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TI. ABSTRACT

The immunolocalization and distribution patterns of the astrocltic gap junctional

protein connexin43 (cx43) were investigated in relation to temporal and spatial

parameters of neuron loss, reactive gliosis and tissue damage in a trauma model of spinal

cord injury (sci) induced by clip compression. At i and 3 days posr-sci, cx43 labelling in

regions of severe neuron loss up to 0.5 mm adjacent to the compression site was,

compared with that in normal spinal cord tissue, more sparse and more intense with both

of two different sequence-specific anti-cx43 unìibodi"r utilized. At these survival times,

grey matter areas of moderate to mild neuron depletion at distances of0.5 to L5 mm from

the compression site corresponded to those exhibiting a loss of immunolabelling with one

ofthe anti-cx43 antibodies. These regions ofloss demarcated a zone separating intensified

from normal staining and contained intensified labelling with another antibody suggesting

that the loss with the former was due to mâsking of one of the cx43 epitopes. By 7 days

post-sci, cx43 labelling was absent with both antibodies in all regions extending up to I
mm from the lesion site. The distribution of astrocytes tabelled for glial fibrillary protein

(GFAP) in white and grey matter corresponded closely to that of cx43 at 1 day, but less

so at 3 days when they were evident at radial distances inward from the spinal cord

periphery where cx43 labelling was absent. By 7 days post-sci, cx43 was colocalized with

GFAP-positive astrocytes in a surviving outer rim of spinal cord tissue, which diminished

in radial dimensions closer to the lesion site, and with astroc¡ìc processes on blood

vessels closest to the lesion. The results indicate that the phenomena of cx43 epitope

masking previously observed at excitotoxin lesions in brain also occurs after trauma-

induced sci, that areas of neuronal loss and white matter damage predict fairly well those

subject fo alterations in cx43 labelling, and that astrocltes during their transformation to a

reactive form, at least in spinal cord, undergo a transition phase characterized by atypìcal

Cx43 labetling possibly reflecting altered Cx43 localization or expression.



In. TNTRODUCTION

III.I. Gap j unctions

One ofthe most interesting celljunctions is the gap junction since it gives cells the ability

to communicate with each other. Gap junctions are distributed throughout the peripheral

@NS) and central (cNS) nervous system. The first documentations of gap junctions were in

the crayfish nerve cord (Fursphan et al., 1959) and Mauthner cells of the gold fish brain

@obertson et al., 1963). Thirty years later. gap junctions have been shown in virtually all

tissues except striated muscle, ery.throc¡es and spermatozoa (Dermietzel et al., 1993). The

communicative ability of cells via gap junctions has been demonstrated in studies of

metabolic cooperation, electrical coupling and dye transfer.

Gap junctions are intercellular hemichannels (connexons) composed of six subunits or

connexins (Makowski eI al., 1977). When connexons of two cells a ign, they form a

continuous aqueous chan¡el that allows the passage of small molecules and ions and thus

couple cells metabolically and electrotonically (for review, see Bennett et al., 1991). These

intercellular channels are about 1.5 nm in diameter and allow the passage of molecules no

larger than i,000-1,500 daltons. The channel excludes passage of macromolecules such as

proteins or polysaccharides, but allows the passage of inorganic ions, amino acids, vitamins,

low molecular weight trophic factors and other regulatory molecules (Loewenstein, lggl).

Rapid opening or closure of gap junction channels is controlled by a process called gating.

This process is influenced by a variety ol factors including calcium, pH, phosphorylation of

junctional proteins, transmembrane voltage, neurotransmitter, grov/th lactors and steroids

(Maldonado et al., 1988; Randriamampita et al., 1988; Saez et al., I9g6; Spray and Bennert,

1985).



Thin section electron micrographs showed gap junctions as two adjacent cell membranes

separated by a2 nm space or "gap" (Revel et al., 1967). The hexagonal lattice ofconnexons

in freeze fracture studies of gap junctions were seen as clusters ol homogeneous

intramembrane particles associated with the protoplasmic fracture face (P fracture face) and

a complementary array of pits on the ectoplasmic fracture face (E fracture face) @eracchia,

1980). Gap junction size may vary depending on the tissue examined. Gap junctions

between rod and cone terminals are very small consisting ofno more than 30-50 connexons

(Bennett and Goodenough, 1978). Granulosa cell junctions may vary from an aggregation of

2 to 3 con¡exons to plaques of 2000 connexons covering approximately 35-40 pm2 of

plasma membrane (Larsen et al., 1981).

Gap junctions provide means of communication for excitable and non-excitable cells, In

excitable cells, gap junctions provide a low resistance pathway for ion current passage to the

coupled neighbouring cell (Hertzberg et a1., 1981). In heart, gap junctions allow current

flow from the sino-atrial node through the Purkinje system to ultimately lead to contraction

olthe ventricles (weidmann, 1952). In the nervous system, the electrotonic gap junction

permits more rapid synaptic transmission than a chemical synapse (Bennett, I977). In non-

excitable cells, gap junctional cell-cell communication is presumed to play a role in the

transler of signalling molecules and exchange of nutrients (Spray et al., 1985). Gap

junctional coupling between non-excitable cells has been implicated in phenomena such as

embryogenesis (Pitts, 1978), development (Wolpert, i978) and growth (Loewenstein et al ,

1978).

New insights into the study of gap junctions have been gained by the identification of

subunit gap junctional proteins known as connexins (see below) The discovery olconnexins

has facilitated functional studies of gap junctions by allowing molecular analysis of



junctional properties and expression patterns under particular physiological or pathological

conditions.

III.2. Connexins

Gap junctions are composed of six subunits ol connexins. Connexins are transmembrane

proteins that have four hydrophobic transmembrane spans and two extracellular domains.

