
ùNl

./_

O
It

Expression of the Blood-Brain Barrier Markers

GLUT1 and EBA in the spinal cord and Male

Reproductive Tract in Normal and Spinal

Cord-Injured Rats

By

Jianjun Lu, MBBS, MSc

Thesis submitted for the degree of Doctor of Philosophy

to the UniversitY of Adelaide

Department of Anatomical Sciences

Medical School

Faculty of Health Sciences

The (IniversitY of Adelaide

I2 December 2005



Table of Contents

ABSTRACT

DECLARATION....

ACKNOWLEDGEMENTS

PUBLICATIONS AND PRESENTATIONS

Publications

Conference Abstract

ABBREVIATIONS.........

Chapter I Introduction.....

l.lWhataretheblood-brainandblood-spinalcordbarriers?

1.2 Historical review of the blood-brain barrier

1.3 Structure ofthe blood-brain barrier""""

1.3.1 Non-fenestrated ECs with low density of cytoplasmic vesicles'

vtr

..xtr

Xtr

XIV

XTV

XV

XVtr

I

3

I

I

3

6
1.3.2 Tight junctions

1.4 Other components of the blood-brain baruier

L5 Molecular anatomy of the blood-brain barrier

1.5.1 Endothelial barrier antigen (EBA)

1.5.2 Glucose transporter 1 (GLUT1)

1.5. 3 P - glycoprotein (P - SÐ.........

1. 5.4 OX-47 antigen....' -.

9

...........12

...........17

..,.,......17

21

''.,,......28

,,,..,'.,..32

......,,.., 36
I . 5. 5 Gammn- Glutamy I transp e pt idas e " " " " " " " "

II



37
1.5.6 Molecular markers of tight iunctions """""'

1.6 The blood-brain and blood-spirutl cord barriers after injury.

1.6.1 Vascutar damage after brain and spinal cord injury

1.6.2 Expression of BBB markers after iniury'

1.6.2.1 EBA expression after brain and spinal cord injury

1.6.2.2 GLUTI expression after iniury

1.6.2,3 What factors mediate the expression of BBB molecular markers?.....,..,.

1.7 Other blood-tissue barriers.. " "

1.7.1 The blood-nerve barrier

1.7.2 The blood-testis barrier.."""

1.7.3 Expression of molecular markers in the blood-nerve barrier and blood-testis

barcier...

1.7.3.1 Molecular markers of the Blood-testis barrier ""

1.7.3.2 Molecular mnrkers of the blood-nerve barrier ""

1.8 Summøry....

Chapter 2 Aíms of the thesis

Chapter 3 Materials and methods""'

3. 1 The study of the blood-spinal cord baruier in spinal cord trauma

39

39

42

42

43

44

45

46

47

49

52

54

51

49

,.56

..56

.. 56

j.1.2 Compression spinal cord injury '

3.1.3 Motor function test after spinal cord iniury"

3. 1.5 Tissue preqaratrcn

3.I.6 Primary antibodies and antisera""""""""

3. 1.7 Secondary antibodies ..."""""""

3. 1.8 Biochemical reagents ...... " " " "

3. t .9 EIe ct ropho re s i s e quipme nt and mat e rials " " " " " " " "'

3.1.]0LightandelectronmicroscopeimmunocytochemistryforEBA......,...

3.1.11 Light and electron microscope immunocytochemistry for GLUT1""'

56

57

61

62

63

63

64

64

66

3.1.12 Light and electron microscope immunocytochemistry for endogenous albumin"" 66

3. 1 . 1 3 Quant itat iv e as s e s sment of fluo re s c e in Ly c op er s i c on e s c ule nt um tomat o ( LET )

m



lectin labelling at the LM level.....

3 . I . 1 4 Qunntitative assessment of EBA and GLUT I immunoreactivity at the LM level

3.1.15 Quantitative assessment of GLUTI using Western blot protein ana|ysis............

3.2 In vivo immunological targeting of EBA mode|..........

3.2. I Animals............

3.2. 3 Biochemical reagents ..............

67

68

69

70

70

70

70

3.2. 5 Animal Perfusion..

3.2.6 Tissue preparation and staining for HRP study.....-.....

3.2.7 Tissue preparation and immunocytochemistry for EBA and Albumin

3.3 Expression of EBA and GLUTI in the male reproductive tract after compression injury

72

72

72

of the spinal cord.............

3. 3. I Animals...........

3. 3. 3 Biochemical reagents ........... ".

3.3.4 Animal perfusion

3.3. 5 Tissue preparation

73

73

,,.,...'.,......74

................ 7.(

,,.....,........74

...,,,....,.....74

................753. 3.6 I mmunohistochemistrY......

Chapter 4 Results... 76

4.1 Btood-spinalcordbarrieraftercompressionspinalcordinjury """"""""""'76

4.1.1 General conàitions of experimental aruimttls 76

4.1.2 Motor function of experimental animttls """' 76

4. I . 3. General patholo gical changes in the spirnl c ord .... -..... 77

4.1.4 EBA immunocytochemistry after compression spinal cord iniury' """' 82

4.1.5 GLUT| transporter immunocytochemistry after compression spinal cord injury...98

4.1.6 Atbumin permeability chnnges at the BSB after compression spinal cord injury .. 110

4.1 .7 Quantitative study of the total profile of microvessels in normnl and

experimental animals

4.1.8 Quantitative study of the expression of EBA and GLUTL after compression

116

,.,....,.,........ 1 1 3

spinal cord injury

IV



4.2 The blood-testis banier after compression spinal cord iniury.. ........""""""' 132

4.2.1 EBA expression in the blood-testis barrier and the male reproductive tract of

normnl animals....... 132

4.2.2 EBA expression in the male reproductive îract following compression spinal

cord injury . 138

4.2.3 GLUTI expression in the rutle reproductive tract following compression spinnl

cord iniury. 143

4.2.4. Exp erimental animals......... 143

4.3 Time course of opening and closure of BBB after immunological targeting of EBA....----- 144

4.3.1 The temporal pattern of EBA expression af-ter immunotargeting of EBA..'....'....... 144

4.3.2 Permeability of HRP fottowing immunological targeting of 88A.......................... 148

Chapter 5. Discussion and Conclusion...... t53

5.1 Blood-spinal cord barrier (BSB) after compression spinal cord iniury ....... 153

5.1.1 The integrity of BSB barrier after compression spinal cord iniury 153

5.1.2 EBA expression after compression spinal cord injury.. ..............."""' 160

5.1.3 GLUTI expression af-ter compression spinal cord iniury. 167

175

176

5.2.1 EBA expression in the normal male rat reproductive tract .....'...""" 176

5.2.2 GLUT| expression in the normnl mttle rat reproductive tract. .......... 183

5.2.3 EBA expression in the mnle reproductive lract after compression spinal cord

5.2 The blood-testis barrier after compression spinal cord iniury..........

5.2.4 GLUTI expression in the mnle reproductive tract after compression spinal cord

5'2'5 conclusion""""""" """"""""""' 188

5.3 The time course of opening and closure of the blood-brain barrier after immunological

tar geting of 884........ 189

.,.,,,'.............. 1 96

5.3.1 The temporal pattern of EBA labelling after anti-EBA iniection....... 189

5.3.2 The integrity of the BBB afrer immunotargeting of 88A........ '."""""""' 192

V



Chapîer 6 General discussion and conclusion...--......... """""""""' 198

6.1 BSB specific mnrkers and vascular dnmnge after traumatic spinal cord iniury.......--..- 200

6.2 Expression of BBB-speciftc proteins in the mnle reproductive system of normnl anà

spinal cord- inj ured rats. ......... 202

6.3 Opening of the BBB after immuno-targeting of the endothelialbarrier antigen,......'.,.202

6.4 General conclwsion..

Appendix

Bibliography...................

Pubtished paper............. """205

205

225

VI



ABSTRACT

Microvessels in the central nervous system (CNS), most extensively studied in the

brain, form a unique barrier system known as the blood-brain barrier (BBB)' The

spinal cord, an integral part of the cNS, has a similar blood-tissue barrier referred to

as the blood-spinal cord barrier (BSB). The barrier regulates the exchange of solutes

between the blood and neural tissues. The anatomical basis of this system are the

endothelial cells (ECs) lining these microvessels. These cells are characteized by

selective barrier properties and intercellular tight junctions (TJs) with high electrical

resistance. The function of the BBB and BSB is critical for maintaining homeostasis

of the mammalian CNS.

A group of proteins specifically present in ECs of the BBB and BSB have been

identified as molecular markers for CNS microvessels, as they are specifically

expressed by ECs with barrier properties, but not expressed or only weakly

expressed by those without barrier properties. These include the endothelial barrier

antigen (EBA) and the glucose transporter protein 1 (GLUTl). Although the

morphological properties of the BBB in normal and experimental conditions have

been extensively studied, molecular changes at the BBB after injury are incompletely

understood. In particular, the expression, pattern and function of the BBB markers

after injury have not been fully elucidated
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In the present study, two rat models were employed. Firstly, a model of sustained

compression injury to the rat spinal cord was induced by application of 35g or 50g

weights, for 5min or l5min to induce moderate or severe compression respectively'

Secondly, an immunological targeting model was induced by intravenous injection

of a monoclonal antibody to EBA. In both models, experimental animals were

allowed to survive for different time periods. In the spinal cord injury model,

quantitative and qualitative EBA and GLUT1 expression and morphological change

in the spinal cord were investigated at LM and EM levels. In the immunological

targeting model, the function of the BBB and BSB after immunological targeting

was assessed by detecting the leakage of exogenous HRP at different time intervals.

The hypothesis that other blood-tissue barriers also express the EBA was tested in

the male rat reproductive tract, as it has been suggested that blood vessels of the

testis contribute to the blood-testis barrier (BTB), traditionally considered to be

formed by Sertoli cells.

The results showed that EBA and GLUTI were expressed in the normal spinal cord.

However, the expression of EBA was reduced in the spinal cord grey matter vessels

at the trauma site and segments remote from the trauma site after injury' This

reduction correlated with the function of the BSB and the pathological evolution of

changes in the injured cord. Quantitative study showed that a remarkable reduction

of EBA labelling started as early as 1 day at the trauma site after severe injury with a

maximum reduction at 3 day post injury. The labelling started to recover at 2 weeks

post injury. In moderate injury, the reduction of EBA also started at I day after injury

VItr



with a maximum reduction at 7 days post injury. The labelling intensity started to

recover progressively at 1 and 2 weeks post injury. There was also remarkable

reduction of GLUT1 expression at the trauma site as well as segments remote from

trauma site at almost all time intervals post injury. EM of microvessels showed EBA

and GLUT1 immunoreactivity was mainly localized to the luminal membrane of

ECs. After injury, the reduced labelling was in two forms. (a) A reduction in

labelling intensity in luminal membranes and the cytoplasm. (b) A reduction in the

percentage of labelled luminal membranes in relation to total circumference of the

vessel.

After immunological targeting of the EBA, there was widespread leakage of HRP in

the brain and spinal cord which occurred as early as 17 min and was maximum at 30

min. HRP leakage was progressively reduced at th and 2h after injection, and was

not detected at 3h Post injection.

GLUT1 and EBA were detected in normal rat testicular microvessels whereas EBA

was also found in epithelial cells of lateral prostate gland. However, after spinal cord

injury, the GLUTI expression in testicular vessels was reduced as early as 1 day

after injury with a maxium reduction at 3 days after injury. The GLUT1 expression

started to recover at 2 weeks after injury and became almost normal at 4 weeks. One

and three days after cord injury, testicular microvessels showed a reduction in EBA

immunoreactivity, with maximal reduction at one week. At 2 and 4 weeks most

vessels were still non-reactive to anti-EBA. The lateral prostate showed a reduction
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in EBA immunoreactivity in epithelial cells with maximal reduction at 2 weeks and

incomplete restoration at 4 weeks. Injured animals at all time intervals showed

distended prostatic acini, and the luminal secretion in the lateral lobe of the prostate

was immunoreactive, in contrast to other lobes. This study demonstrated variable

responses in the expression of EBA in endothelial and epithelial cells in the male rat

reproductive tract after spinal cord injury'

The results of this study provided an insight into the functional properties of these

molecular markers at the BSB in the injured spinal cord. The reduction of EBA and

GLUT1 expression in spinal cord grey mattef vessels remote from the site of direct

trauma suggests that altered input to the grey matter from ascending and decending

axons undergoing degeneration leads to altered BBB function and molecular

markers expression. The result suggests that EBA plays an important putative role in

upholding the normal function of the BBB and BSB. The finding that EBA was

expressed by the testis and prostate gland suggests that the EBA has a wider tissue

distribution and more diverse function than previously appreciated' The role of

neural and endocrine factors in regulating EBA and GLUT1 expression in the male

reproductive tract merits further investigations. The information generated from this

study provides basis for further investigation into the molecular mechanisms

involved in sPinal cord injury'
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Introduction
Chapter I

Chapter 7 Introduction

1.1 Whøt are the blood-brain ønd blood}spinal cord barriers ?

Microvessels in the central nervous system (CNS), which is formed mainly by the

brain and spinal cord, have barrier functions which prevent the free exchange of some

molecules from neural tissues to the blood stream or vice versa. These microvessels of

the brain and spinal cord form the blood-brain baffier (BBB) and blood-spinal cord

baffier (BSB) respectively (Moody, 2006). There is no published evidence that the

BBB is different from the BSB, therefore in this account the term BBB will be used to

refer to barrier vessels in the brain and spinal cord unless stated otherwise' The barrier

function of these vessels is vital to the CNS because it maintains homeostasis that is

essential for the normal function of the CNS. Numerous previous studies have shown

that endothelial cells (ECs) of these cNS microvessels possess some special structural

features, which facilitate their barrier function' In the meantime' these ECs have some

specific transport systems to facilitate the transport of essential nutrients such as

glucose and certain amino acids to the CNS'

1.2 Historícal revíew of the blood'brain barríer

Historical perspectives of the BBB have been addressed in a number of reviews

(Bradbury, 1993; Pardridge, Iggg,2003; Rapoport, 2000). The development of the

concept of the BBB can be traced back to the turn of the twentieth century' when

barrier properties of microvessels in the brain were first demonstrated experimentally

by intravenous injection of a dye into animals. 
'when Evans Blue was injected into the

blood stream, tissues of the animal's body were stained with the dye, except the CNS'

1



IntroductionChapter 1

This experiment suggested the presence of a barrier system, which prevented the dye

from leaving the microvessels to enter the perivascular tissues (See Dermietzel and

Krause, 1991). This initial finding led to the development of the barrier concept

between the blood and the CNS and prompted researchers to further investigate brain

microvessels.

Initially, there were conflicting views with regard to the exact anatomical location of

the BBB. The lack of high-resolution electron microscopy (EM) led early researchers

to first assume that the restriction ascribed to the BBB was in fact due to the lack of

the extracellular space (Maynard et al.,lg5l). After standard fixation, the extracellular

space in the brain could not be observed. They assumed that the plasma membranes of

neurons and glia would have been exposed to the dye that leaked from capillaries, but

the absence of the dye from the brain was ascribed to the lack of penetration between

these plasma membranes. However, this assumption could not explain the earlier

observation of rapid transport of the dye solute into the brain when injected into the

CSF (Krogh,lg46).This view also encountered a strong opposition from Davson and

his colleagues on the basis of their observation in which central nervous tissue was

exposed to polar solutes, labelled with radiotracers, either from the blood side or from

the cSF side (Davson and Kleenman, 1961). Only in the late 1960s did researchers

finally reach the agreement that the ECs of microvessels form the anatomical basis of

the BBB

The idea of the initial experiment using a ttacer to study the morphology and barrier

properties of the BBB has become a basic methodology for numefous subsequent

2



IntroductionChapter I

studies on the BBB under physiological and pathological conditions' However, along

with the development of molecular and cellular biology, research into the BBB is

advancing to a new era, the focus of which is the molecular and cellular mechanisms

of the BBB. Studies at the molecular and cellular levels will provide further insight

into the physiology and pathology of the BBB'

7.3 Structure of the blood-brain barrier

In contrast to microvessels in other organs, the ECs of brain capillaries with barrier

properties possess unique structural features (Dermietzel and Kfause, 1991; Joo,

tgg6), which contribute to their barrier function. Firstly, the number of cytoplasmic

vesicles in ECs of the cNS is much lower compared with other organs (Reese and

Karnovsky, Ig6i). Secondly, the interendothelial space of barrier vessels is sealed by

continuous tight junctions (TJs) displaying high electrical resistance (Brightman and

Reese, 1969; Dermietzel, 1975; Crone and Olesen,1982)' Thirdly, the capillary walls

of the BBB are thinner than those of other microvessels.

1.3.1 Non-fenestrated ECs with low density of cytoplasmic vesicles'

The number of cytoplasmic vesicles in the ECs was quantitatively studied' The

difference in the number of vesicles in the leaky and barrier vessels was obvious' It has

been well accepted that the density of cytoplasmic vesicles is very low in vessels with

barrier properties compared to that in non-barrier vessels. The relative low density of

cytoplasmic vesicles in non-fenestrated ECs of barrier vessels suggests a low rate of

transendothelial transport. This is generally considered to be a morphological

constituent of the physiological BBB. The low density of vesicles in cerebral ECs was

J



IntroductionChapter I

first noted in classic HRP studies (Reese and Karnovsky, 1967; Brightman and Reese'

1969). euantitative studies of vesicles containing HRP confirmed their low density.

The density of brain EC vesicles recorded by a number of studies varied from 3 to 14

per pmr, which is much lower than that of other tissues. The number of cytoplasmic

vesicles in ECs of barrier vessels in the brain is one third lower than that in vessels of

the area postrema and seven times lower than that of smooth muscle vessels (Frank et

al., 1987). Using ultrathin serial sectioning and three-dimensional vesicle

reconstruction, it was revealed that the densities of vesicular clusters and surface-

connected vesicles were much higher in the area postrema, choroid plexus and skeletal

muscle vessels than in BBB vessels (Coomber and Stewart, 1986). However, a more

recent quantitative study comparing EC vesicular densities in nine tissues showed that

the vesicular density of brain capillaries was significantly lower than that of all tissues

examined except the testis and ovary (Stewart, 2000). Since both testicular and ovarian

capillaries are highly permeable to proteins, this study demonstrated a weak

correlation between low vesicle density and protein permeability.

The role of the vesicles in the permeablity of the BBB remains controversial. First, EM

studies revealed that most vesicles in ECs other than those of the BBB are not self-

limited, but are connected together by channels, which communicate with the

extracellular fluid either on the blood or interstitial side. These vesicles are therefore

thought to be invaginations of the plasma membrane, which are still in contact with

the cell surface (Bundgaard et aI., tglg). Quantitative studies of the vesicles in the

brain capillaries of the frog with two different fixation methods showed different

vesicle densities in the same tissue. Vesicles in the frog brain were 3-4 times fewer

4



IntroductionChapter I

after acetone fixation followed by glutaraldehyde fixation than those present after

straight glutaraldehyde fixation. This result suggested that the vesicles might be

created by glutaraldehyde fixation. Experimental results also suggested little role for

the intracellular vesicular system in transendothelial movement of hydrophilic solutes'

Furthermore, there is also evidence that opening of the barrier in osmotic shock is due

to the separation of the TJ (Brightman et aI.,1973). Another evidence for the lack of

correlation between vesicular density and permeability is the confirmation that the

vesicles in barrier ECs are in fact membrane bound invaginations (Gordon and Essner,

19g5). Moreover, although the endothelium of brain capillaries in the hagfish contains

very numefous apparent vesicles and tubules, it halts HRP movement (Bundgaatd et

at., 1979) and has very low permeability to polyethelene glycols (Bundgaard and

Cserr, 1981).

Broadwell has critically studied the possible role of transcytosis at the BBB. When the

luminal surface of the endothelium was exposed to HRP some endocytosis of HRP

occurred. However, there was no endocytosis of HRP from the abluminal surface

when the tracer was presented in the interstitial fluid by ventriculo-cisternal perfusion.

The fate of intraendothelial HRP was not exocytosis at the abluminal membrane but

rather, histolysis by enzymes present in the endosomes and lyzosomes (Broadwell'

1989).

Results from another study suggest that the transcytoplasmatic vesicles may be related

to the permeability of the BBB (Coomber and Stewart, 1986)' In that study' the

vesicles from leaky and non-leaky vessels were reconstructed using three dimensional

5



Chapter I Introduction

approach and ultrathin sectioning methods. The vesicles were classified as to whether

they were attached to other vesicles (fused), connected to Golgi apparatus or

endoplasmic reticulum (tubule-connected), open to vessel lumen or ablumen (surface-

connected) or isolated in the cytoplasm (free). The densities of tubule-connected

vesicles and free vesicles were the same in leaky and BBB vessels suggesting that

these vesicles are unlikely to be related to vascular permeability. Vesicular clusters and

surface-connected vesicles were found in much higher densities in the area postrema,

choroid plexus, and skeletal muscle vessels than in BBB vessels. Single-vesicle

transendothelial channels were found in attenuated endothelia of the area postrema and

choroid plexus. The results from that study support the hypothesis that endothelial

vesicles play a role in vascular permeability, possibly by transient fusion of vesicle

clusters to the plasmalemma, to form transendothelial channels (Coomber and Stewart,

1986).

1.3.2 Tight junctions

Tight junctions (TJs) between two adjacent ECs form the fundamental basis of the

BBB. The TJ is formed by the fusion of the two adjacent plasma membranes' There is

fusion at the TJ, rather than loose contact, between two plasma membranes as

evidenced by the fact that the distance between the cytoplasmic face of the membranes

of the adjoined cells is less than the summed widths of two cell membranes (Reese and

Karnovsky, 1967; Brightman and Reese, 1969). The characteristic fusion between two

membranes contributes significantly to the tightness of the junction' In the biochemical

sense, the TJ is formed of a belt of anatomosing strands of proteins and lipids. In

conventional ultrathin sections, the TJ appears to form a pentalaminar arrangement
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that results from the fusion of the external leaflets of the membranes of the partner

cells.

Tight junctions have been morphologically studied using freeze-fracture and ultrathin

sectioning techniques (Tani et al., lgll; Nagy et al., 1984; Sedlakova et aI., 1999)' ln

freeze-fracture replicas, the BBB TJs are characteized by the highest complexity

found in the vasculature (Nagy et a1.,1984). In addition, the P-face association with

protein particles is high in the BBB (557o) compared to that observed in the P-face of

ECs of the fenestrated vessels (lo7o).

The TJs not only appear morphologically tight, but also they are functionally tight,

preventing the passive paracellular movement of ions and other molecules. The

restriction to the ion movement is visible with ionic lanthanum (Bouldin and Krigman,

lgis) and can be measured by the low conductance and high electrical resistance

across epithelium or endothelium monolayers in situ and in vitro. Crone and Olesen

(IggZ) first measured the electrical resistance of pial capillaries in the frog by

measuring the decrement in transmural potential difference with the distance from a

site at which current was microinjected (Crone and Olesen , 1982). The resistance was

estimated as 1900Q cm2. Based on a different experiment, the average of the true

resistance however was estimated to be about 30000 crÊ andthe arterial microvessels

are rather tighter than the venous microvessels (Butt and Jones, 1992)' The high

transendothelial electrical resistance (TER) reflects low ion transport across the BBB.

The BBB permeability to the major monovalent ions, Na*, Cf and K* and the divalent

calcium is about I.4,0.g,13.5 x 10-7and 5 x 10-8cm s-1 respectively, which is up to

7



Chapter I Introduction

500-fold less than those at the choroid plexus epithelium (Smith and Rapoport, 1986;

Tai et a1.,1986).

The hydrophobic cell membrane organization of the TJ restricts the lateral movement

of hydrophilic molecules such as proteins between luminal and abluminal membranes

of ECs across the junction. Electron microscopy reveals that in normal conditions, the

passage of proteins such as HRP (MV/ 40,000) (Reese and Karnovsky, 1967) and

microperoxidase (M\W 2000) (Reese et al., 1971; Bundgaard et al., 1981) from the

blood to the brain is prevented by TJs. Numerous investigations also showed that

brain capillaries are also typically impermeable to albumin (MW 60,000) and myofer

(MW 7800) (Dermietzel and Krause,I99l)'

The polarity of ECs of the BBB is a very important functional and physiological

feature of the TJ. The polarity has been demonstrated both by Iocalization of enzymes

and other special molecules to either the luminal or abluminal plasma membrane and

by eliciting asymmetric transport activity. For example, alkaline phosphatase occurs

particularly in the luminal plasma membrane (Kreutzberg and Toth, 1983; Vorbrodt ¿r

al., 1983). The enzyme is especially active in developing cerebral capillaries. It is

present in the basal membrane of the choroidal epithelium but not in the fenestrated

capillaries of the choroids plexus. In contrast, Na*-K*-ATPase is particularly dense in

the abluminal plasma membrane of the cerebral endothelium (Firth, I97l;Betz et al',

1930). This enzyme actively transports potassium ions out of the cerebral interstitial

fluid (Bradbury and Stulcova, 1970; Goldstein, 1979) and may, via Na* ion transport

in the opposite direction, lead to a slow production of cerebral interstitial fluid. Lipids
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also show a polar distribution pattern in the BBB. The possible function of this lipid

polarity for BBB mechanism is the generation of a suitable lipid environment for polar

distributed membrane proteins and the generation of two plasma membrane domains

with different biophysical properties and permeabilities (Tewes and Galla' 2001)'

Polarity provides the necessary vectoriality for substances to be transported across

epithelia or endothelia towards or away from the lumen. Therefore, the polarity of the

endothelium of the BBB implies that the cerebral endothelium has the potential for

active transcellular transport. In other words, TJs and polarity are not static features of

cells, rather they represent highly dynamic affangements of molecules in the plasma

membrane that are sensitive to the composition of the extracellular matrix, contacts

with neighboring cells, growth and differentiation factors, hotmones, pharmacological

agents and cell cycle stages (Cereijido et al',2000)'

7.4 Other components of the blood'-brain børrier

7.4.7 Perícytes

Pericytes are polymorphic, elongated, multibranched periendothelial cells that vary in

their degree of envelopment of ECs in the microvasculature. Pericytes are abundant in

the microvasculature of the CNS and are an important cellular constituent of the BBB'

They share a common basement membrane with capillary ECs (Carlson et a\" 1978)'

In isolated brain capillary preparations, there is approximately one pericyte for every

three ECs, and pericytes cover 22-307o of the cerebral microvascular circumference

(Frank et a1.,19S7). However, for different organs the coverage by the pericytes of the

circumference of microvessels varies. In the retina, pericytes cover the vessel
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circumference more extensively than in cerebral microvessels (Frank et a1.,1987)' The

substantial quantitative difference in pericyte coverage of the microvessel

circumference between the retinal and cerebral microvessels may have important

implications for normal and pathological microcirculatory dynamics in these two

organs (Frank et al., 1987). The in situ ratio of pericytes to ECs and the degree of the

endothelial area covered by pericyes appears to be related to the tightness of the blood

vessels and the level of microvascular blood pressure (Frank et al., 1987; Shepro and

Morel, lgg3). Theoretically, the greatet the pericyte number and coverage, the better

the microvascular barrier: retina> lung >skeletal muscle >cardiac muscle> adrenal

gland, and the higher the capillary and venular blood pressure (Shepro and Morel'

1993).

The pericyte may have a spherical cell body with a prominent nucleus (Lafarga and

Palacios, lg75). Pericytes have abundant electron dense lysosomal particles in their

cytoplasm (Farrell et al., Ig87). They display considerable heterogeneity between the

CNS and other tissues. Cultured bovine retinal and brain pericytes are different in their

growth patterns, glucose dependency and morphology (V/ong et al., 1992)' The

eîzyme,y-glutamyl transpeptidase (y-GTP)' a BBB matker, is also expressed by the

pericytes (Risau et a1.,1992).

The function of pericytes at the BBB is not fully understood. Pericytes are thought to

be contractile cells and a smooth muscle analogue. Studies in vitro generally support

the view that the pericytes have a contractile function as contraction of bovine retinal

pericytes in culture was observed (Kelley et al., 1987).In vitro studies also showed

10



IntroductionChapter I

that the contraction of pericytes responds to the Mg* ATP and receptor-based

histamine or angiotensin II but not to the GTP, pyrophosphate or beta, gamma-

methylene ATP (Das et a1.,1988).

Contractile cells such as smooth muscle cells express o,-actin isoform. In vitro studies

showed that retinal pericytes in culture produce abundant O-smooth muscle specific-

actin (DeN ofrio et al., 1989). However, in brain pericytes culture' only a small portion

of pericytes (0-107o) was found to express o-smooth muscle actin (Verbeek et al.,

lgg4).The cr-actin gene is found to be expressed in brain capillary pericytes grown in

cell culture (Herman and D'Amore, 1985). However, some in vivo studies failed to

detect the expression of cr-actin mRNA or cr-actin isoform in capillary pericytes in the

retina and brain (Nehls and Drenckhahn, l99l: Boado and Pardridge, 1994) while

using electron microscopy and monoclonal antibody labelled with colloidal gold,

Skalli and his coworkers confirmed the existence of vascular smooth muscle actin

within the microfilamentous bundles (stress fibers) of pericytes in vivo (Skalli et al',

1939). Smooth muscle specific microfilaments are only detected in a minority of

pericytes in the brain, although they are distributed widely in intestinal pericytes.

Pericytes also express receptors for endothelin (Dehouck et aL, 1991) and a variety of

vasoactive amines, such as vasoactive intestinal peptide (Ferrari Dileo et aI., 1996),

vasopressin (van Zwieten et aL, 1988) and angiotensin II (Fenari-Dileo et aI., I99I)

indicating that pericytes may be involved in regulating the blood flow in the

microcirculation of the CNS.

CNS pericytes have also been regarded as phagocytic cells and form the second line of

defence of the BBB. One of the well-known features of the macrophages is their
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uptake ability for soluble and small molecules in addition to their phagocytic activity'

It has been shown that cerebral capillary pericytes actively took up HRP after cold

injury to the brain (CanciIla et al., 1972). An electron microscopic study on human

brain oedema associated with brain tumors, brain trauma and congenital malformation

showed that brain pericytes exhibited phagocytic activity as well as remarkable

oedematous changes (castejon, 1934). Phagocytic pericytes contained ingested

erythrocytes, suggesting that pericytes might play some role in oedema resolution

(Castejon, 1984). One of the remarkable structural features of macrophages is the

presence of lysosomes. Pericytes have been shown to contain notable lysosomes and

inclusion bodies, which increase in number upon tissue injury and with age. Moreover,

pericytes have also been reported to expless numerous marker components of

macrophages. Nearly every macrophage marker component investigated has been

found to be expressed in pericytes under some conditions, these include complement

receptor-3 (CR3) (Sasaki et al.,1996)'

1.4.2 Astrocytes

Astrocytes are intimately associated with brain capillaries. Astrocytes surround with

their endfe et 80-957o of the brain capillary circumference (Wolff, I9l0) and their

endfeet are only separated from the plasma membrane of ECs by the basal lamina'

Thus, astrocytes are suggested to be the cell member that regulates BBB properties' It

is now generally accepted that astrocytes in the developing brain are responsible for

the induction and maintenance of TJs in cerebral ECs as well as other features of brain

barrier mechanisms, although this evidence has been challenged (Abbott et al',2006) '

This evidence includes either transplantation of avascular tissues into the developing
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brain (Stewart and 'Wiley, 1981) or in vitro culture of isolated cerebral ECs in the

presence or absence of astrocytes or astrocyte conditioned medium (Tao-Cheng and

Brightman, 1988; Rubin et a1.,1991)'

The first well-known in vivo evidence came from the study by Stewart and her

colleagues in 1981. 'When quail embryonic brain fragments were transplanted to the

chick embryonic coelomic cavity, and quail embryonic mesoderm fragments to the

chick embryonic brain, the host blood vessels derived from the coelomic cavity were

found to vascularise the transplanted brain tissues and these blood vessels gained

barrier function. In contrast, blood vessels derived from the brain, vascularised the

transplanted mesodermal fragments and these blood vessels lost BBB features (Stewart

and Wiley, 1981).

The study by Janzer and Raff (Janzer and Raff, 1937) provided further evidence that

astrocytes can induce barrier features in non-neural ECs. 'When injected into the tateye

anterior chamber or the chick chorioallantoic membrane (CAM), purified type I

astrocytes formed aggregates on the surface of the iris, or grew on chick CAM. The

astrocyte aggregates were able to exclude the BBB tracer Evans blue, indicating that

capillaries and venules in the aggregates had a barrier function. Thus, they concluded

that astrocytes were responsible for inducing non-neural ECs to form barrier vessels

(Janzer and Raff, 1937). However, the interpretation of the results of this study

encountered a challenge in a later study by Holash et al. (HoIash et al., 1993b). They

argued that the lack of tracer in the graft is not really because of the low permeability

of vessels but due to the poor vascularization of the grafts. This argument is based on
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their finding that astrocytes implanted into the anterior chamber form poorly

vascularized grafts and grafting of cells to the CAM induces an extensive

inflammatory response which could virtually affect the permeability of blood vessels.

