After removal of the metal from the mold, the entire 

vertebral segment or individual vertebral interspaces could be tested 

biomechanically. The vertebral bodies were fixed to an apparatus to 

measure the angle of deflection in flexion and extension of the spine as a 

function of applied force, typically at 50 gm intervals. Plots of extension 

and flexion angles versus applied torque were generated and a straight line 

was fitted to the data in each case. Correlation coefficients of almost all of 

the fits were nearly unity. This implied dr the small angle of deflection in
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the cases studied, mechanical stiffness of the fusions could be modeled by 

the standard Newtonian expression T = K A 0  where K is the slope of the

fitted line and A0 is the angle of deflection.

RESULTS

Gross Examination. After cleaning the spines of soft tissue, the 

specimens clearly demonstrated a complete unilateral decompression (Fig 

7.1a) and contralateral bony fusion (Figs 7.2a,c; 7.3a,c). Uniformily, the 

fusion masses in groups I, III, and V were composed of solid cortical bone, 

uninterrupted by areas of soft tissue (Figs 7.2c; 7.3a,c; 7.4), while the DBM 

groups (II and III) displayed fusion masses which were porous, containing 

areas of solid bone interspersed with areas of soft connective tissue (Fig 

7.2a). Secondly, it was readily apparent that the fusion masses were much 

larger in the dogs which received rhBMP-2 (Group V) spines than in the 

control group (Fig 7.3c; 7.4). Gross inspection of the fusion sites clearly 

demonstrated which intervertebral levels were solidly fused by the bone 

graft and which levels displayed pseudoarthroses. The Group V spines had 

an average solid fusion of 3.00±0.63 (p = .002) continuous intervertebral 

levels, whereas the control group solidly fused only 1.57±0.79 continuous 

intervertebral levels. The collagen alone group (III) solidly fused 1.725±0.99 

(p>.05) levels, while the two DBM groups (II, IV) displayed no solid
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intervertebral fusion sites. In summary, only the rhBMP-2 significantly 

increased the number of fused levels compared to the control group, 

whereas the DBM significantly inhibited solid fusion (see Table 7.1). The 

collagen gel had no significant effect on the number of levels solidly fused.

Histologic Examination. Three months post operatively the histologic 

appearance of the fusion sites of Groups I and III were quite similar. The 

fusion mass consisted of well formed lamellar and woven bone surrounding 

well developed marrow spaces. The autologous bone graft fused solidly 

with the adjacent spinous processes and laminae, even though these 

structures were not decorticated during surgery (Figs 7.5a,b). It appeared, 

however, that the interface between the fusion mass and host bone in the 

dogs receiving collagen gel was more solid and continuous that the dogs 

receiving autoiogous bone alone (Fig 7.5c). There was no evidence of 

lymphocytic infiltration in the Group III bone graft, suggesting that the Type I 

canine collagen gel was not immunologically rejected from the host dog. 

However, since the specimens were examined three months post 

operatively, there may have been a more acute inflammatory reaction which 

could not be appreciated at this point.

Interestingly, the groups receiving DBM consistently demonstrated 

large areas of fibrous tissue, primitive mesenchymal appearing cells, and 

regions of endochondral ossification within the fusion mass (Fig 7.5d). The
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bone grafts were not as firmly fused to the spinous processes and laminae 

as they were in the other tw o groups. As in Group III, there was no 

evidence of immunologic rejection of the implanted collagen gel or 

demineralized bone matrix in these animals.

Radiographic Examination. Axial CT scans and their three dimensional 

(3-D) reconstructions were used in the study to verify complete removal of 

the appropriate laminae, facets and pedicles (Fig 7.1b), confirm correct 

placement of the autograft on the contralateral side and to assess the 

volume and morphology of the fusion mass over time (Figs. 7.2b,d; 7.3b,d). 

The bone grafts in groups I, III and V were typically smooth, had few 

irregularities, and had no regions devoid of bone (Figs 7.2d; 7.3a,c). The 

grafts containing DBM characteristically displayed large regions devoid of 

bone, giving the fusion masses an irregular surface (Fig 7.2b). 

Unfortunately, the CT images and 3-D reconstructions could not accurately 

demonstrate vertebral levels that were solidly fused and those which 

demonstrated pseudoarthroses. However, volumetric analysis at the fusion 

mass was very useful in determining the amount of bone present at the 

fusion site. In control animals, the average change in volume of the 

posterior elements in group I was 0.26±0.71 cm3. Therefore, the volume of 

bone present in the fusion mass was minimally more than the amount of 

bone that was placed at surgery. However, the addition of rhBMP-2 in
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group V increased the amount of bone in the posterior elements by 

10.42+6.57 cm3 (p = 0.036). The volume changes in groups II, III and IV did 

not differ significantly from control animals (Table 7.2).