The extracellular domains are the most .onr"*"d regions whereas the transmembrane

regions are somewhat less conserved (Beyer, 1993) To date, the connexin family is

composed of approximately twelve members.

using cDNAs coding for the rat liver 27 kDa molecule paut (1986) identifìed the first

connexin (cx), a 32 kDa polypeptide named cx32. cx stands for the name ofthe protein

family and a numeric index indicates the molecular mass in kilodaltons, Kumar and Gilula

(1986) cloned a cDNA for its human counterpart. The amphibian homologue is xenopus

cx30 which shares 717o identical amino acids with the rat or human cx32 (Gimlich et al.,

1988). screening a rat myocardial library with the cx32 oDNA ar reduced stringency

enabled Beyer (1987) to identify a homologous polypeptide of43kDa. This polypeptide was

cx43 and contained 43Yo iden|ical amino acids to the protein cloned f¡om rat liver. zhang

and Nicholson (1989) identified cx26 in liver, which shared amino acid sequences with

Cx32 and, Cx43 over the length of the molecule (Beyer et al., 1990). Hoh et al. (1991)

cloned cx31 from rat genomic DNA and found it to be most abundantly expressed in

placenta. cx38 was cloned from a xenopus embryo library and is expressed in ooc¡es and

early embryos @bihara et al., 1989). Cx4Z and 45 were identified (Beyer, I 990) by

screening a chick embryo oDNA library with a cx43 probe. cx42 and cx45 are expressed in

developing myocardium. MP70 is a 70 kDa lens protein that has not yet been cloned,



however, the N-terminus of MP70 shares the exact amino acid sequence of a 46 kDa

polypeptide (Cx46) isolated from a rat lens cDNA library. The relationship of MP70 to

Cx46 is still under investigation @eyer et al., 1993). Cx56 was cloned by Rup and Beyer

(1993) and is expressed in chick lens. Genomic cloning and polymerase chain reaction have

led to the identification of further expressed connexins, including Cx31.1, Cx33 and Cx37

and have increased the number of known mammalian connexins to about a dozen

(Haeflinger er al., 1992; Willecke et al., 1990). All connexin family members possess a

similar gene structure, exhibit about 5070 sequence homology at the amino acid level and

show diverse patterns oltissue expression.

IIL3. Neuronal gap junctions in CNS

It is well accepted that gap junctions mediate intercellular electrotonic and metabolic

coupling between neurons, macroglia and various other cell types in the CNS (for reviews

see Bennett and Goodenough, 1978; Loewenstein, 1981, Sotelo and Korn, 1978; Beyer,

1993). A large body of evidence suggests that electrotonic transmission between particular

assemblies of neurons constitutes an important mode of intercellular communication. Even

though gap junctions between neurons were first demonstrated in the CNS of lower

vertebrates several decades ago (Fursphan and Potter, 1959), the extent oftheir occurrence

and the nature of their contribution to interneuronal communication in mammalian neuronal

systems are still largely matters of speculation. Evidence for the existence of gap junctions

between mammalian CNS neurons has been obtained from conventional and freeze fracture

electron microscopy, intracellular recordings from coupled cells in vitro and dye coupling

via cell-to-cell dift¡sion oftracer. Several studies have provided support for the proposition

that gap junctions make a significant contribution to interneuronal communication. Llinas



(1985) demonstrated that gap junctions between neurons are involved in mediating

synchrony among active cells and presented evidence that such synchronous activity of

inferior olive neurons was determined by the dynamic state of electrical coupling between

these cells. Further, he suggested that the organization of cells into synchronous active

clusters may be achieved by a process involving selective uncoupling of sets of neurons

(Llinas and Yarom, 1991). Synchronous activity has also been demonstrated between

magnocellar neurons of the supraoptic and paraventricular nuclei (Belin and Moos, 1986;

Yang and Hatton, 1988). In females, dye-coupling between these neurons depended on the

physiological state of the animal and was found to be higher in the lactating or maternally

behaving female. Interestingly, although there was an intermingled distribution of

vasopressin- and oxytocin- containing cell bodies, dye-transfer occurred only between cells

containing the same peptide. On the basis of these results, it has been suggested that

electrotonic coupling in the case of oxytocin cells may serve to coordinate activation during

the periodic high frequency bursts of action potentials that they exhibit in response to

suckling and thereby cause sufficient ox¡ocin release to evoke milk ejection (Hatton and

Yang, 1990).

III.4. Astrocytic gap j unctions in CNS

Llltrastructural, dye-transfer, and electrophysiological studies (Connors et al., l9g4;

Fischer and Kettenmann, 1985; Gutnick et al., l98l; Kettenmann et al., 1983; Kettenmann

and Ransom, 1988; Schwartzkroin and Prince, 1979; Sipe and Moore, 1976; Waxman and

Black, 1984) have provided strong support for the view that astrÕc).tes are extensively

coupled in vast networks to form what are defined as "functional syncytia" (Massa and

Mugnaini, 1982; Mugnaini, 19S6). Several reports indicate that gap junctions are



particularly numerous between astrocytic processes that ensheath chemical synapses,

glomeruli and nodes of Ranvier, as well as between those at brain and vascular surfaces

(sipe and Moore, 1976, waxman and Brack, r984; Mugnaini, 19g6). whire these reports

suggest that astroc¡ic gap junctions are ubiquitous in the cNS, the functional significance

ofthe observed local heterogeneities has remained largely unclear due to Iack of knowledge

of the global organization of gap junctions in the astrocytic synclrial network. Although

many investigators have focused on the functions of astroc¡es in normal and injured cNS

(walz, 1989), many questions still remain unanswered. one well-known role of astrocytes is

to form structural barrie¡s at vascular surfaces and to ensheath neuronal elements, thereby

separating regions of dissimilar or fluctuating ionic composition and physically or

metabolically compartmentalizing various neuronal components of the cNS. Astrocytes also

contribute to extracellular potassium homeostasis by a process called spatial buffering

(Walz, 1989) This involves the cell-to-cell redistribution of excess extracellular potassium

through the cytoplasm ofvast networks of contiguous astrocytes coupled by gap junctions

@ennett and Goodenough, 1978; Massa and Mugnaini, 1982; Walz, 1989).