They claimed that the CAM grafting experiments performed by Janzer and Raff was

not reproducible and astrocytes did not induce barrier features in CAM vessels (Holash

et al.,1993b).

There is some in vivo evidence that astrocytes do not influence the induction of BBB

properties. In transplanted superior cervical ganglia, the host astrocytes migration

occurred much later than the host endothelial proliferation and re-perfusion, which

indicated that astrocytes were not responsible for inducing barrier functions in ECs

(Rosenstein and Brightman, 1986). More recently, when superior cervical ganglia

autografts were transplanted to the brain fouth ventricle or parenchyma of the cortex,

the host astroglia migrate to the autografts but no typical end-feet of the astrocytes

could be found in the autografts, and the host astrocytic responses to the graft tissues

occurred later than the host ECs response suggesting that the astrocytes are not

responsible for the induction of the barrier (Rosenstein et aI., 1989).

In vitro studies however appear to provide more consistent results than the in vivo

studies. Numerous studies in vitro reported that TJs could form in ECs in the presence

but not in the absence of astrocytes (Arthur et al., 1987). The co-culture of cerebral

endothelial cells with astrocytes has been shown to stimulate the ECs to express some

specific markers of barrier endothelial cells, such as o-glutamyl transpeptidase

(DeBault and Cancilla, 1980; Meyer et a1.,1991; Tontsch and Bauer, I99I), alkaline

I4



Chapter I Introduction

phosphatase (Meyer et a1.,1991) and Na*-K*-ATPase (Tontsch and Bauer, 1991). The

presence of astrocytes also leads to the TJs between the ECs being of greater length,

width and complexity whereas gap junctions were suppressed (Tao-Cheng et al.,

l9S7). The enhancement of TJs could also be induced by adding astrocytes-

conditioned medium to EC culture, indicating that astrocytes secrete factor(s) that

influence the differentiation of brain ECs in culture (Arthur et aI., 1987). Treating

brain ECs with astrocytes-conditioned medium, increased the TER by twofold,

although the TER did not reach the level observed in vivo (Rubin et al., I99I).

Interestingly, increasing cAMP levels in endothelial cell culture already treated with

astrocytes-conditioned medium, resulted in a signif,rcant change in cell morphology

and a rapid increase in TER (Rubin et a1.,1991). C6 glioma cells, a commonly used

substitute for astrocytes, could also increase the TER of brain ECs in culture by 200-

4407o (Rauh et aI., 1992).

There is accumulating evidence to suggest that the astrocytes can influence the

phenotype of ECs at least in vitro. There are many BBB specific proteins and enzymes

in the endothelial cells. In vitro studies showed that the expression of many BBB

specific markers can be induced or triggered by astrocytes. IGTP is regarded as a BBB

marker as it is abundant in ECs of the brain. It is not expressed by other ECs at a

detectable amount. Astrocytes could increase the expression of ÏGTP by 34Vo when

cultured with ECs (Tontsch and Bauer, 1991). HT7 is a BBB marker in the chick.

Astrocytes-conditioned medium was shown to be able to induce the expression of HT7

in ECs of chorioallantoic vessels (Janzer et al., 1993). Both in vivo and in vitro studies

showed that human umbilical vein ECs (HUVECs) can acquire BBB properties under
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certain conditions, when transplanted into the rat brain or cultured in astrocytes

conditioned medium (Akiyama et a1.,2000). 'When co-cultured with astrocytes or

treated with astrocyte-conditioned culture medium, HUVECs expressed some BBB

features such as the formation of tight junctions, increased TER, high activity of

TGTP and expression of GLUT1 (Akiyama et a1.,2000).

On the other hand, some authors argued that the ECs used for these experiments are

always from adult brain which already possesses characteristics of adult cerebral ECs.

So far no experiments have been done using ECs from foetal brain because of

technical difficulties. Therefore, these studies only demonstrated the maintenance

effects of astrocytes (Holash et a1.,1993b). Several studies also showed that there is

very limited contact between astrocytes and ECs in immature brain (Caley and

Maxwell, l9l0; Rakic, l91I). Therefore it is not feasible to propose that astrocytes

are able to induce the BBB properties. The mechanism by which the astrocytes act on

the ECs is still not known. It is not clear how astrocytes influence brain capillary ECs.

As mentioned above, astrocytes-conditioned medium is able to enhance BBB

characteristics in cultured cerebral capillary ECs, which suggests that astrocytes may

produce factors to influence ECs. However, so far nothing is known about any

factor(s) secreted by astrocytes which is (are) responsible for the induction and

maintenance of the BBB. A systematic study is needed to elucidate the relationship

between astrocytes and blood vessels in the immature brain in parallel with

permeability experiments to test the different types of the barrier mechanisms.
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1.5 Molecular ønøtomy of the blood-brain harrier

In addition to the unique structure of brain and spinal cord vessels described above,

many molecules have been identified and found to be specifically present in ECs of the

BBB and the BSB. Interestingly, most of these molecules are present only at ECs with

barrier properties but not expressed or only weakly expressed by those without barrier

properties. It is now generally agreed that the specific molecular and structural

properties of CNS ECs and their morphological adjuncts facilitate the unique barier

function of central neural vessels (Cervos Navarro et aL, 1988; Dermietzel and

Krause, Lggl). Thus, these specific molecules and structures are used as markers for

the BBB and BSB. Molecular markers found so far include the endothelial baffier

antigen (EBA), glucose transporter protein GLUTI, activated lymphocyte antigen

recognized by MRC OX-4l antibody and IGTP (Dermietzel and Krause, 1991). Some

molecules are transporters while others are receptors. The precise function of these

molecules, with the exception of the brain glucose transporter, remains unknown'

1.5.1 End.othelial barrier antigen (EBA)

The endothelial banier antigen (EBA), a relatively new marker, was first recognized

by a monoclonal antibody, which was raised against a rat brain microvessel

preparation in 1987 (Sternberger and SternbergeÍ,1937). It was identified as aprotein

triplet with 30, 25 and 23.5 kÐa located at the membrane surface of the ECs' It is

generally agreed that EBA is a protein selectively expressed by ECs of microvessels

with barrier properties such as the BBB, BSB, blood-retinal barrier, and blood-optic

nerve barrier (Sternberger and Sternberger, 1987). Blood vessels without barrier

functions in the brain and in other peripheral body organs, including the heart,
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muscles, intestines and liver are not immunoreactive for EBA (Sternberger' and

Sternberger 1987). Thus, EBA has been considered as a 'barrier protein' of the BBB'

Surprisingly however, several non-barrier vessels in the eye, in the ciliary processes

and inner part of the choroids, also express the antigen' Non-barrier vessels of the

sclera, conjunctiva, dura mater, the outer vessels in the choroid and ciliary body are

negative for EBA (Lawrenson et al., 1995a). Although non-barrier vessels in other

body organs generally do not express this protein (Sternberger and Sternbelger' l98l;

Lawrenson et al.,I995a). Some unidentified cells in the spleen and Langerhan's cells

of the epidermis are immunoreactive for EBA. ECs of the sciatic nerve are either

negative or only weakly immunoreactive for EBA (Lawrenson et aI'' 1995b)' These

findings seem to be not in full agreement with the concept that the EBA is a barrier

protein. EBA may have wider tissue distribution and more diverse physiological role

than currently being appreciated.

The ontogenesis of EBA expression has not been studied in detail. Since the molecular

composition and structure of EBA have not been characterized' so far there is still no

feport available regarding the gene expression of EBA during development and in the

adult. However, it has been revealed that no EBA immunoreactivity (IR) was found in

rat brain vessels at embryonic day 18, when the BBB was already impermeable to

injected macromolecular tracer. Its expression started at postnatal day 7 and was

sustained in the adult rat. (Kimelberg,1995; Cassella et a1.,1996).

The regulation of EBA expression has not been well addressed in previous studies' As

mentioned above, it is generally agreed that astrocytes may play an important role in
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the induction of the BBB during development although there are conflicting views.

The time course of EBA immunoreactivity in rat brain ECs correlates well with the

developing investment of astrocytic end-feet in cerebral capillaries. In the foetal brain,

few capillaries are covered by astrocyte end-feet but by postnatal day 10 ovet 9O7o of

the capillary surface is covered by astrocytes. Thus it has been hypothesized that

astrocytes may be able to induce the expression of some BBB markers including EBA.

This hypothesis was tested by the in vivo injection of the anti-metabolite 6-

aminonicotinamide which induces severe degeneration of the astrocytes but leaves

microvessels intact. Interestingly, after injection, astrocytes were damaged but the ECs

continued to express EBA, suggesting that the astrocytes may not function as a

regulator for EBA expression (Krum et al., 1997). Accordingly, at 28 days after

ischaemic brain injury, some newly formed brain vessels showed EBA expression but

were not surrounded by cells reactive for the glial fibrillary acidic protein (GFAP)'

indicating that the presence of astrocytes is not critical for EBA expression (Nishigaya

et al., 2000). Furthermore, both pial and iris vessels, which have physiological

properties nearly identical to CNS vessels, also have strong EBA expression although

they are not normally contacted by astrocytic end-feet. In experimental conditions,

direct injury to neurons and astrocytes resulted in a rapid reduction of EBA expression

during the first 3 weeks. However, the immunoreactivity of EBA began to recover by 4

weeks post-injury in areas that had minimal numbers of neurons and astrocytes (Krum

et al., lgg1). Taken together, the results of previous studies suggested that the

influence of astrocytes may be important for the induction of EBA expression during

development but not for its maintenance at the BBB in the adult.
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Although the significance of EBA in the normal function of the BBB is unknown,

EBA immunoreactivity appears to correlate with an intact BBB. In pathological

conditions of the BBB such as cerebral oedema, EBA expression is lost, but this loss is

restored along with the reconstitution of the BBB. For example, the temporal loss of

EBA expression has been reported in stab wound brain injury, compression spinal cord

injury and other pathological conditions associated with brain oedema and

inflammation (Sternberger et at., 1989; Perdiki et a1.,1998 ;Nishigaya et al',2000)'

But its expression recovers along with reconstitution of the BBB and the disapperance

of oedema in injured tissue. In experimental allergic encephalomyelitis (EAE),

disruption of the BBB has been documented by numerous studies (Juhler et al., 1984,

1986; Claudio et aI., 1990; Hawkins et aI., 1991). EBA expression is abolished in

blood vessels surrounded by inflammatory cells during experimental allergic

encephalomyelitis. EBA expression recovers along with the reconstitution of the BBB

but not in residual inflammatory areas (Sternberger et aL,1989). In brain angiogenesis

induced by stab wound, regenerating vessels do not stain or only show weak staining

for EBA even after 10 days of postoperative healing (Rosenstein ¿r al', 1992). ln

moderate or severe compression injury to the spinal cord, EBA expression in the ECs

is remarkably reduced at 4 days after the injury but is restored at 9 days after injury

(perdiki et a1.,1998). In rat cerebral ischemia, both qualitative and quantitative studies

demonstrated a decrease of EBA expression in brain endothelium (Bart et a1.,2000;

Nishigaya et aL,2000), but immunoreactivity started to recover at day 14 after the

injury (Nishigaya et a1.,2000). The possible mechanism of the down-regulation of

EBA after pathological insults is still not clear. The decrease and/or disappearance of
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EBA are most likely due to its degradation in vivo, alteration of EBA structure or

reduced production of the protein as a result of the injury'

Although a remarkable reduction of EBA expression in different pathological

conditions associated with brain oedema has been reported, it is not clear whether the

reduction of EBA is a primary or a secondary event to pathological insults' A recent

study in our laboratory elegantly demonstrated that EBA reduction might be the

primary event which can lead to wide opening of BBB following pathological insults

(Ghabriel et a1.,2000). In this study, anti-EBA monoclonal antibody was intravenously

injected into the rat to induce immunological targeting of EBA' The injected antibody

was subsequently found to be bound to ECs. A tracer study using HRP and

endogenous albumin showed that the antibody injection caused a wide and immediate

opening of BBB. This finding provided direct evidence that EBA plays a putative role

in the maintenance of the normal barrier function of the BBB (GhabrieI et aI-,2000)'

1.5.2 Gtucose trønsporter 7 (GLUTI)

The glucose transporter protein is another specific marker of the BBB that has been

well charac terized by previous studies. under normal conditions' glucose is the

primary metabolic fuel for the brain. Since the brain cannot store or synthesize

glucose, a constant glucose supply is essential to maintain normal cerebral

development and function. The glucose transporter protein present at the ECs

facilitates the transport of glucose from the blood to the brain parenchyma' To date'

seven genes encoding homologous but distinct proteins, and one pseudogene that does

not encode protein, have been identified and designated GLUT1-7, based on the order
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in which they were cloned (Dermietzel and Krause., 1991; Maher et al., 1993;Bell et

at., 1993). Three of these proteins, GLUT 1, 3 and 5, have now been identified as cell-

specific transporters in the mammalian brain, and GLUTI is most abundant in the

endothelium of brain vessels. The biochemical properties, distribution and functional

role of these proteins have been intensively studied previously. This review will

mainly focus on the GLUT1 transporter protein.

GLUT1 is the predominant, if not exclusive, facilitative glucose transporter in brain

microvascular ECs. It is a 492 amino acid protein and is detected in whole brain

homogenate as two molecular mass forms of 55 kDa and 45 kDa, which are encoded

by a single gene but differ in their extent of glycosylation. In humans the gene is

assigned to a chromosomal location at chromosome 1p33. The GLUT1

6RNA sequence is highly conserved in the different species studied, and shows a

range of 93Vo to l87o similarity to the human sequence (Drews, 1998). The density of

GLUT1 in the brain is congruent with local cerebral glucose utilisation and capillary

density (Z,e\lr'x et al.,lggl). GLUTI is detected in cerebral microvessel ECs, choroidal

epithelium and ependymal cells but is absent from the endothelia of the

circumventricular organs and choroid plexus which do not exert barrier properties

(Dick et al., 1984; Kalatia et al., 1988; Gerhart et al., 1989; Boado and Pardridge,

1990; Harik et a1.,1990; Farrell and Pardridge, l99I; Rahner-'Welsch et al', 1995;

Dobrogowska and Vorbrodt, lggg). GLUT1 is also expressed by some astrocytes and

oligodendrocytes but not by microglial cells (Devaskar and deMello, 1996; lll4cCall et

at., 1996). The cellular distribution of the two GLUT1 isoforms is different' The 55

kDa form of GLUT1 is expressed at the BBB whereas the lower molecular weight
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form of GLUT1 is detected in the choroid plexus epithelium, astrocytes and

oligodendrocytes (Kumagai et a1.,1994; Yu and Ding, 1998)'

GLUT1 immunoreactivity has distinct cellular distributions in different tissues. On the

epithelium of the choroid plexus, it is restricted to the basolateral surfaces whereas on

the ependymal epithelium lining the third ventricle, it is distributed on the apical

surface (Fanell et al., tgg2). Moreover, there are varied reports about the subcellular

distribution in brain capillaries. Farrell et al',(1997) reported an asymmetrical

distribution of GLUT1 on rat brain capillary endothelial luminal and abluminal

membrane, with distribution of immunoreactivity on luminal membrane, abluminal

membrane and cytoplasm averaging 127o, 487o, and 407o, respectively. The

observations that about 4O7o of the endothelial glucose transporter is contained within

the cytoplasmic compartment, and the distribution of transporter being asymmetric on

luminal and abluminal membranes, are consistent with transporter recruitment; a

mechanism postulated for acute modulation of glucose transport' The relocation of

transporter molecules from a cytoplasmic compartment to the luminal plasma

membrane (the transporter recruitment hypothesis) could produce a rapid up-regulation

of BBB glucose transport. Similarly, in another report on rat brain capillaries, 507o of

the transporter was abluminal, 367o luminal, and I47o cytoplasmic (Dermietzel and

Krause, 1991). Cornford reported that in rabbit brain capillary endothelia, there was a

three to four-fold greater abundance of transporter molecules on the abluminal than on

the luminal membranes of brain ECs (Cornford et aI., 1993b). A more recent

quantitative immunogold study of GLUT1 distribution in mouse brain also showed an

approximately three-fold higher immunolabelling density of the abluminal than the
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luminal plasma membrane of ECs (Dobrogowska and Vorbrodt, 1999)' In human

brain, asymmetric distribution of GLUT1 has also been documented, with the ratio of

luminal to abluminal being 1:3 (Cornford et al',1994a)'

In contrast to reports of asymmetrical distribution of GLUT1 some studies

demonstrated symmetrical distribution of GLUTl in luminal and abluminal

membranes. For example, in canine brain, Gerhart et al' (1989) reported a symmetrical

distribution of GLUT1 epitopes between the luminal and abluminal membranes' A

lower proportion of cytoplasmic epitopes (97o) was seen in the canine brain

endothelia. In isolated bovine microvessel plasma membranes, the distribution of

GLUT1 between the luminal and abluminal membranes is also symmetrical (Lee et al.,

lggl). Another EM study of the subcellular distribution of GLUT1 in rat brain also

showed that the distribution of GLUT1 is symmetrical on both the luminal and

albuminal membranes of the vessels (Bolz et aI., 1996). The reason for the discrepancy

between these studies is still not clear'

Both in vivo and in vitro studies demonstrated up-regulation of GLUT1

immunoreactivity in brain vessels during brain development in the rat and rabbit

(Cornford et al., I994a; BoIz et al., 1996; Devaskar and deMello, 1996)' The

upregulation in vivo has been suggested to occur in two phases' Initially' during early

intrauterine development, there is four-fold increase in the density of the GLUT1

transporter in brain vessel profiles, and later, from E 19 to adult life, there is further

two-fold increase. This increase in density was suggested to be due to an increase in

absolute amount of GLUT1 protein (Bolz et al., 1996). A postnatal study on the

24



Introduction
Chapter I

distribution of GLUT1 in rats showed a complete congruence between the regional

relative capillary density and the density of GLUT1 staining in all BBB structures

during postnatal development (7'eller et aI., 1996)' Relative capillary density mainly

increases between postnatal days (P) 10 and P20 in the grey matter' In contrast'

investigation of the circumventricular organs and subfornical organ showed some

GLUT1 staining at birth but the immunoreactivity decreased at P10 and P15' and had

disappeared in the adult animals (7-al\er et al.,1996). 55-kDa GLUT1 levels remains

low during the early postnatal period but increase during the next two weeks'

coincident with the increases in BBB glucose transport. Immunogold electron

microscopic analysis revealed a similar pattern of BBB glucose transporter expression

in developing rabbit brain (Cornford et al',1993a)'

ontogenesis and distribution of the GLUT1 expression in the rat neural tube has been

well studied. As early as El1, before blood vessels invade the neuroectodermal tube'

GLUT1 immunoreactivity (IR) is already detectable in the perineural plexus of vessels

and in most of the vascular endothelium of the embryo' GLUT1 IR is also evident in

the neuroectoderm (Harik et aI., Igg3) although the neuroectodermal epithelium

gradually loses GLUT1 expression. At about E16, GLUT1 is no longer detectable in

most of the neuroectodermal epithelium while cNS microvessels increase their

GLUT1 IR. By birth, GLUT1 IR in the cNS is restricted to the endothelium' the

epithelium (but not the endothelium) of the choroid plexus, and tanocytes' This

cellular distribution of GLUT1 does not change much between birth and senescence

despite considerable postnatal brain development and the increased brain capillary

density (Harik et aL,1990). cassella et al. (1996) further confirmed that GLUT1 IR in
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cortical microvessels started from E 16 and this expression continues until the adult

age is reached (Cassella et al., 1996). The relatively late expression of GLUT1 during

early neurogenesis suggests that while CNS factofs may not have a role in the

induction of the high expression of GLUTI in CNS endothelium, such factors are

probably important in maintaining the high level of GLUT1 in these endothelia.

GLUT1 expression can be regulated by some physiological and pathological

conditions, in particular, the increase or decrease in cerebral glucose metabolism'

Following chronic changes in blood glucose levels, altered glucose transport at the

BBB and changes in the glucose transporter protein density can be observed' In

chronic hyperglycaemia cerebral glucose utilization in rat brain is increased but

glucose transporter GLUT| is decreased (Duelli et a1.,2000). A remarkable decrease

in the expression of GLUT1 was shown by Pardridge et al' after 1 week of

hyperglycaemia using quantitative immunoblotting technique of cerebral microvessel

preparation (Pardridge et al., 1990b). Down regulation of BBB glucose transporter

protein was also documented in the hyperglycaemic non-obese diabetic mouse (Harik

et a1.,1990)

Conflicting findings however were reported in the genetically diabetic db/db mouse

(Vannucci et aI., lggl). Genetically diabetic db/db mice with hyperglycaemia and

obesity show a significant reduction of cerebral glucose utilisation. Up-regulation of

BBB GLUT1 expression and mRNA were reported by some investigators (Maher et

al., 1993) but these results were not confirmed by other studies' No changes of

GLUT1 expression were observed in these mice although mRNA level of GLUT1 was
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regionally increased (Vannucci et aI.,I99l).In contrast, decreased GLUT1 expression

in chronic hyperglycaemia, accompanied by an increase in glucose utilisation was

reported recently (Duelli et a1.,2000).

In chronic hypoglycaemia an up-regulation of GLUT1 mRNA was found (Cornford er

at., 1995). Consistent with enhanced glucose uptake, the expression of GLUT1 and

GLUT1 mRNA at the BBB is increased in hypoglycaemia (Kumagai et aI., 1994). A

more recent study on hypoglycaemia induced by insulin, demonstrated a 25-457o

increase in regional BBB glucose uptake (simpson et a1.,1999), in addition fo a23Vo

increase in the 55 kDa GLUT1 isoform expression, with a greater increase in luminal

GLUTI, which indicated a redistribution of GLUT1 to luminal membrane of ECs.

GLUT1 mRNA also increased two-fold. However, no change was observed in the

expression of the 45 kDa GLUTI isoform.

Studies of glucose transporters in human neurodegenerative diseases have shown a

down-regulation of GLUT1 level in the brain. Patients with Alzheimer's disease have

shown a marked decrease in the glucose transporter protein in the brain (Harik, 1992i,

Simpson et al., lggg). The reduction of reactivity was selective in the cerebral

neocortex and hippocampus, regions that are severely affected in Alzheimer's disease,

but not in the putamen or cerebellum, which are not affected to a major extent in this

disease (Harik, lg92). Studies of cerebral glucose transporter expression in human

immunodeficiency virus (HIV) infection, demonstrated that GLUTI level in grey and

white matter regions increased with human HIV infection without neuropathology

when compared to normal controls, and decreased to baseline with HIV encephalitis
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GrÐ (Kovitz and Morgello, lggT). These findings may parallel glucose

hypermetabolism found in patients with early acquired immunodeficiency syndrome

(AIDS) dementia complex and glucose hypometabolism in patients with late clinical

stage dementia (Rottenberg et a1.,1937). However, studies of the GLUT1 expression

after traumatic brain and spinal cord injury are sparse' The molecular mechanism of

the regulation of GLUT1 expression is still not completely understood'

1. 5. 3 P-gly c oqrotein (P'SP )

p-glycoprotein (P-gp) is a large, glycosylated membrane protein, which localizes

predominantly to the plasma membrane of the cell. P-gp is an N-glycosylated

membrane protein of about 1280 amino acids (170 kDa). Two isoforms have been

identified, 155 kDa and 190 kDa forms (Beaulieu et aI., 1995). It belongs to the

superfamily of ATP-binding cassette (ABC) transporters' It is present in the BBB of

all mammals investigated, including humans (cordon-c ardo et aI., 1989,1990; Jetfe et

at.,1993).P-gp appears to be a BBB endothelial-specific marker, which could regulate

brain penetration of xenobiotics and thus participate in the neuroprotection of the brain

(Lechardeur et al., 1996).

P-gp was first identified in Chinese hamster ovary cells selected for colchicine

resistance and was demonstrated to mediate resistance to a wide range of anticancer

agents (Juliano and Ling, 1916). Later studies showed that P-gp was also detectable in

brain capillaries of humans, rats, mice, pigs and cattle (Hegmann et aI', 1992; Tsuji ef

al., 1993; Barrand et a1.,1995; Toth et aI., 1996).In the human, there are two P-gp

gene families, MDR1 and MDR3 whereas in the rodent (mice and rats) there are three
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gene families, MDRIa and MDRIb and MDR2. Human MDR3 is also called MDR2

while mouse MDRIb is called MDR1 (Sparreboom et aI., 1991). The human MDR1,

and the mouse MDRIa and MDRIb P-gps can confer multidrug resistance' In contrast'

the closely related human MDR3 and mouse MDR2 P-gps (> I5Vo amino acid identity

with the MDRl-isoform) do not confer multidrug resistance (Gros et aI., 1988;

Schinkel et aL,I99l;Buschman and Gros, 1994)'

The tissue distribution of the P-gp has been widely studied. In the periphery, P-gp has

been detected on the apical surface of intestinal and renal epithelia, pancreas, the

secretory glands in the endometrium of pregnant mice, biliary canalicular membranes

of hapatocytes and on the luminal side of the blood-testis barrier (Fojo et al., 1987)' In

the brain, P-gp has primarily been investigated at the barrier site. Although P-gp has

been shown to be expressed on the apical side of the choroid plexus epithelia (Rao er

al., !999),the exact location of P-gp along the brain endothelial microvessels remains

debatable. Studies using immunohistochemistry and luminal membrane isolation have

shown that P-gp is localized to the luminal surface of brain ECs (Jette et al" 1993i,

Beaulieu et al., l99l; Drion et aL, lggl)- However, P-gp has also been identified at

the abluminal surface of ECs neighbouring astrocyte foot processes (Golden and

Pardridge, Iggg). The localization of P-gp to the luminal membrane of ECs would

enable p-gp to immediately extrude substrates that had diffused into the ECs' to return

back to the blood stream.

Pardridge and co-workers reported a conflicting P-gp subcellular localisation (Agus e/

al., l99l; Golden and Pardridge, 1999). Using the anti-P-gp antibody MRK16 and
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double-labelling confocal fluorescence microscopy, they demonstrated that the cellular

origin of P-gp in isolated human brain microvessels is the astrocyte foot process' not

the endothelium. ln their studies, anti-GFAP antibody was used as a marker for

astrocyte foot processes and anti-GLUTl antibody was used as a marker for ECs' The

localization of anti-GFAP, anti-GLUTl and MRK16 was detected by confocal

fluorescence microscopy. The labelling patterns of anti-GFAP and MRK16 at isolated

human brain capillaries were identically discontinuous. Double labelling by these two

antibodies showed complete overlap. However, anti-GLUTl antibody continuously

labelled the capillaries. Double labelling with anti-GLUTl and MRK16 showed that

they were not colocal ized at the capillaries suggesting that the P-gp is not localized at

the endothelial cells. However, using only one antibody may have its technical

limitations and may not generate conclusive results. It has been reported that the

epitope of human MDR1 P-gp for the MRK16 antibody can be completely shielded in

some cell types by heavy N-glycosylation of P-gp (cumbet et a1.,1990). Therefore, it

has been proposed that at least two, and preferably three or more different antibodies

should be used to study the immunolocalisation of P-gp (van der Yalk et al., I99O)' An

in situ hybridization study showed a similar discontinuous pattern of P-gp transcripts

in the brain microvasculature (Qin and Sato, 1995). More work is needed to clarify the

subcellular localization of P-gp as it is of great signifîcance in the determination of the

function of P-gP at the BBB.

The P-gp plays an important role in drug resistance. This has been demonstrated by

several experimental methods including the use of knockout mice lacking fhe mdrla'

the mdrlb or both the mdrla and mdrlb genes. Although these mdrla (-/-) or mdrl b
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(-/-) mice appear physically normal and fertile, they are very sensitive to neurotoxic

substances such as ivermectin, an acaricide antihelmintic drug of natural origin. A

routine safety spray of ivermectin to treat mite infestation accidentally resulted in the

death of almost all mdrla (-/-) mice. A further study showed that the accumulation of

ivermectin was 50 -100 fold greater in knockout mice than in normal wild-type mice

(Schinkel et al., lgg4). Many other drugs have been also shown to accumulate to

higher extents in the brains of P-gp gene knockout mice (Schinkel et al., 1994' 1996;

van Aspereî et al., l99l; I{tm et at., 1998). The results indicated that P-gp can

exclude certain substances from the brain compartment and is directly involved in the

protection of the brain. A number of P-gp blockers or reversal agents have been

discovered (Tsuruo et a1.,1981; Hyafil et aI., 1993;Dantzig et al., 1996)' The P-gp

blockers can inhibit the drug transport effect mediated by P-gp without apparent

cytotoxicity. Most of the reversal agents are actually substrates for P-gp. They may

inhibit P-gp activity by competitive transportation'

Most recently, evidence of direct implication of P-gp in the barrier functions of the

BBB has been provided by generation of mice homozygous for a disruption of the

class I isoform (mdr3) (Schinkel et al., 1994).Injection of Vlastine to these mice

lacking cellular expression of P-gp resulted in elevated drug levels in many tissues,

especially in the brain. Thus, P-gp contributes to the barrier functions of the BBB by

extruding compounds that are potentially toxic to the brain from the capillary

endothelial cells. The function of the P-gp was also demonstrated by a quantitative

study in which Rhodamine 123 was observed to be accumulated obviously, after the
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treatment of bovine microvessel endothelial cell (BMEC) monolayer with the P-gp

modifying agents.

The cellular mechanism underlying P-pg transport function remains controversial. The

localization of P-pg at the luminal membrane of brain capillary ECs suggests that P-gp

regulates blood-to-brain transport, whereas the localization of P-gp at the astrocyte

foot process indicates that P-gp mediates drug efflux across the astrocyte foot process

membrane from the brain interstitial fluid into astrocytes. In the latter location,

knocking out P-gp genes would result in increased drug distribution into brain cells

such as astrocytes without significantly increasing BBB permeability (Golden et al.,

l99l ; P ardridge, 1997 ).

1.5.4 OX-47 antigen

An integral membrane glycoprotein of unknown function has been identified at the rat

BBB using a monoclonal antibody (MRC OX-47) and is referred to here as OX-47

antigen (OX-474). It is a member of the immunoglobulin superfamily with an

unusual transmembrane sequence (Fossum et aI., 1991). Previous studies

demonstrated that OX-47 A is homologous to the HT7 or neurothelin of the chick,

basigin or gp42 of the mouse, and M6 or EMMPRIN of the human (Kasinrerk et aI.,

1992; Seulberger et aI., 1992). There is 947o identity in the amino acid sequence

between OX-41A and HT7 (Seulberger et aI.,1992). Further studies at the molecular

level revealed that HT7, neurothelin, gp42, basigin and OX-474 share a similar

molecular structure. The results of these studies suggest that HT7 , neurothelin, 9p42,

basigin and OX-47A may be different names for the same glycoprotein in different
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species (Seulberget et a1.,1992)

The OX-474, like HT7, is located on ECs of the BBB but it has a more extensrve

distribution. It is also found on most epithelial cells including the kidney' small

intestine and liver (Nehme et a1.,1995). It is present at low levels on most thymocytes

and bone maïro\tr cells but increases markedly upon activation of both B and T cells'

The cell types expressing the ox-41A can be divided into four main groups: (a)

immature, activated and dividing cells, e.g. bone mafrow cells' cortical thymocytes'

lymphoblasts, spermatogonia B, basal layers of epidermis and hair follicles' (b)

epithelial cells involved in transepithelial transport, e'g' nephronic tubular cells'

salivary duct cells, hepatocytes, intestinal absorptive cells, brain endothelium' choroid

plexus, perineurial cells, (c) cells with excitable membranes' e'g' nerve and muscle

cells and (d) other cells including endocrine cells such as l'eydig cells and ovarian

follicular cells (Foss vm et at., t99l).It is likely that the ox-47 A is part of a complex

of surface proteins and it is possible that the other components vary between the

different cell types. Although the function of OX-474 remains unclear' Nehme ¿f ¿/'

(1995) reported remarkably increased levels of the integral plasma membrane

glycoprotein 6RNA and protein in brown adipose tissue, liver and the lymphoid organ

after metabolic activation. They suggested that the level, and possibly also the

localization, of OX-474 might be correlated in a positive fashion with metabolic

activity in a diverse anay. The locali zat\on of oX-474 on ECs and activated

lymphocytes also indicated a function as a cell transporter in cell-cell signaling'

The chick protein HT7, which is much more extensively studied than the rut OX-4] A,

is a specific marker for chick brain ECs. The HT-7 antigen is also detected in other
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cell types, which form a tissue barrier, such as the pigment epithelium of the retina'

choriod plexus epithelium and the epithelial cells of kidney tubules' During embryonic

development, HT7 antigen is induced in the brain capillaries at day 10 of chick

embryo, which correlates with the induction of the BBB. In the posthatch chick' HT7

expression is found on ECs within the brain but not on those of the systemic blood

vessels (Seulberger et al.,Igg2) and it is also absent from ECs of the choroid plexus'

subfornical organ, and pineal and pituitary glands, all of which lack BBB (Albrecht er

al., 1990). An ontogenic study showed that HT7 is a very early BBB marker even

when compared with the early embryonic brain endothelial cell markers, alkaline

phosphatase and transferrin receptor, which appear slightly later' FIT7 is first

detectable at embryonic day (E) 9-10 in chick development' and becomes more

extensive from 811 onwards (Risau et aI',1986)'

The neurothelin antigen is also a chick-specific cell-surface glycoprotein expressed by

the brain ECs and widely utilized in experimental studies as a marker of barrier vessels

(Moller and Kummer,2O03). An immunocytochemical study has shown that HT7 has

cross immmunoreactivity with neurothelin (Seulberget et aI',1992)' The epithelium of

the pigment layer which forms a barrier between the outer layer of the eyeball and the

retina, and the epithelium of the choroid plexus, which forms the blood-cerebrospinal

fluid banier, also expfess neurothelin, indicating a role in the transport process (unger

eî al., lgg3) of various cell types. In vitro studies of choroid epithelial cells showed

that the expression of neurothelin was at the cell-cell site, indicating that the

distribution of neurothelin was regulated by cell-cell interaction' The neurothelin

antibody 1W5 does recognize the isolated HT7 (Seulberger et al'' t992)' The
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appearance of neurothelin coincides with the maturation of CNS ECs' Neurothelin is

an inducible protein in ECs. The induction may be mediated by cell-cell interactions

or by factors produced by astrocytes. Although the localization of neurothelin strongly

indicated its involvement in the banier function, its expression by transplanted brain

tumour cells has been reported (Papoutsi et a1.,2000)' Four tumour cell lines were

inoculated on the chorioallantoic membrane (CAM) of chick embryos. Neurothelin

was expressed by ECs in all four tumours. As it is well known that BBB function is

compromised in brain tumour blood vessels, this finding suggests that the expression

of neurothelin does not correlate with a functional BBB.