Biomechanical Analysis. A summary of the biomechanical properties 

of the fused lumbar spine in both flexion and extension is given in Table 7.3. 

Biomechanical testing clearly demonstrated that the addition of DBM to 

autologous bone grafts significantly weakened the spinal fusions, mainly 

because the inclusion of soft tissue within the fusion mass prevented solid 

intervertebral fusion. There was no significant difference between the 

biomechanical strength of the fused lumbar spines between groups I, III and 

V. As will be discussed later, the fact that the group V spines were no 

stiffer than the control spines, despite the markedly increased volume of 

bone, was probably due to the significantly higher number of spinal levels 

that were solidly fused in the group V animals.

DISCUSSION

Unilateral lumbar decompression with a contralateral posterior spinal 

fusion utilizing autologous bone from the decompressed side is one of the 

techniques used at our institution for the treatment of lumbar spinal 

stenosis. Application of this technique in the canine has proved to be a 

useful experimental model to test spinal fusion graft materials. Despite the 

large volume of bone obtained from this spinal decompression, solid bony
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fusions did not typically occur at all of the operated levels in animals treated 

with autograft alone. Therefore, this model is useful for studying new 

techniques which could potentially improve the rate and strength of spinal 

fusions. In this study attempts were made to enhance the standard 

autologous bone graft fusions with osteoinductive (rhBMP-2 and DBM) and 

osteoconductive (Type I collagen gel) agents. Bone morphogenetic protein 

clearly had the strongest positive effect on autologous bone spinal fusions in 

this study, whereas the collagen gels had little affect. DBM markedly 

decreased the rate of spinal fusion.

BMPs were originally isolated from extracts of demineralized

30  31 32bone. ' ’ These proteins are a class of related growth and differentiation 

factors within the transforming growth factor (TGF-B) super family based on 

primary amino acid sequence homology.4 Through molecular cloning eleven 

related members have been currently identified and named BMP-2 through 

BMP-12. Each protein can individually induce the formation of cartilage and 

bone in both in vivo and in vitro assay systems.24,34,37 In situ hybridization 

studies have demonstrated that BMP messenger RNAs are expressed in the 

embryonic limb, implicating them as being crucial in the formation of skeletal

33  3 fitissues during development. ' Recently, a mammalian serine/threonine 

kinase receptor (CFK-43A) has been shown to specifically bind BMP-2 and 

BMP-4 with high affinity.16,38 The receptor binds the other BMPs as well,
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but with much lower affinity. Interestingly, it does not bind TGF-B. As 

expected CFK-43A messenger RNA has been shown to be expressed in 

developing limb buds in a complimentary fashion to the transcripts for its 

ligands.

There have been several recent animal studies demonstrating the 

utility of BMPs in the healing of skeletal defects. Yasko, et al, demonstrated 

that rhBMP-2 promoted bone formation in a dose related manner in rats with 

5 mm segmental defects in the femur.39 This study was extended by 

Gerhart, et al, who demonstrated that tw o centimeter femur defects in 

sheep could be consistently healed w ith  rhBMP-2 alone at a rate similar to 

autograft alone.13 Finally, Toriumi, et al, demonstrated that rhBMP-2 can 

effectively heal three centimeter mandibular defects.29 In addition, another 

osteoinductive protein, rhOP-1 has been demonstrated to be effective in 

healing large segmental osteoperiosteal defects in rabbits, dogs and 

monkeys.5 This protein has also been demonstrated to be of potential value 

in posterior spinal stabilization w ithout the use of autograft.6 The present 

study demonstrates that the addition of rhBMP-2 to autologous bone spinal 

fusions can significantly increase the volume of bone at the fusion site as 

well as increase the number of levels successfully fused in multilevel lumbar 

fusions.
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Interestingly, the present study did not demonstrate any positive 

effects of rhBMP-2 on the biomechanical properties of the fused spines. 

This is not consistent with the fact that there were significantly larger 

amounts of bone at the fusion site in the animals receiving BMP with the 

autograft. We believe that this discrepancy can be explained by the fact 

that in the autograft control group, fewer levels were typically fused and 

therefore biomechanical testing was performed over fewer segments. 