I .5. Connexins in CNS

To date, 6 connexins have been detected in adult and developing cNS by brotting

techniques. These include cx26, cx31, cx32, cx37, cx43 and cx45 in rat brain Qrlaus et

al., 1990; Dupont et al., 199'l; el Aoumari et al., l99O; Willecke er al , l99l). The cellular

localization of these connexins is uncertain with the exception of cx43 which is found in

astrocltes. By Northern and western blot analyses, cx32 protein and mRNA appear during

the second postnatal (P) week in developing brain, whereas cx43 is detectable at embryonic

(E) day 18 and increases or remains at relatively constant levels during development



(Belliveau et al., l99l). In the striatum ofrats, the levels ofCx26 were reported to be high

at E18 after which it decreased dramatically by P6, whereas Cx32 gradually increased from

P14 to adulthood (Dermietzel et al., 1989). By ISFIH, Cx32 mRNA was detected in the

somata of neurons, glial cells and ependymal cells in various regions of 2 day old rat brain

(Matsumoto et al., 1991).

In adult brain, Dermietzel (1989) suggested that some neurons express Cx32 on the

basis oftheir frnd ing that 2oo/oof the cells in basat ganglia, thalamus and brainstem that were

immunopositive for cx32 were also positive for neuron specific enolase. Neurons elsewhere

in brain were devoid of Cx32. Extensive immunohistochemical analyses have been

conducted in brain using an antibody (designated 4893) against Cx32 Q.{agy et at., 1988;

Yamamoto et al., 1989). This antibody labelled neuronal gap junctions, glial gap junctions

and a class of varicose axons whose identity has not yet been determined- Therefore, the

former observation is consistent with the finding by Dermietzel et al. (1989) in that some

neurons express Cx32 or a similar connexin. In separate LM and EM work, Cx43-

immunoreactive neuronal gap junctions were never observed (yamamoto et al,, 1990,

1991). Micer.ych and Abelson (199i) reported autoradiographic labelling for Cx32 mRNA

in what appeared to be neurons in the midlayers of the cerebral cortex, islands of calleja,

pyramidal and granule cells ofthe hippocampus and lateral habenula ofrat brain.

On the basis ol immunohistochemical, Western blot and Northem blot analyses of

neuronal and glial cultures, it was reported by some that astroc]tes express cx43 protein

and mRNA and contain no detectable levels of Cx32 mRNA (Finch and paul, 1989;

Dermietzel et al., 1991, Giaume et al., 1991;Naus et al., 1991) In brain, Dermietzel et al.

(1989) reported that only astrocltes were immunopositive for Cx43. yamamoto et al.

(1990b, 1991) have shown that astrocltic gap junctions in rat are immunolabelled with



antibodies against Cx43 and extensive work with these antibodies indicates that the majority

of astrocytes express cx43. However, dye-coupling between cultured astrocltes was shown

to be reduced by microinjection ofa polyclonal antibody against Cx32 @udek et al., lggg).

on the basis ofthese results, it seems possible that a subpopulation ofastrocyfes, in addition

to expressing Cx43, may express a protein closely related to Cx32. While Cx43-

immunopositive gap junctions were occasionally observed between oligodendrocytes and

astrocfes (Nagy and Yamamoto, unpublished obsewations), the c¡oplasmic membrane of

the oligodendrocyte was seldom labelled. These junctions were thus asymmetrically stained

suggesting heterologous coupling between connexins. Heterologous junctions have also

been reported in vitro by freeze fracturing of co-cultures (Massa and Mugnaini, 1982), and

recent electrophysiological evidence for such chimeric junctions was provided by Ransom

and Kettenmann (1990).

Itr.6, Distribution of connexin43 in brain

In light microscope (Llvf) immunolocalization studies of connexins in sections of

CNS tissue, fluorescence or peroxidase immunoreactivity often consists of small spots or

aggregations of puncta. Electron microscope @N[) immunohistochemical studies have

shown that Cx43 immunoreactivity (Cx43-IR) is associated with what can be clearly

identified morphologically as astrocltic gap junctions (Yamamoto et al., 1990b, 1991) and

this has been confirmed by immunogold localization methods @ermietzel et al., 1989;

Miragall et al., 1992; Nagy and Yamamoto, unpublished observations). Relatively greater

numbers of labelled gap junctions were found around neuronal elements such as those

between astrocytic processes surrounding dendrites and synaptic glomeruli. With respect to

the distribution of Cx43 within cells, Cx43 was detected only at or near the vicinity ol



found to be unlabelled for cx43. As noted above, virtually all labelling was punctate in

nature. From correlative examination ofLM and EM micrographs, it appears that the vast

majority ofpuncta seen by LM correspond to individual or clusters ollabelled gap junctions

identified by EM. Based on the density and complexity olcx43 labelling observed and apart

from clues provided by its ubiquity, it has been noted (yamamoto et al., 1990a) that were it

not for exlensive EM analysis, it would be very difficult to defrnitively identi$r the cell type

responsible for the Cx43 immunolabelling obtained by LM,

It has beeh found that Cx43 is widely distributed in rat brain, which is not surprising

given the apparent ubiquitous distribution ofastrocytic gap junctions in the cNS. Moreover

the density of Cx43-IR was highly uneven among brain regions (yamamoto et al., 1990a).