Like ox-41L, ]HTl and neurothelin, basigin (Bsg) is another transmembrane

glycoprotein belonging to the immunoglobulin superfamily' Chicken Bsg is expressed

in neuroblasts, but disappears from neurons after a specific stage ofcytodifferentiation'

and becomes restricted to the capillary endothelium in the adult brain' Studies by in

situ hybridizationshowed that basigin mRNA was expressed in neuroblasts in 13'5

day old mouse embryos. In the adult mouse, Bsg was differentially expressed in

subregions of the brain. Strong Bsg expression was detected in the limbic system'

including the olfactory system, hippocampal formation, septal aÍea' amygdala'

thalamic anterior nuclei, hypothalamus, mesencephalic tegmentum, entorhinal cortex'

and cingulate gyrus. Basigin was also intensely expressed in the retinal neuronal

layers, the fifth layer of the cerebral neocortex, Purkinje cells of the cerebellum'

several nuclei of the brainstem, and the grey matter of the spinal cord' Although in situ

hybridization showed a weak signal in the brain capillary endothelium' protein

expression of basigin was strong enough to be detected by immunohistochemistry'
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Basigin knockout mice exhibit abnormalities in behaviour, but a normal blood-brain

barrier function. A study using knockout mice lacking the basigin gene showed that

the BBB of the knockout basigin (-/-) mice was impermeable to Evans blue, indicating

a normal barrier function of the mutant mice (Igakuta et aI', 1996)'

1. 5. 5 Gammø'Glutamyl transp eptidøs e

Gamma-glutamyl transpeptidase (^yGTP) is probably the most widely used marker for

the BBB. Orlowski et al., (Ig14) were the first to report the presence of IGTP in the

BBB. ^yGTP is also found in the epithelium of secretory tissues (chiba and Jimbow'

1986; Hanigan and Frierson,1996) and in many organ barriers, e'g' the BBB and the

blood-cerebrospinal fluid barrier (ogawa et a\.,1998; Lawrenson ¿/ aI" 1999)'

In the rat cNS, the activity of IGTP is mainly present in areas where the BBB is

expressed, such as the cerebral cortex, cerebellum, striatum, and spinal cord' In areas

where the BBB is absent, îGTP activity is not detectable or only a few blood vessels

show IGTP activity (wolff et al., 1gg2). The percentage of ÌGTP positive vessels

varies considerably in different areas of the rat brain, from lo07o in the anterior

commissure to only 87o inthe optic nerve (Wolff et al',1992)' TGTP is absent from all

rat pial microvessels. It was proposed that the regional difference of IGTP activity

might be related to the influence of astrocytes. This view is supported by another study

which showed that blood vessels in the pia mater lack IGTP activity but capillaries

with barrier function show IGTP at higher concentration in pericytes (Frey et al''

l99I; Risau et al.,1992).
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The precise subcellul ar Iocalization of TGTP at the BBB still remains controversial'

Some investigators reported that IGTP was localized at the luminal membrane of ECs

(Ghandour et a1.,1980; Sanchez del Pino et a1.,1995; Ogawa et a|" 1998)' However'

other studies reported that the main activity of ÉTP is at the abluminal membrane of

the capillaries and is found at higher concentration in pericytes (Frey et al" l99l;

Risau et al., l9g2). This enzyme catalyzes the transfer of gamma-glutamyl residue

from the glutathione to amino acids and is possibly also involved in BBB amino acid

transport (Tate and Meister, 1985; Wolf and Gassen,IggT). ^yGTP has a high affinity

to cystine (Thompson and Meistet,I9J5, lg76). However, a recent study showed that

inhibition of IGTP activity in isolated adult porcine brain vessels did not affect the

uptakeofcystine(Wolffetal.,1998)'AnotherpossiblefunctionofIGTPattheBBB

is detoxifîcation (wolf and Gass en, l99l). ^yGTP is involved in the mercapturic acid

pathway. As brain ECs are not able to exclude lipophilic xenobiotic substances' the

mercapturic acid pathway can detoxify these potentially harmful substances (wolf and

Gassen, Iggl).Further studies are needed to clarify the subcellular localization of this

enzyme at the BBB. The precise subcellular localization of ^yGTP may provide

information on the functional role of IGTP at the BBB'

1.5.6 Molecular mørkers of tight iunctíons

The molecular anatomy of the TJ is not fully understood' A few TJ-associated proteins

have been identified. The TJ components occludin (Ando-Akatsuka ¿/ al'' 1996)'

claudin I and2(Furuse et a1.,1998), ZO-1 (Stevenson et aI',1986)' ZO-2 (Jesaitis and

Goodenoug h, |9g4), Zo-3lp|3o (Haskins et aI,, 1998), 7H-6 (Zhong et al., 1993) and
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cingulin (Citi and Kendrick Jones, 1988) were detected in epithelial as well as in the

endothelial BBB TJs, whereas symplekin was exclusively found at the junctional zone

in epithelial cells (Keon et al.,1996)'

occludin is a 65-kDa protein identified by a monoclonal antibody' occludin is the first

and best-known integral membrane protein of TJs that is believed to be directly

involved in their barrier and defence functions. This protein localizes precisely and

exclusively to TJ contact sites as determined by immunogold labelling at the electron

microscopic level (Tsukita et al., IggT).It is expressed in the TJs of both epithelial

cells and endothelial cells

zo-l is a TJ associated-prote in, a 22O kDa phosphoprotein that is present in both

epithelial cells and ECs (Stevenson ¿r aI., 1986).It is localized to the tight junction'

although not exclusively, and is present in all types of TJs (Howarth et al'' 1992; Itoh

et al',I993;Aaku-Saraste et aI.,1996). Zo-2, a 160 kDa protein is considered as an

ubiquitous component of epithelial and endothelial TJs (Jesaitis and Goodenough'

tgg4).The functional significance of ZO-2 is not clear'

Two additional tight junction proteins, cingulin (140 kDa) and the 7H 6 antigen (155

kDa) are yet to be cloned and sequenced. The exact role of these proteins in TJ

permeability regulation is not clear. The modification of adherens junctions can alter

the permeability of TJs. Adherens junctions are formed by a class of membrane

proteins termed cadherins and their cytoplasmic plaque proteins cr-' B- and 1-catenin'

The cadherins/catenins system at the adherens junction is sensitive to calcium levels'
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Removal of C** leads to the disruption of adherens junctions and the opening of TJs

(Pitelka and Taggart, 1983; Gumbiner and Simons, 1986). The level of cAMP in

cultured brain ECs can also regulate the TJ formation. Elevation of cAMP levels

causes a striking elevation of TJ resistance and reorganisation of the actin cytoskeleton

(Rubin et a\.,1991).

1.6 The blood-brain and blood-spina'l cord børriers after íniury

1.6.7 Vascular damage after brain and spinal cord iniury

Vascular damage after brain injury has been extensively studied' Vasogenic brain

oedema can occur following mild, moderate, or severe head injury. Leakage of

macromolecular tracers, such as endogenous plasma proteins and/or exogenous

protein, such as HRP or albumin has been observed by numerous studies on

experimental brain injury (Povlishock et a1.,1919; Schmidt and Grady' 1993; Lammie

et al., Lggg) and human brain injury (Citi and Kendrick Jones, 1988; Cornford et al''

Igg6).The opening of the blood brain baffier (BBB) occufs several minutes after the

injury. However, different experimental models have demonstrated different time

frames of cerebral oedema. Study of cortical impact brain injury in rats showed a

biphasic opening of the BBB (Baskaya et al., 1997)' Recent studies have also shown

that cytotoxic oedema may play a major role in the development of brain oedema (Ito

et aI., 1996;Barzo et aI., lggl). Based on the measurement of the apparent diffusion

coefficient (ADC) by diffusion-weighted imaging, Barzó and co-workers (1997)

reported a transient opening of the BBB and a prolonged cytotoxic oedema (mainly in

astrocytes) after experimental brain injury. In addition to the vasogenic and cytotoxic

oedema mainly in astrocytes, neurotoxic oedema is also considered to occur after
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traumatic brain injury. Significant increases in extracellular potassium and excitatory

amino acids such as glutamate have been reported in experimental traumatic brain

injury (Katayama et a1.,1990). Therefore, at least three forms of oedema, vasogenic'

cytotoxic, and neurotoxic may contribute to brain oedema formation following trauma'

The subcellular passage way for large molecules through the BBB following traumatic

brain injury is not fully understood. There is little evidence to indicate that disruption

of TJs occurs after traumatic brain injury. EM studies showed that TJs appear to

remain intact after head injury in humans (Castejon' 1993) and experimental animals

(Foda and Marmarou, lg94). However, there is abundant evidence which

demonstrates increased pits and vesicle density in ECs in both human and

experimental traumatic brain injury, indicating activation of ECs (Castejon' 1998)'

When the exogenous tracer HRP was used in an experimental brain injury model'

vesicles were shown to contain HRP following injury (Povlishock et al.' 1919)'

However, the role of vesicles in transendothelial transportation remains controversial

(Broadwell, 1989).

The disruption of the blood-spinal cord barrier (BSB) after injury has also been

investigated in different animal models, such as transection, contusion and

compression injury and experimental allergic encephelomylitits (EAE) models (Noble

and Maxwell, 1983; Juhler et al., 1984;Noble and 
'Wrathall, 198'l ,1988' 1989; Noble

and Ellison, 1989). In all these models, remarkable changes in the permeability to

endogenous and exogenous tracers have been demonstrated' The breakdown of the

BSB may occur as early as 10 min after transection injury with the maximum
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breakdown at 3 days after injury (Noble and Wrathall, 1987)' Vascular damage can

extend to several segments remote from the epicentre of trauma' It was also reported

that the extent of damage to the BSB in the tissue rostral and caudal to the trauma sites

are different with more severe damage to the area caudal to the injury (Noble and

Wrathall, 1937). An EM study also revealed that the breakdown of the BSB mainly

resulted from an increase in transendothelial vascular transport rather than the

interendothelial passage of tracer across the compromised TJs (Noble and 
'Wrathall'

1988). The breakdown of the BSB in the peritraumatic areas caudal and rostral to the

trauma sites demonstrated a similar mechanism (Noble and 'wrathall' 1988)' Using

quantitative autoradiography following contusion injury to the rat spinal cord'

Popovich et aI. (I996a) measured BSB permeablity' BSB permeability was assessed

by calculating blood-to-tissue transfer constants (K-i values) for the vascular tracer

alpha-aminoisobutyric acid (AIB) in injured (3, 7, 14, and 28 days post injury)'

laminectomy control, and uninjured control animals (Popovich et al'1996a)'

Regardless of the type of analysis used, increased permeability was noted at all

survival times in all tissue regions compared to both uninjured and laminectomy

control groups, with a remarkable increase in the permeability 3 days post injury'By 7

days, the increase in the permeability in all regions was not so remarkable compared

with 3-day tissues. In subsequent time intervals, circumferential white matter tracts

showed a secondary increase in permeability compared to 7-day tissue' Permeability in

the white matter at 14-28 days post injury was comparable to that at 3 days post injury'

Increased BSB permeability occurred over several segments rostral and caudal to the

lesion epicenter (3 cm in both directions). These results suggest that the spinal white

matter at later survival times (14-25 days post injury) is an area of dynamic vascular
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and/or axonal reorganisation. However, the detailed mechanism accounting for the

opening of the BSB is still not fully understood'

I.6.2 Expression of BBB markers øfter iniury'

1.6.2.1 EBA expressíon after braín and spinal cord íniury

As described in the previous section, in brain pathology associated with the formation

of oedema, the expression of BBB molecular markers is altered' The level of EBA

expression is reduced in experimental encephalomyelitis (Sternberger eî al" 1989)'

stab-wound brain injury (Rosenstein et aI., Ig92) and in the cerebral infarction injury

model (Lin and Ginsberg, 2000). However, the EBA expression is restored along with

recovery from the acute state of the above diseases' Interestingly' these models

demonstrated almost the same time frame for the disappearance and re-expression of

EBA. In all these models, EBA appeared to show a reduction at 1 day after the injury'

with the maximum reduction at approximately 3 days after injury' By two weeks after

these pathological insults, the expression of EBA started to recover to normal levels'

The blood-spinal cord barrier (BSB) is similar to the BBB in structure and is also

characferized by the expression of certain endothelial cell markers including EBA'

GLUT1 and 1GTP. A recent study reported that the spinal cord after compression

injury, like injured brain tissues, showed remarkable temporal reduction of EBA

immunoreactivity in the BSB at the injured area' The reduction of EBA reached

lowest level at 4 days after injury. The reduced EBA IR was restored at two weeks

after injury @erdiki et a1.,1998). Thus, it has been suggested that EBA IR can be used

42



Introduction
Chapter I

to detect sites of barrier dysfunction and recovery after trauma to rat brain or spinal

cord (Perdikj et a1.,1998).

However, the above study (Perdiki et a1.,1998) addressed only changes at the injury

site subjected to the direct mechanical trauma employing light microscopy. Also it did

not investigate changes in EBA IR in the peritraumatic areas, such as the area caudal

and rostral to the injury sites. The study also did not address why EBA IR is

dramatically reduced during certain time periods after injury' As yet' it is also not

evident whether the expression of EBA by the ECs is related to the function of the

BSB and what factors mediate the expression of EBA after injury. Furthermore, it is

not known whether the expression of the BBB markers is related to the pathological

evolution of lesioned axons and the plasticity of the astrocytes and other glial cells in

the traumatic and peritraumatic areas. The factors that down-regulate EBA expression

after injury are still not clear.

1.6.2.2 GLUTI expression after iniury

Since the metabolism of glucose is a major energy source in the CNS' glucose

transporter proteins, which regulate the transport of glucose, may also be involved in

the pathological evolution of spinal cord injury. A recent study investigated GLUT1

expression in the normal and injured spinal cord (Stark et al',2000)' It was found that

GLUT1 IR and the mRNA signal for GLUTI can be detected in the microvessels of

the spinal cord of both embryonic and adult animals (stark et aL,2000)' However' no

labelling was found in the pia matter of the spinal cord' A strong immunolabelling was

present in blood vessels that were directly injured by the spinal cord lesion' This result
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seems to be in agreement with a previous report that GLUT1 expression is still present

in the microvessels in the injured tissues after stab wound injury to the brain

(Rosenstein and More, Igg4). However, previous early studies reported a reduction in

energy metabolism in the traumatic area of the injured spinal cord' For example'

Noble and'wrathall (1937) reported that after injury the level of ATP in the trauma

site of the spinal cord was decreased with time compared to that in the peritraumatic

sites. currently no reports exist on alterations in the expression of GLUT1 at different

time intervals after injury. It is also not clear whether the GLUT1 expression is

correlated with the pathological changes and the function of the BSB after injury' The

underlying mechanisms by which the GLUT1 is up-regulated or down-regulated are

also not clear

1.6.2.3 What føctors medíate the expressíon of BBB moleculnr markers?

The regulatory mechanism for EBA and other molecular markers expression is still

unknown. As reviewed in previous sections, there are several lines of evidence

suggesting that extracellular micro-environments play a role in induction and

maintenance of the BBB. Thus, it has been hypothesized that astrocytes may play a

role in expression of BBB markers. Indeed, some previous studies have suggested that

astroglial cells not only directly or indirectly induce BBB properties such as increased

TJ complexity, but also regulate the expression of barrier-specific markers (Bouchaud

et a1.,1989; Meyer et al., l99l; Tontsch & Bauer, I99l; Rauh eî al', 1992 Frunk &'

Wolburg, 1996). Since EBA expression seems to be related to BBB integrity' it has

been hypothesized that astroglial cells may also exert regulatory effects on EBA and

other molecular markers' expression by the ECs. However, a recent in vivo study
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reported conflicting results that astroglial degeneration appears not to affect the

expression of BBB markers (Iftum et al, lgg7). In that study' after systemic

application of 6-aminonicotinamide (6-AN), an anti-metabolite' to the neonatal rats'

the brain microvasculature was examined at postnatal days 6-12 and the histochemical

andimmunohistochemicalexpressionsofEBA,I-GTPandGLUT1were

quantitatively analyzed. Despite the apparent perivascular astroglial degeneration' all

of the BBB markers examined were robustly expressed throughout the CNS and

comparable to the age-matched control. The author claimed that' in contrast to the

majority of in vitro studies (Krum, 1.gg4), the postnatal brain microvasculature

continues to express GLUT-I, ^yGTP and EBA in situ without the influence of

continuously manufactured, astrocyte-derived substance' However' in that study' the

regulation of the release of astrocyte-derived factors after systemic injection of the 6-

AN was not studied. It is most likely that the astrocytic fesponses induced by this

model are different from those induced by traumatic injury'

I.7 Other blood'tissue barriers

Blood-tissue barriers exist in some peripheral body organs including blood-nerve

barrier, blood-testis barrier, blood-ocular barrier and blood-thymus barrier' These

barriers have different morphological properties compared to that of the BBB although

they share some similarities. The anatomical basis of these barriers is also located in

the ECs although in the testis the blood-testis baffier is mainly constituted by sertoli

cells. These barriers may also expfess some molecular markers that are specifically

expressed by the BBB. This review will focus on the blood-nerve barrier and blood-

testis barrier
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1.7.1 The blood-nerve barrier

Numerous previous studies demonstrated that there is also a barrier between blood

circulation and the peripheral nerves (Michel et al',1984; Allt and Lawrenson' 2000)

which prevents free entry of some macromolecules such as HRP and other large

molecules to the peripheral nerve (Orte et al.,1999)' When tracer substances such as

ferritin and HRP are injected into the blood, they do not enter the peripheral nerves'

Their entry is prevented by TJs in the inner layers of the perineurium and between

endothelial cells of endoneurial blood vessels. Thus, these studies have demonstrated

that the BNB is constituted of the perineurium and the endothelium of endonurial

microvessels. The perineurium of peripheral nerves consists of concentric layers of

flattened cells separated by layers of collagen. The number of cell layers varies from

nerve to nerve and depends on the size of the nerve fascicle. Electron microscopic

studies further showed that perineurial cells have membrane-associated vesicles that

appear to open on to the external and internal surfaces of the cell' Basement membrane

is usually seen on both sides of each perineurial lamina (Michel et aI'' 1984; Thomas

et aI., lgg3). There are TJs that join adjacent cells within the same layer of

perineurium and between adjacent layers'

Tracer studies in developing animals indicated that the BNB is not formed before 13

days of life, and that its function is established by 16 days (christophet et al'' 2001)'

These results were further confirmed by electron microscope examinations of nerve

sections from animals injected with the tracer HRP, which showed tight junctions

preventing the passage of the HRP through the clefts between the endothelial cells of

endoneurial vessels. These studies therefore support a functional barrier to protein
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tracer at the BNB. Thus it appears that there are morphophysiological similarities

between the BNB and the BBB. However, studies using ionic tracers showed that

although the perineurium may exclude lanthanum ions, at least some endoneurial

blood vessels may allow lanthanum ions through endothelial tight junctions (Mac

Kenzie et al.,1981; Ghabriel et al',1989)'

TheinductionoftheBNBhasnotbeenstudiedextensively.Intheperipheralnerve,

there have been no studies of EC and Schwann cell interaction' analogus to EC and

astrocyte interaction in the brain. Recent evidence indicates that Schwann cell

signalling is responsible for both the induction and maintenance of the barrier

properties of the perineurium. A study on nerve section and grafting showed that the

perineurium at the site of the graft contribut to the formation of internal compartment

within the nerve, possibly as a mechanism for reconstitution of the blood-nerve barrier'

although these compartment and endoneurial blood vessels remain permeable to HRP

for at least 24 weeks (Ahmed and V/eller, tg19)' It was also found that the intact

perineurium distal to a graft becomes permeable to HRP in the asbsence of growing

axons, but the endoneurial blood vessels could exclude the tracers (Ahmed and Weller'

lg1g). This suggests an axonal influence on the perineurium but not on ECs of

endoneurial blood vessels. A recent study suggested that the endoneurial pericytes play

aroleinstrengthingtheBNBinvitro(Iwasakietal.,1999)'

1.7.2 The blood'testis harríer

In the testis, there is both functional and structural evidence for a blood-testis barrier'

The observation that only few substances of those present in blood appeat in the
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testicular fluid suggests the existence of a barrier between the blood and the interior of

the seminiferious tubules. Some studies showed that the occluding junctions between

Sertoli cells are responsible for this barrier, which is of importance in protecting the

germinal cells against noxious agents (Dym and Fawcett,TgJ\', Dym and cavicchia '

1911).

In previous studies, much attention has been directed to these specialized junctions

between pairs of adjacent Stertoli cells, which divide the spermatogenic epithelium

into basal and adluminal compartments (Dym and cavicchia,lgll; Russell' 1971)'

The diploid, mitotically-dividing spermatogonia are located in the basal compartment

and during the leptotene stage of the first meitotic prophase, the spermatocytes move

into the adluminal compartment, where the rest of the process of the sperm formation

occurs (Dym and Fawce tt lglo).There is evidence that the peritubular myoid cells and

ECs of the testicular blood vessels also contribute to the barrier (Plöen and Setchell'

1992; Holash et a1.,1993).

Testicular capillaries show some similarities to brain vessels' Testicular capillaries are

continuous and have intercellular tight junctions (Weihe et al., 1919). However,

morphological and physiological studies showed some difference between the two

vascular beds in the brain and testis. Albumin, which does not freely enter the brain' is

readily detectable in testicular lymph (for a review, see Setchell and'Wates' 1975)'

Also the density of the tight junctions in testicular vessels is lower than those of brain

endothelial cells (Hola sh et aI., I993a; Stewart, 2000)' Testicular capillaries are larger

and have a thicker wall and higher density of mitochondria than those of brain
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capillaries (Holash et aI.,I993a;Stewart, 2000)' other studies have provided evidence

for the leakage of Evans blue (cast er et a1.,1955) and trypan blue (Kormano' 1967)

into the interstitial tissues of the testis. HRp can also enter the interstitial tissues of the

testis (weihe et al., Iglg)but cannot enter the brain (Brightman and Reese' 1969)'

The difference in the permeability between testicular and brain vessels may be due to

the differences in the structure and function of the TJs between ECs in the two

systems.Brainbloodvesselshavelongsinuousintercellularjunctionswithhigh

electrical resistance. Testicular blood vessels have wide compartments between the

series of tight junctional appositions and some intercellular junctions are expanded (>

10nm), indicating patent junctions (Dym and Fawcett, |970; Holash et al., 1993a;

Stewart,2000).Fifteenpercentofthetesticularbloodvesselshavewidejunctions

with a higher cleft index (Holash et al., 1993a) which may explain their higher

permeability compared with brain vessels'

1.7.3 Expression of molecular markers in the blood-nerve barríer ønd blood-testis

barríer

1.7.3.1 Molecular markers of the Blood-testís barrier

Endothelialcellsoftesticularmicrovesselsshareseveralmolecularmarkerswiththose

in brain. There is a specific saturable transport system for leucine in ECs of the testis

and the kinetic properties of this system are very similar to those found in the brain

(Bustamanteandsetchell,2000)'Endothelialcellsinthetestiscontaintheglucose

transporter GLUT1, .yGTP and P-gp (Harik et a1.,1990; Holash et aI., I993a) which

were thought to be specific to the brain. It has also been demonstrated that the Leydig

cells, which lie close to the ECs in the testis, contain s-100 protein' the glial fibrillary
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acidic protein and glutamine synthetase (Holash et al',I993a)' These are characteristic

markers of astrocytes, the cells in the brain that may confer the barrier properties on

brain ECs (Risau, 1995). Some early studies have investigated the expression of the

barrier marker, glucose transporter, in the testis. The expression of the facilitative

hexose transporter was compared in rat and human testes' In rat testis' only GLUT1

and GLUT3 proteins were expfessed. By contrast, human testis expressed GLUT1 and

GLUT3inadditiontoGLUT5.ImmunocytochemicalstudiesshowedthatGLUT3was

expressed in all cells of the seminiferous epithelium of rat testis, including sperm' In

human testis, GLUT3 was explessed exclusively in cells juxtaposed to the lumen of

the seminiferous tubule and in ejaculated sperm, a pattern of expression that was

identical to that of GLUT5. Induction of insulin dependent diabetes mellitus in the rat

did not alter the levels or the distribution of GLUT3 protein or mRNA in the testis'

Moreover insulin treatment of the diabetic rats did not produce changes in GLUT3

mRNA or protein levels. The results show that rat and human testes express the high-

affinity glucose transporter GLUT3, which allows for the efficient uptake of glucose'

In addition, the testis may be protected from changes in glucose transporter expression

in experimental diabetes.

Although testicular blood vessels share many biochemical markers with brain vessels'

there are some differences. Unlike brain vessels, those of the testis do not express the

transferin receptol (Holash et al.,I993a). Although ECs of the brain vessels and testis

express the P-gp, the distribution of this marker is different in the two systems' P-gp

is l0calized to the luminal membranes in brain ECs but to both luminal and abluminal

membranes in testicular endothelial cells (Stewart et al', 1996)' The biological
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significance of the difference in the distribution of P-gp in the two systems is not

understood (Stewart et al.,1996)

1.7.3.2 Molecul.ar markers of the blood'neme barrier

A number of enzymes, transporters, and receptors have been investigated in the BNB

andcomparedtotheBBB(SeereviewbyAlltandLawrenson'2000).

Immunocytochemistry showed that GLUT1 was uniformly and strongly represented in

brain ECs, nerve ECs and the perineurium. ox-26 antibody' which detects the

transferrin receptor, strongly labelled brain EC but only weakly labelled nerve ECs and

the perineurium. Anti-EBA similarly showed strong positivity in brain ECs but weak

staining of nerve ECs, and was absent from the perineurium' OX-41 antibody

moderately labelled brain ECs and the perineurium but not nerve ECs' Quantitative

immunoblotting of brain and sciatic nerve homogenates showed statistically

significant differences in the level of expression of EBA and transferrin between the

two tissues. Enzyme cytochemistry showed that IGTP was strongly positive in brain

ECs but absent from nerve ECs and perineurium. Alkaline phosphatase was strongly

detected in nerve ECs but was absent from the perineurium' Alkaline phosphatase is of

special interest because it is abundant in brain ECs and is used as a marker for the

BBB, and the expression of this eîzymeis astrocyte-dependent. The P-gp is expressed

by ECs at the BNB similar to the BBB but not by ECs of peripheral tissues' It appears

therefore that there are immunocytochemical differences between the BNB and the

BBB. These differences cannot simply be accounted for by the absence of astrocytes

and their inductive influences in the PNS'
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The expression of some markers may change in the BNB after injury (Hirakawa et aI''

2003). The intercellular junctional proteins can change after injury' The breakdown

and ensuing recovery of the blood-nerve barrier are closely associated with changes in

the expression of claudins, occludin, VE-cadherin' and connexin 43 and the recovery

time course is similar but nonidentical among the different markers (Hirakawa et al"

2003)

7.8 SummarY

The morphological and molecular properties of the BBB have been extensively studied

since the turn of the twentieth century. considerable progress has been made in

understanding the biology of the BBB. It is now clear that the TJs between adjacent

ECs form the morphological basis of the BBB. The TJs of ECs of the BBB are

charccterized by their high electrical resistance. Also ECs contain very few pinocytotic

vesicles, and the paucity of the vesicles contribute signifîcantly to the barrier

properties of the BBB.

In past decades, numerous molecules specifically expressed by the BBB have been

identified. The functional rores of most of these morecules are still not clear with the

exception of GLUTI. These proteins have been defined as BBB markers' EBA has

been regarded as a sensitive indicator for vascular damage in the cNS because a

sensitive and remarkable reduction of its expression has been consistently observed in

pathologies associated with oedema. However, the precise functional role of EBA is

still unclear
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The barrier function of the ECs in the cNS is mirrored to some extent by barriers tn

other tissues. Blood-tissue barriers are also present in the PNS and the testis' These

barriers like the BBB, also have the capacity of preventing the free exchange of some

molecules and maintaining tissue homeostasis. These barriers in the PNS and the testis

also express some special molecular markers. Comparative studies of the BBB' BNB

and BTB are of special significance for understanding the function and physiology of

the BBB and its sPecial markers'

under pathological conditions such as trauma and ischaemia associated with brain

oedema, the expression of these molecular markers is altered' The TJs may also

change after pathological insults. The reduction of EBA has been reported in a few

animal models of pathological conditions. The alteration of GLUT1 expression has

also been reported in brain trauma. However the significance of the alteration of these

molecular markers has not been completely revealed. Detailed study of the expression

of these makers in normal and pathological conditions may provide further insights

into the physiology of the BBB, BNB and BTB'
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Chapter 2 Aims of the thesis

Microvessels in the CNS (brain and spinal cord) have special banier properties, which

prevent free transport of some molecules from the blood to the neural tissues and vice

Versa.Thebarrierfunctionofthesevesselsmaintainstissuehomeostasis,whichisvital

for the normal function of the cNS. Endothelial cells of these vessels are responsible

for the barrier function and thus form the blood brain (BBB) and blood-spinal cord

barrier (BSB). Endothelial cells at the BBB and BSB express certain biochemical

markers, such as the endothelial barrier antigen (EBA) and the glucose transporter

proteinGLUTI.Thefirstaimofthisstudyistoinvestigatequantitativeandqualitative

changes in EBA and GLUT1 in the BSB after compression spinal cord injury' and

correlate any changes with permeability of the BSB to endogenous albumin' The

hypothesis is that the expression of EBA and Glut-l will be reduced after spinal cord

injury, in correlation with increased vascular permeability'

It has been suggested that testicular blood vessels contribute to the blood-testis barrier'

since they share the expression of some markers with the BBB' including GLUTI'

Therefore the second aim of this project is to investigate if testicular brood vessels in

normal rats express EBA similar to the BBB and BSB' Furthermofe' the expression of

EBAandGLUT1inthetesticularvesselswillbeinvestigatedfollowingspinalcord

compressioninjury.ThehypothesisisthatEBA,likeotherbarrierproteins'willalsobe

detected in testicular blood vessels, and the expression of EBA and GLUT1 will be

reduced in testicular vessels after spinal cord injury'
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There is experimental evidence that EBA plays an important role in maintaining the

functional integrity of the BBB. Therefore, the third aim of this project is to further

elucidate the function of EBA at the BSB and BBB using an immunological targeting

approach to investigate the temporal pattern of opening and closure of the BBB and

BSB following in vivo administration of an antibody to EBA' It is hypothesized that

sysytemic administration of an antibody to EBA will selectively alter the intergrity of

the BBB
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3.1 The study of the blood-spinøl cord barrier in spinøl cord trauma

3.I.l Animals

Sixty-four male Sprague Dawley rats (350-3809) were used in this study. Animals were

divided into four groups including sevefe trauma (n=13), moderate trauma (n=30)' sham

control (n=15) and non-operated normal groups (n=6). Animals were supplied and

maintained under standard conditions by the Animal Services of the University of

Adelaide. The experiment was approved by the Animal Ethics committee of the

university of Adelaide (s1311L999) and conducted under the guidelines of the

NH&MRC of Australia.