Therefore, average number of fused levels which were achieved in the 

autograft alone group (1.57±0.79) could not be adequately compared to the 

number of fused levels in the autograft plus BMP group. In more recent 

studies in our laboratory, we have demonstrated that in one level posterior 

spinal fusions using autograft alone versus autograft enhanced w ith rhBMP- 

2, the rhBMP-2 group had significantly more bone at the fusion site and 

produced a significantly stronger spinal fusion than the autograft alone 

group. Clearly, recombinant bone morphogenic proteins will be extremely 

useful as an additive to autologous bone spinal fusions and may well be 

useful as a bone graft substitute alone. It is also possible that a cocktail of 

bone growth factors may be of even greater benefit in enhancing spinal 

fusions, although there is currently no data available supporting this 

approach.
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Although several studies have evaluated the use of demineralized bone 

matrix in spinal fusions, all of the studies used histology and/or volume of 

bone at the fusion site to assess its clinical utility.12,14,18 None of the 

studies actually looked at the rate of solid bony fusion in the spine. 

Guizzardi, et al, demonstrated histologically that demineralized bone matrix 

can induce bone formation in posterior spinal fusions.14 In addition, Frenkel, 

et al, demonstrated that demineralized bone matrix gels could induce osteoid 

production in posterior spinal fusions in dogs.12 However, both studies did 

not determine the biomechanical strength of the fused region or whether the 

spinal levels were solidly fused. Lastly, Lovell, et al, demonstrated 

radiographically that in posterior spinal fusions in dogs, demineralized bone 

matrix plus autograft can increase the amount of bone compared to 

autograft alone.18 However, these investigators did not determine whether 

these fusions were solid or whether they exhibited pseudoarthroses. In the 

present study, we demonstrated that demineralized bone matrix may 

increase the amount of bone deposition at the fusion site through 

endochondral mechanisms, but that the DBM particles lead to a decreased 

rate of solid fusion with consistent evidence of pseudoarthroses. Although it 

was clear from our histologic analysis that the DBM stimulated cartilage and 

bone formation, the DBM groups also contained increased fibrous tissue 

between the bone chips leading to decreased stability of the fused region.
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Since previous studies using identical demineralized bone matrix material 

performed at the University of Virginia demonstrated excellent bone 

formation, it is unclear why the DBM had such a deleterious effect on spinal 

fusion in the present study.2 It is possible that with more refined 

techniques, demineralized bone matrix with higher concentrations of bone 

growth factors can be produced in the future.

Native, neutral, pH isotonic gels of type I collagen have been shown 

to promote osteoblast differentiation and migration in vitro and promote the 

healing of critical size skull defects in vivo.28 The osteoconductive Type I 

collagen gels used in this study may have provided a better cellular 

environment than pepsinated bovine collagen or aldehyde cross-linked bovine 

skin collagen, which are currently commercially available and have shown 

little potential to promote bone repair in several other studies.1'7,8'9'25’26 

Collagen may act primarily as an osteoconductive matrix and secondarily as 

a binding agent for osteoinductive growth factors.3'10,20’23 In this study, 

Type I collagen gel seemed to improve the interface between the fusion 

mass and adjacent lamina and spinous processes, suggesting that the gels 

may fill the spaces between autologous bone chips and host bone, providing 

a continuous osteoconductive matrix for the growth of osteogenic cells. 

However, the gels did not significantly increase the amount of bone 

formation or increase the biomechanical properties of the fusion mass. One
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difficulty w ith the gels used in the present study is that they were extremely 

loose and liquefied with mild repetitive agitation. Therefore, it is possible 

that the large segmental movements, which typically occur in the lumbar 

regions in dogs, may have disrupted the collagen matrix before the gels 

could influence bone deposition at the fusion site. Secondly, since the 

collagen was placed at the fusion site as a chilled liquid solution which 

subsequently gelled in situ, it is possible that blood or serous drainage at the 

surgical site may have diluted the collagen, thereby preventing its successful 

gelling. In either case, although some of the spinal fusions in this group 

demonstrated very large fusion masses, some of which were comparable to 

the BMP group, many of the spines were no better than the autologous bone 

group. The data suggests that some type of osteoconductive collagen, 

especially ones with better physical properties, could be extremely useful in 

improving bone deposition between the bone chips in autolgous bone grafts.
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Figure 7.1: a. Posteriolateral view of lumbar spine demonstrated the

unilaterally decompressed spinal canal, with hemilaminectomies, 

facetectomies and pediculectomies. b. 3-D CT reconstruction of the lumbar 

spine shown in a. demonstrating the utility of 3-D reconstruction in 

evaluating spinal decompression.
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2a

Figure 7.2: Group I and II spinal fusions, a. Lateral view of a Group II (DBM & autologous bone) spinal 

fusion b. 3-D CT reconstruction of the spinal fusion shown in a. c. Lateral views of the best Group I 