This suggested a considerable heterogeneity of astrocytic gap junctions as reflected by the

numbers of Cx43 -immunoreactive puncta in individual brain areas (yamamoto et al.,

1990a). It has been confirmed that the relative levels ofcx43, as detected on western blots,

vary widely among brain areas and comparisons of these levels with the densities of cx43-

IR observed in the same areas oftissue sections processed immunohistochemically for cx43

yields a strong positive correlation Q.{agy et al., 1992). Thus, the striking regional

heterogeneity in immunoreactivity can be attributed to differences in the amounts of cx43

expressed. By in viÍro approaches, it was shown that astrocltes from different brain regions

of neonatal rat exhibit markedly different levels ofcx43 and degrees of dye-coupling after

they have been grown to confluence (Batter et al., '1992).

IIL7. Astrocytic connexin43 expression after CNS injury

Damage to CNS results in the transformation of normal astrocl,tes to reactive

astrocltes, a phenomenon known as reactive astrogliosis. Whether these changes are



beneficial or detrimental to cNS reparative processes remains a controversial issue

(Eddelston and Mucke, 1993). In response to cNS trauma the astrocytic syncytial network

is presumably reorganized to accommodate environmental local changes in ion

concentrations. One process thought to be critical for the maintenance ofa normal metabolic

environment around neurons is astrocytic spatial buffering. cx43, a key component of gap

junctional coupling between astrocytes responds to the presumably unusual spatial buffering

demands required after cNS trauma and subsequånt neuronal degeneration and death. For

example, increases in cx43-IR in the lacial motor nucleus have been observed as early as 45

min after lesions of the facial motor nerve (Rohlman et aI., 1994). vukelic et al. (1991)

demonstrated that kainic acid (KA) injections into the thalamus led to neuron depletion and

elimination of antibody recognition of cx43 in immunohistochemically processed tissue.

This response was further investigated by Western blot and ultrastructural analyses (I{ossain

et al., 1994a) using different sequence-specific antibodies to cx43. Immunohistochemical

analyses of KA-injected thalamus, striatum and hippocampus with one antibody designated

184-8 (against amino acids 346-363) showed that cx43-IR was increased 5 h after KA

injections, absent by 24h, and for up to two weeks post-injection and began to return to less

than normal levels'by 2-3 weeks post-injection. Analyses ofKA lesions with other sequence-

specific antibodies (16A-8, an antibody against amino acids 241-260 ofthe cx43 sequence)

revealed not only the presence ofcx43, but in some instances an increase in labelling after I

week survival time. By western blot analyses, homogenates of KA-injected striatum

contained Cx43 levels that were near normal or even slightly increased at various survival

times (Hossain eT al., 1994a). EM investigations ol thalamus at I week survival time

revealed a general absence of gap junctions within KA lesion sites Thus, the authors

suggest that the Ioss of immunohistochemically detectable cx43 at KA lesion sites with
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antibody 184-8 depends on the functional state of astrocJtes and cx43 may undergo a

molecular transformation such that epitopes recognized by antibody in one state are hidden

in another and those ordinarily hidden become exposed. The absence ofgap junctions at the

ultrastructural level suggests that cx43 may be located at some other cellular site than gap

junctional plaques. To investigate this possibility, ochalski et al (1995) looked at the fate of

cx43-IR at various survival times after thalamic KA and striatal NMDA lesions. At the

ultrastructural level, the authors demonstrated that cx43-IR with lgA-g and i6A-g was

restricted to astrocytic gap junctions in normal tissue, increased with lgA-g at 6 h post-

lesion and was absent at 24 h. rn contrast to the absence of staining with antibody l gA-g at

24 h, 16A-8 immunoreactivity included gap junctional, annular profile and non-junctional

membrane labelling. At 2-3 days survival time, 164-8 continued to label these structures as

well as astrocytic c¡oplasm, annular profiles present in astrocltes and multivesicular

clusters. At later survival times, 164-8 staining was seen almost exclusively in multivesicular

clusters. The authors suggest that these clusters may arise from astroc¡ic autophagy. In

NMDA lesioned tissue, ultrastructural disruption and gap junction disassembly progressed

more slowly and cx43-IR as detected by 184-8 and 16A-8 persisted at decreased levels.

In studies of global forebrain ischemia, Hossain et al. (i994c) demonstrated that

cx43 increases following mild or moderate insult, but decreases in severely affected regions

as evidenced by degrees ofneuron loss. A¡eas of cx43-lR increase were similar to those at

the periphery of NMDA lesions (ochalski et al , 1995) where cx43 was concentrated in

astrocltic processes and their gap junctions. A¡eas of cx43 loss resembled kainic acid and

NMDA lesions where astrocytic gap junctions were absent or reduced.

Il



lII.8. Rationale for the present studies

Elimination of gap junctions and cx43 immunolabelling may parallel neuron loss and

reflect dependence olCx43 expression on astroc)1e-neuron inleractions. IfCx43 expression

and astroc)'tic junctional communication are under stringent control, then more complicated

events likeþ underlie the above described results. For example, elevated cx43 in ischemic

striatal regions exhibiting limited neuronal damage may indicate an enhanced coupling state

of astrocltes in an attempt to support neuronal ìu*iuul. conversely, decreased cx43 in

striatal regions with severe neuronal damage suggests reduced junctional coupling and an

attempt by astrocltes to sever communication with their neighbors thereby restricting the

outward flow of potentially damaging metabolites. we hypothesize that ilsuch an attempt to

limit damage by closure or elimination of gap junctions is characteristic of astroc¡es, as

proposed lor other cells (Dermietzel et al., i987, yee and Revel, 197g), and is evoked to

excess, this might compromise astroc¡ic spatial buffering and contribute secondarily to,

rather than limit, neuronal damage. For example, damage could cause astrocytic uncoupling

in undesirably large areas of tissue leading to failure ol spatial buffering, build-up ol

extracellular K+ and neuronal injury or death. A.lthough literature on astroc¡ic gap

junctional reorganization after various types of cNS lesions is vast, no one has used the

spinal cord compression model to investigate gap junctional cx43 in response to such an

insult. Injury to the spinal cord results in a cascade of events including astrogliosis, the

invasion of inflammatory cells and the formation of cavities or glial scars. The astrocytic

response occurs at the lesion site in close vicinity to neural tissue affected by the primary

lesion. Thus, we thought to determine the response olastroc¡ic gap junctions to spinal cord