3.1.2 Compression spinal cord iniury

Rats were deeply anaesthetized by inhalation of isofluorane or Halothane' Rectal

temperature of the animals was measured and kept at 36'5-31 '5"C by keeping the animal

under a heating lamp. An incision was made on the dorsal skin and laminectomy was

performed at the thoracic (T) 10-11 level. The spinal cord and its dural sheath were

exposed and the dura mater was kept intact so that the CSF compartment was not

compromised. The spinal column was immobllizedby two clamps fixed to the spinous

processes at Tl and L3 levels to minimise the movement of the spinal column and

spinal cord during the procedure (Fig 3.1). A sustained compression injury was induced

by applying a weight to the dorsal surface of the spinal cord through the intact dura

mater using a compression device. The device is formed of (a) a lower curved plate (2x4

mm) representing a half of a cylinder to fit over the spinal cord, (b) a vertical stem' and

(c) an upper flat platform. The device was lowered gently on the cord using a
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micromanipulator. Metal discs were loaded on the uppef platform to a total weight of 50

g including the weight of the device and left for 15 min to induce severe injury' or a

total weight of 35 grams for 5 min was used to induce moderate injury' For the sham

control animals, only the laminectomy was performed to expose the dura over the dorsal

surface of the spinal cord but the device was not applied' All experimental and sham

animals were injected with a daily dose of a broad-spectrum antibiotic (Gentamicin

4mg/kg) for 5 days post-injury, and Buprenorphine (0.05mg/Kg) was injected

subcutaneously 12 hourly for 5 days for post-operative analgesia' In the severe trauma

group, animals were allowed to survive for ld (n= 3), 3d (n=4), 7d (n=3) and 14d (n=3)'

In the moderate trauma group, animals were allowed to survive for 1 d (n=6), 3 d (n=6),

7d (n=6), 14d (n=6) and 28d (n=6). In the sham control group animals were allowed to

survive for ld (n=3), 3d (n=3), 7d (n=3), 14d (n=3)' and 28d (n=3)'

3.1.3 Motorfunction test after spínal cord iniury'

Motor function was tested with an incline plane as described by (Rivlin and Tator,

lg77) (Fig.3.zand Fig.3.3). The plane consisted of a rectangular plywood board hinged

at one end to a lower horizontal board. The lower board served as the base and the upper

board as the moveable incline plane. Two protractor-like side panels with degrees

marked on their faces were fixed on the base' A rubber mat with ridges, 0'6 mm in

height, was fixed to the surface of the moveable plane' For clinical assessment' rats were

placed in such a position on the mat that their body axis was perpendicular to the axis of

the incline board. The maximum inclination of the plane at which a normal rat could

maintain its position for 5 seconds was recorded and taken as to represent the rat's

functional ability. In the practical test, the angle of the plane was increased or decreased
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at 5" increments. The reading was taken for the maximum angle at which the rat could

maintain its position on the incline plane for 5 seconds without falling.
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Fig. 3.1 Photograph showing the surgery scene to induce compression spinal cord injury.

Two clamps were used to immobilize the spinal column. Laminectomy was performed at

T 10-11 level. Micrometer device was used to position the curved plate at the low end of

the compression device onto the dorsal surface of the spinal cord through the intact dura.
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Fig. 3.2 Photograph showing the incline plane used for motor function testing after

compression spinal cord injury. The photograph shows an experimental rat with moderate

compression spinal cord injury being tested for the motor fúnction immediately after the

surgery; the rat can maintain its position on the plane at 45 degrees.
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Fig. 3.3 Photograph showing the incline plane used for motor function testing and shows

a normal rat being tested. A normal rat can maintain its position on the plane at an angle

of approximatelY 70 degrees.
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3.1.4 Animal Perfusion

Animals were sacrificed by transcardiac perfusion' Under deep anaesthesia' induced by

intraperitoneal injection of pentobarbitone sodium (Nembutal, 60mgikg) the thoracic

cage was quickly opened. A wide bore needle was inserted into the left ventricle and the

right atrium was cut. under constant pressure of 90 mm Hg, the vascular bed was

flushed with 37"C Dulbecco's phosphate buffered saline (containing 170 Minimum

Essential Medium (Sigma) and gassed with 957oOz: 57oCOù for 30 seconds' followed

by perfusion with fixative at 4"C. For the immunocytochemical study, the fixative

contained 4Vo paraformaldehyde in 0.1 M phosphate buffered saline (p}J7'$' For the

ultrastructural study, the fixative contained 47o paraformaldehyde and 27o

glutaraldehyde in 0.1 M phosphate buffer (pH 7 .\. The rate of perfusion was adiusted

to allow a fast flow for the first 100 ml of fixative (5 min), followed by 300 ml at a slow

rate(30min),withatotalperfusiontimeofapproximately35min.

3.7.5 Tissue PreParation

The spinal cord was removed and post-fixed in the same fîxative used for the perfusion

for 3 hours. A 5 mm segment was taken from the trauma site' Ten segments (5mm each)

were then taken from the rest of the cord, 5 segments rostral (R1-R5) and 5 segments

caudal (C1-C5) to the trauma site. Each segment was cut into two halves (2'5mm)' one

for paraffin embedding and one for vibratome cutting. For most of this study, segments

R5 and C5 were used unless specified otherwise. Seven micron paraffin sections were

cut and mounted on silane-coated slides. One set of paraffin sections from all

experimental animals were used for Haematoxylin and Eosin staining' Adjacent sections

were used for lectin staining, and immunocytochemistry for EBA and GLUTI' Sixty
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micron Vibratome sections were floated in PBS. Vibratome sections were also

immunolabelled for EBA and GLUT1 and mounted on slides for light microscopy' For

the ultrastructural study, some immunostained Vibratome sections were osmicated'

dehydrated and processed for electron microscopy (EM)'

3.1.6 Primøry antibodíes and antisera

(1) Anti-EBA antibodY

Anti-EBA antibody (sMI 71) was purchased from sternberger Monoclonals Inc" MD'

USA. The antibody is a mouse anti-rat, IgM monoclonal antibody (mAb), supplied as a

high titre mouse ascites fluid. This antibody is species-specific for rat, used at a dilution

of 1:3000 \n lTo normal horse semm in 0.1 M phosphate buffered saline (PBS)'

(2) Anti-GLUTL antibodY

Anti-GLUT1 polyclonal antibody (SC1605) was purchased from Santa Cruz

Biotechnology, lnc. CA, USA. It is an affinity purified goat polyclonal antibody raised

against a peptide mapping within the carboxy terminal, cytoplasmic domain of the

GLUT1 precursor of human origin (identical to corresponding rabbit sequence), used at

a dilution of 1:2500 in IVo normal horse serum'

(3) Goat anti'rat albumin antiserum

Goat anti-rat albumin antiserum was purchased from ICN Pharmaceuticals Inc" usA'

This antibody is raised in goat, recognises rat endogenous albumin and has been widely

used in immunocytochemistry studies. It was used at a dilution of 1:20'000 in I7o

normal horse serum.
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3.7.7 Secondary øntíbodies

Biotinylated horse anti-mouse IgG and biotinylated horse anti-goat IgG were purchased

from Vector Laboratories (Burlingame, CA, USA). Rabbit anti-goat secondary antibody

conjugated to HRP was purchased from Sigma, USA.

3.1.8 Biochemical reagents

Immunochemicals

Peroxidase conjugated Streptavidin was obtained from Rockland Inc., Gilbertsville, PA,

USA. Normal horse serum (NHS), normal rabbit serum (NRS) and normal goat serum

(NGS) were obtained from Vector Laboratories.

Resins

TAAB resin was obtained from TAAB Laboratories Equipment Ltd, uK.

Immunoblotting reagents

ECL-Plus detection reagents were purchased from Amersham Bioscience Co.

Buckinghamshire, England. Tris-base was obtained from Bio-Rad. SDS,

Mercaptomethanol and N,N,N',N'-Tetramethylenediamine (TEMED) wele all

purchased from Sigma. Protease inhibitor cocktail was obtained from Roche Diagnostic

GmbH, Roche Molecular Biochemicals, Germany. The Bradford protein assay reagent

was obtained from Bio-Rad, CA, USA.

Lectin

Fluorescein Lycopersicon esculentum (Tomato) lectin was used as a marker to label the

endothelial cells of spinal cord blood vessels. This lectin is obtained from Vector

63



Chapter j Materials and methods

Laboratory, Irc., Burlingame, CA, U.S.A. (Cat. No FL-l171). It specifically labels the

endothelial cells of microvessels and has been widely used as a marker for microvessels

(Thurston et a1.,1998; Ezaki et al.,2OOl).

3. 1. 9 Ele ctrophor esis e quipm ent ønd. materials

The SE 250 Mini-vertical gel electrophoresis unit, Hyper film and Hybond-P PVDF

membrane used for electrophoresis were all purchased from Amersham Pharmacia

Biotech, Buckinghamshire, England.

3.1.10 Light and electron microscope immunocytochemistry for EBA

The indirect immunoperoxidase method was employed. Paraffin sections were

deparaffinised and hydrated. Both paraffin and Vibratome sections were rinsed in PBS.

To eliminate endogenous peroxidase activity, paraffin sections were incubated in 0.37o

hydrogen peroxide in lOTo methanol for 30 min whereas Vibratome sections were

incubated in O.3Vo hydrogen peroxide in 507o ethanol for 30 min. After washing in

PBS, sections were incubated in l\Vo NHS for 60 min to reduce non-specific protein

binding. Sections were then incubated in the anti-EBA monoclonal antibody diluted

1:3000 in l7o NHS overnight with slow agitation. Thereafter, sections were washed in

PBS (3 x 10 min) and incubated in a biotinylated horse anti-mouse IgG secondary

antibody diluted I:200 in lVo NHS, 60 min for Vibratome sections and 30 min for

paraffin sections. Following thorough washing in buffer, the bound secondary antibody

was detected by one of the following two methods.
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1) Avidin-biotin peroxidase method. The peroxidase reaction product was visualised by

using 3, 3'-diaminobenzidine tetrahydrochloride as chromogen (DAB, Sigma).

Sections were incubated in 0.057o DAB in Tris buffer or Phosphate buffer (pH 7 .a)

for 10 min then in 0.057o DAB containingO.OlVo HzOzfor 7 min. The reaction was

stopped by washing the sections in PBS.

2) Streptavidin-biotin peroxidase method. Sections were incubated in peroxidase

conjugated streptavidin diluted 1:1000 in l7o NHS for 60 min. After washing, the

sections were incubated in O.OSVo DAB in phosphate buffer (pH 7.6) containing

O.Ol7oH2O2for 7 min. The reaction was stopped by washing the sections in PBS.

Controls for the specificity of the immunostaining consisted of staining some sections

without the primary antibody and others without both the primary and secondary

antibodies. After thoroughly washing in PBS, paraffin sections were dehydrated, cleared

in Histolene or 100Vo Xylene and covered with coverslips. Some sections were

counterstained lightly with haematoxylin.

Immunostained Vibratome sections used for light microscopy examination (LM) were

mounted on albumen- or gelatin-coated slides. After air-drying overnight, sections were

placed in I007o ethanol, cleared in Histolene, an organic soluent, and covered with

coverslips. Immunostained Vibratome sections of the spinal cord used for EM

examination were cut into quadrants, osmicated, dehydrated and processed in TAAB

resin. These tissue blocks were embedded in TAAB resin and polymerised. Sections

were embedded horizontally in the block. Ultrathin sections (approximately 90 nm)
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were cut at a plane perpendicular to that of the Vibratome plane' Sections'

counterstained with uranyl acetate for 3 min or without counterstaining, were viewed in

a Philips CM 100 electron microscope'

3.1.11 Light and. electron microscope immunocytochemistry for GLUTL

The biotin-streptavidin-perioxodase method was employed' Paraffin sections were

deparaffinised and hydrated. Both paraffin and vibratome sections were rinsed in PBS'

To eliminate endogenous peroxidase activity, sections were incubated in 0'37o hydtogen

peroxide in 70vo methanol for paraffin sections or in 507o ethanol for the vibratome

sections for 30 min. After washing, sections were incubated for 60 minutes in lo%o

normal goat serum (NGS) or IOTo NHS to block non-specific protein binding' Then'

sections were incubated in the anti-GLUTl goat polyclonal antibody (1:2500 in t%o

NHS) at room temperature overnight with slow agitation' Thereafter' sections were

washed in buffer and incubated in a biotinylated horse anti-goat IgG secondary antibody

diluted 1:200 in lvo NHS (60 min for vibratome sections and 30 min for paraffin

sections). Following thorough washing in buffer, the bound secondary antibody was

detected as described in section 3.1.10. Paraffin and vibratome sections were prepared

for LM and EM examination as described in 3'1'10'

3.1.12 Light and electron microscope ímmunocytochemístry for endogenous ølbumin

The biotin-streptavidin-perioxidase method was employed' Paraffin sections were

deparaffinised and rehydrated. Both paraffin sections and vibratome sections were

rinsed in PBS. To eliminate endogenous peroxidase activity, sections were incubated in

0.37o hydrogen peroxide in '7O7o methanol for paraffin setions ot 507o ethanol for
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Vibratome sections for 30 min. After washing in PBS, sections were incubated in I07o

NHS to reduce non-specific protein binding, 60 min for Vibratome sections and 30 min

for paraffin sections. Then, sections were incubated in the goat anti-rat albumin

1:10,000 in I7o NHS, for paraffin sections, or 1:20,000 for Vibratome sections at room

temperature overnight with slow agitation. Thereafter, sections wefe washed in buffer

and incubated in a biotinylated horse anti-goat IgG secondary antibody diluted l:250 in

lqo NHS, 60 min for Vibratome sections and 30 min for paraffin sections. Following

thorough washing in buffer, the bound secondary antibody was detected as described in

section 3.1.10.

3.1.13 euantitøtive a.ssessment of fluorescein Lycopersicon esculentum tomato (LET)

Iectin løbelling at the LM level

In the group with moderate trauma, spinal cord sections obtained from the trauma,

rostral and caudal sites were stained with fluorescein Lycopersicon esculentum tomato

(LET) lectin (Vector Laboratories, Inc., Burlingame, CA), which has an affinity for N-

acetyl-B-D-glucosamine oligomers. This lectin binds to endothelial cells and is used to

visualise the microvasculature (Thurston et al., 1998, Ezaki et al', 2001)' After

dewaxing, the slides were incubated in 17o BSA in Tris-buffered saline (TBS) for 30

min followed by incubation for 60 min in the lectin at a concentration of 5 ¡rl in 1 ml'

Slides were washed in TBS, mounted with anti-fade and examined in an Olympus BX50

microscope fitted with an FITC filter. The microvessels showed green fluorescence. The

grey matter was photographed using x 2O ot x 40 objective lens at four regions in each

section, right and left dorsal horns, and right and left ventral horns, using an Oplympus

Dp 11 digital camera. The area of the images was calculated with reference to a
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graticule photographed at the same magnification' The images were projected on a

computer screen in Adobe photoshop and the number of blood vessels was counted in

each image. The density of blood vessels/mm' *as calculated for each region and the

mean number was calculated for each section. The mean number of blood vessels in the

trauma, roatral and caudal sites for three animals killed at each of 1, 3' 7 ' 14' and 28 day

were compared to three corresponding regions from normal control animals using

Student,s / test. p values less than 0.05 were considered signifîcant' The mean numbers

of blood vessels obtained from the three animals killed at each time interval were

plotted in a graph and compared to the means in three normal animals'

3.1.14 Quantitative &ssessfnent of EBA and. GLIITL immunoreactivity at the LM level

Light microscope sections stained for EBA and others stained for GLUT1 were viewed

in an olympus microscope equipped with an olympus digital camera (DP11)' Four

microscopic fields from the grey matter of transverse cord sections, as for the lectin

study, from trauma site and segments rostral and caudal to the trauma site were

photographed using x20 orx 40 objective lens as described in the previous section' The

digital images were transferred to a computer, enlarged and analyzed using a computer

software program for image analysis (Measure Master' Leading Edge Technology' SA'

Australia). The f,eld area of each image was 0.149 mm2 and 0'0352 mm'tespe"tively'

The number of EBA-immunoreactive blood vessels contained in this alea was counted'

The mean number of vessels was calculated for normal and experimental animals (Mean

t SD per mm2). Student's t test was employed to statistically compare the number of

immunoreactive vessels in experimental animals and control animals' Differences were

rated significant if the P value was less than 0'05'
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3.1.15 Quøntitøtíve assessn-,.ent of GL(ITI using western blot proteín anølysis

Protein extraction

Normal and experimental rats subjected to moderate trauma were used for protein

extraction and Western blotting. Under anesthesia, experimental and normal control

animals were first perfused with 0.9 7o stertlephysiological saline via the left ventricle'

Spinal cord segments (1.5 cm) from control animals, and similar segments from

experimental animals containing the epicenter of the trauma site were taken' Tissues

were washed with 0.1 M PBS three times. Tissues were then homogenized with a

Tefflon glass homo genizer in 5 times (w/v) homogenization buffer, 17o NP 40 (Sigma

co. usA) supplemented with 0.0o167o protease inhibitor (Roche Diagnostic GmbH'

Roche Molecular Biochemicals, Germany) and allowed to stand for t hour on ice' The

homogenates were then centrifuged at 14000 rounds per minute (rpm) for 15 min' The

supernatant was collected and kept at - 70"c for future use. A standard Bradford protein

assay method was used to determine the protein concentration in each lysate'

Immunoblotting

protein lysate was spun at 15000 rpm for 10 min at 4"C. Equal amounts of protein lysate

was resuspended in reducing sample buffer' Equal amounts of protein lysate were

loaded and separated using I27o sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE). Experimental and normal control animals were used in

parallel lanes for comparison. The separated proteins were transferred onto

polyvinylidene difluoride (PVDF) membranes overnight by standard methods and

immuno-blotted using a primary antibody directed against GLUTI, followed by an HRP

conjugated rabbit anti-goat secondary antibody. Immunoreactive proteins were detected
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using the ECL-plus substrate and Hyper X-ray film. The levels of GLUT1 expresslon m

normal and experimental animals were thereafter quantified. The immunoblotting bands

were scanned, transferred to a pC computer screen and enlarged. The density of bands

was analyzed with Measure Master Image Analysis program. The mean volume of the

density of blotting bands was obtained from three animals of each survival interval' The

normal and the experimental animals were compared and the difference was examined

for significance using Students' r test'

3.2 In vívo immunologicøl tørgeting of EBA model

3.2.1 Anímøls

sixty-four adult male sprague-Dawley rats (1809-350g) were used' Animals were

supplied and maintained under standard conditions by the Animal Services of the

University of Adelaide. The experiment was approved by the Animal Ethics Committee

of the university of Adelaide (5/06/2001) and conducted under the guidelines of the

NH&MRC of Australia.

3.2.2 Antibodies

The primary antibodies, monoclonal mouse anti-EBA and polycolonal goat anti-rat

albumin antibody were as described previously (sections 3'1'6)' Secondary antibodies

used for this study were as described previously (section 3'I'1)' A mouse IgM

(MGMOO, Calfag Laboratories, Burlingame, california, usA) was used as isotype

control for anti-EBA
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3.2.3 Biochemicøl reagents

BBB tracers
Horseradish peroxidase type tr (HRP, MW 40,000) was purchased from Sigma' usA'

HRP is a glycoprotein, which is widely used as a macromolecular tracer for barrier

studies. Other biochemical reagents used for this study were as described previously

(section 3.1.8).

3.2.4 Animal Model

Experimental animals were divided to two groups; group 1 for HRP leakage study' and

group 2 for immunocytochemistry study' Rats were injected intravenously with one of

three doses, (50, 40, or 25 ¡tlkgequivalent to 50, 40,25 Frg/kg respectively) of mouse

monoclonal antibody to EBA (anti-EBA) or with an isotype antibody (mouse IgM, 40

¡rl/kg bw). Antibodies were injected under general anaesthesia' The experiment was

terminated by cardiac perfusion at various time intervals following the injection' For the

HRP leakage study, animals (group 1) wefe injected intraperitoneally with an

antihistaminic drug, promethazine theoclate (l7o) to prevent any allergic reaction to

HRP. Ten min prior to perfusion, animals were injected intravenously with HRP (type

II, Sigma, 200mg/Kg) and then perfused with 300 - 400 ml 47o paraformaldehyde and

27o glutaraldehyde fixative in 0.1 M phosphate buffer, pIFI7 '4' Vibratome sections were

cut and used for HRp reaction development. In group 2, for the immunocytochemistry

study, animals were perfusion fixed with 47o paraformaldehyde only' Vibratome

sections were cut and used for immunostaining for EBA and albumin' The brain areas

that showed leakage of HRP and immunolabelling for EBA and albumin as detected by

LM, were selected and processed for EM as described previously (section 3'1'10)'
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3.2.5 Animal Perfusion

The detailed procedure for animal perfusion in this study was as described previously

(section 3.I.4.). Briefly, following washing of the circulation with PBS gassed with

95VoOz:5zoCOz) f-or 30 seconds, animals wele transcardially perfused with 47o

paraformaldehyde and 27o glutaraldehyde in 0.1 M phosphate buffer (groupl) or 47o

paraformaldehyde only in 0.1 M phosphate buffer (group 2)'

3.2.6 Tissue preparation and støining for HRP study

In group 1, after perfusion, the brain and spinal cord were removed and immersed in the

same fixative as that used for perfusion, for 3 hours at 4"C. The brain was divided in the

median plane. vibratome sections (60pm) were cut from the brain (sagittal plane) and

from the spinal cord (horizontal plane) were reacted with DAB to detect HRP leakage'

The sections were incubated ino.o57o DAB containingo.ol%o HzOz for 7 min' After the

reaction, sections for LM were mounted on gelatine-coated slides, air-dried overnight,

dehydrated, cleared and covered with coverslips. For electron microscopy, rectanglar

2x1mm pieces were cut out of some vibratome sections, from the cerebral cortex, white

matter, brainstem and spinal cord. These were osmicated, dehydrated and embedded in

TAAB resin. Ultrathin sections were examined by electron microscopy for HRP leakage

in the brain and sPinal cord.

3.2.7 Tíssue preparation and immunocytochemistry for EBA and Albumin

In group 2 of animals used for immunocytochemistry, a 2 mmthick sagittal block of the

brain and a z mm thick transverse section of spinal cord were embedded in paraffin'

Paraffin sections of 7 pm thickness were cut and mounted on silane-coated slides' These
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sections used for immunocytochemical detection of Albumin' Sections of 60 pm

thickness were cut from the other half of the brain and from part of the spinal cord'

using a vibratome (Lancer Laboratory supply, FL, USA). Vibratome sections were

floated in PBS and used for immunolabelling for EBA and albumin'

For the EM study, immunolabelling for EBA and endogenous albumin was carried out

as described in section 3.1.10 and 3.I.I2 respectively. Some sections were

immunostained with omission of the primary antibody, and others with omission of both

the primary and secondary antibodies. After immunolabelling, small rectangles 2x1 mm

were cut from different parts of the brain including the cortex' brainstem and the

projection tracts/corpus striatum regions were post-fixed with 1% osmium tetroxide for

lhour,followedbygradedalcoholdehydrationandfinallyembeddedinTAABresin.

ultrathin sections were cut using a diamond knife on a l-e\ca ultracut microtome'

Sections were examined either unstained or after counterstaining with uranyl acetate and

lead citrate.

3.3 Expression of EBA and GLUTL in the male reproductive tract øfter compression

injury of the sPinal cord'

3.3.I Animals

Five normal male Sprague Dawley rats of 300-3509 body weight were used for the study

of the expression of EBA in the normal male reproductive tracts' The tissues of

reproductive tract used for the study of the expression of EBA and GLUT1 after

compression spinal cord injury, wefe collected from the same experimental animals

used for the moderate compression spinal cord injury study described in sections 3'1'1
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and 3.1.2. All experimental procedures were approved by the Animal Ethics

committees of the university of Adelaide (5-06-2001 and s-37-1999) and conducted

under the guidelines of the NH & MRC of Australia'

3.3.2 Antihodies

The primary anti-EBA and anti-GLUTl antibodies and secondary antibodies used for

immunocytochemistry in this study were as described previously (sections 3'1'6 and

3.t.1)

3.3.3 Biochemical reagents

The biochemical reagents used for this study were as described in section 3'1'8

3.3.4 Animal Perfusion

The perfusion method used for this study was as described in section 3'l'4' Briefly' the

vascular bed was first flushed with 0.1 M Delbecco phosphate buffered saline and then

perfusion fixed with 47o pataformaldehyde in 0'1 M phosphorate buffer' The tissues

wereremovedandpost-fixedinthesamefixativefor3hours.

3. 3. 5 Tis sue Pr eP aration

The testis, epididymis, spermatic cord, seminal vesicles with the associated coagulating

gland, ventral prostate, dorsolateral prostate, membranous urethra' the bladder-neck

region and the bulbourethral gland from normal and experimental animals were

removed. The brain, spinal cord, suprarenal gland, liver, kidney, spleen, intestine' skin'

skeletal muscle, and the heart were also removed and used as positive and negative
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control tissues for EBA expression. segments were then taken from the spinal cord of

experimental animals; trauma site and rostral and caudal to the trauma site as described

in section 3.1.5. Comparable segments were taken from control non-injured animals'

Tissues were immersed for 3 h in the same fixative, then processed and embedded in

paraffin wax and 7pm sections were cut and collected on silane-coated slides'

3. 3. 6 Immunohísto chemistry

The anti-EBA and anti-GLUTl antibodies and the methods for EBA and GLUTI

immunocytochemistry at the light microscope level used in this study were as described

previously (sections 3.1.10 and 3'1'11)'
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Chøpter 4 Results

4.lBtood.spinalcordbarrieraftercompressíonspinalcordinjury

4.1.7 General conditíons of experimentøl animals

After surgery, animals recovered from the anaesthesia about 5-10 min after cessation of

inhalation anaesthesia. During the surgery, the rectal temperature of experimental and

sham control animals was monitored and maintained at 36.5-31 .5'C' Nearly all animals

survived after the injury, apart from three animals which afe not reported here' After

injury, animals sustained a mild drop in their body weight (5-109) for four days and

thereafter regained their body weight steadily (5-109 per day)' Sham control animals

that had only a laminectomy also suffered a mild drop in body weight (-5g)'

Experimental animals maintained their interest in the environment' Their eating and

drinking habits were similar to those of the controls throughout the experiment'

4.I.2 Motor function of experirnentøl animals

Moderate injurY group

Motor function was tested with an incline plane (Rivlin and Tator, 1917)' Normal

animals (n=6) could maintain their position on the plane with an inclination of 70 + 5''

Sham operated animals (n=15) showed slight decrease (2-5 degtee) in the test angle of

incline plane. Animals with moderate injury (n=30) showed transient paraparesis'

Immediately after sufgery, animals with moderate injury could only keep their normal

position on the plane at an angle of 45 + 2.4" ' At one day post-injury' the angle

increased to 50 + 2.3". Animals started to recover their motor function at 3 days post

injury and could stay on the plane at 52 + 8o inclination' At 1 week post-injury' the
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motor function of the moderate injury animals showed a degree of defîcit in the

movement of the hind limbs. The incline plane test showed 65 + 3'4o' Two weeks post-

injury, the motor function of the moderate injury animals were normal as the test angle

increased toTO 13.4", which is similar to the normal animals'

Severe injurY group

In the sevefe injury animals (n=13), there was pronounced loss of motor function of the

hind limbs that was maintained throughout the experiment. The animals could not stay

on the plane at 45X 2' immediately after injury with no improvement during the post

injury period.

4.1.3. General pathologícal chønges ín the spínal cord

Moderate injurY

Moderate injury was induced by the sustained compression of a 35g of weight on the

cord for 5 min. At the trauma site, 1 day post injury, localized haemorrhage'

predominantly asymmetric, was observed in the dorsal white column and dorsolatetal

part of the cord (Fig. 4.1.14 and B). Some inflammatory cells such as macrophages'

neutrophils and lymphocytes were seen in the grey and white matter 3 days post injury

(Figa.1.1CandD).AtTdayspostinjury'inflammatorycellswerestillpresentinthe

dorsal and central parts of the cord. At 14 days post injury, in the trauma site' the dorsal'

lateral and anterior white columns showed axonal swelling, microvacuolation and glial

cell proliferation were obvious. At 28 days post-injury, loss of neural tissue was evident

with large cavity formation observed in the dorsal column' but most neufons in the grey

matter appeared to be normal. Abundant vessels were present in the grey and white
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matter with vascular in-growth. Cellular proliferation in the grey and white matter was

obvious in the trauma site at this time interval'

Sections rostral and caudal to the trauma site in moderate injury showed minimal

morphological changes at 1 day post-injury. A few hyperchromatic neurons could be

seen in the grey matter (Fig.4.l.2A). Some axonal degeneration and necrosis could be

observed in the dorsal column and dorsolateral parts of the cord (Fig' 4'I'28)' At 3 days

postinjury,someinflammatorycellscouldbeseeninthegreyandwhitematterof

sections rostral and caudal to the trauma site. At 7 days post injury' a few

hyperchromatic neurons and inflammatory cells could still be seen in the rostral and

caudal sections. 
^t 

r4days and 28 days post-injury, the morphology was similar to that

ofTdaysanimalswithpredominantwhitemattervacuolation.

Severe injurY group

Severe injury was induced by the sustained compression of a 50 g weight for 15 min on

the dorsal part of the cord. Animals with sevefe injury showed an extensive

haemorrhagic necrosis in the grey matter as well as in the white matter in the trauma

site. The necrosis occurred as early as 1 day post injury, the shortest survival time

period, and was sustained for 2 weeks, the longest survival period (Fig'4'1'1E and F)'

Haemorrhage was visible even macfoscopically in a few animals' In some animals' the

normal structure of the central canal could not be observed or the walls of the canal

were collapsed. very few vessels could be seen in the trauma site' At 3 days after injury'

haemorrhage was still present. occasionally, some vessels in the grey matter of the

trauma site showed peri-vascular oedema with increased peri-vascular space' At 7 days
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post-injury, some inflammatory cells could be observed including macrophages and

neutrophils. Some foam cells could also be observed in the trauma site' At 14 days post-

injury, many blood vessels were detected in the grey matter as well as in the white

matter, but predominantly in the grey matter, suggesting angiogenesis' A few vessels

could be observed in the trauma site. A few inflammatory cells including macrophages

and neutrophils could still be seen in the grey matter'

The sections rostral and caudal to the trauma site, also showed some haemorrhage in the

dorsal column, posterior horn of the grey matter and occasionally in the white matter of

the dorsolateral part of the cord. At 3 days post injury, haemorrhage could still be

observed in the dorsal part of the cord tissue rostral to the trauma site (Fig. 4'I'2C)'

Dorsal column and ventral column of sections showed degenerative changes at 7 days

and,lldays post injury rostral and caudal to the trauma site, but especially caudal to the

trauma site (Fig' 4.I.2D).
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Fig.4.1.1 Light micrographs showing H and E staining of sections of spinal cord

at the trauma site after moderate and severe irj,r.y. A. Haemorrhage in the dorsal

column of a section at the trauma site at 1 day after moderate injury. B. High

magnification showing haemorrhage (red blood cells) at ld in the dorsal column.

C. Inflammatory response in the dorsal column of a section in the trauma site at 3

days after moderate injury. Neutrophils (arrows) and lymphocytes (arrowheads)

are seen in the white matter of the spinal cord. D. High magnification of an area of

the white matter at 3d showing lymphocytes (arrowheads) in the trauma area. E.

At 7 days after severe injury, extensive necrosis in the dorsal column white matter

is seen in the trauma site. F. Cellular proliferation in the trauma site at 14 days

after severe injury. DC dorsal column; G, grey matter; W,white matter.
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Fig.A.l.2 Light micrographs showing H and E staining of spinal cord sections

rostral and caudal to the trauma site after moderate and severe compression spinal

cord injury. A. hyperchromatic neurons (arrows) in a section from a segment

rostral to the trauma site at I day after moderate injury. B. Axonal degeneration in

the dorsal column in a section from a segment rostral to the trauma site at 1 day

after moderate injury. C. Haemorrhage in a section fròm a segment rostral to the

trauma site at 3 days after severe injury. D. Degeneration and haemorrhage in the

dorsal column of a section caudal to the trauma site at 7 days after severe injury.