(autologous bone alone) spinal fusion, d. 3-D CT reconstruction of the spinal fusion shown in c. 205
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Figure 7.3: Group III and V spinal fusions, a. Lateral view of the best Group III (collagen & autolgous bone) 

spinal fusion, b. 3-D CT reconstruction of the spine shown in the Group III spine, c. Lateral view of a typical 

Group V (rhBMP-2 & autologous bone) spinal fusion, d. 3-D CT reconstruction of the spine shown in c.
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Figure 7.4: Axially cut lumbar spines demonstrating the unilateral

decompressions and contralateral fusions. The spine on the left was a 

typical Group V spine, demonstrating a large fusion mass, actually exceeding 

the cross sectional area of the vertebral body. The center spine 

demonstrates the best fusion mass in Group III (collagen & autologous 

bone). The cleft in the fusion mass uses was not typically seen in this 

group. The spine on the right demonstrates the best fusion mass seen in 

Group I (autologous bone alone).
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Figure 7.5: Histology of the spinal fusions, a. Photomicrograph of interface (arrowheads) between the fusion 

mass (f) and the lamina (I) in Group I spine three months post-operatively. Note the infrequent bands of bone 

connecting the fusion mass with the lamina. A higher magnification view of a. demonstrating the interface 

(arrowheads), b. Photomicrograph of the interface (arrowheads) between the fusion mass (f) and the spinous 

process (s) in a Group III spine three months post-operatively. Note the solid bony interface between the 

graft and host bone compared to Group I fusion, c. Photomicrograph of a Group II spinal fusion mass 

demonstrating endocondral bone formation (c) as well as fibrous tissue in the lower right hand corner.
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TABLE 7.1-Fusion Analysis of the Canine Spine

Group Intervertebral Levels Solidly Fused

I. (autograft) 1.57±0.79

II. (autograft, DBM) 0

Ill (autograft, collagen) 1.725±0.99 (p>0.05)

IV (autograft,collagen,DBM) 0

V (autograft, rhBMP-2) 3.0010.63 (p = 0.002)
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Table 7.2-Volumetric Analysis of the Spinal Fusions

Group Change in Volume of Posterior Elements (cm3)

1 (autograft) 0.26+0.41

II (autograft, DBM) 3.07±1.47 (p>0.05)

III (autograft, collagen) 3.55±1.13 (p>0.05)

IV (autograft, collagen, DBM) 0.0411.71 (p>0.05)

V (autograft, rhBMP-2) 10.42+2.68 (p = 0.036)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



211

TABLE 7.3-Biomechanical Analysis of the Spinal Fusions

Group Extension Stiffness N.M/deg Flexion Stiffness

N.M/deg

1 (autograft) 0.4510.15 0.7410.24

II (autograft, DBM)) 0.1210.06 0.1510.05

III (autograft, collagen) 0.5710.15 0.7610.32

IV(autograft,collagen,DBM) 0.1510.07 0.1310.04

V (autograft, rhBMP-2) 0.3010.11 0.2810.09
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Conclusions to Dissertation

This dissertation clearly demonstrates that technical and scientific 

advances in the fields of neuroscience and bone repair will make it possible 

for the neurosurgeon to successfully reconstruct not only the central nervous 

system, but also its bony coverings. However, one problem that 

consistently arises when discussing issues of regeneration and 

reconstruction of the central nervous system is how to quantify the results.

Several recent spinal cord regeneration studies published in premiere 

scientific journals have been criticized because of their poor anatomical 

techniques. For instance, Bregman's regeneration research team has 

demonstrated that regeneration of the cortical spinal tract can occur if 

antibodies which are directed against inhibitory proteins in CNS myelin are 

applied to the lesioned spinal cord.1 HRP was injected into the cerebral 

cortex, and axons distal to the spinal cord could be clearly identified in 

treated, but not control, animals. However, the experimental model was a 

surgical section of the dorsal half of the spinal cord, apparently including the 

cortical spinal tract. Unfortunately, since the cortical spinal tract is located 

close to the end of the cut, some of the corticospinal fibers may have 

actually survived lesioning. These unlesioned fibers may have been 

misinterpreted as fibers that had actually regenerated down the spinal cord. 

Although these investigators are now suggesting that the regeneration of the
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cortical spinal tract actually leads to functional recovery of these rats, the 

results are clearly suspect. Perhaps a better system for looking at CNS 

regeneration would be the lesioned optic nerve. Since the optic nerve is a 

large, simple bundle of axons which are essentially an extension of the CNS, 

it may be the best pathway to study CNS regeneration. The utilization of 

biocytin may be quite useful in regeneration studies, since it can be used as 

a tract tracer at both light and electron microscopic levels. However, the 

technique is limited by the fact that not all of the retinal projection axons are 

clearly labeled. Therefore, biocytin will be useful in examining individual 

regenerating axons in the optic nerve, but will be of limited value in 

quantifying axonal regeneration.