ìnjuries as deduced from analysis ofcx43 expression, antibody recognition and gap junction

localization. we used the clip compression injury model since it closely resembles human
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cord injuries (Tator, l99i) and since the force and duration ofclip closure/cord compression

can be precisely calibrated to obtain quantifiable and reproducible injuries (Theriault and

Tator, 1994).



IV. MATERIAL AND METHODS

IV.1. Antibodies

Two rabbit polyclonal anti-Cx43 antibodies utilized were generated against BSA-

conjugated peptides corresponding to amino acids 346-363 o¡ 241-26O of the Cx43

sequence and designated 184-8 and 164-8, respectively. These antibodies have been

extensively used in our laboratory and their specificity has been well established by western

blots of brain and heart homogenates. In Western blots of brain, IBA-8 binds a 43 kDa

double band and a single band with a mol. wt. of41 kDa. The 43 kDa protein corresponds

to the phosphorylated form of Cx43 which migrates more slowly than the unphosphorylated

4l kDa protein (Hossain et aL, 1994a).In Western blots of heart, which contains very little

of the 41 kDa form, 184-8 binds the phosphorylated 43kDa form (yamamoto et al.,

1990b). By light microscopy (LM), both antibodies produce similar punctate labelling ofgap

junctions in sections of heart and brain (Yamamoto et al,, 1990b). By electron microscopy

(EM), immunoreactivity was localized to glial gap junctions and intracellularly within glial

pfocesses at sites near these junctions (Yamamoto et al., 1990b, Hossain et al., 1994a). The

specifrcity of both antibodies was also indicated by elimination of all staining by

preabsorption of antibody 184-8 (Hossain et al., I994c) and l6A-8 (Hossain et aI., 1994a)

with peptides against which they were raised. In the present experiments, no

immunoreactivity was observed in sections processed after omission of the primary

antibody.

A mouse monoclonal antibody against glial fibrillary acidic protein (GFAp) (Boehringer

Mannheim) was applied to identily astrocytes. Additional anri-GFAp antibodies tested

included: a preparation of mixed monoclonal antibody cockail (Sternberger Monoclonals

Inc.) composed of three monoclonal antibodies to GFAP derived from the Bigner-Eng
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clones MAblB4, MAb2E I and Mab l l as \¡/ell as monoclonal anti-GFAP from the

Sternberger clone SM2l; a mouse monoclonal anti-astroc¡e antibody (Swant 325), and a

polyclonal rabbit anti-GFAP antibody generously provided by Dr. Lawrence F. Eng

@athology Research, Stanford University School of Medicine).

For the peroxidase anti-peroxidase (PAP) method, the secondary antibody used was

goat anti-rabbit IgG (since the primary antiserum was raised in rabbit) purchased from

Sternberger Monoclonals Inc., Baltimore, MD. Secondary antibodies for double

immunofluorescence included a Cy3-conjugated sheep anti-rabbit antibody from Sigma

Immunochemicals and a fluorescein isothiocyanate (FlTC)-conjugated horse anti-mouse

antibody obtained from Dimension Labs. The secondary antibody used in the ethidium

bromide @B) (Sigma Immunochemicals) counterstaining protocol was an FITC-conjugated

donkey anti-rabbit antibody obtained from Amersham. EB is a red fluorescent dye that

specifically binds to nucleic acids (LePeq, 1971). The third antibody in the PAP method was

rabbit PAP from Sternberger Monoclonals Inc..

IV.2. Animals and surgical procedures

A total of 30 female Wistar rats weighing 200-250 g were used in the present study.

Eight female Wistar rats were used to examine Cx43 in normal spinal cord, and groups of 6

to 8 animals were examined at survival times of 1, 3 and 7 days after spinal cord

compression injury.

The spinal cord compression injury in the present study was perlormed by Dr. Elizabeth

Theriault @layfair Neuroscience Unit, University of Toronto) as previously described

(Theriault and Tator, 1994). All animals were anesthetized using 2o/o halothane and

oxide/oxygen (2:1) inhalation. Fenicol (1% chloramphenicol, Alcon Canada) was applied to
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the eyes ofthe animals to avoid corneal abrasions. Body temperature was monitored by a

rectal probe. Prior to a dorsal midline incision from the superior nuchal line to the upper

thoracic region, the back and neck ol each animal was shaven and prepared with 70Yo

alcohol and betadine. To expose the spinal cord at C7-T2, the muscular layers overlying the

cord were separated. Muscle and fascia were removed from the facets and pedicles of the

vertebrae to allow for a full lateral exposure of the cord. The vertebrae were cleared of

laminae and facets with malleus nippers \'r'ithout exerting pressure on the spinal cord. A

modified Ken-Lougheed aneurysm clip with a closing force of 35 g was used to produce a

standardized compression injury of the cervical spinal cord at C8-T1. The clip was placed

extradurally around the C8-T1 spinal cord, one blade ofthe clip being placed anteriorly, the

other posteriorly. The cord was then compressed for one minute and the clip was removed.