DC dorsal column.
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4.1.4 EBA immunocytochemistry after compression spinøl cord iniury

LM

Normal and sham control animals

In the spinal cord of normal animals, almost all vessels were strongly labelled with anti-

EBA. Many vessels in dorsal root ganglia (DRG) and dorsal nerve roots were also

labelled. Vessels in the pia mater showed a heterogeneous labelling pattern with

complete, pafüal or no labelling. There was no background staining' Neurons and

neuroglial cells were not labelled (Fig. a.1.3F).

Moderate injurY

In the moderate injury animal, at the trauma site, the intensity of EBA labelling was

slightly reduced 1 day after injury fig. a.1.34). A closer examination showed a few

non-labelled and partially labelled vessels in the trauma site. The labelling intensity

appeared to reach a maximum reduction at 3 days post injury (Fig. 4.1.3B). However, it

started to recover at 1 and 2 weeks after injury (Fig. a.1.3 C and D). The intensity of

labelling at four weeks post-injury was comparable to that in normal animals with only

few unlabelled vessels (Fig. a.1.3E).

Spinal cord sections rostral to the trauma site also showed reduction in labelling

intensity in the grey matter and white matter at 3 day after injury with some unlabelled

vessels, but no reduction in labelling was seen at 1 day post injury. The reduction was

maximal at 1 week (Fig. 4.1.4). The labelling was almost similar to that of normal

animals at two and four weeks after injury although some unlabelled vessels could be

observed. In the ventral part of dorsal column, where in the rat the long descending
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tracts are known to exist, the labelling was not obviously affected during all survival

time periods in animals of the moderate injury group'

Spinal cord section caudal to the trauma site also showed reduction in the intensity of

immunolabelling for EBA. Unlabelled vessels were seen at 1,3,'7 , !4 and 28 days after

injury but most frequently at7 and 14 days (Fig a'1'5)'

Severe injurY

In the spinal cord at the trauma site in the severe injury animals, a remarkable reduction

of EBA labelling could be observed as early as 1 day after injury (Fig 4'1'6A)' Most

vessels lost the normal pattern of labelling and the few that retained labelling had a

granular appearance to the labelling. Few partially labelled vessels wefe seen in the

traumasiteat3dayspost-injury(Fig4.1.6B).AtTdayspostinjury,obviouslossof

EBA labelling was still apparent, with very few partially labelled vessels being observed

in the grey and white matter (Fig 4.1.6C). Two weeks after the injury' the labelling for

EBA started to recover in a few vessels (Fig 4.1.6D) but the intensity of labelling was

not as strong as in the normal and sham-control animals'

In the segments rostral to the trauma site, some unlabelled vessels could be seen in the

greyandwhitematteratldayafterinjury.At3daysandTdaysafterinjury,this

reduction was still present (Fig. 4.1.78 and C)' At L4 days post injury' the labelling was

seen in almost all vessels. In segments caudal to the trauma site, some unlabelled vessels

were also seen at 1 and 3 days after injury $ig. 4.1'84 and B)' This reduction was more

remarkable at 7 days after injury (Fig. 4.1.8 C). Some unlabelled vessels were still seen

at 14 days after injury fig. 4.1.8D) whereas most vessels were strongly labelled'
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Fig.4.l.3 Light micrographs showing EBA immunoreactivity in spinal cord

sections of the trauma site at different time intervals after moderate injury (A-E).

Note the intensity of the EBA immunolabelling is reduced at 1,3 andT days after

injury compared to the immunolabelling in a normal animal (F). Many non-

labelled or weakly labelled vessels are observed at I,3 and 7 days (anowheads)

while other vessels are positively labelled (anows). At three days animals showed

maximal reduction in the labelling. The EBA immunolabelling is pronounced at

14 days after injury; most vessels are positively labelled although some unlabelled

vessels are still seen (arrowheads). At four weeks after injury, the intensity of

labelling is comparable to that of the normal with only few vessels unlabelled

(arrowheads). Sections were lightly stained with haematoxylin. G, gtey mattet; W,

white matter.
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Fig.4.1.4 Light micrographs of paraffin sections of spinal cord segments rostral to

the trauma site after moderate injury showing EBA immunolabelling of blood

vessels (arrows). A, 1 day; B, 3 days; Cr 7 days; D, 74 days and Er 28 days after

injury, and F, Normal control. Note the reduction of EBA expression at 1 day post

injury is unremarkable in the sections rostral to the trauma site. However, some

unlabelled vessels (arowheads) are seen at 3 days, but more so at 7 days after

injury. Almost all vessels are labeled at 2 weeks and 4 weeks after injury and the

intensity appears similar to that in the normal. Sections were lightly stained with

haematoxylin. G, grey matter; ll/, white matter.
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X'ig.4.1.5. Light micrographs of sections from segments caudal to the trauma site

showing EBA immunoreactive vessels (arrows) at different time intervals after

moderate injury. A, I day; B, 3 days; C, 7 days; D, 14 days; E, 2g days after

injury, and x', normal control. Note some unlabelled vessels are seen at l, 3,7, 14

and 28 days after injury (arrowheads) but particularly at 7 and 14 days. The

intensity of immunolabelling is almost normal at 28 days after injury. Sections

were lightly stained with haematoxylin. G, grey matter; l¡l/,whitematter.
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X'ig.4.1.6. Light micrographs of sections of the trauma site showing EBA

immunoreactive vessels at different time intervals, l-14 days after severe

compression injury.

Remarkable reduction in EBA labelling is seen at all time intervals after injury.

Most vessels were weakly labelled or completely unlabelled (arrowhead) and the

vessels show granular appearance of the labelling with loss of the tubular

appearence of microvessels. Very few vessels are labelled (anows), and show

normal tubular appearance.
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¡¡ig. 4.1.7 Light micrographs of sections rostral to the trauma site showing EBA

immunoreactivity after severe compression injury. A, I day; B, 3 days; C' 7 days

and D, 14 days. Some unlabelled vessels are seen at 1 and 3 days after injury

(arrowheads), but most vessels are positively tabetled (arrows). At 7 days and 14

days after injury noticeable recovery occurred but some unlabelled and weakly

labelled vessels are still seen (anowheads). Sections were lightly counterstained

with Haematoxlin. G, gtey matter; W, white matter.
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X'ig. 4.1.8 Light micrographs of sections from segments caudal to the trauma site

showing EBA immunoreactive vessels after severe compression injury, I day to

14 days after injury. Some unlabelled or partially labelled vessels are seen aT, I,3,

7,14 days after injury (a:rowheads), particularly at 7 days after injury. Most

vessels are strongly labelled (arrows). Sections were lightly counterstained with

Haematoxlin. G, grey matter; lA, white matter.
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Chapter 4 Results

EM studies

Normal animals

In normal animals, EM of microvessels showed a distinct labelling pattern; anti-EBA

labelled not only the luminal surface but also to some extent the cytoplasm of EC.

However, the reaction product was essentially located at the luminal membrane of ECs.

In most vessels the reaction product was seen at the luminal membrane along the entire

circumference of the vessels. However, the density of the reaction was not uniform in all

ECs around the vessel circumference. A few ECs showed focal absence of the reaction

product. In addition to luminal membrane staining, the cytoplasm of many ECs showed

staining which involved the full thickness of the cytoplasm between the luminal and the

abluminal membranes. Other ECs showed a gradient of staining fading away towards

the abluminal membrane. Endothelial cell vesicles were not stained and appeared

electron lucent against the darkly stained cytoplasm. Some EC nuclei showed

immunoreactivity on the side of the nucleus facing the lumen. The astrocytes and other

perivascular structures were not labelled (Fig 4.1.94, B and C).

Experimental animals

Moderate injury

In moderate injury animals, at all time intervals, there was a spectrum of EBA labelling.

The reduced labelling was in two forms. (a) A reduction in labelling intensity in luminal

membranes and the cytoplasm. (b) A reduction in the percentage of labelled luminal

membranes in relation to total circumference of the vessel. At all time intervals a

mixture of unlabelled, partially labelled or fully labelled vessels were seen. However,
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there was a trend of partially labelled and unlabelled vessels being present at I day and 3

days after injury (Fig.a.1.10A and B). The recovery of labelling started 1 week after

injury. The intensity of labelling appeared to increase in terms of the proportion of the

circumference labelled and the intensity of the immunolabelling. The labelling became

almost normal in most vessels seen 2 weeks after injury (Fig.4.1.10 C and D). Sections

rostral and caudal to the trauma site showed reduction of labelling with a similar

labelling pattern. Sections rostral to the trauma site also showed a maximum reduction

at 3 days after injury. The inmunolabelling started to recover at 7 days after injury.

Sections caudal to the trauma site showed slight difference in the time frame of EBA

reduction with a remarkable reduction in the immunostaining intensity at 7 days after

injury. Vessels in spinal cord sections caudal to the trauma sites started to recover at 14

days after injury. Most vessels were completely labelled in terms of luminal

circumference.

Severe injury

At 1 day after injury, there was obvious reduction of EBA labelling, with a few vessels

showing partial labelling. One week post injury, there was no apparent recovery of EBA

immunoreactivity, as most vessels were still not labelled. However, two weeks post-

injury almost all vessels showed complete or partial labelling of the vessel

circumference (Fig.4.1. 1 1 A and B). Some vessels showed vacuoles in the cytoplasm of

endothelial cells and these vacuoles were not labelled (Fig.4.1.1 1B).

Sections rostral and caudal to the trauma site also showed reduction of EBA labelling.

The reduction showed a similar pattern to that seen in the trauma site. Most vessels
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completely or partially lost electron dense immunolabelling for EBA in endothelial

cells. This reduction was seen as early as 1 day after injury and was sustained for I

week. The recovery of labelling occurred at two weeks and most vessels were

completely labelled.

I
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Fig. 4.1.9 Electron micrographs showing vessels from normal control animals

labelled with anti-EBA (A - C). Anti-EBA antibody labelled not only the luminal

surface (arrows in A and B) but also to some extent the cytoplasm of EC between

the luminal membranes (single anows) and abluminal membranes (double arows)

in C. Note the astrocytes and other perivascular structures are not labelled

(asterisks). Cytoplasmic vesicles (V) are not labelled.

All micrographs are from grids not counterstained with heavy metals.
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Fig. 4.1.10 Electron micrographs showing vessels labelled with anti-EBA at the

trauma site after moderate compression injury. A. Luminal membranes

(arrowheads) show absence of EBA-labelling in most of the vessel circumference

(arrowheads) at 3 days after injury. B. A labelled vessel at 7 days after injury

(arrowheads) showing luminal membrane labeling, but one part of the vessel

circumference is not labelled (anowheads) and show blebing. C. Two weeks after

injury, part of a vessel showing strongly labelled luminal membranes (arrows). D.

A vessel partially labelled with anti-EBA at 14 days after injury. Parts of the

endothelial luminal membrane are strongly labelled (anows) while other parts of

luminal surface show weakly labelled or unlabelled membranes (arrowheads).

All micrographs are from grids not counterstained with heavy metals.
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Fig. 4.1.11. Elechon micrographs of vessels immunolabelled for EBA from the

trauma site at 14 days after severe injury. A. A vessel showing very strong

labelling of the luminal membranes (arrows) and cytoplasm (double arrows), but

endothelial cell vacuoles in the cytoplasm (arrowheads) are not labelled. B. a high

magnification electron micrograph of a part of a vessel wall showing faint

labelling of the luminal membranes 2 weeks after injury (arrowheads). A vacuole

(asterisk) adjacent to an intercellular tightjunction lacks any labelling.

Both micrographs are from grids not counterstained with heavy metals.
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4.1.5 GLUTT transporter immunocytochemístry after compression spinal cord iniury

LM study

Normal control and sham control animals

Vibratome and paraffin sections from normal and sham control animals showed an

intense and uniform distribution of GLUT1 immunoreactivity in microvessels

throughout the spinal cord. Blood vessels of various sizes showed positive staining (Fig'

4.t.12F).Nearly all vessels in the grey and white matter were labelled with GLUT1 and

almost all pial vessels were also labelled. Some vessels in the dorsal roots and dorsal

root ganglia (DRG) were also labelled.

Moderate injurY

At the trauma site, most vessels showed reduction in labelling after moderate injury'

Light microscopy of immunostained sections showed noticeable difference in the

intensity of labelling at different time intervals after injury compared to the normal

control. Some unlabelled and partially labelled vessels in the grey and white matter were

seen particularly at 3 and 7 days (Fig.4.1.I24, B, and C). At 2 weeks post injury, there

were still many vessels in the grey matter, which were only partially labelled or

unlabelled (Fig.4.t.l2D and E). There was some increase in the background labelling

mainly in the grey matter of the cord (Fig.4 .1.I2). At 4 week after injury, the labelling

was not different from that in the normal control'

Sections rostral and caudal to the trauma site showed a reduction in GLUT1 labelling,

especially in the dorsal part of the cord and the grey matter (Fig. 4'7'13), and some

unlabelled vessels could be observed as early as 1 day post injury rostral to the tlauma
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site. The reduction reached a maxium at 14 days after injury, but the immunolabelling

was pronounced at 28 days after injury although numerous vessels were unlabelled. In

the caudal site, there was reduced labelling which started at 1 day after injury with

maximal reduction at 7 days. The intensity of labelling at 28 days after injury was still

less than that of controls (Fig.a.1.14) with numerous unlabelled vessels.

Severe injury

In animals with severe injury there was a remarkable loss of labelling for GLUTI,

particularly in the trauma site. The reduction of labelling started as early as I day post

injury. This reduction was sustained for the 2 weeks of the experiment (Fig. a.1.15).

Very few labelled vessels could be observed in the grey and white matter especially in

the dorsal part of the cord at 3 days and 7 days after injury.

Segments rostral and caudal to the trauma site also showed remarkable reduction in the

GLUT1 labelling, in the grey and white matter I day post injury and the reduction was

sustained for 2 weeks (Fig 4.1.16 and Fig 4.1.fl). Many unlabelled or weakly labelled

vessels were observed at all time intervals, particularly at 3 and 7 days after injury.
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ßig.4.1.12 Light micrographs showing GLUTI immunoreactivity at the trauma

site at different time intervals 1 day to 14 days (A-E) after moderate compression

injury, and a normal control (F). Note a reduction of GLUTI immunoreactivity in

the trauma site at different time intervals after moderate injury compared to the

normal. In A-E,, most vessels are unlabelled (arrowheads) or weakly labelled

(anows) for GLUTl. E, High magnification of an area in D showing microvessels

which are unlabelled (arrowheads) and partially labelled (anows). The grey matter

shows some increase in background labelling. Sections were lightly

counterstained with Haematoxlin. W, white matter; G, grey matter.
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Fig. 4.1.13 Light micrographs showing GLUT1 immunoreactivity of spinal cord

sections rostral to the trauma site at different time intervals after moderate

compression injury (A-E) and from a normal control animal (F). Note apparent

reduction of GLUT1 labelling after injury at all time intervals after moderate

compression injury. Many vessels are unlabelled (arrowheads) and most labelled

vessels in A-D (arrows) show weak staining in part of the circumference' At 28d

(E) although many vessels show strong immunolabelling (anows) many other

microvessels are unlabelled (arrowheads). Sections were lightly counterstained

with Haematoxlin. G grey matter; dh, dorsal horn'
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Fig. 4.1.14 Light micrographs showing GLUTI immunoreactivity in the segments

caudal to the trauma site at different time intervals (A-E) after moderate

compression injury and from a normal control (F). Labelled vessels (arrows) are

less apparent at all experimental time intervals than in the controls. Unlabelled

vessels are seen in all experimental time points. The reduction of GLUT1 staining

is seen at | , 3 , 7 and 14 days but most apparent at 7 days post injury. At 28 days

labelling intensity is still less than that in the control with numerous unlabelled

vessels. Sections were lightly counterstained with Haematoxlin. G, grey matter;

l¡lt, white matter; dh, dorsal horn.
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Fig. 4.1.15. Light micrographs showing GLUTI immunoreactivity in sections

from the trauma site at different time intervals (1d-14d) after severe compression

injury to the spinal cord and from a normal animal. Note obvious reduction of the

GLUTI immunoreactivity at the trauma site (arrowheads). Most vessels are not

labelled at the trauma site from I day to 7 day (arrowheads). The immunolabelling

for GLUTI shows partial recovery at 14 days after injury with many labelled

vessels (arrows). E. A section from a control spinal cord showing labelled vessels

(arrows). Sections were lightly counterstained with Haematoxlin. G, grey matter;

dh, dorsal horn.
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Fig. 4.1.16. Light micrographs showing GLUT1 immunoreactivity in spinal cord

sections rostral to the trauma site at different time intervals (1d-14d) after severe

compression injury and from a normal control (E)'

The reduction of GLUT1 is particularly apparent at 3 days after injury. At 1 andT

days post injury, many unlabelled vessels (arrowheads) are seen. At 14 days

labelled vessels (arrows) are comparable to normal but many vessels are

unlabelled (arrowheads). Sections were lightly counterstained with Haematoxlin.

W,whrIe matter; G, grey matter; dh, dorsal hom'
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ßig. 4.1.17. Light micrographs showing GLUT1 immunoreactivity in spinal cord

sections caudal to the trauma site at different time intervals (1d-14d) after severe

compression injury, and from a normal control (E).

At I day-l4 day post injury there is obvious reduction in GLUT1 labelled vessels

(arrows), more so at 3 and 7 days after injury and many unlabelled vessels

(arrowhead) are seen. D. Labelled vessels are seen (arrows) at 14 day postinjury,

but many unlabelled vessels (arrowheads) are also apparent. E. shows GLUT1

immunolabelled vessels (arrows) in the grey and white matter of normal control

spinal cord. Sections were lightly counterstained with Haematoxlin. Ç grey

matter; úIt, white matter; dh, dorsal horn.
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EM study

Normal and sham controls

Immunoelectron microscopy for GLUT1 in normal and sham control animals showed

luminal labelling of vessels in the grey and white matter' The immunoreactivity for

GLUT1 appeared as electron dense deposits representing the peroxidase reaction

product. GLUT1 immunoreactivity was mainly localized to the luminal membrane of

ECs. The abluminal membranes were also stained, but the staining appeared less intense

(Fig. 4.1.184). The cytoplasm of some ECs was also labelled, but vesicles in the

cytoplasm of ECs were unlabelled (Fig.4.1.184 and c)' GLUT1 staining was present at

the entire luminal circumference of most microvessels' Few vessels showed sectoral

absence of GLUT1 labelling (Fig.4.1.188). No GLUT1 immunoreactivity was localized

to pericytes or astrocytic endfeet. In the neuropil, neurons and axons were not labelled'

Experimental animals

Moderate injurY

At the trauma site, a spectrum of strong staining-to-complete loss of staining was seen

at all time points in experimental animals, but there was an obvious predominence of

unlabelled or partially labelled vessels (Fig 4.1.194)' The reduction started at 1 day after

injury and continued for 2 weeks. Most vessels completely or partially lost

immunolabelling. Ãfter 2 weeks post injury, the labelling started to recover' Most

vessels then were completely labelled with electfon-dense peroxidase reaction deposits

in terms of luminal circumference'

segments rostral and caudal to the trauma site also showed reduction of GLUT1
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labelling. By EM (Fig. 4.1.19B), at one day after the injury', most blood vessels

examined in the segment rostral to the trauma site showed partial staining for GLUTI'

Some blood vessels showed no immunoreactivity for GLUTI. Three days after the

injury, animals showed maximum loss, the majority of blood vessels in segments both

rostral and caudal to the trauma site showed sectoral or complete loss of GLUT1 (Fig'

4.1.19C) whereas very few vessels were completely labelled' However' after 1 week' the

labelling started to recover with many vessels showing complete labelling although

some unlabelled vessels were seen

Severe injurY

In the trauma site, obvious loss of the Gl-url labelling could be observed. The entire

circumference of the vessels was completely unstained or only partially immunostained

especially in the dorsal part of the cord tissue' The loss occurred as early as 1 day after

injury and was sustained for 2 weeks. However, the expression of GLUT1 was partially

recovered at 2 weeks Post injury'

Sections rostral and caudal to the trauma site also showed loss of Glurl labelling. The

reduction started as early as 1 day after injury' Some vessels were only partially or

completelyunlabelled(Fig.a.1'19DandE)at3and7daysafterinjury.Thelabelling

pattern was similar to that seen in the trauma site. At 2 weeks post injury, the intensity

of immunlabelling in labelled vessels was similar to that of normal controls but many

vessels were still unlabelled'
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Fig. 4.1.18 Electron micrographs of spinal cord microvessels showing pre-

embeding immunoperoxidase labelling for GLUT1 in the normal rat spinal cord.

(A) A microvessel shows electron dense reaction product along the entire

circumference. Endothelial cells show immunoreactivity in the cytoplasm

involving the full thickness between the luminal and abluminal membranes

(between single and double arrows). (B). A high magnification of the rectangle

((8" in Figure "AD shows an unlabelled sector (arrowhead). (C). A high

magnification of the rectangle "C" in Figure "4" shows that cytoplasmic vesicles

are unstained. No labelling is seen in perivascular astrocytes or pericytes V,

vesicle.

All micrographs are from a grid not counterstained with heavy metals.
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Fig. 4.1.19 Electron micrographs showing GLUT1 immunoreactivity at different

time intervals after moderate and severe compression injury. Various degrees of

loss of immunolabelling is seen at different time intervals. A. GLUT1 labelling in

a section from a segment at the trauma site at 3 days after moderate compression

injury. A small part of the vessel circumference is strongly labelled (anow) while

other parts of the vessel circumference are not labeled (arrowheads). B. GLUTI

immunolabelling in a section from a segment at the caudal site 1 day after

moderate injrrry. C. Remarkable reduction of GLUT1 labelling in a section rostral

to the trauma site 3 days after moderate injury. D. Remarkable loss of GLUTI

labelling at the caudal site 3 days after severe injury. Wide perivascular space is

seen (asterisk). E. A microvessel from a segment caudal to the trauma site is

partially labelled at 7 days after severe injury. Arows indicate electron dense

immunolabelling in the luminal membranes. Arrowheads indicate areas lacking

immunolabelling. All images are from sections not conterstained with heavy

metals.
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4.1.6 Atbumin permeøbility changes at the BSB øfter compression spinal cord iniury

Normal animals

Permeability changes of the BSB after compression was assessed by

immunocytochemical detection of the leakage of endogenous albumin' In normal

animals, albumin immunoreactivity was found only in the dorsal root ganglia and dura

mater. No albumin immunoreactivity could be observed in the white matter, grey matter

or pia mater of the spinal cord (Fig'4 'I'2OA and B)'

Experimental animals

Moderate injurY

In moderate injury animals, albumin leakage occurred in the tfauma site in the dorsal

part of the spinal cord particularly in the posterior grey horn' The leakage was seen one

day after the injury, the shortest survival time period in this study, and 3 days

(Fig.4.I.20C) and was sustained for 1 week. After the first week, the intensity of

albumin immunolabelling srarted ro diminish (Fig 4.1.20D). At 4 weeks post-injury, no

leakage was detected in the injury site'

Segments rostral and caudal to the trauma site also showed albumin immunolabelling'

which started from24 hours after injury and continued for 2 weeks' At four weeks after

injury, there was no obvious detectable immunoreactivity for albumin rostral and caudal

to the trauma site.

Severe injurY
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Chapter 4 Results

At the trauma site in the severe injury animals, diffuse leakage of albumin was found 24

hours post-injury and was sustained lor 2 weeks. The leakage was predominantly

present in the grey matter but was also found in the white matter of the cord in the

trauma site.

Rostral and caudal sites also showed albumin immunoreactivity 1 day post-injury and

was mainly present in the dorsal white column, but not in the grey matter. At 2 weeks

post-injury, there was no obvious albumin immunoreactivity in the rostral segments.

However, in the segements caudal to the trauma site, some albumin immunoreactivity

could be seen in the areas where corticospinal tracts decend (Fig 4.1.20 E and F).

111



Fig.4.1.20 Light micrographs showing albumin immunoreactivity in spinal cord

sections of normal and experimental animals. A. A section from a normal animal,

showing no albumin immunoreactivity, but occasionally some peroxidase reaction

product for blood-born albumin is observed inside the vessels (arrow) indicating

successful immunolabelting. B. Immunolabelling for albumin in a normal animal

showing immunoreactivity in the dura (small anows) and nerve roots (large

arrows) but not in the pia matter (P) and the neuropil of the spinal cord (SC). C.

Diffuse immunoreactivity for albumin in the trauma site 3 days after moderate

compression injury. Labelling appears as moderate brown reaction product in the

grey matter around the central canal. The section was counterstained with

haematoxylin. D. At 14 days after moderate injury, there is moderate albumin

immunoractivity. E. At 14 days after severe injury, albumin immunoreactivity is

seen in the ventral part of the dorsal column (arrow) where in the rat the

corticospinaltract descends. This section is caudal to the trauma site. F. A high

magnification of the area of increased albumin immunolabelling seen in E'

G, grey matter; DH, dorsal hom; DC, dorsal column. C & D are lightly

counterstained with haematoxylin.
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ResultsChapter 4

4.1.7 Quantitøtive study of the total profile of microvessels in normal ønd

experimenta.l animals

LET Lectin was used as a marker to label all microvessels in the rat spinal cord

(Fig. .I.2t). Microvessels labelled with LET lectin in normal and experimental animals

were quantified by counting the labelled vessels in four areas including one area in each

dorsal horn and one area in each ventral horn at the trauma site, and in the segments

rostral and caudal to the trauma site. The results (Table 4.1, Fig 4.L.22) showed a

general trend of increase in the number of lectin-labelled blood vessels at all time

intervals from 1 day to 28 days following trauma, at the trauma site and rostral site,

when compared to the normal controls. However, in the caudal segments, most time

intervals showed a slight reduction in the mean number of vessels when compared to

controls. The total profiles of vessels in the normal and experimental animals were

statistically analysed using Student's t test. The analysis however, showed that the

numbers of lectin-labelled vessels at the trauma and caudal sites were not significantly

different from the normal control (Table 4.1). Also there was no significant difference

between the number of labelled vessels at rostral segments at ld, 3d,ld as compared to

the normal, but at 14 and28 days after injury the numbers were significantly higher than

the normal (Table 4.1).
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4.1.2L. Light Microphotographs showing the fluorescein Lycopersicon esculentum

tomato (LET) lectin labelling of mcirovessels (arrows) in the normal (A) and at

the trauma sites of experimental spinal cord at 3 days (B), 14 days (C) arrd 28

days (D) after moderate injury. Scale bars, 500 ¡rm.
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Table 4.1. The rnean number of lectin labelted btood vessels in the spinal cord' of

normal control and moderøte spinal cord injury (scl) rats

Data shown represent the mean value t SD (range).

n/mm2, number of lectin labeiled blood vessels pe' m t 
'

*significantly dffirent from the mean value of the normal control, P < 0'05'

Rostral site

(n/mm2)

Trauma site

(n/mm1

Caudal site

(r/mm1

1d SCI 6s3+182 (s22-860) 643 + 13s (545-797) 473t78 (440-562)

3d SCI 633r9s (s41-730) 824 r33s (593-1208) 593+177 (431-781)

7d SCI 554+104 ( 448-s65) 6tw.223(477-867) 4s8r140 (478-s87)

14d SCI l.
693+101 (596-808)

845+343 (634-357) 484+75 (416-586)

28d SCI ¡9

7ß 165 (644-760)
696+72 (64s-747) 471 !75(414-556)

Normal 507 !64 ( 463-599) 560149 (497-611) 5s1 + 35 (486-5s2)
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4.1.8 Quantitative study of the expression of EBA and GL(|TI øfter compressíon

spinal cord íniurY

4.1.8.1 Quantitative study of EBA immunoreactíve vessels

Moderate injurY

EBA expression in normal and experimental animals was quantified by counting the

immunoreactive vessels in four areas in the trauma site as well as in the segments rostral

and caudal to the trauma site (Fig  .Lzz,Table 4'2)' The four areas of each spinal cord

section included one alea from each ventral horn and one area from each dorsal horn'

The mean number of the immunolabelled vessels in the trauma site 1 day after injury

was 444t7llmrÊ.Three days after injury, the number of labelled vessels was reduced to

4*5xg4/mr* in the trauma site. Seven days after injury, the number of vessels was

further reduced to 331+l66tmn! , which was significantly lower than normal control

(P=0.02). Two weeks post injury, the number of labelled vessels increased to

snilliJhnrÊ but was not significantly different from the normal animals (P= 0'4)'

Four weeks after injury, the number of EBA immunoreactive vessels was further

increased to 577+180 which was also not significantly different from normal control

(P=0.45)

In the segments rostral and caudal to the trauma site, there was also reduction in EBA

labelled vessels from 1 day to 7 days after injury' Howevet' at 2 weeks after injury there

was an increase in the number of EBA labelled vessels' At 1 day post injury there were

441 +Il2lmr* EBA labelled vessels. Three days after injury, the mean number of

labelled vessels was further reduced to 349+116' At 7 days after injury' the number of
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labelled vessels was still below the normal (430 t |36hnfr2; P= 0'08)' At 14 days and

28 days after injury, There were 553tI94 lmrr] and 506+112lmm2vessels positive for

EBA respectively. statistically, in the segments rostral to the trauma site' there were no

significantchangesinthenumberofEBA-labelledvesselsinmostofthetimeintervals

after injury except at 3 days after injury (P=0.04). In the segments caudal to the trauma

site, there were no significant changes in the EBA labelling at all time intervals after

injury when compared to normal controls. There wete 376 + 66 labelled vessels at 1 day'

366 + I59 at3 days, 366x. l3L vessels at 7 days, and 39 1 + 62 and 37 3+64 at 1 4 and 28

days respectively (Fig 4J22,Table 4'2)'
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Tøble 4.2 The fnean number of EBA-immunoreactive hlood vessels in the spinal cord

of normal control and moderate spinøl cord iniury (SCI) rats

Rostral site

(n/mm1

Trauma site

(r/mm1

Caudal site

(n/mm2)

ld SPI 441+tr2 (269-624) 444+71(235-544¡ 376t:66 (268-st7)

3d SPI 349:trt6* (lo7-5r7) 405184 (242-477) 3661159 (174-607)

7d SPI 430 +136 (289-705) 337!166 t(131-604) 366t131 (208-631)

I4d SPI 553r194(168-664) 517+163 (396-846) 391t.62(302-497)

28d SPI 506+112 (348-624) 5771180 (283-1046) 373t65 (308-470)

Normal 497+127 (161-591) 478188 (255-477) 469X42 (463-s37)

Data shown re7resent the mean value t SD (range).

n/mm2, number of EBA-immunoreactive blood vessels pe' *mt'

*significantly dffirentfromthe meanvalue of the normal control, P < 0.05
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The percentage of vessels labelled for EBA was calculated in relation to the mean

number of blood vessels, stained with LET lectin, at each time interval and in normal

controls (Table 4.3), with three animals being used for each group' In normal animals'

877o-987o of the blood vessels showed labelling for EBA' The percentage of EBA

positive blood vessels in experimental animals at the trauma site ranged from 557o to

837o, inthe rostral site from 66Vo to 787o and in the caudal site the range was TIVo to

StVo (Table 4.3).
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Tøble 4.3 The percentage of mean number of EBA'immunoreactive blood vessels in

the spinal cord of normal control and moderate spinal cord iniury (SCx) rats, in

relation to the mean number of vessels as detected by the lectín labelling'

Rostral (7o) Trauma site (7o) Caudal site (Vo)

ld SPI 68(44u6s3) 69(444t643) 80 (376t473)

3d SPI ss (349/633) 49 (40st823) 62 (366ts93)

7d SPI 78 (430 /ss4 ) ss (337/610) 80 (366/4s8)

14d SPI 80(ss3/693) 61 (s17l84s) 81(391/484)

28d SPI 70 (s06t719) 83 (s77t696) 79 (3731471)

Normal 98 (497ts07) 8s(478/s60) 94 (469tsot)
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Severe iniurY

The density of EBA-immunoreactive vessels was also assessed quantitatively after

sevefe spinal cord compression using the method described for the moderate injury

group. In the severe injury gfoup, in the trauma site, there was a remarkable reduction in

EBA labelling. At one day post injury, the mean number of labelled vessels was reduced

to 151 tg2tmfiJ vessels which was significantly less than the normal control animals

(P=0.0005). Three days after injury, the mean number of labelled vessels was further

reduced to 145 + l3lmrÊ'which was also significantly less than the control animals (P=

0.0001). At seven days after injury, there was still obvious reduction in the labelling

density; 88 + 46lmm2 vessels were labelled. At 14 days after injury' the EBA labelling

started to recover; the number of labelled vessels was increased to 200 t 57 'bttt was still

significantly reduced compared to the normal animals (Table 4'4)'

In the rostral segments EBA expression was reduced at 1 day post-injury' The mean

number of labelled vessels was reduced to 309 +83 /mm2' The number of labelled

vessels gradually increased after this time point. At 3 and 7 days after injury' the number

of labelled vessels was increased to 362+125 lmmz and 402t44 lmn1f respectively' The

number of labelled vessels at !, 3 and 7 days after injury was significantly reduced

compared to the normal controls (P=0.006, 0'02 and 0'03 respectively)' However' at 14

days after injury, the number of vessels was increased to 5141184 which was not

significantly different compared to the normal animals (Table 4'4')'

In the segments caudal to the trauma site, there was a remarkable reduction in EBA

t2l



Results
Chapter 4

labelling which was significantly less compared to the number of labelled vessels in

normal control animals. At one day post-injury, the mean number of labelled vessels

was 27g t75 tmnf which was significantly less than normal animals (P=0'006)' Three

days after injury, the mean number of vessels labelled for EBA was 267+30 which was

also significantly less than the normal animals (P=0.007). At 7 days after injury a mean

of 253 t 101 mrÊ vessels were labelled which was also significantly less than the

normalanimals(P=0.004).At:l|daysthenumberoflabelledvesselswas(248t99)but

was not significantly different from the normal control animals (P=0'8) (Table 4'4)'
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TøbIe 4.4 The Ínean number of EBA-ímmunoreactive blood vessels in the spinal cord

of normal control and severe spinøI cord íniury (SCI) rats

Data shown represent the mean value t SD (range)'

n/mm2, number of EBA-immunoreactive blood vessels pe' mmt '

*significantty different from the mean value of the normal control, P < 0'05.