In Chapters 3 through 6 of this dissertation, the Golgi-impregnation 

and immunohistochemical techniques were utilized to study fetal striatal 

transplants at both the light and electron microscopic levels in the rat and 

primate. The extension of these studies to the electron microscopic level 

was important to determine the ultrastructure of transplanted neurons. We 

clearly demonstrated, using the Golgi-impregnation technique, that grafted 

fetal striatal neurons in the rat can differentiate into all of the seven major 

cell types present in the striatum. In addition, the ultrastructure of these 

neurons appeared quite normal, except for some aberrant ultrastructural 

details in a few neuronal cell types. In addition, we clearly demonstrated
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that these neurons differentiate biochemically into ChAT and substance P- 

like immunoreactive neurons, each of which has ultrastructural detail 

identical to the normal striatal. These interesting results in the rat model of 

Huntington's disease prompted us to extend these studies into the 

nonhuman primate. Although the striatal transplants demonstrated proper 

differentiation three months postoperatively, they demonstrated evidence of 

neuronal aging and degeneration after long survival periods. The instability 

of primate neuronal grafts is a novel finding and argues against the use of 

neuronal transplants in humans until the long-term viability of the transplants 

can be ensured.

Although one can hypothesize why the primate striatal grafts 

degenerated after long-term survival, further studies are needed to  fully 

address these issues. Since only tw o rhesus monkeys were implanted with 

fetal striatal tissue in our study, it may have been a sampling error or a 

technical problem which arose during the transplantation procedure. 

However, it is more interesting to hypothesize that the neuronal transplants 

degenerated because they were not receiving the proper trophic support for 

their survival. If this is the case, it is possible that the afferent or efferent 

connections of the transplant were not extensive enough to acquire the 

proper neurotrophic factors needed to prevent degeneration. Since the 

distance the transplanted neurons had to project their axons to reach their
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proper targets in the globus pallidus and substantia is quite small in the rat, 

this is not true is larger species. In the rhesus monkey, the striatal grafts 

were at least a centimeter away from their closest normal target, the globus 

pallidus. Therefore, their growing axons may not have reached this target as 

required for normal trophic support. In addition, in spite of there being no 

evidence of frank immunologic rejection in the transplant, it may have been 

that the monkey transplants were subacutely rejected, even though. 

immunosuppresent therapy was initiated at the time of transplantation.

In summary, the data support the potential use of neuronal transplants 

in the reconstruction of the damaged or diseased central nervous system, 

but major issues of long-term neuronal degeneration and possibly 

immunologic injection of the transplants need to be fully addressed before 

this interesting approach is extended into the clinical setting.

The final chapter of the dissertation clearly supports the use of 

recombinant bone morphogenetic proteins and possibly Type I collagen gel 

to improve reconstruction of the bony elements of the spine. It appears that 

Type I collagen gel, placed between autologous bone chips, can improve the 

migration of osteoblasts into the collagen matrix, which not only improves 

the total amount of bone deposition, but improves the interface between the 

autograft and the host spine. It is even more convincing, however, that 

recombinant human BMP's can improve bone deposition and the rate of
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fusion in autologous bone spinal fusions. This is the first study to clearly 

demonstrate that extracellular matrix or growth factors can actually have a 

positive effects on autologous bone grafts in the spine. Equally important, 

the study clearly demonstrates that these additives can improve the fusion 

mass without causing any compression of the delicate neural elements in the 

spinal canal and its foramina. Clinical studies are currently necessary in 

order to demonstrate the safety and efficacy of these approaches in the 

human spine.

In the past, neurosurgeons typically have been limited to performing 

operations to prevent further neurologic deficit. However, with the advent 

of new techniques such as neuronal transplantation, the infusion of 

neurotrophic factors, gene therapy, and the utilization of osteoinductive 

growth factors, neurosurgeons can now take a higher aim and actually 

improve neurologic outcome. The treatment of neurodegenerative diseases 

and head and spinal cord injury will certainly be amenable to novel 

treatments in the future and current difficulties in obtaining long-term spine 

stability will certainly be overcome. However, it must be stressed that 

proper anatomical, physiological, and functional laboratory and clinical 

studies need to be performed in these complex fields, since all of these 

advances need to be critically evaluated prior to widespread use.
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