The surgical site was closed in layers with sutures. After surgery, animals were treated with

5 ml dextrose/saline for volume repletion and recovered on heated water pads (37 "C),

Animals with a punctured dura were excluded from the study. To ensure consistency ofthe

injury, only one person performed the surgery @ T.) and time under anesthesia, position,

release, and removal of the clip were standardized. Spinal cord injured animals received

manual bladder eliminations three times daily throughout the survival period. All animals

were individually housed at a 12 h light/dark cycle and had free access to food and water.

IV.3. Tissue Preparation

All animals were deeply anesthetized with equithesin and transcardially perfirsed on

ice. The thoracic cavity and diaphragm were opened to expose the heart. The left ventricle

was pierced by a 23 gage needle attached to the tubing of the perfusion pump. The right

atrium was then cut to allow blood and perfusion fluid outflow. Perfusion rate was kept
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constant at 40 mVmin, Prefixative solution consisted of70 ml ofcold (4 "C) 50 mM sodium

phosphate butrer (PB) containing 0.9% saline, 0.1%o sodium nitrite, and heparin (tunit/ml)

adjusted to pH 7 .4 per rat. The fixative solution consisted of 400 ml of 0. I M PB containing

4o/o paraformaldehyde adjusted to pH7.4 per rat. The spinal cords were ûeed ofthe dura

matter, removed and post-fixed for 2 h in l0 ml ofthe fixative solution. For cryoprotection,

a 3 mm spinal cord block of 1.5 mm at each side ofthe lesion epicenter was transferred to

10 ml of 50 mM PB containing 15%o sucrose (pH 7.a) for subsequent sectioning on the

cryostat, while the remainder of the rostral spinal cord was segmented into three further 3

mm blocks (1.5-3.5 mrq 4.5-7.5 mm and 7.5-10.5 mm from the lesion epicenter) and

transfened to 10 ml of 50 mM PB containing 2502 sucrose and l0o/o glycerol (pH 7.4) for

sectioning on the sliding microtome. Spinal cords were stored in sucrose solutions for a

minimum of4 days and transferred to fresh sucrose solutions at least two times to allow for

optimal cryoprotection of the lissue.

IV.3. Immunohistochemistry

Frozen sections were cut transverse or parasagittal at a thickness of 20 pm. The 3 mm

block containing the spinal cord crush epicenter was sectioned on a cryostat and collected

on gelatinized slides, while all remaining tissue was sectioned on a sliding microtome and

collected free-floating in PB containing 0.9% saline (PBS). Sections on slides were washed

for t h at room temperature in 0.1 M PBS containing 0.3o/o Triton X-100 @BST) while

free-floating sections were washed overnight in PBST prior to processing. Sections were

processed by the PAP method, double immunofluorescence, or counterstained with ethidium

bromide or cresyl violet as described below. All antibodies and immunoreagents were
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diluted in PBST. Primary incubations were carried out at 4 oc for 48-72 h and incubations

with secondary immunoreagents and washes were carried out at room temperature.

lY.4.l. Peroxidase anti-peroxidase (PAP) method. Primary antibodies were used at the

following dilutions: the rabbit anti-cx43 antibody 184-8, 1:2000; rabbit anti-cx43 antibody

164-8, l:1000; mouse monoclonal anti-GFAP, l:25. To eliminate endogenous peroxidase

activity, spinal cord crush epicenter sections were incubated in 0.1 M phosphate buffer

containing 0.2% fl2o2 for 30 min prior to antibody application. After primary incubarion

with 184-8, free-floating sections as well as sections mounted on slides were processed by

the PAP method and first washed for t h and then incubated for 1.5 h with goat anti-rabbit

IgG diluted i:i00. After a further I h wash sections were incubated with rabbit pAp diluted

1.500. The final washes consisted of one l0 min wash in PBST fotlowed by two i0 min

washes in 50 mM Tris-HCl buffer, pH 7 _4. îhe sections were reacted in Tris-HCl buffer

containing 0.02%o 3,3-diamnobenzidine (DAB) and 0.005% hydrogen peroxide. Finally,

sections were washed in Tris-HCl buffer, mounted onto slides from gelatin-alcohol,

dehydrated in alcohol and coverslipped with Lipshaw mounting medium. processing of

spinal cord sections for antibody l6A-8 was carried out similarly as described above.

fY.4.2. Immunofluorescence. slides mounted as well as free-floating sections processed

for double immunofluoresence were simultaneously incubated with either anti-cx43 (lgA-g)

diluted 1.2000 and anti-GFAP diluted 1:25 or wirh anti-Cx43 (164-8) diluted 1:1000 and

anti-GFAP diluted l:25. Sections were then washed for t h and simultaneously incubated

for 1.5 h with Cy3-conjugated sheep anti-rabbit anribody dituted t:250 and FITC-

conjugated horse anti-mouse antibody diluted 1.50_ After a final wash (one l0 min wash in

PBST and two l0 min washes in 50 mM Tris-HCl buffeq pH 7.4), slides were air-dried and

coverslipped with anti-fade medium (Lennette, 1977; Valnes and Brandtzaeg, 1985),
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whereas free-floating sections were mounted onto slides from 50 mM Tris-HCl buffer, pH

7 .4, air-dned and then coverslipped.