Rostral

(n/mm1

Trauma site

(r/mm1

Caudal site

(r/mm1

1d SCI *
309+83 (97-469)

*
t5tt.92 (69-293)

*
278t7s (69-393)

3d SCI l.
(83-s47)362tl2s

*
145+73 (55-255)

*
(41-34s)267!30

7d SCI 402;t44* (rl7-453)
l.

3g+ 46 (34-214)
*

2s3r101 (ss-372)

14d SCI s14r184 ((273-7s9) *
20w.57 (21-262)

248!99 (131-448)

Normal 497t127 (166-607) 4.
(ss-s73)479+88

469!42 (221-483)
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4.1.8.2 Quantitative study of GLUTL ímmunoreactivity after moderate compressr'on

injury øt LM level.

Three experimental animals from each time interval and three normal controls were

used for the quantitative study. Four areas from each section in the tfauma' rostral and

caudal to the trauma sites including one area from each dorsal horns and one area from

each ventral horn, were selected for counting. Comparisons of GLUT1 expression at

different time intervals were then performed using the Students,s 
' 

test.

In the trauma site (Fig.4. l.22,Table4.5), as early as 1 day after injury, the number of

vessels labelled for GLUT1 was reduced to 205+ 77 which was significantly less than

normal animal (P=0.001). Three days after injury, the number of GLUT1 labelled

vessels was further reduced to 187+66 (P=0.0006)' Seven days after injury' the number

of vessels was slightly increased to 3081101 and was not significantly reduced

compared to the normal animals (P=0.06)' Fourteen days and 28 days after injury'

density of labelled vessels were still very low (273 +86 and263+ 65 respectively)' and

were significantly less than the normal animals (P=0'001)'

Sections rostral to the trauma site also showed a reduction of G'-url tabelling (Fig

4.I.zz,Table 4.5). 1 day after injury, the number of vessels was reduced to 255+ 55

(p=0.0004). Ar 3 days after injury, it was 293+ 86 (P=0.0001) ' Atl days' 14 days and

2g days after injury, the numbers of vessels were 334+l}g (P=0'003)' 315t67 (P=0'003)

and 231L91 (P=0.002)respectively which were also significantly reduced compared to

the normal animal. In sections caudal to the trauma site, the number of vessels
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immunoreactive for GLUT1 was also signif,rcantly reduced at 1 to 28 days after injury

compared to the normal controls. The mean numbers werc274 + 57 labelled vessels at 1

day (P=0.0 004),261 +.79 at 3 days (P=0.002), 255+ 89 vessels at 7 days (P=0'0001)'

252+ 89(P=0.0003) at 14 day and237x.55 (P=0.008) at 28 days (Fig 4'l'22, Table 4'5)'
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Table 4.5 The mea.n number of GLUT| immunoreactive blood vessels in the spinal

cord of normal control and moderate spinøl cord injury (scl) rats

Data shown represents the mean value t SD (range)'

n/mm2, number of GLUT| labelled blood vessels p" *m''

*signfficantly dffirent from the mean value of the normal control, P < 0.05.

Rostral

(r/mm1

Trauma site

(n/mm1

Caudal site

(n/mm2)

ld SCI *
255+55 (t7s-322)

*
2OSt.77 (74-322)

*
(r94-369)274+57

3d SCI *
293+86 (87-450)

t
187i66 (128-329)

*
26t+79 (148-389)

7d SCI t
334+109 (134 -4s6)

308+ 101 (74-490) *
(101-376)255189

14d SCI l.
315+67 (184-s24)

l.
273+86 (74-3e6)

*
(134-376)252+89

28d SCI *
237 !91 ( 181-604)

*
263t65 (141-369)

*
(201-322)237 +SS

Normal 475t122 (322-731) 428t t74 (215-678) 47s+142 (23s-678)
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The percentage of vessels labelled for GLUT1 was calculated in relation to the mean

number of blood vessels, stained with LET lectin, with three animals being used for

each group. ln normal animals, 83Vo to 957o of the blood vessels showed labelling for

GLUTI'ThepercentageofGLUT1immunoreactivebloodvesselsinexperimental

animals at the trauma site ranged ftom327o to S!%o,in the rostral site from 337o to 607o

and in the caudal site the range was 5l7o to 587o (Table 4.6).
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Table 4.6 The percentøge of the meun number of GLIIT 'imrnunoreactive blood

vessels in the spínal cord of normal control and moderate spinøl cord iniury 6CI)

rats in relatíon to the tnea,n number of vessels detected by lectin labelling-

Rostral (7o) Trauma site (7o) Caudal site (Vo)

ld SPI 39 (2ssl6s3) 32 (20st643) s8 (2741473)

3d SPI 46 (2e31633) 32 (1871824) sr (26us93)

7d SPI 60 (334 /ss4) s1 (308/610) s6 (2ssl4s8)

14d SPI 46 (3ts1693) 32 (273184s) s2 (2s2t484)

28d SPI 33 (237t719) 36 (2631696) s8 (237t47r)

Normal 94 (47stso7) 83 (428ls60) 9s (47stsot)
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4.1.8.3 Quantitative study of GLUT 7 expression in the spínal cord by

immunoblotting after moderate c omp re s sio n ini ury

Three animals were used for each time point. The relative level of expression of GLUTI

was determined by normalization of band intensity determined in injured spinal cord

relative to band intensity determined in control non-injured spinal cords. Comparisons

of GLUT1 expression at different times after injury were then perfomed using the

student's t tesL

Two bands migrating at approximately 45 and 55 kDa, consistent with the glial and

endothelial forms of GLUT1 respectively, were detected in control non-injured tissues

and at all time points following induction of injury. A typical blot of GLUT1

immunoreactivity in control and injured cords is shown in Figure 4.1.23' Analysis of the

level of GLUT| expression showed that there was a tendency for a decrease in GLUT I

expression following injury, especially in the first two weeks. The intensity of the 55

kDa immunoblot band was assessed using the computer program Measure Master. The

mean intensity of bands immunolabelled in normal non-injured animals was 0.95. The

mean intensities of the bands were 0.95 at I day,0.72 at 3 days, 0.83 at 7 days and 0.99

at 14 days after injury. However, Student's / test showed that all changes in these time

intervals were not significant. On the other hand, at28 days post injury the mean density

was l.44,which was significantly higher compared to the normal animal.
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ßig4.1.22 Histograms showing the density of EBA, GLUT1 immunoreacitve and

LET lectin-positive vessels in the trauma, rostral and caudal sites after moderate

compression injury. The density of vessel is shown as mean /mm2+ SD.
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ßig.4.1.23 Photographs showing Western immunoblots of normal and

experimental animals. There are two bands in the normal and experimental

animals of 45 and 55 kDa representing astrocytic and endothelial GLUT1

isoforms respectively in the spinal cord tissue. The intensity of the 55 kDa

GLUTI isoforms detected by the antibody used in this study is reduced

particularly at7 days after moderate compression injury, but its intensity is higher

at 14 days and28 days post injury compared to the normal. The 45 kDa GLUT1

isoform also shows a reduction maximally at 7 days postinjury'
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ResultsChapter 4

4.2 The blood-testis barrier after compression spinal cord iniury

4.2.1 EBA expression in the blood-testis barrier and the male reproductive tract of

normøl animøls.

In the male reproductive tract of normal animals, positive immunolabelling for EBA

was detected in two cell types, ECs of microvessels and epithelial cells of some

accessory sex organs.

Strong labelling for EBA was seen in ECs in most microvessels of the testis, in the

tunica albuginea, in the subcapsular tissues and in the interstitial compartment in all the

normal animals examined (Figs. 4.2.1 A-C). However, endothelial cells of lymphatic

channels of the testis were not labelled (Fig.4.2.IA and B). Capillaries in the wall of the

ductus deferens were labelled(Fig.4.2.1.D).ECs lining the artery and arterioles of the

ductus deferens also showed moderate immunoreactivity but large veins in the spermatic

cord were not labelled (Fig 4.2.fFl). Many microvessels among the striated muscles and

the connective tissue surrounding the membranous urethra showed moderate EBA

labelling (Figs.4.2.lF,4.2.2A). A few microvessels in the seminal vesicle (Fig 4.2.28),

epididymis (Fig. 4.2.2C), coagulating gland, ventral prostate (Fig. 4.2-2D) and the

dorsolateral prostate were labelled.

Labelling of epithelial cells was seen in the rete testis (Fig.4.2'3A). The labelling was

pronounced in the sector of rete testis tubules closest to the seminiferous tubules (Fig'

4.2.3A).No staining was seen in the Sertoli cells or any of the spermatogenic cells in the

seminiferous tubules (Figs. 4.2.1^ and B). Apart from ECs of testicular vessels, other

cells in the interstitial compartment of the testis and the peritubular myoid cells were
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EBA-negative (Figs. 4.2.1A and B). No consistent or reproducible staining was seen m

epithelial cells in the epididymis or vas deferens. However, strong granular cytoplasmic

staining for EBA was seen in the epithelium of the dorsolateral prostate (Figs' 4'238

and c), especially in the acini near to the urethra, whereas cells in the connective tissue

stroma of the prostate were negative. The epithelium of the coagulating gland (Fig'

4.2.3D),the ventral prostate (4.2.38) and seminal vesicle (Fig'4'2'3F) showed labelling

in only a few epithelial cells in each tubular profile. No labelling was seen in the

epithelium of the bulbourethral gland. All the positive labelling seen in cellular elements

in the male reproductive tract was eliminated in control slides in which the primary

antibody was omitted from the staining protocol (Fig.4.2.41\). Control tissue sections

stained with haematoxylin and eosin for general histology did not show any similar

brown deposits in epithelial or endothelial cells'

Examination of other tissues of the rat body including the intestine (Fig.4.2.4 B), skin of

footpad, liver, kidney, adrenal cortex, skeletal muscles and cardiac muscle did not show

any labelling for EBA. The brain and spinal cord (Fig.4 .2'4C) used as positive control

for EBA staining showed strong labelling of vessels throughout the grey and white

matter. The spleen showed labelling of some ECs of sinsoids in the red pulp' However,

the central arterioles of the white pulp (Fig.4 .2.4.D) and the splenic artery and vein at

the hilum were not labelled. All the above findings were consistent in all the five normal

animals examined and were reproducible in several staining sessions'
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ßig.4.2.1. Light micrographs showing immunostaining for the endothelial barrier

antigen (EBA) in endothelial cells of microvessels in various tissues of the

reproductive tract of normal control male rats. Positive immunolabelling appears as

brown reaction product, except when nickel enhancement was used, in which case a

black reaction product is seen (C). All figures are from sections counterstained with

haematoxylin, except for C. A and B show strong immunoreactivity in endothelial

cells of interstitial testicular blood vessels (arrows). No labelling is seen in Sertoli and

germinal epithelial cells in the seminiferous tubules (ST), interstitial cells (IC),

endothelial cells (arrowhead) of the wide lymphatic channels (LC) sunounding the

seminiferous tubules or myoid cells (MC). C. Nickel-enhanced immunostaining of

interstitial vessels of the testis (arrows). D and inset. Immunostained endothelial cells

of capillaries (arrows) located in the subepithelial connective tissues of the ductus

deferens. Epithelial cells lining the lumen do not show labelling for EBA. E.

Immunoreactivity is seen in endothelial cells lining the artery of the ductus deferens

(anows) and in a smaller adjacent arteriole (double arrows), but not in the venous

plexus of the spermatic cord (arrowheads). Inset shows enlargement of the area within

the rectangle shown in E and shows labelling (anow) of endothelial cells. F and inset.

Moderate immunoreactivity is seen in most microvessels (arrows) among the striated

muscles surrounding the membranous urethra. Scale bars in A, B, D and inset in E, 20

pm; C, F and inset in D, 50pm; E, 100¡rm.
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ßig.4.2.2. Light micrographs showing immunostaining for the endothelial barrier

antigen (EBA) in endothelial cells of microvessels in various tissues of the

reproductive tract of normal control male rats. All figures are from sections

counterstained with haematoxylin. (A) Immunostained endothelial cells (arrows) in

blood vessels located in the connective tissue surrounding the membranous urethra.

(B) EBA-positive microvessel (arrow) in the seminal vesicle, seen in an oblique

section. The staining appears at the plane of endothelial cells. (C) EBA-positive

vessels (arrows) in the head of the epididymis. (D) EBA-positive vessels (arrows) in

the ventral prostate gland. Double-anows indicate EBA-positive regions of

endothelial cells cut tangentially. Arrowheads indicate regions devoid of EBA

staining, demonstrating regional variability in EBA expression in endothelial cells.

Scale bars represent 50¡rm (4, C) and20 ¡rm (8, D).
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Fig.4.2.3. Light micrographs showing immunolabelling for the endothelial barrier

antigen (EBA) in epithelial cells of various tissues of the reproductive tract of normal

control male rats. All sections were counterstained with haematoxylin. A. EBA

immunoreactivity is seen as a brown reaction product in the epithelium of the rete

testis tubules (arrows) located close to the seminiferous tubules (ST), whereas rete

testis profiles located further away are EBA-negative (arrowheads). (B - D) Positive

labelling is seen in the cytoplasm of the dorsolateral prostate gland (B and C) and the

coagulating gland (D). In the ventral prostate gland (E) and seminal vesicle

(F) weak immunolabelling is seen in the cytoplasm of only a few cells (arrows). Scale

bars represent 200 pm (A), 100 pm (B), 20 pm (C, E, F) and 50 pm (D).



Fig.4.2.3

tF 3¿!

/ i\
//ù¡t

ei
"a

/

/

B

c
\

-å.

a

4<

/
cã

i't t \

'l'
- .çt

D

/\

/,,'i-'ul 
"

tr ri/

\
?1ç{

I st

/
/

.å

$

ü

le i.
tr43I

(

ì

.'É.

E
/

ri'tö'

..L

-tti' 
t



Fig.4.2.4. Light micrographs showing negative and positive control for the endothelial

barrier antigen (EBA) immunolabelling in control animals. All sections are

counterstained with haematoxylin. A. Dorsolateral prostate gland from a section in

which the primary anti-EBA antibody was omitted in the staining protocol, as

negative control, showing absence of immunoreactivity (compare with Figs. 4.2.3 B

and C). B. A section from the small intestine immunostained for EBA, the intestinal

epithelium does not show any EBA labelling. The intestine was used as negative

control tissue. C. EBA-positive microvessels in the grey matter of the spinal cord

(arrows). The spinal cord was used as positive control tissue for EBA labelling. D.

The red pulp of the spleen shows EBA-positive endothelial cells (arrows) seen also at

a higher magnification (left inset). The central arteriole of the white pulp (main figure

and right inset) is not labelled. Scale bars represent 100 ¡rm (4, D), 50 pm (8, C) and

20 ¡rm insets.
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Results
Chapter 4

4.2.2 EBA expression in the male reproductive tract following compression spinal

cordinjury

In the group of experimental animals with moderate compression spinal cord injury, the

testis and prostate gland were examined for EBA expression. After moderate

compression spinal cord injury there was a remarkable reduction in EBA labelling in

endothelial cells of the testis and epithelial cells of the prostate gland compared to the

normal and sham control animals. In the testis, the reduction occurred as early as 1 day

after compression injury. The ECs of testicular vessels showed very faint staining at 1

day after injury whereas some vessels showed complete loss of EBA labelling. At 3 and

7 days after injury, ECs in the testis still showed a reduction in the intensity of EBA

labelling. Some unlabelled and weakly immunolabelled vessels could be observed. This

reduction continued up to 4 weeks. At four weeks after injury, the longest time interval

investigated in this study, EBA expression was still not completely recovered. Although

most vessels were labelled for EBA, the labelling was partial in many vessels and others

where not labelled (Figa.2.5).

Epithelial cells in the dorsal, lateral and ventral prostate gland also showed reduction in

EBA labelling. The reduction started at 1 day after injury and continued for 4 weeks,

(Fig.4.2.68-F) compared to the normal labelling of control animals (Fig4.2.6A). The

acini of the prostate were distended and the luminal content of the acini in dorsal and

lateral prostate showed increased brown staining, suggestive of positive labelling of

prostatic secretion for EBA (Fig.a.2.6F). This increased labelling of the luminal

secretions occurred as early as 3 days after injury and continued for 2 weeks' The

increased labelling was obvious compared to the faint discoloration of the luminal
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content of prostatic acini in normal animals (4.2.6A) which showed naIÏow lumen and

folded walls
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Fig 4.2.5 Light micrographs showing EBA immunostaining in testicular vessels at

different time intervals after spinal cord injury. A. Faint labelling is seen in a

testicular vessel at I day after compression spinal cord injury. B. Two testicular

vessels show weak labelling (arrows) or sectoral absence of labelling (a:rowheads) at

3 days after injury. C. At 7d afte.r injury, a testicular vessel shows complete loss of

EBA labelling (anowheads). D. At 28 days, a testicular vessel still shows complete

absence of EBA labelling in most of the vessel circumference (arrowheads) and only

weak labelling of one sector (arow). Scale bars, 50pm.
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Fig 4.2.6 Light micrographs showing EBA staining in the lateral prostate glands in

normal control and experimental animals. A. Strong labelling for EBA in the apical

cytoplasm of epithelial cells in the lateral prostate gland in a normal rat. B. EBA

immunoreactivity is seen in the apical cytoplasm of epithelial cells of the lateral

prostate. The acini are distended with luminal secretions (asterisks) that show a slight

brown reaction product at I day after injury.C. Lateral prostate showing reduction in

EBA labelling in many epithelial cells (arrowheads) while others show apical

labelling (anows) as in controls. The luminal secretions show a brown reaction

product (asterisks) at 3 days after injury. D. Lateral prostate showing pronounced

reduction of EBA labelling in epithelial cells (arrowheads). Only few epithelial cells

show apical labelling (arrows). The lumina of the acini are distended with secretions

that show a brown reaction product (asterisks) at 7 days after injury. E Lateral

prostate showing reduced EBA immunolabelling (arrowheads) in many epithelial

cells, while some other epithelial cells of acini are well labelled (arrows) at 14 days

after injury. F. Epithelial cells of the prostate gland shows no immunoreactivity for

EBA at 28 days after injury (arrowheads). Scale bars,20pm.
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Chapter 4 Results

4.2.3 GLUTI expression in the møle reproductive tract followíng compression spinal

cord injury

In normal and sham control animals, strong labelling of GLUT 1 could be seen in

testicular vessels but not in vessels of other accessory organs (Fig4.2.71\).LM showed

that GLUT 1 immunostaining in endothelial cells was evenly distributed throughout the

entire circumference of testicular ECs. Survey of other reproductive accessory organs

did not show any positive labelling for GLUT1 in the ECs. The epithelial cells of dorsal

lateral and ventral prostate and other accessory reproductive organs also did not show

any labelling. Small arteries and veins were not labelled.

4.2.4. Exp erimental animals

In the group of experimental animals with moderate compression spinal cord injury, the

testis and prostate gland were examined for GLUT1 expression At 1 day after

compression injury to the spinal cord, there was obvious reduction in the expression of

GLUT| in most testicular vessels. Some testicular vessels showed very faint labelling

(Fig 4.2.7F) while some labelled vessels showed granular and faint staining. At 3 days

after injury, the reduction in the labelling was most pronounced. At one week after

injury, the reduction in GLUT1 labelling in the testis persisted, where most vessels were

not labelled or partially labelled. At two weeks, the labelling started to recover and more

vessels were positively labelled compared to those seen at 1 week after injury. At four

weeks after injury, the majority of vessels were labelled but a few unlabelled vessels

were still seen (Fig.4.zJD).
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Fig 4.2.7 Light micrographs showing GLUTI staining in the testicular vessels in

normal rats and after compression spinal cord injury. A. Strong labelling for GLUTI

in a testicular vessel (arrows) in a normal animal. B. Weak labelling (arrowheads) for

GLUTI at I day after injury C. Weak labelling (arowheads) for GLUTI at 14 days

after injury D. 28 day after injury two interstitial testicular vessels, one shows

immunolabelling (anow) for GLUTI. The other is not labelled (arrowhead). Scale

bars,20¡rm.
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Chapter 4 Results

4.3 Time course of opening and closure of BBB after immunologicøl targeting of

EBA.

4.3.1 The temporal pattern of EBA expression after immunotørgeting of EBA

This experiment was undertaken to further elucidate the role of EBA in blood vessels of

the brain and spinal cord

Control animals

Control animals injected intravenously with the isotype mouse IgM did not show any

staining in brain or spinal cord vessels for EBA, when vibratome sections were exposed

to the secondary antibody and tertiary reagents only, but showed very intense labelling

after inclusion of the primary antibody in the staining protocol at all time intervals after

isotype injection (Fig 4.3.1).

Experimental ønimals

Experimental animals were injected with anti-EBA antibody. Microvessels of the brain

and spinal cord of experimental animals, which have survived for different time

intervals from 30 min to two weeks, showed very strong immunolabelling for EBA after

routine immunocytochemical labelling, in which the primary anti-EBA was included in

the protocol. Surveying the sections which have been immunolabelled without primary

anti-EBA antibody showed that only those animals surviving for short time intervals

from 30 min to six hours were positively labelled. Generally, the shorter the time

intervals after anti-EBA injection, the more intense the labelling. Using the same

immunolabelling method without exposure of the sections to the primary antibody,

animals which survived longer than six hours did not show any positive labelling for

EBA (Fig.4.3.2).
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Fig 4.3.1 Light microphotographs showing EBA labelling in the brain I hour after

isotype IgM injection. A. Vibratome section of brain labelled with both primary and

secondary antibodies: strong EBA labelling is observed in blood vessels. B. A

Vibratome section labelled with omission of the primary anti-EBA antibody. No

labelling for EBA is observed. Scale bars,200¡rm
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Fig4.3.2 Light micrographs showing EBA labelling in Vibratome section of brains at

different time intervals after anti-EBA injection. A. A section labelled with both

primary and secondary antibodies. Blood vessels show very strong labelling. All

sections in B-E were immunolabelled with omission of the primary anti-EBA

antibody in the staining protocol. B. One hour after antibody injection: strong

labelling is seen. Inset shows high magnification of B. C. Three hours after anti-EBA

injection: moderate labelling is observed in the microvessels. D. Six hours after anti-

EBA injection, mild to moderate labelling is seen; Inset shows high magnification of

D. E. One day after anti-EBA injection, no EBA labelling is seen.
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Chapter 4 Results

4.3.2 Permeøbitity of HRPfollowing immunologicøl targeting of EBA

Control animals

None of the control animals, injected intravenously with isotype control antibody

showed leakage of HRP. Light microscopy of Vibratome sections showed clear

parenchyma throughout the brain and spinal cord. Occasional RBCs seen in the lumina

of some vessels showed dark staining due to their content of endogenous perioxidase,

indicating the successful development of peroxidase reaction product. The choroid

plexus and pineal gland showed HRP distribution in the tissues. In all experimental and

control animals, Vibratome sections of the liver showed HRP in the liver sinusoids,

indicating the successful intravenous injection of the tracer, its circulation throughout

the body and the successful development of HRP reaction product (Fig. 43.Ð'

Experimental animals

Experimental animals were injected with three doses of anti-EBA, low, medium and

high doses (Fig.4.3.3 and 4.3.4).In the initial phases of the study, animals were injected

with the high dose of 50 lLgkg body weight. However, this dose resulted in a high

mortality rate. Fifty percent of the injected animals died, either soon after the injection

or within 3h, irrespective of the type of anaesthesia. Subsequently this dose was reduced

to 25 tlglkg body weight. However, this low dose did not produce significant BBB

opening. Thereafter the medium dose of 40 þg /kg body weight was preferentially used.

This medium dose gave consistent and widespead opening of the BBB although three

animals died in this group. Retrospectively these animals were found to have had faster

injections of the antibody. Therefore, the respiratory rate and depth were monitored and
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the rate of antibody injection was adjusted in response to the respiratory pattern. The

following description applies to the medium dose unless stated otherwise.

Surveying the sections at low magnification gave a clear indication of the pattern of

HRP leakage, which rapidly reaches a maximum level by 30 min with progressive

reduction in subsequent time intervals (Fig.a.3.3). Seventeen min after anti-EBA

injection the brains showed weak staining in a few foci in the striatum and brainstem

and the grey matter of the spinal cord showed similar weak HRP staining. At 30 min

after antibody injection the brain showed extensive leakage of HRP. The tracer was

widely distributed in the grey and white matter, being present in the cerebral cortex,

subcortical white matter, striatum, diencephalon, brainstem and cerebellum. The spinal

cord showed HRP in the dorsal and ventral grey horns and white matter. In the animals

killed 45 min after anti-EBA injection, HRP distribution in the brain and spinal cord

was almost identical to that seen at 30 min, although the intensity of staining and the

areas of leakage appeared to be fractionally less than in the 30 min animals. At t h after

anti-EBA injection, the brain and spinal cord showed a dramatic decline in the amount

of HRP leakage, although this was still greater than the amount of the tracer seen in the

earliest time interval of 17 min. A further reduction in the amount and distribution of

HRP in the brain was seen at 2 h after anti-EBA injection, where in one animal no

leakage was seen and in others few foci of weak staining were seen in the frontal lobe,

dorsal thalamus and brainstem. Of the 5 animals killed at 3 hours after anti-EBA

injection, 3 animals showed completely clear parenchyma in the brain and spinal cord,

and 2 animals had one or two spots of HRP leakage in the striatum and brainstem. No

HRP leakage was seen in the animals killed at 6 h and ld after anti-EBA injection
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(Fig.a.3.3). In all the above animals HRP was regularly seen in the parenchyma of the

choroid plexus and the pineal gland.

Examination of the sections from experimental animals, injected with the medium dose,

at a higher magnification revealed the pattern of distribution of the tracer, in the

cerebrum and brainstem. HRP appeared as multifocal large circumscribed areas of

brown staining, or as homogeneous staining affecting large regions, such as the striatum

and ventral part of the frontal lobe (Fig. 4.3.3 A-E). Some neurons showed cytoplasmic

distribution of HRP reaction product. In many animals irrespective of the time interval

of their survival, many phagocytic cells in the pia mater contained HRP reaction product

in their cytoplasm. Also intravascular phagocytic cells containing HRP reaction product

were seen. Many experimental animals showed numerous red blood cells remaining in

the vascular bed which showed brown reaction product due to endogenous peroxidase.

Fewer animals and time intervals were tested with the high and low doses (Fig a3.4)'

The animals injected with the high dose showed similar results to the medium dose. The

animals injected with the low dose, showed weak staining for HRP even at the 30 min

and 45 min time intervals (Fig a3.Ð, which showed maximun leakage in the medium

and high doses (Fig a.3.3 and 4.3.4).
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Fig 4.3.3 Low magnification digital images of sagittal Vibratome sections of brains

from experimental animals treated with the medium dose (MD) of anti-EBA and

killed at various time intervals ranging from 17 min to I d. Horseradish perioxidase

(HRP) was injected intravenously l0 min before perfusion fixation. Dark brown HRP

reaction product (arrows) is seen in the brains as round patches or homogenous areas

of variable sizes. Mild leakage is seen at 17 min (A) mainly in the ventral part of the

frontal lobe. The heaviest leakage is seen at 30 min post-injection throughout the

brain (B), with less at 45 min (C) and much less at t h (D) and 2h (E). No HRP is

seen at 3 h (F), 6 h (G) or I day (H). The outline of the brain was traced with a thin

black line for clarity. Magnification bars, 0.5 cm.
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Fig 4.3.4 Low magnification digital images of sagittal Vibratome sections of brain

from experimental (A-D) and control (E and F) animals. All animals were injected

with HRP 10 min prior to perfusion fixation. A shows the brain of an experimental

animal injected with the high dose (HD) of anti-EBA and killed at 30 min after

antibody injection. There is extensive distribution of HRP reaction product (anows) in

the frontal, pariental and occipital lobes, hippocampus, striatum, diencephalons,

brainstem and cerebellum. B shows the brain of an experimental animal injected with

high dose (HD) of anti-EBA and killed 3 h after the injection. No HRP leakage is seen

at this time intervals. Figs. C and D show brains from experimental animals injected

with the low dose (LD) of anti-EBA and killed at 30 min and 3 h post-injection,

respectively. Fig. C shows mild distribution of the tracer in frontal lobe, diencephalon

and brainstem. No reaction product is seen in D. Figs. E and F show brains of control

animals killed at 30 min and 45 min after injection of a control isotype antibody. No

HRP reaction product is seen. Magnihcation bars: 0.5 cm.
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Chapter 5 Discussion

Chapter 5. Discussion and Conclusion

5.1 Blood-spínal cord harrier (BSB) after compression spinal cord íniury

5.1.1 The integrt$ of BSB baffier after compression spinal cord íniury

In the present study, the integrity of BSB was assessed by the detection of albumin

immunoreactivity as an indicator of albumin leakage in the spinal cord after injury.

Endogenous albumin is a natural component of the plasma and has been widely used

to detect tissue oedema (Fukuhara et al., 1994). Diffuse albumin immunoreactivity

could be observed in the trauma site of all moderate and severe injury animals

suggesting a wide opening of the BSB. Albumin leakage was sustained for two

weeks after injury. The moderate and severe injury models showed a similar pattern

of albumin immunolabelling at the trauma site. However, the intensity of albumin

immunoreactivity in moderate injury animals was less than that in severe injury

animals. The difference in the intensity of albumin leakage between the severe and

moderate injury group might be due mainly to the difference in the severity of the

injury, reflecting that opening of the BSB after compression injury is dose dependent.

Consistent with this observation, there was faster clearance of albumin in moderate

injury animals than in those with severe injury. Segments rostral and caudal to the

trauma site also showed albumin leakage which was diffusely distributed, but showed

a more intense presence in the grey matter. In the present study the leakage of

albumin also appeared to correlate with the neurological evolution based on motor

function tests after injury. The extent and area of albumin extravation also seemed to

coincide with the haemorrhage and necrosis in the trauma site and areas remote from
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the trauma site as revealed by the H and E histological studies. The pattern and

distribution of albumin leakage observed in the present study is consistent with

previous reports on the extravation of albumin after spinal cord injury and brain

injury. In previous studies, albumin leakage was reported to be diffusely distributed

and to extend for several segments remote from the trauma site (Farooqte et al.,

1992; von Euler et al.,lgg7).It was also reported that with more severe trauma and

longer survival periods extravascular albumin was more extensively distributed along

the cord (Farooque et al.,Ig92).In cryoinjury of the brain, the BBB is compromised

and albumin enters the neuropil (Vorbrodt et al., 1993). Albumin leakage was also

reported in osmotic opening of the BBB (Vorbtodt et al., 1993)'

There are several possible mechanisms that may account for the albumin extravation

after spinal cord injury. Firstly, albumin may originate from plasma escaping

through the disrupted BSB, from ruptured blood vessels directly damaged by the

trauma. Secondly, from the cytoplasm of disrupted cells in the lesion. Thirdly, by

leakage through capillaries compromised secondary to tissue damage. Fourthly, from

the CSF flowing the subarachnoid space across the spinal cord surface although

normally the CSF has low proteincontent (1.0-2.0g/l), this may increase in cases of

spinal cord compression (Bannister, 1978). Furthermore, previous studies on the

CSF flow in an animal model of post-traumatic syringomyelia have shown that the

CSF in the spinal canal has a directional flow towards the syrinx through the

perivascular space of the central penetrating brances of the anterior spinal artery in
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the grey matter (Brodbelt et al., 2003a, b). The same mechanism of CSF flow after

injury may be also applied in this compression injury model. However, in the present

study, in the severe injury, the opening of BBB might be primarily caused by the

mechanical insults to the cord tissue leading to the disruption of the microvessels and

their tight junctions at the trauma site. It is likely that blood vessels were ruptured,

because bleeding was observed in the histological study.