1I.4.3. Counterstaining. Pñor to counterstaining with EB, sections were incubated

with the primary antibody 184-8 as described above, followed by FlTC-conjugated donkey

anti-rabbit antibody. After a 30 min wash in PBS, counterstaining with EB was conducted in

PBS for 2 to 5 min. at a concentration of 0.00005%. The slides were then briefly washed in

PBS, air-dried and coverslipped with anti-fade medium (Schmued et al., 1982 and Franklin

et al., 1981). At this concentration, EB produces a moderately bright Nissl stain ofneuronal

cytoplasm, nucleoli, and glial nuclei (Schmued et al., 1982). Several sections were also

stained for Nissl substance with cresyl violet. Sections mounted onto slides were frrst

rehydrated for 30 min in 50 mM PBS, counterstained in 0.05% cresyl violet for 5 min, then

dehydrated in ascending levels of alcohol and cleared in Histoclear. Finally sections were

coverslipped with Lipshaw mounting medium.

Sections were viewed with a Leitz Dialux 20 microscope equipped with Ploempak fitter

cubes L3 (excitation 450-490 nm; band pass 500-550 nm) and N2 (excitation 530-560 nm;

long pass 580 nm) for FITC and for Cy3 fluorescence or ethidium bromide, respectively.
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V. RESULTS

V.1. General obse¡vations

To optimize detection of Cx43 in sections taken for examination by LM, two fixation

protocols were tested. The pH change protocol was previously shown to produce the

optimal fixation procedure for Cx43 in brain (Yamamoto et al., 1990a,b, 1992; Nagy et al.,

1992, Hossain et aL, 1994a,c). In spinal cord, however, this fixation procedure generally

resulted in less intense Cx43-IR throughout the spinal cord than seen with a weaker fixation

procedure involving the use of 4%o paraformaldehyde at neutral pH as described in the

Methods section. Thus, the latter was used in all the present studies. Similarly, GFAP-

immunopositive astrocytes were more intensely labelled in grey and white matter and

specifically at greylwhite matter borders with the neutral pH-4%o paraformaldehyde fixation

compared with the pH change fixation,

LM immunohistochemical staining patterns with anti-Cx43 l8A-8 and 164-8 antibody

were virtually identical in grey and white matter of normal rat spinal cord. The only

distinction was that l8A-8 produced a greater density of DAB immunoreaction product as

previously observed in brain (IJossain et al., 1994a; Ochalski et al., 1995). Control staining

with omission of the 184-8, 164-8 and GFAP antibodies showed no immunoreactivity in

the spinal cord sections. The specificity ofthe antibodies has been described in the Methods

section.

The overall distribution of Cx43 in the rat spinal cord was somewhat heterogeneous.

Cx43-immunoreactive elements were therefore analyzed in spinal cord grey matter, which is

typically divided into dorsal and ventral horn and more specifically into Rexed laminae I-X,

and spinal cord white matter which is subdivided into dorsal column, lateral and ventral
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funiculi. Cx43-IR exhibited three morphologically distinct patterns: l) Many frne

immunopositive puncta that were distributed throughout grey and white matter. These

puncta were either round or oval shaped and varied in size depending on the area of the

spinal cord examined. Otherwise they had a relatively uniform range of features and will be

referred to simply as puncta. 2) Immunoreactive fine fibers in white matter which had puncta

distributed along their length. Similar fibers were not observed in grey matter. 3) Annular

patterns of continuous labelling or circular arrays of puncta enclosing an area devoid of

staining. These annular profiles, previously described in brain (Yamamoto et at., 1990a),

were observed throughout grey matter regions, but were more prominent in some areas.

V.2. Connexin43 in normal rat spinal cord

A general overview of Cx43 distribution in the C8-T1 region of the spinal cord is

demonstrated in micrographs of transverse and parasagittal sections (Figs. lA-G) Cx43

immunostaining was highly prominent in grey matter but, was also sparsely distributed

throughout white matter (Fig lA) In transverse sections, intense Cx43-IR was observed in

Rexed laminae I, lamina II (substantia gelatinosa) (Fig 1B) and X (area surrounding central

canal) (Figs. 1A and F). Rexed lamina X contained Cx43 puncta extending dorsally and

enveloping the dorsal column (Fig. 1A). Thus, the most ventral aspect of the dorsal column

was surrounded by intense Cx43 puncta in the grey matter. Fine Cx43 puncta were seen

along fibers extending medially from lamina X into the dorsal column white matter and

towards the medial septum (not shown).

The intense staining in the substantia gelatinosa was different from the generally fine

punctate labelling observed in the majority ofthe spinal cord grey matter in that it consisted

of many Cx43-immunoreactive annular profiles (Fig. 1B). These were of different sizes
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ranging from 1 to 8 ¡rm in diameter. This type of cx43-IR has been previously described in

the medial habenula of rat brain (Yamamoto et al., 1990a). Annular profiles were also

observed in other regions of the grey matter, but were far more concentrated in the

substantia gelatinosa. In sagittal sections of Lissauer's tract, many fine cx43 puncta were

seen along fibers running rostro-caudally within the tract (Fig. lC). The majority of Cx43-

immunoreactive elements, with the exception of the substantia gelatinosa, was fine and

punctate as shown in Fig. lD which provides an example of these fine puncta in the

intermediate laminae ofthe spinal cord.