In segments rostral and caudal to the trauma site, the mechanisms accounting for

albumin leakage might be different from those operating at the trauma site, and the

opening of the BSB may be caused mainly by secondary injury and not by the

mechanical insults. In the segments remote from the trauma site, several mechanisms

may be involved in albumin extravation. Firstly, leakage might be caused by the

direct spread of albumin from the trauma site. Secondly, the leakage might be caused

by secondary injury, caused by ischeamia and the release of neurotoxic materials

from the trauma site and spreading to adjacent segments. A previous study on the

blood-nerve barrier following nerve grafting showed that blood vessels and the cell

layers forming compartment at the graft junctions remain permeable to HRP for at

least 6 months and the intact perineurium around the distal stump of a denervated

nerve is permable to HRP but the endoneurial blood vessels are not (Ahmed and

Weller, lg/g). Interestingly, in the present study, there was also a leakage of

albumin in the segments remote from the trauma site at two weeks post severe injury

in the dorsal column where axonal degeneration occurred. In the moderate injury
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group in the present study, two weeks after the injury, albumin immunolabelling

disappeared in the segments remote from the trauma site suggesting that the leaked

albumin had been cleared up perhaps by macrophages or activated microglia.

The mechanism of clearance of protein from the interstitial fluid in the brain

parenchyma and its relationship to the CSF are complex and not fully understood

(V/eller, 1998). While insoluble peptides such as p-amyloid protein and prion

protein, which are deposited in the brain parenchyma in Alzheimer's and

Creutzfeldt-Jakob diseases respectively, appear not to enter the CSF (Wellet,200l),

this route may be available for the clearance of albumin. In the rat, it is thought that

brain interstial fluid particularly from the grey matter circulates through the narrow

extracellular spaces and joins the bulk flow in pericapillary and periarteriolar spaces

before entering the CSF (Zhang et al., t992). Extracellular fluid form the white

matter may preferentially drain to the CSF (Weller, 1998) On the other hand under

the experimental condition of arachnoiditis (Brodbelt et a\,2003 ) and in human

arachnoid web formation (Brodbelt and Stoodly, 2003a, b), CSF has a tendency to

drain towards the centre of the spinal cord, preferentially via perivascular spaces

(Broadbelt et al 2003a, b).

In a previous study, albumin-gold complexes were used to study the cellular

mechanism of BBB opening after injury (Vorbrodt et al.,1993).It was suggested by

the authors that there are four ways of BBB opening. (1) Opening of a part of the
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junctional complexes. (2) The formation of transendothelial openings (endothelial

gaps or penetrating crater-like excavations. (3) The uncontrolled passage of tracer

particles through the cytoplasm of the injured endothelial cells. (4) Segmental

denudation of the endothelial lining (Vorbrodt et al., 1993). These routes of leakage

of albumin have also been suggested after compression spinal cord injury (Van Euler

et a1.,1997). Since compression injury was used in present study it is reasonable to

suggest that the routes of albumin leakage in the present study are similar to those

reported previously. However, further EM studies are needed to investigate the route

of albumin leakage in the current model.

The basement membrane appears to represent one of the main obstacles to the

passage of blood-borne albumin-gold complexes to the extracellular space in the

brain neuropil (Vorbrodt et a1.,1993) suggesting that the basement membrane can

also serve as a barrier. Once albumin leaks into the neuropil, it promptly moves into

the neuronal and astrocytic processes (Vorbrodt et al., 1993).It was suggested that

extravasated plasma proteins subsequent to their uptake and processing by the glial

cells, may serve some important physiological function in wound healing (Liu and

Sturner, 1988; Li et a1.,2001). The glial cells are probably the major cell types where

the leaked albumin is broken down.

In a previous study of rat spinal cord contusion injury, it was demonstrated that after

injury, the compromised microvessels remain permeable to tracers for up to I week
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after injury. However, by 2 weeks, the barrier is re-established (Popovich et al.,

1996a).4 prolonged abnormal permeability after spinal cord injury has been reported

by others. Nemecek reported permeability to Evans Blue albumin up to at least 9

days after contusion injury (Nemecek et al., 1977).It was also repofted that after

spinal cord transection, restoration of the BSB to protein was not observed until one

week after injury (Noble and Wrathall,1987;1988). Although the vasogenic oedema

is a very important factor in the secondary progression of pathological event after

head injury, a similar contribution in spinal cord injury has not been well defined. A

direct relationship between the severity of injury and axial spread of barrier

breakdown remains unclear. The degree of the vascular injury at the compression

injury site reflects the severity of the initial insults. With increasing severity of initial

injury it is likely that a greater proportion of the vascular tree is traumatized. This

may result in exudation of vasoactive humoral factors, which in turn diffuse along the

axis of the spinal cord and subsequently influence permeability along distant vascular

sites. In this study, an obvious diffuse leakage of endogenous albumin was observed

in the trauma site and in the segments lemote from the trauma site.

Apart from the endogenous albumin, several other tracers have been widely used for

studies on the morphological route of tracer leakage from the BBB. These include

exogenous albumin (chicken albumin), lanthanum, HRP and dextrans (Bouldin and

Krigman, 1975; Noble and Wrathall, 1987; Lane et a1.,2001). HRP is probably the

most widely used tracer in BBB studies. HRP is a 40-kDa plant glycoprotein. HRP,
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as a glycoprotein does not bind to plasma membranes and is a fluid-phase maker,

entering cells by the process of fluid phase endocytosis. HRP at doses used routinely

in morphological studies does not alter the integrity of the BBB to endogenous

albumin and therefore is a suitable probe for investigating the permeability

characteristics of the BBB to macromolecules. According to a previous study, blood-

born HRP can enter the brain faster than other tracers including the blood-born

albumin (Banks and Broadwell,lgg4). A comparative study is needed to reveal the

difference in the extravasation between HRP and endogenous albumin in the present

model of spinal cord trauma.

Sufficiency of blood supply is deemed to be critical for tissue repair after injury.

However, the relationship between vascular damage and the development of tissue

necrosis is still not clear. There are several factors which might be involved in tissue

necrosis in spinal cord injury (See review by Taoka and Okajima, 1998)' Firstly, in

regions where vascular damage exists, the microenvironment might be damaged and

thus the cells in that region cannot survive. Secondly, the presence of haemorrhage

in the tissue may be harmful. Free radicals might be released from the damaged

tissues. Cellular membranes are highly susceptible to free radical-induced

peroxidative damage. Thirdly, the distribution of protein extravasation marks

potential pathways for the endogenous plasma components, which could contribute

to secondary tissue disease.
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In summary, after compression injury, there is widespread albumin leakage in the

trauma site as well as in the segments remote from the trauma site suggesting the

wide opening of the blood spinal cord barrier after compression injury. However, the

route of leakage of albumin was not investigated in this study. The leakage of

albumin appears consistent with the pathological evolution of cord tissue damage and

is also consistent with neurological development.

5.1.2 EBA expression after compression spinal cord iniury

In the present study the number of the vessels labelled with lectin, anti-EBA and

anti- GLUT1 was counted in the grey matter in preference to the white matter for

several reasons. Firstly, the number of blood vessels in the white matter was found to

be much less than in the grey matter. For example, in same levels and sections, only a

handful of vessels was seen in the distal white column, even in normal animals.

Secondly, statistical analysis would have been less accurate if applied to a smaller

number of blood vessels. Thirdly, molecular and quantitative changes in the grey

matter remote from the trauma site, are more likely to reflect secondary changes due

to disturbance of neural input. The white matter tracts rostral and caudal to trauma

showed'Wallerian degeneration, but the grey matter rostral and caudal to the trauma

was morphologically unremarkable. Thus the changes in grey matter blood vessels,

particularly in remote areas, reflect altered neural function due to loss of interspinal

and supraspinal input from white matter tract, and are less likely to be due to direct

mechanical trauma.
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In relation to EBA expression in the spinal cord, there are three major findings in this

study. Firstly, the anti-EBA labelled almost all vessels in all sizes in the normal and

sham control animals. Secondly, EBA expression is reduced not only in the trauma

site but also in the segments remote from the trauma site, especially in animals with

severe injury. Thirdly, the expression of EBA appears to correlate with the function

of the BSB, as assessed by the leakage and the clearance of the endogenous albumin'

There is only one report in the literature that addressed the expression of EBA in

spinal cord compression (Perdiki et al, 1998). However, that study only addressed

changes at the tfauma site using a qualitative and semiquantitative approach for the

intensity of labelling, but did not relate the number of labelled vessels to the total

profile of vessels. In that study, a reduction was reported in EBA immunoreactivity

by light microscopy as early as 1 day after injury and reached a maximum at 4 days

after injury followed by a gradual recovery from 9 days post injury @erdiki et al"

1998). The present study confirmed and expanded these findings. The present study

showed a similar time frame for EBA reduction at the trauma site where the

reduction of EBA reached a maximum 7 days post injury. However, there was a

slight increase in the number of vessels immunoreactive for EBA by 2 weeks post

moderate injury compared to normal animals' Other studies showed a similar time

frame for EBA reduction following other pathological insults to the brain (Lin and

Ginsberg, 2000; Nishigaya et a1.,2000). Directly injured and adjacent microvessels

lacked EBA expression for a period of approximately 2 weeks after stab wound
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injury to mature brain, a time frame that is not too different from that in the present

study. The alteration of EBA immunoreactivity in the cord remote from the trauma

site found in the present study has not been reported previously.

The apparent similarity in the reduction of EBA expression and its recovery in

different pathologies of the CNS suggests a functional role for EBA at the BBB and a

common mechanism for its down-regulation in a compfomised BBB' The alteration

of EBA expression may be associated with direct mechanical damage or a secondary

damage to ECs. In terms of the evolution of general pathology in spinal cord injury,

two mechanisms have been suggested, a primary injury and a secondary injury (see

review by Tator, 1991). The primary injury in the trauma site is principally due to

direct mechanical damage, whereas the secondary injury may result from post-

traumatic ischaemia and other neurotoxic multifactors. Unlike at the trauma site, the

segments remote from the tfauma site are principally subjected to secondary damage

due to the biochemical changes and ischaemia (Noble and Wrathall, 1987). The

present study suggests that, similar to the evolution of general spinal cord pathology'

the reduction of EBA in the remote sites observed in this study may be mainly

associated with secondary vascular damage. Therefore, the results of the present

study suggest that the EBA can be used as a sensitive index for secondary vascular

damage. The underlying mechanism by which the EBA is down regulated after injury,

needs to be addressed in future studies.
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EBA appears to be an indicator in character1rzingthe location and history of brain and

spinal cord lesions. The EBA immunostaining is present in capillaries within the

periphery of traumatic and inflammatory lesions but is lost in the centre of lesions

(Sternberger et al., 1989). EBA immunoreactivity within an injured area is

suppressed for approximately two weeks, but gradually returns to normal levels'

Therefore, anti-EBA may be used in chaructenzing the acuteness or chronicity of a

lesion in the CNS.

Although the expression of EBA has been suggested to be inversely related to the

oedema resulting from the pathological insults induced in several animal models, it is

not clear whether the reduction of EBA is the primary event or subsequent to the

pathological insults. A recent study in this laboratory demonstrated that after

immunotargeting of the EBA, there is a widespread opening of the BBB in the brain,

suggesting that the EBA plays an important putative role in upholding the integrity of

the BBB and that the reduction of EBA might be the primary event prior to the

formation of oedema (Ghabriel et a1.,2000). However, whether the reduction of EBA

is the primary event in oedema formation or secondary to vascular damage in this

model of spinal cord injury is unclear.

As discussed above, in the present study, in the early stages post injury there was a

reduction of EBA expression whereas in the late stages post injury, the EBA

expression started to recover, especially in animals with moderate injury' On the
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other hand, there was an increased number of vessels labelled with LET lectin at the

tfauma site as well as segments rostral and caudal to the trauma site after injury' Two

important issues were considered here. Firstly, whether the alteration of EBA

immunoreactive vessels was due to changes in the total microvessel profile, brought

about by angiogenesis or loss of vessels. Secondly, if EBA immunoreactivity was

independent of the total profile of microvessels. Therefore, the total profile of the

microvessels in the normal and experimental animals with moderate injury was

quantified by counting the LET lectin-labelled microvessels. Since this lectin

specifically labels endothelial cells of all microvessels (Thurston ¿/ al.,1998,F.zakj

et a1.,2001), it was considered a good marker for the total profile of blood vessels'

The present quantitative study showed that at the trauma and rostral sites there was

an increase in the total number of blood vessels at all time intervals, although

statistical significance was only detected at 14 and 28d in rostral segments'

Therefore, these results appear to exclude the possibility that the decreased

expression of EBA after compression spinal cord injury was due to any reduction or

the loss of total profile of microvessels. The lack of statistical significance despite

the apparent increase in the total profile of vessels may be due to the wide range in

the number of vessels counted in the dorsal horns and the ventral horns. Individual

readings are used in the calculations, and dorsal horns were more subject to

heamorrhage and gliosis. There was also a slight increase in the number of EBA

positive vessels in the trauma site as well as in the segements rostral to the trauma

site at the late stage post injury compared to the normal animals athough this increase
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was not statistically significant. This increase may be because of an increase in the

total vessel number due to angiogenesis. Furthermore, this result suggests that some

nerù/ vessels may express EBA. The results obtained from the caudal segments

indicate that there was loss of EBA positive vessels greatef than the loss in the total

vessel profiles at all time intervals following moderate trauma' Because of the time

limit of this study, the quantitative study was not undertaken to investigate the total

profile of LET lectin labelled vessels in the animals with severe injury'

The other very important issue arising here is whether the new vessels from

angiogenesis can expfess EBA. If so, when do they start to expless EBA and other

BBB specific markers? As discussed above, the number of LET lectin-labelled

vessels is increased in the trauma and rostral sites' The number of EBA labelled

vessels was also slightly increased at the late stage post moderate injury, suggesting

that some new vessels from angiogenesis express EBA. In a previous study using a

double labelling method, l-ny et a/. demonstrated that the angiogenesis starts at 7

days after contusion injury to the spinal cord (l,oy et al., 2002).In the present study,

there is an obvious trend that lectin labelled vessels are increased in the trauma site as

well as in the segment rostral to the trauma site as early as 1 day after injury although

this increase was not statistically significant. This suggests that there is angiogenesis

in the trauma site as as well as in the rostal site even at the very early stages after

injury. However, a double labelling method is needed to further clarify whether the
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new vessels express EBA and when they start to expfess this BBB specific protein

and other BBB sPecific markers.

Interestingly, in the caudal site, there was no remarkable increase in the number of

LET lectinlabelled vessels suggesting that there may be no obvious angiogenesis in

the caudal site. In a previous study, it was reported that breakdown in the barrier is

more severe in the caudal site than the rostral site as demonstrated by HRP injection

method (Nobel et a1.,1988). In the present study, the reduction in EBA expression at

caudal sites after moderate injury and the remarkable reduction after severe injury

suggest a compromised barrier in the caudal site in this compression injury model'

This study also indicates that the alteration of EBA expression after injury is time-

and severity dependent. Further studies are needed to correlate the severity of

vascular damage, breakdown of tþe BSB and angiogenesis after injury and to define

how these parameters are related in the present model'

The percentage of EBA labelled vessels in relation to the LET-lectin labelled vessels

has been also calculated in the normal and experimental animals and provided an

overview of the dynamic situation of blood vessel profiles and expression of EBA'

The results showed that in the trauma site and rostral site there was an obvious

reduction of the percentage of EBA labelled vessels at the first week post injury but a

slight increase at 14 days and28 days post injury. There are two factors which may

account for the reduction in the percentage of EBA labelled vessels' Firstly' an
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increase in the number of LET lectin due to angiogenesis in the trauma and rostral

sites. Secondly, the number of EBA labelled vessels was reduced due to the reduction

or loss of EBA expression. Thirdly, both factors may be operating' The quantitative

study indicates that there is a relative reduction of the number of EBA-labelled

vessels in relation to lectin-labelled vessels as indicated by the percentages. In

addition, the absolute number of EBA-labelled vessels were less than those in

controls indicating a loss of EBA expression at the early time intervals'

Interestingly, in the caudal site, the percentage of EBA labelled vessels in relation to

the total vessel profile is much higher than those in the trauma site and rostral site

although there was also a reduction in the number of EBA labelled vessels at all time

intervals post injury. This is likely because no obvious increase in the number of total

profile occurred post injury. Taken together, these results appear to suggest that

changes in EBA expression do not primarily correlate with the angiogenesis.

5.1.3 GLUTI expression after compression spínal cord iniury

The qualitative study showed a remarkable reduction of GLUT1 immunoreactivity

after severe injury in all survival time intervals. The quantitative study by

immunolabelling and'Western Blotting on animals with moderate injury also showed

a decrease in the expression of GLUT1 at the trauma site as well as the rostral and

caudal sites in the first two weeks after compression injury. These findings have not

been reported previously. Despite extensive studies on GLUT1 in normal brain and
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traumatic brain injury, limited information is available on GLUT1 activity in spinal

cord injury. The current study has shown for the first time that GLUT1 activity is

down-regulated following compression injury to the rat spinal cord' This result

appears to be consistent with those of previous studies in other pathological

conditions that showed a reduction in the expression of GLUTI. For example, a

study on GLUT1 activity in human brain injury reported that in the central zone of

dense erythrocyte infiltration, representing the traumatic focus, capillaries almost

totally lost immunoreactivity for GLUT1 (Cornford et al., 1996)' However, in the

peripheral zone beyond this traumatized zone, the majority of microvessels were

highly reactive for GLUTl. Quantitative immunogold electron microscopic studies

also showed microvessels in the peripherul zone were highly positive for GLUT1

activity, which was even higher than that of erythrocytes (Cornford et al" 1996)'

Tissue hypermetabolism has been reported in several other animal models (Yoshino

et al., 1991; Kawamata et al., lgg2) and was also pronounced in brain regions

adjacent to the tfauma site (Yoshino et a1.,1991). In the present study, the expression

of GLUT1 in the segments remote from the trauma site was reduced' The mechanism

by which the GLUT1 is reduced in segments remote from the trauma site in this

model is not clear.

There seoms to be an appalent difference in the results between the

immunocytochemical and Western blot detection of GLUT1 at 3 and 7d after injury

in the present study. In the tfauma site, the density of GLUT1 labelled vessels per

168



DiscussionChapter 5

mm' was dramatically reduced in all time intervals, whereas the Western blot

analysis showed that there was a reduction in the band density only at the 3 and 7

days post injury, but much higher at 28 days post injury. This discrepancy may be

due to the difference in the sensitivity of two methods applied. The Western blot

method may be more sensitive than the immunocytochemical method' On the other

hand, western blotting used a whole segment 1.5 cm long that comprised 0'5 cm

epicenter of trauma, two 0.5 cm long segments rostral and caudal to the epicenter of

tfauma. Thus, the'western blotting method reflects the overall level of GLUT1 in the

trauma as well as adjacent rostral and caudal regions'

The percentage of GLUT1 labelled vessels in relation to the LET-lectin labelled

vessels has also been calculated in the normal and experimental animals. The results

showed that in the trauma, rostral and caudal sites there was an obvious reduction of

the percentage of GLUT1 labelled vessels at all time intervals post injury. In the

trauma and rostral sites there were slight increases at 7 days post injury. These

increases may reflect the higher demand for energy metabolism at 7 days' However at

14 and 28 days after injury, the percentage of GLUT1 immunoreactive vessels in

relation to the lectin labelled vessels was decreased again. This second decrease after

1 week post injury may be due to an increased number of lectin labelled vessels

because of angiogenesis that did not expfess the GLUTI. However, at the caudal

site, the percentage of GLUT1 immunoreactive vessels in experimental animals

showed maximum reduction at 3 d, then progressive increase to 58Vo at 28 days'
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Since no obvious angiogensis was Seen at the caudal site in experimental animals' the

results suggest an actual reduction of GLUT1 follwed by a gradual restoration caudal

to the trauma.

In human brain injury, two types of GLUT1-immunoreactive vessels were identified

(cornford et al., 1996). While about 907o of the microvessels showed uniform

staining for GLUT1 throughout the entire cross-sectional profile' about 107o of the

microvessels showed a markedly lower density of GLUT1 labelling in one sector of

the capillary profile. This pattern was not observed in normal primate or rodent

brains (cornford et al., 1996; Cornford et al., 1998a). This bimodal GLUT1

distribution has also been observed in brain tissues from patients suffering from

seizures (Cornford et a1.,1998b). In interictal seizure resections, the distribution of

high and low GLUT1 immunoreactive ECs provided three types of GLUTI-

immunoreactive microvessels. Type A capillaries display abundant GLUTl

immunoreactivity throughout the entire capillary circumference on both luminal and

abluminal membranes. Type B capillaries have low GLUT1 density in all ECs' Type

AB capillaries display both high and low GLUT1 density ECs' In the present study'

there were no distinct three types of microvessels observed, which may be due to the

different model used.

Two possible mechanisms for the regulation of human BBB endothelial glucose

transport protein (cornford et al.,lgg4b) have been suggested; (1) redistribution of
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GLUT1 between EC membranes and the cytoplasm; and (2) alterction of the total

number of the glucose transpofter proteins. However, the mechanism by which the

GLUT1 is down regulated after spinal cord injury is not known' The down-regulated

GLUT1 immunoreactivity may indicate that the synthesis of this protein was reduced'

whichmaybecausedbyreducedlocalglucosesupplyduetothepoor

microcirculation in the trauma site. The reduced blood circulation and supply may

reduce the local recruitment of the GLUTI. It may suggest that the uptake of glucose

by spinal cord Ecs is reduced in the compression injury model. Alternatively, this

may be due to decreased production of this protein as a result of vascular injury

caused by the primary mechanical damage and secondary biochemical insults' The

opening of the BSB and ruptured vessels observed after the injury might also enable

glucose to diffuse freely into the spinal cord interstitial tissue, which reduced the

need for GLUT1 transport activity. However, this explanation does not seem to be

likely as this may imply a continous blood flow from ruptured vessels' Also

impairment of cerebral glucose uptake has been reported in experimental traumatic

brain injury (Krishnapp a et al.,lggg) and in brain trauma in humans (cru2, 1995)' In

an experimental traumatic brain injury study cerebral dialysate glucose concentration

fell by 507o following severe cortical impact injury while the dialysate lactate

concentration significantly increased (Krishnappa et a1.,1999)' Studies on the fluid

percussion injury model also reported a significant reduction of the cerebral dialysate

glucose concentration and increased cerebral dialysate lactate following the injury

(Chen et a1.,2000). In human brain trauma, global cerebral glucose extraction was
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significantly reduced as measufed by arteriojugular glucose concentration difference'

suggestingimpairedcerebralglucoseuptake(Cruz,|995)'Thustheincreasein

glucose diffusion in the injured tissue is not likely. The other possibility' which

should be considered in this study, is whether the reduction of GLUT1 expression is

due to the reduction or loss of the total vessel profile in the trauma site' However' the

LET lectin labelling showed no reduction but an obvious increase in the total vessel

profile as discussed in the previous section'

The factors involved in GLUT1 expression are not known' Astrocytes have been long

suggested to be involved in the induction of BBB characteristics in ECs (Holash e/

at.,1993b). Most recently, a study showed that the GLUT1 expression after injury is

closely associated with the presence of the asffocytes in the trauma site' The study

also demonstrated that both injured and regenerating vessels exhibit abnormal

permeability and that GLUT1 expression during revascularization is dependent on

the presence of astrocytes (Whetstoîe et al',2003)'

Accumulating evidence suggests that the regulation of GLUT1 expression in the

brain is closely related to cerebral glucose metabolism' As discussed in the

introduction, in neurodegenerative diseases such as Alzheimer's disease and AIDS

with late clinical stage of dementia, GLUT1 expression is significantly reduced in the

brain (Harik, 1992; Simpson and Duffy, 1994; Kovitz and Morgello, 1997)' In

Alzheimer's disease, down-regulation of both GLUT1 and GLUT3 in the brain in the
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temporal and parietal cortices was observed (Simpson et al., 1994)' Decreased

glucose transport in these brain areas in Alzheimer's disease was demonstrated by

positronemissiontomography(Jagustetal',1991)'InAIDSpatients'GLUTl

activity was increased in the brain when no neuropathological changes were

observed. However, GLUT1 activity was decreased in brains from patients with HIV

encephalitis (HIVE) (Kovitz and Morgello, 1997). A study also reported a trend for

the decreased GLUT1 and GLUT3 in patients with HrvE, paralleling cortical and

subcortical glucose hypometablism in patients with late stage AIDS (Rottenberg er

at., 1987). Glucose hypermetabolism was observed at the early stage of AIDS

dementia but in the later stage of dementia, glucose metabolism was decreased

(Rottenberg et al., 1987)'

It was reported that local cerebral glucose utilization increases following traumatic

brain injury in the fluid percussion model in rats (Yoshino et aI',1991) and in sevefe

traumatic brain injury in humans. Therefore, impaired transportation of glucose

following traumatic brain injury would further wofsen the cellular damage' In the

fluid percussion injury model, following the hypermetabolism observed in the early

stage of injury, cerebral hypometabolism, indicated by decreased local cerebral

metabolic rates for glucose, was observed from 6h after the injury and lasted for as

long as 5 days. This indicates that cells were functionally compfomised (Yoshino et

al., l99l). Another in vitro study, on the other hand, showed that a higher glucose

concentration in the rat hippocampal slice incubation medium, improved recovery of
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neuronal function after cerebral hypoxia (Schurr et a1.,1987)' The protective effect of

glucose was dose dependent. It was suggested that ahigh concentration of glucose in

the extracellular fluid increases anaerobic glycolytic production of energy charge to

maintain ion gradients acfoss the neuronal membrane. Apparently, the in vitro study

bypassed the BBB and directly increased the extracellular glucose concentration' In

the present study, GLUT1 was shown to be down regulated in the the trauma site as

well as in the segments rostral and caudal to the trauma site' whether the down

regulation of GLUT1 is due to decreased metabolism of glucose after injury is not

known. It is also not clear whether down regulation of GLUT1 is a factor which is

involved in the pathological evolution'

Some recent studies have shown that during traumatic brain injury, lactate may be

used as an alternative enelgy supply. After traumatic brain injury, lactate level in the

brain is significantly increased (Chen et a1.,2000; Krishnappa et al',1999; Mclntosh

et al., lgïl).The level of cerebral lactate was shown not to be directly related to the

severity of neurological dysfunction (Mclntosh ¿/ at.' 1987)' Some recent studies

have reported neuroprotective effects of lactate on the injured brain' Infusion of the

lactate to the traumatized brain may improve the neurological deficits (Rice et al"

2002). Lactate infusion study has also demonstrated neuroprotective effects of

lactate. In this study, Lactate infusion (i.v.) was started 30 min after lateral fluid

percussion injury and continued for 3 h. cognitive deficits were determined using the

Morris water maze. Lactate infused injured animals demonstrated significantly less
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cognitive deficits than saline infused injured animals. Thus, lactate infusion

attenuated the cognitive deficits normally observed in this model, and therefore may

provide patients with a moderate head injury with a treatment to help ameliorate the

sequelae (Rice ef al., 2002). Experiments also showed that lactate reduces the

neurotoxicity of glutamate in vivo. When 6 mM L-lactate was perfused together with

100 mM glutamate there was a significant reduction in the size of the lesion and there

was no reduction in dialysate glucose. When L-lactate was replaced with D-lactate

the lesion size and the increase in dialysatelactate were greatef than after glutamate

alone. It has been suggested that the neuroprotective role of L-lactate is attributed to

its ability to meet the increased energy demands of neurons exposed to high

concentrations of glutamate (Ros er al., 2007). However, whether the lactate also

serves as an energy substrate and has the neuroprotective effects in the spinal cord is

not known.

5.1.4 Conclusion

A sustained compression injury model in rats was employed in this study' The

albumin leakage study carried out here demonstrated that vasogenic spinal cord

oedema \üas present at 24 hours after the injury, the earliest time point studied'

vasogenic oedema appeared to result from the disruption of the BSB' EBA

immunoreactivity, an indicator of vascular integrity, was reduced after the

compression injury. The reduction of EBA expression correlated well with the course

of vasogenic oedema, which is reflected by the leakage of albumin' GLUT1
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immunoreactivity was also reduced after the injury' indicating a potential impairment

of glucose supply to the spinal cord after injury. Therefore, the results from this study

suggest that multiple factors contribute to the pathological evolution in the spinal

cord following compression injury. In addition to the direct mechanical injury to the

spinal cord, the disruption of the BSB, subsequent leakage of blood borne neurotoxic

substances into the spinal cord neuropil, release of neurotoxin, ischaemia and enefgy

supply failure, may all be responsible for the neuronal dysfunction following

compression injury. The neural damage coincident with the opening of the BSB

suggests that the BSB function is closely associated with normal neural function'

5.2 The blood-testís barrier after compression spínøl cord íniury

S.2.IEBAexpressioninthenormalmalerøtreprod.uctivetract

As mentioned before, EBA is considered as a barrier specific protein. In the brain,

EBA is specifically expressed in vessels with barrier properties but not in non-barrier

vessels. For example, ECs in the peri-ventricular organs and choroid plexus' which

lack barrier properties, are EBA-negative (Sternberger and Sternberger' 1987)' In

most peripheral tissues tested so far vessels are negative for EBA (Sternberger and

sternberger ,1981; orte et at.,1999). However, in this study we showed for the first

time that EBA was expressed by endothelial and epithelial cells in the reproductive

tract of male rats. In addition to the testicular ECs, epithelial cells particularly of the

dorsolateral, and to lesser extent the ventral prostate, the coagulating gland and the

seminal vesicles also showed consistent labelling with anti-EBA' This finding seems
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to be not in full agreement with the concept that EBA is as a barrier-specific protein'

Therefore, EBA appears to have wider tissue distribution and more diverse functional

roles than PreviouslY known.

The first issue that arose from the reproductive organs study is whether the anti-EBA

cross-reacts with tissue components and related proteins in these reproductive organs'

This appears not likely, because anti-EBA monoclonal antibody has been widely used

for BBB studies since it was reported in 1978 (Sternberger and Sterberget, 1987l'

Cassella et al., 1997;Lin and Ginsberg,2000; Nishigaya et al',2000)' Numerous

studies consistently confirmed the specificity of this antibody to barrier vessels' Thus'

the high specificity of the monoclonal anti-EBA (SMI71) would make it unlikely to

cfoss-feact with other tissue components or related proteins' Furthermore' in this

study, the isotype mouse IgM used as a control for the anti-EBA during the staining

procedure did not show any staining in the testis and other accessory reproductive

glands suggesting that a false positive labelling caused by cross reactivities is

unlikely. Our preliminary western blot study also demonstrated that anti-EBA

recognizes a protein of molecular weight which corresponds to that of EBA in the rat

testis and prostate, which further confirmed the expression of this protein in the

reproductive tissue (not shown here)'

As mentioned previously, in the testis, a barrier between the blood and the fluid in

the lumina of the seminiferous tubles exists (Fawcett et al', 1970; Setchell, 1980)'
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Evidence for this includes the uneven colouration of the testis after injection of

certain dyes, and the distribution of some radioreactive markers determined by

autoradiography or by comparing their volumes of distribution with morphological

estimates of the volumes of the various compartments of the testis (Fawcett et al',

1970; Dym , lgTo). There are also differences in composition between the blood

plasma and testicular lymph on the one hand and the fluid in the lumina of the

seminiferous tubules and the rete testis on the other hand' In addition' various

markers pass from the blood stream into these testicular fluids at different rates

(Setchell and 'Wates , 1975; Setchell, lg8}, lgg4). Morphologically, attention has

been focused on the specialized junctions between pairs of adjacent sertoli cells in

the tubules, which block the entry into the tubules of electron-opaque markers such

as lanthanum and horseradish peroxidase (Dym and Fawcett, 1970)' In the current

study, however, the major barrier site of the testis, the sertoli cells, did not express

any EBA, and EBA was only expressed by the endothelium of testicular vessels' This

finding appeafs to add support to the proposal that testicular vessels contribute to the

barrier function of the BTB (Setchell et al., 1969" Holash and stewart' 1993)'

However, further studies are needed to clarify the precise functional roles of EBA in

the reproductive tissues.

In addition to the sertoli cells, other cells in the testis such as the ECs of testicular

vessels (Holash et a1.,1993a) and peritubular myoid cells (Fawcett et al" 1970) have

been suggested to contribute to the barrier function. A partial barrier function of
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peritubular myoid cells was suggested from ultrastructural studies, which showed a

clear peritubular space deep to the myoid cells in contrast to the interstitial tissues,

which showed proteinaceous content. These cells are also able to exclude large

molecular tracers, such as thorium dioxide and carbon, but allow entry of small

tfacers, such as ferritin and peroxidases (Fawcett et a1.,1910)' The peritubular myoid

cells are joined by TJs, although l\-l,Vo of the TJs appear to have gaps of 20 nm

(Dym and Fawcetr.,lgTO). These myoid cells also contain a specific transport system

for urea (Fenton et a1.,2000). However, in the current study no staining for EBA was

noted in the peritubular myoid cells.

It is interesting that EBA was found to be expressed particularly by the epithelial

cells of the dorsolateral prostate. After spinal cord injury, prostatic acini were

distended and there was reduction in EBA immunoreactivity in prostatic epithelial

cells, but the prostate content of the acini showed immunoreactivity for EBA. These

findings suggest that the EBA is related to the normal function and motility of the

spefm since the secretion from prostate gland is an important component of the

Semen. However, the exact significance of this increased expression of EBA in the

prostatic secretion after spinal cord injury is not known'

The prostatic epithelium has TJs and barrier properties (Kachar and Reese, 1983)'

However, it is unlikely that EBA expression is directly related to the TJs in prostatic

epithelium since (a) it is not expressed in epithelia with TJs in other body organs (b)
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in brain ECs, EBA is not associated with intercellular junctions, but is expressed on

the luminal membrane (Rosenstein et a1.,1992:Lavttenson et al', 1995b; Zhu et al"

2001). In the above named reproductive accessofy glands EBA was present

predominantly in the apical cytoplasm, which suggests its secretion into the fluids of

associated glands. Thus EBA here may have an as yet unknown function in relation

to sperm survival and /or motility'

In the rat, diversity in chemical composition exists among the secretions of the

various reproductive accessory glands. The prostatic secretion contains inositol,

polyamines and epidermal growth factor (Jacobs and Story, 1988)' A'221Ða protein

has also been detected in the rat ventral prostate (Carmo-Fonseca and Vaz, 1989)'

According to a previous study, anti-EBA reacts with immunoblots of rat brain

microvessel membranes and shows three positive bands of 30, 25,23'5 kDa proteins

(Sternberger and Sterb erger,1987). Whether the 22 kDa prostatic protein is related to

the 23.5 kDa in brain preparations is yet to be determined. However,

immunofluoresence labelling showed that the 22kÐaprotein is expressed only in the

ventral prostate but not in the dorsolateral prostate (Carmo-Fonseca andYaz' 1989)

which in the present study showed the strongest immunoreactivity with anti-EBA,

while the ventral prostate showed only a few epithelial cells positive for EBA.

Preliminary observations in our laboratory using PAGE and immunoblotting suggest

that proteins of similar molecular weight in the brain, testis, and prostate are reacting

with anti-EBA (not shown here).
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As discussed previously, EBA appears to play an important role for the normal

function of the BBB, as injection of antibody to EBA causes opening of the BBB

(Ghabriel et a1.,2000). The barrier function of Sertoli cells may be dependent on

currently unknown regulatory factors, different from those that control barrier

properties of brain ECs. In the testis, the barrier to dyes and the specialized junctions

between Sertoli cells develop only at puberty (Kormano, 1967; Russell et al'' 1989)

and the barrier becomes less effective outside the breeding season in seasonally

breeding mammals. While the barrier in the testis and spermatogenesis are both

disrupted under some circumstances (Vitamin A deficiency, disorganizafion of the

microtubules in the Sertoli cells, after different duct ligations or injection of cadmium

salts and in very old rats), spermatogenesis can be disrupted in other ways without

thebarrierbeingaffected(Seesetchell200lforreview).

Endothelial cells of testicular microvessels share several features with those in the

brain. There is a specific saturable transport system for leucine in ECs of the testis

with kinetic properties very similar to those in the brain (Bustamante and Setchell'

2000). It was shown that the ECs in the testis contain the glucose transporter GLUT1'

gamma glutamyl transpeptidase and the multidrug resistance gene product P-gp

(Harik et a1.,1990; Hola sh et a1.,1993a) which had been thought to be specific to the

brain. Testicular expression of EBA seen in the current study provides further

support for the similarities between brain and testicular vessels' It has also been

demonstrated that leydig cells, which lie close to the ECs in the testis' contain S-100

181



Chapter 5 Discussion

protein, the glial fibrillary acidic protein and the enzyme glutamine synthetase

(Holash et a1.,1993a). These are characteristic markers of astrocytes, the cells in the

brain which have been suggested to confer barrier properties to brain ECs (Risau,

1991). V/hile the above results and discussion show that testicular vessels share many

biochemical markers with brain vessels, differences do exist. Unlike brain vessels,

those of the testis do not express the transferrin receptor (Holash et al., 1993a).

Although as stated above, ECs of both the brain and testis express P-gp, the

distribution of this marker is not similar in the two systems. It is localized to luminal

membranes in brain ECs but to luminal and abluminal membranes in testicular ECs

(Stewart et al., 1996). The biological significance of the difference in the distribution

of P-gp in the two systems is yet to be understood (Stewart et al., 1996). Also

morphological and physiological studies showed some differences between the two

vascular beds. Albumin, which does not freely enter the brain, is readily detectable in

the testicular lymph (Setchell and Waites , 1975 for review). Testicular capillaries are

continuous and have intercellular TJs (Weihe et a1.,1979) but the junctional density

is less than that of brain ECs (Holash et a1.,1993a; Stewart, 2000). Testicular vessels

are larger and have a thicker wall and a higher density of mitochondria than brain

vessels (Holash et al.,1993a Stewart, 2000). Previous studies provided evidence for

leakage of Evans blue (Caster et al., 1955) and trypan blue (Kormano, 1967) into the

interstitial tissues of the testis. HRP can also enter the interstitial tissues of the testis

(Weihe et al., lgTg) but not into the brain (Brightman and Reese, 1969). The

difference in the permeability between testicular and brain vessels may be due to
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differences in the structure and function of the TJs between ECs in the two systems.

Brain vessels have long sinous intercellular junctions with high electrical resistance.

Testicular vessels have wide compartments between the series of tight junctions

(Fawcett et al., 1970; Holash et al., 1993a; Stewart, 2000). Fifteen percent of

testicular vessels have wide junctions with a higher cleft index which may explain

their higher permeability compafed to brain vessels. Nevertheless, in the current

study strong EBA labelling was seen in the majority of testicular vessels.

The function of EBA in the testis needs to be investigated in the future. The EBA has

been suggested to be related to the normal function of the BBB' As described in

previous chapters, EBA expression is reduced or lost in pathologies associated with

brain oedema including compression spinal cord injury model, brain injury model,

and other animal models. Furthermore, in a recent study in our laboratory, it was

indicated that EBA plays a putative role in maintaining normal function of the BBB

(Ghabriel et aI.,2000). After immunotargeting of EBA, there is wide opening of the

BBB suggesting that EBA is related to the integrity of the BBB. However, it is not

clear whether EBA is also related to the barrier property of the blood-testis barrier

and if it plays putative roles in the testis.

5.2.2 GLUTT expression in the normal møle ra.t reproductive trøct.

In agreement with previous studies (Holash et al., 1993a), in the present study,

GLUTI was consistently expressed in testicular vessels. The expression of GLUT1 in

183



Discussion
5

brain vessels has been considered to be related to the normal energy metablism in the

central nervous system (Harik, 1992:Yannucci et al.,1997). Similarly, GLUT1 may

be also involved in energy metabolism in the testis' But the molecular mechanism for

GLUT1 involvement in the enefgy metabolism is still unknown. The factors that

regulate GLUT I expression in the testicular vessels are also not known' GLUTI has

been considered to be a barrier specific protein since it was identified (Pardridge et

al., 1990a). The expression of GLUT1 in the testicular vessels adds further suppott to

the hypothesis that testicular vessels possess barrier properties and may contribute to

the barrier function of the blood-testis barrier (Holash et al', 1993a)'

In rhe testis other isoforms of the GLUT family are also identified including GLUT 8

and GLUT3. Thus GLUT1 is not the major and only glucose transporter which might

be related to the energy metabolism in the testis. The regulatory mechanisms for

GLUT1 expression are still not clear. However, a recent study showed that the mRNA

of GLUT1 can be up-regulated by fibroblast growth factor (FGF) in vitro (Riera et al"

2003)

5.2.3 EBA expression in the male reprod'uctive tract after compression spínal cord

injury

In this study we showed that EBA expression was reduced in endothelial and

epithelial cells of testicular vessels and of the prostate gland respectively after

compression spinal cord injury. This reduction occurred as early as 1 day after injury

and was sustained longer than two weeks. In experimental animals, some vessels
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showed sectoral loss or complete loss of EBA immunoreactivity or faint labelling of

EBA in the testis blood vessels and epithelium of prostate glands' The sustained

reduction of EBA in testicular vessels after injury for this period of two weeks was

unexpected. This time frame for EBA suppression seems to be different from that

reported in previous studies in CNS pathology where EBA expression generally is

restored about 2 weeks after injury in most animal models. The time-frame difference

between the results in this study of male reproductive tract and those previously

reported in CNS models might be due to different pathogenesis applied and different

pathophysiology involved.

A high percentage of human spinal cord injuries occufs to males' After spinal cord

injury, most male patients experience fertility related problems including erectile and

ejaculatory dysfunction, impaired spermatogenesis, abnormal sperm viability,

motility, and morphology, genitourinary infection and endocrine abnormalities

(Monga et a1.,2002). The underlying mechanisms for decreased fertility after spinal

cord injury are not completely understood.

The causes of poor semen quality following spinal cord injury are unknown' A few

pathologies might be involved. One possible mechanism is decreased testicular blood

flow. A study on the blood flow in the testis after spinal cord injury in the rat showed

that there were no significant changes in blood flow in the sham operated rats three

or 14 days after surgery. However, three days after SCI, blood flow had decreased in
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the SCI rats to 78 +l- 57o of the pre-SCI flow. At 14 days after SCI, blood flow was

still decreased to 77 +l- 8 7o (Linsenmeyer et al., 1996). Other studies showed that

excessive reactive oxygen species (Ros) levels are much higher in semen from

spinal cord injured men in comparison to other infertile men' ROS are a class of free

radicals, which are highly reactive oxidizing agents. ROS such as superoxide, anion'

hydrogen peroxide, peroxyl and hydroxyl (oH) can exert detrimental effects on male

fertility (Mahadevan, 1998). There are also numerous reports of histological

abnormality in the testis of spinal cord injured men. Seminiferous tubular atrophy

was noted in the majority of testicular biopsies of spinal cord-injured men (Bors ef

a1.,1950). Sclerosis of testicular interstitial tissues and arrest of spermatogenesis was

also reported (Holstein et a\.,1985). Whether the reduction of testicular blood flow,

increased ROS level and other pathological changes are related to the reduction in

EBA expression is not known.

The mechanism for EBA reduction in the brain after pathological insults is not clear.

Similarly, the mechanism accounting for the reduction of EBA in the testicular

vessels after compression injury to the spinal cord is also unknown' The reduction

and loss of EBA in testicular vessels may be due to autonomic dysfunction. changes

in the neuroendocrine function after spinal cord injury may have also contributed to

the alteration in the BEA expression in the testicular vessels. However, further

studies are needed to test these hypothesises'
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5.2.4 GLUTI expression in the male reproductive tract after compressíon spinal

cord injury

A remarkable reduction of GLUT1 in the testis was demonstrated in this study' This

reduction was seen at 24h after injury and continued for four weeks, the longest time

interval in this study. The significance for GLUT1 reduction after compression spinal

cord injury in the testis is not clear. As described in previous studies, the GLUT1

expression is involved in energy metabolism in the brain' GLUT1 is likely to have the

same physiological role in normal testis and after injury'

As discussed previously, pathohistological changes occuf in the reproductive olgans

after compression injury to the spinal cord. These pathological changes include the

degeneration of seminiferous tubules and the reduction of testicular blood circulation'

It has also been shown that sperm motility and the fertility were also disrupted after

compression spinal cord injury (Huang et al., 1998). Testicular blood flow was

decreased after compression injury in rats (Linsenmeyer et al', 1996)' Hormonal

regulation of both Sertoli and I-eydig cells was altered during the acute phase of SCI

(ottenweller et a1.,2000). These pathological changes may be related to reduced

GLUT1 expression. The reduction of the testicular blood flow might be related to the

reduction of GLUT1 expression, since in a brain infarction model and a brain

ischaemia injury model an obvious reduction of GLUT1 was observed (McCall et al"

1996).

A previous study showed that the cryptorchid testes exhibit marked degenerative
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changes in the seminiferous tubules and spermatogonia, impaired and incomplete

spermatogenesis and lack of spermatozoa in the lumen (Farooqui et al', 1997)'The

expression of facilitative glucose tfansporters (GLUT I,2 and 3) was examined by

western blot analyses 10, 2O and 30 days following surgically induced unilateral

abdominal cryptorchidism. Immunoblotting of testis proteins with GLUT transporter

antibodies revealed only the presence of GLUT2 and 3 proteins' GLUT2 expression

in abdominal testis was increased (45Vo,677o, and 407o at 10,20 and 30 days'

respectively) but no significant change was observed in contralateral scrotal testis'

GLUT3 expression was reduced by 85-95 7o compared with contralateral scrotal

testis. A significant decrease in GLUT3 levels in abdominal testis was accompanied

by an increase in levels in the scrotal testis' GLUT3 content was 807o, I44Vo and

2|2vo at 10, 2o and 30 days, respectively, compared to age matched control rats.

These results suggest that degenerative changes in abdominal testis might be

associated with decreased GLUT3 mediated glucose transport in seminiferous

tubules and spermatogonia. In the pfesent study degeneration of seminiferous tubules

in the testis was also observed after compression spinal cord injury and the reduction

of GLUT1 expression in testicular vessels might be also correlated with this

pathological change.

5.2.5 Conclusion

In the normal rat, two BBB specific markers, EBA and GLUTI, were found to be

strongly expressed by testicular vessels. EBA was also found to be expressed by the
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accessory glands of reproductive tracts. After spinal cord injury, there were

remarkable reductions of EBA and GLUT1 in testicular vessels and of EBA in

prostatic epithelial cells. This reduction continued for two weeks but increased

labelling of the luminal content of prostatic acini was observed' The functional roles

of EBA and GLUT 1 in the male reproductive tract merit further investigation'

5.3 The time course of opening and. closure of the blood-brain barrier after

immunological tørgeting of EBA.

5.3.1 The temporal pattern of EBA labelting after anti'EBA injection

In the current study experimental animals were injected intravenously with anti-EBA

antibody. From these animals, Vibratome sections, which were not exposed to the

primary antibody in the staining procedure, showed immunoreactivity of brain

vessels for EBA, indicating that the systemically injected anti-EBA antibody became

localized to ECs, and acted as a substitute for the exposure of tissues to the primary

antibody in the staining procedure. Presumably anti-EBA antibody identified EBA on

the EC membranes and formed antigen-antibody complexes' These complexes

remained stable for the duration of the experiment, and tolerated 45 min of flushing

of the circulation, initially with DPBS then the fixative, using fast and slow

perfusion. However, the immunoreactivity for EBA seen in the Vibratome sections

was moderate compared with the strong immunoreactivity seen in sections' which

were treated with anti-EBA antibody as primary antibody in the staining procedure'

This may be explained by an insufficient concentration of the anti-EBA injected in
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vivo to saturate all EBA sites in the cerebral vascular bed' The higher staining

intensity in the sections exposed to the primary antibody therefore may be due to the

lablling of additional EBA during the staining procedure' Exposure of sections to

anti-EBA antibody overnight in the staining procedure provides enough time and

antibody availability to label a greatü number of EBA molecules in brain vessels'

In the present study, animals injected with anti-EBA showed strong labelling for

EBA after routine immunohistochemical labelling. Furthermore, these animals also

showed very strong labelling for EBA when the primary antibody was omitted during

the immunostaining procedure for all animals killed up to 6h after the antibody

injection. These findings suggest that the anti-EBA injected in vivo became bound to

the endothelial cell luminal membranes. The bound antibody tolerated the blood

circulation for 6 hours and subsequent perfusion fixation procedure and was

detectable by the immunocytochemical procedure. The animals with the isotype IgM

injection as a control did not show EBA labelling when the primary antibody was

omitted indicating that the EBA labelling was specific and not a false-positive

labelling.

The temporal pattern of EBA labelling in the cuffent study appeared to coincide with

the time coufse of opening of the BBB suggesting that the EBA may play a putative

role in maintaining the integrity of the BBB. It was concluded that the injected

antibody became bound to EBA sites in the endothelial cells. The formation of
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antigen-antibody complexes may have interfered with the EBA function leading to

activation of a secondary messenger pathway that resulted in opening of the tight

junctions. Beyond 6 hours survival after the injection, the injected anti-EBA was not

detected in ECs. This suggests that the antigen-antibody complexes have become

degraded, dissociated from the ECs, or have become modified to an extent that made

them not detectable by immunocytochemistry.

A previous electron microscope study of the immunological targeting model showed

that the binding of intravenously injected anti-EBA antibody to the antigen in situ

was observed at the luminal membranes (Ghabriel et al., 2002). EBA reaction

product was observed in blood vessels of brain tissues from experimental animals

stained only with secondary antibody and visualized by DAB. The localization of

EBA reaction product in these ECs was similar to immunostaining of normal rat

brain. Future studies therefore should employ electron microscopy in a temporal

study to attempt to clarify the fate of these antigen-antibody complexes on EC

membranes.

As stated above, it is likely that the anti-EBA injected in vivo has formed antigen-

antibody complexes on the surface of ECs. Vibratome sections from experimental

animals injected with anti-EBA in vivo, showed immunoreactivity for EBA, despite

the omission of anti-EBA antibody as the primary antibody in the staining procedure'

A previous study of this model has shown that these complexes are heat sensitive
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(Ghabriel et a1.,2000). Paraffin sections obtained from the brains of experimental

animals, when the primary antibody was omitted, did not show any immunoreactivity

for EBA. The diffèrence between the positive labelling of vibratome sections but

lack of labelling of paraffin sections when the primary antibody is omitted must be

related to the method of processing. This suggests that the antigen-antibody

complexes, which were formed in vivo, ate unstable at the temperature (58'C)

required for paraffin embedding.

5.3.2 The integríty of the BBB after immunotargeting of EBA

Interference with the EBA function after immunological targeting resulted in a wide

opening of the BBB as evidenced by the wide leakage of exogenous HRP in the

brain. The leakage of exogenous HRP from the BBB started at 17 min after antibody

injection and was maximum at 30 min after the injection. The time frame discrepancy

between EBA expression and the course of the BBB opening at 6 hours may suggest

interference with EBA function in the later phase after the antibody injection is not

severe enough to cause the leakage, or that the existing EBA molecules in the

endothelial cells at later time intervals are sufficient enough to maintain the normal

function of the BBB

This model of BBB opening by immunological targeting of EBA is compatible with

fecovery and survival. The opening of the BBB is very rapid and maximal leakage of

HRP occurs at 30 min after the immunological challenge. opening of the BBB is
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transient as the barrier was reconstituted by 3h. The BBB once leconstituted

remained impermeable to HRp. In the current study, opening of the BBB was

monophasic. once reconstituted at 3 h after anti-EBA injection, the BBB remained

impermeable to HRP at subsequent time intervals up to 4 d, the longest time

examined. In other experimental models in the rat the BBB was reported to have a

biphasic opening pattern. Following lateral controlled cortical impact the BBB to

Evans blue showed two peaks of extravasations at 4-6 h and 3d after the impact

(Baskaya et al.,l9g7).A biphasic pattern of BBB opening has also been described in

brain ischemia (Huang et al.,lggg). on the other hand a single phase opening of the

BBB was reported after closed head injury in rats (shapira et aI" 1993) and

intracarotid infusion of hypertonic solution (osmotic opening) (Rapoport' 2000)'

Thus the current immunological model provides a naffow single window for

bypassing the BBB.

control animals were injected with mouse IgM as isotype control antibody to EBA'

which is a mouse IgM molecule (Sternberger Monoclonal Inc' Lutherville' Maryland'

USA). Control animals did not show any HRP leakage at any time interval,

contrasting with the specific effect of anti-EBA in experimental animals' The

detection of HRP in the liver and the choroid plexus in control animals proved

successful injection of HRp and its circulation throughout the body, and together

with labelling of occasional red blood cells, indicated the successful development of
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the peroxidase reaction product. Thus, the effect of anti-EBA injection is specific to

this antibodY

In the current study, there were slight variations in the amount' extent and

distribution of HRP leakage among experimental animals killed at the same time

interval' This variability could have arisen due to biological inter-animal differences,

slight variation in the dose of the antibody, or differences in the speed of injection'

The long period of injection (12 min) might allow the animals sufficient time to

dissociate the antigen-antibody complexes or to partially replenish EBA sites in ECs

prior to exposufe of the BBB to HRP. Variability in the injection speed was imposed

by variations in the respiratory rate and depth among animals, as the injection rate

was slowed down to avoid respiratory arrest. However, despite these minor variations

ageneraltrendwasapparentformaximalopeningoftheBBBat30minand

restoration of the BBB bY 3h'

In the lateral fluid percussion injury to the brain the BBB to exdogenous HRP is

opened within 3 min of the impact (Fukuda et a1.,1995). In osmotic opening, the

barrier is breached instantaneously and is essentially reconstituted within 10 min

(Rapoport, 2001). ln the current model of anti-EBA injection, the BBB was open at

17 min and was reconstituted by 3 h. Differences in the timing and pattern of BBB

openingamongexperimentalmodelsmayindicatethedifferentmechanisms

involved. Osmotic opening is dependent on the physico-chemical properties of the
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injected solutes, while in traumatic injury the mechanism involves primary and

secondary insults. The mechanism of opening of the BBB in the current

iummunotargeting model is not known. Immunological interaction between the

injected antibody and EBA molecules in EC membranes may lead to intracellular

signalling, cytoskeletal activation and opening of paracellar clefts, as previously

suggested for human ECs (Reviwed by Rubin and Staddon,1999)' It is relevant here

that a previous electron microscope study of the current model demonstrated leakage

of HRP via intercellular junction (Ghabri el et al., 2002). The current report provides

baseline data for future studies on experimental manipulation of the BBB' This

model may be applicable to experimental studies for testing neuroprotective agents or

drug delivery to the brain.

The mechanism underlying the disruption of the BBB by intravenous injection of

anti-EBA antibody is not known. One can assume that the binding of intravenously

injected anti-EBA antibody to the antigen on the ECs disturbed the normal function

of EBA and led to structural and functional changes in the ECs. It has been suggested

that EBA is associated with a receptor complex (Rosenfeld et al'' 1987)' The

interference with EBA function may disturb cell signalling systems or transportation

systems in ECs. Further studies are needed to clarify the biochemical structure of

EBA and its exact function at the BBB'

In the cunent and previous studies (Ghabriel et al., 2000; 2002), in vivo
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administration of antibody to EBA (anti-EBA) resulted in an increased permeability

of brain microvessels to endogenous and exogenous tracers, indicating that

interference with EBA function on the BBB leads to the opening of the barrier'

Intravenous injection of PBS and control antibodies did not alter the integrity of the

BBB, indicating that the effect of intravenous injection of anti-EBA on the BBB is

not due to non-specific antigen-antibody binding on ECs or non-specific allergic

reaction to foreign antibodies. The electron microscopic tracer study of this model

(Ghabriel et a1.,2002) revealed that intravenous injection of anti-EBA leads to the

opening of more than one route for macromolecules to move across the BBB' This

study provides direct evidence for the importance of EBA for BBB integrity in the

rat. The mechanisms by which the anti-EBA injected in vivo 'neutralized' EBA

molecules on ECs, or interfered with the function of EBA require further

investigation.

5.3.3 Conclusion

Interference with EBA function after immunological targeting resulted in a wide

opening of the BBB as evidenced by the wide leakage of the exogenous tracer HRP

in the brain. Experimental evidence indicates that EBA plays an important putative

role in maintaining the integrity of BBB. This model of BBB opening by

immunological targeting of EBA is compatible with recovery and survival' The

opening of the BBB is very rapid and maximal leakage of HRP occurs at 30 min after

the immunological challenge. opening of the BBB is transient as the barrier was
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reconstituted by 3h. The BBB once reconstituted remained impermeable to HRP'
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chøpter 6 Generøl discussion and conclusion

For more than a century, the BBB has been extensively studied' Tremendous progress

has been made in understanding the physiology and biology of the BBB' We now

understand that the BBB consists of a unique endothelium, which is non-fenestrated and

has a low density of vesicles. Tight junctions between the adjacent endothial cells seal

the interendothelial space and prevent free exchange of macromolecules from the blood

stream to the brain or vice visa. The BBB is essential for maintaining normal

homeostasis of neural tissue. In the last few decades, dozens of proteins and molecules

have been identified in the BBB endothelium. These proteins and molecules are found

to be specihcally expressed by BBB vessels but not by non-barrier vessels' The

physiological and functional roles of most of these molecules are still not completely

understood. Therefore, this project aimed at investigating the anatomy and function of

the BBB and its specific makers, namely EBA and GLUT 1, under normal and disease

conditions. Two animal models have been applied in the present study, the compression

spinal cord injury model and immunological targeting model' The integrity of the BSB

after compression injury to the spinal cord was studied. It was found that disruption of

the BSB leads to the development of vasogenic oedema, a common complication of

many neurological diseases. The BSB specific markers EBA and GLUT I were

investigated at the LM and EM levels. The EBA and GLUT1 were quantified at the LM

level while GLUTl was also quantified by the'Western immunoblotting method'

In this study, the expression of EBA and GLUT 1 was also investigated in a peripheral

tissue, the male reproductive tract. The hypothesis that this blood-tissue barrier also
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expressed the EBA was tested. 
'We found ECs of testicular vessels and epithelial cells of

reproductive accessory glands in the male rat also express EBA' The results showed that

EBA like a few other BBB specific makers is strongly expressed by the endothelial cells

of testicular vessels. Interestingly, EBA was found to be expressed by epithelial cells of

the prostate, coagulating gland, seminal vesicles and rete testis. These findings indicate

that the EBA has a wider tissue distribution and more diverse functional roles than

previously aPPreciated.

In the present study, EBA expression was also investigated after scl' The results

showed that the EBA expression is reduced in the testicular microvessels and in the

epithelial cells of the prostate glands. Many prostatic acini were distended with

secretion, which may be related to absence of ejaculation on account of spinal cord

injury. EBA was reduced in epithelial cells of the prostate in injured animals suggesting

a reduction in its synthesis. The secretion of many distended prostatic acini showed

increased immunoreactivity for EBA. This may indicate that EBA that existed in the

apical part of prostatic epithetial cells at the time of injury was secreted into the lumen

and remained due to lack of ejaculation in the paralysed animals. The significance of

changes in the EBA expression in the rat reproductive tract after spinal cord injury merit

further investigation.

The function of EBA at the BBB was further investigated using an m vlvo

immunological targeting appfoach. A previous study has demonstrated that intravenous

injection of anti-EBA antibody into the rat, rapidly opens the BBB and leads to a

widespread leakage of serum albumin and HRP. In the present study a time course
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investigation was undertaken to further charccterize this model. The temporal

expression of the EBA after anti-EBA injection was investigated at the LM level.

Consistent with previous studies, the intravenously injected anti-EBA antibody was

shown by immunocytochemistry to bind to the antigen on brain ECs. The injected anti-

EBA was detectable on the endothelium for about 6 hours. Coincident with the presence

of anti-EBA in the endothelial cells, the tracer study showed that there was a nalrow

window of BBB opening after anti-EBA injection, which is about 3 hours after anti-

EBA injection. The present study provided strong evidence that EBA plays an impoftant

role in maintaining the integrity of the BBB. The immunological targeting model is

compatible with animal survival. The results further indicate that the opening and

closure of the BBB after immunotargeting is time and dose dependent'

6.1 BSB specifi.c markers and vascular dømage after trøumatic spinøl cord iniury

Numerous studies have been performed previously to examine the pathophysiology of

the BSB using different animal models. Especially, numerous tracer studies have

generated detailed information about vascular damage after spinal cord injury. The

dynamics of the blood supply and blood circulation after spinal cord injury was also

studied in detail previously (Rivlin and Tator, 1978; Wallace and Tator, 1986; Mautes et

al., 2000). However, studies on the expression of and functional roles of the BBB

specific markers in the normal and injured spinal cord are very sparse. Information

about the correlation between vascular injury and neural degeneration and regeneration

is also lacking. In the present study, the expression of two BBB specific markers has

been investigated qualitatively and quantitatively. EBA and GLUT1 have been

quantified at LM level. GLUTI expression was also quantified using the western
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blotting method. The results showed that the EBA is remarkably reduced after

compression injury. This reduction also extended to several segments remote from the

trauma site. GLUT1 expression in spinal cord trauma has not been studied before. The

present study also further increased our knowledge of changes in EBA expression in

spinal cord segments remote from the compression. Since the segments remote from the

trauma site are mainly subject to secondary injury, the EBA appears to be a sensitive

indicator of secondary vascular damage after spinal cord injury. The finding from this

study has some important implications. The EBA can be used as a useful maker to

monitor the acuteness and chronicity of vascular damage. Future studies on the

expression and function of BBB specific marker in spinal cord injury is of special

significance for further understanding of the pathophysiology of spinal cord injury'

However, the relationship between the expression of these BBB markers and

pathogenesis and pathological evolution after spinal cord injury has not been elucidated

in this study, and require further investigation'

While GLUT1 was qualitatively studied with the light microscope, it was also

quantitatively assessed using the western blot method in animals with moderate injury'

Both the western blot and the light microscopic studies showed a remarkable reduction

of GLUTI after compression injury, although statistically the reduction of GLUT 1

detected by immunoblot in animals with moderate injury was not significant at all the

time intervals post injury. This result appears to be consistent with previous findings

that GLUT1 is lost or reduced in a zone adjacent to centre of trauma in human brain

injury and stab wound brain injury (Rosenstein and More, 1994; Cornford eî a1.,1996).

The reduction of GLUT1 after compression injury may suggest that there is reduced
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glucose availability and glycolytic activity, or possibly the utilization of alternative

energy sources after compression injury.

6.2 Expression of BBB-specific proteins in the male reproductíve system of normal

and spinal cord'iniured rats.

The barrier function of the tight junctions of endothelial cells is not privileged to

microvessels in the central nervous system. Other barriers exist in other body systems'

The blood-testis barrier is one of the best documented and studied barriers, which shares

similarity with the BBB. The blood-testis barrier like the BBB also expresses some

special markers that are specifically expressed by the BBB. This banier also can prevent

the free exchange of some molecules between the blood and parenchyma of testis' For

example, some macromolecules injected also can be excluded by testicular vessels'

The present study demonstrated that EBA is also expressed in testicular vessels and

some epithelial cells of the accessory reproductive organs. The function of the EBA in

the testis is not clear. Furthermore, questions are raised regarding the function of EBA

in the prostatic epithelial cells. The significance of EBA and GLUT1 reduction in the

testis after compression injury is not clear.

6.3 Opening of the BBB after imrnuno-targeting of the endothelial barrier antigen

In previous studies, it has already been demonstrated that anti-EBA injection could lead

to a wide opening of the BBB. In the present study, it was further demonstrated that

after immunotargetting of EBA, there is wide opening of the BBB in the brain and

spinal cord. This opening was transient and compatible with animal survival. The
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immunotargeting model provides a good tool for further study of the BSB. This model

may have some experimental applications. Firstly, this model might be used to

manipulate the opening of the BBB. Secondly, a small window of BBB opening after

antibody injection may be used for further pharmacological studies, such as delivery of

neuroprotective agents to the brain'

6.4 General conclusion

In the normal state, the BBB is capable of excluding both large and small molecular

tracers. EBA and GLUT1 are strongly expressed at the BBB' A reduction of EBA

immunoreactivity in the spinal cord and the male reproductive tissues occurs after

compression spinal cord injury. The reduction correlates well with the disruption of the

BSB, indicating that EBA expression is sensitive to BBB injury. In vivo immunological

targeting of EBA leads to rapid opening of the BSB, suggesting that EBA plays a role in

maintaining the integrity of the BSB. The immunological targeting model is compatible

with animal survival. GLUT 1 expression, on the other hand, is more related to cerebral

metabolism. The down-regulation of GLUT| immunoreactivity may decrease the

glucose supply to the brain and induce further damage to the brain.

GLUT I and EBA were also found to be expressed by testicular vessels. Some epithelial

cells of the accessory reproductive organs also expressed EBA. In pathological

conditions, such as spinal cord injury, EBA expression was also reduced in the rat testis'

This finding suggests that EBA has a more diverse functional role than previously

appreciated. The functional role of EBA in the testis and other organs in the male

reproductive tract needs to be addressed in future studies. Of particular interest is the
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relationships between poor sperm quality, infertility, blood-testis barrier and spinal cord

trauma. GLUT1 may be heterogenous, being down-regulated in certain injured vessels

but up-regulated in adjacent vessels with a variable outcome for partially damaged

tissues.
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