In the ventral hom, cx43-immunopositive puncta were more intense within motor nuclei

(Fig. lE) and staining density was much higher around neuronal cell bodies, particularly

motoneurons. Immunostaining in the vicinity of motoneurons consisted of finely dispersed

cx43-immunopositive puncta and some annular profile staining. cx43-immunoreactive

puncta were also seen among ependymal cells of the central canal (Fig. lF) similar to the

distribution of cx43 in the ependymal layer ofthe ventricles in brain where staining by EM

was demonstrated to be associated with gap junctions between ependymal cells and between

the basal portion ofthese cells and glial processes (Yamamoto et al , 1990a) Intense cx43

staining was observed along blood vessels throughout grey and white matter. Blood vessels

radiating fÌom white matter inwards toward grey matter \¡r'ere heavily laden with cx43-

immunoreactive puncta (Fig. 1G).

cx43 was observed in all regions of white matter @ig. 2). cx43-immunoreactive puncta

of various sizes and staining intensity were seen intercalated between myelineated fibers in

whìte matter (Fig, 2A), along astrocytic processes (Fig. 2B), and within the glial limitans

@ig. 2C), as well as in the dorsal column and along individual fine processes of presumably

astrocytes in the ventral and lateral white matter (Figs. 2D and E)
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Bundles of myelinated fibers emanating from the ventral horn or entering the dorsal horn

and dorsal column via the dorsal and lateral white matter were densely associated with Cx43

immunoreactive puncta (Fig. 2A) At various distances beyond the grey/white matter

border, these fibers exhibited diminished levels ofCx43 staining as they radiated towards the

periphery of the cord and was especially reduced after the fibers have travelled about two

thirds ofthe distance from the grey/white matter border towards the cord surface.

In the most dorsal region ofthe dorsal column, Cx43 immunostaining had a honeycomb

appearance (not shown) forming a mesh-like network close to the glial limitans. Similarty,

Cx43-IR was previously seen. associated with the cortical surface (Yamamato et at., 1990a)

and blood vessels in cerebral cortex (Yamamoto et al , 1990b). Honeycomb staining was

also observed in the lateral @igs. 28 and C) and ventral funiculi where it was again most

prominent in close proximity to the glial limitans. Ventrally in the dorsal column towards the

central grey matter, Cx43 had a more fibrous appearance running dorsoventrally towards the

central grey matter.

The entire periphery of the spinal cord white matter contained radial astrocles which

sent their processes towards the interior of the cord and extended thick processes to form

the glial limitans. Fig. 2B shows Cx43 along astrocytes extending their endfeet to form the

glial limitans. Cx43-immunopositive puncta of varying sizes and staining intensity are shown

along these processes and distrìbuted within the glial limitans in Fig. 2C.

V.3. Connexin43 in relation to neurons in normal spinal cord

Neuronal perikarya have been distinguished by size and density in Rexed laminae I-X

of grey matter and were characterized as large, medium or small cell bodies, as previously

described by Rhetelyi (1987). In normal cord, large motoneurons are found in the ventral
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hom, whereas medium and small neurons are ubiquitously distributed throughout the spinal

cord grey matter. In the dorsal horn, Rexed laminae I, II, and III are particularly apparent

since they contain smaller and more densely packed cells, especially in the substantia

gelatinosa, than any other laminae ofthe spinal cord. Some medium-sized neurons are also

scattered throughout these laminae. In comparison to the more dorsal laminae, lamina IV is

characterized by a lower density of neurons and the presence of several large neuronal cell

bodies. Intermediate Rexed laminae V-VII contain many large neuronal somata and fewer

numbers of medium and small neurons. Laminae V and VI constitute the ventral third ofthe

dorsaf horn and, together with lamina VII, contain a polymorphous cell population of small,

medium and large neurons. Neurons in the ventral horn are arranged in groups rather than

laminae as in the case of the dorsal horn. Thus, based on their location, groups ofneurons

intermingled with small and medium sized neurons in Rexed laminae \rlII and IV can be

identified as motoneurons. The area around the central canal or Rexed lamina X contains

mainly neurons of medium size.

To compare Cx43 with neuronal staining in grey matter, sections were processed for

l8A-8 and counterstained with ethidium bromide. Intense Cx43-IR and numerous annular

profiles were seen in close proximity or surrounding neurons in Rexed laminae I and II.

Ventrally in laminae III-VII, intensely stained Cx43 puncta were observed around small,

medium, and large neurons and were also ubiquitously distributed throughout these laminae.

In Rexed lamina X, intensely labelled fine Cx43-positive puncta again enveloped neurons

and were seen throughout this area. The ventral horn, including areas in laminae VII, \{II

and IX, also contained Cx43-immunopositive puncta around neuronal soma and intense

punctate staining surrounding motoneurons. Fine puncta throughout the spinal cord grey



matter were seen in areas surrounding these neuronal soma, axons and blood vessels and

annular profiles were often seen in the vicinity of neurons.

V.4. Neuron loss after compression injury

As seen in Nissl stained sections, tissue deterioration was most evident at the crush site

in sections through the lesion epicenter. Further away from the crush site, degeneration was

progressively less and became restricted first to both the ventral part of the dorsal column

and the central canal area. Still further away the disintegration of tissue was even more

restricted particularly to the ventral part of the dorsal column. At I day survival, Nissl

stained transverse sections showed a total loss of neurons within the crush site, which was

primarily characterized by tissue necrosis. Immediately adjacent to the crush site (Fig. 3A),

neuron loss extended Íìom the superficial tip of the dorsal horn to the ventral tip of the

ventral horn. In some animals, many neurons were observed in lamina I and II, the most

medial aspect of lamina III, and in the medioventral aspect of the ventral horn, which

appeared to be spared fiom the insult. The remaining taminae (III-X) were devoid of

neurons, The area around the central canal (Rexed lamina X) was often necrotic and devoid

of neurons (not shown). This area of necrosis extended outward dorsoventrally and

mediolaterally encompassing surrounding areas. At 0.5-1 mm rostral and caudal from the

crush site, neuron loss was progressively less (Fig. 3B). More neurons were observed in the

superficial dorsal and ventral hom areas such that Rexed laminae I-IV had a normal

appearance of small and densely packed cells intermixed with a few scattered neurons of

medium size, and ventral horn regions appeared relatively normal or contained neurons

surrounded by necrotic tissue. A¡eas most usually affected by the injury were laminae V-VII

where severe neuron loss was evident. However, in comparison to the crush site, some small
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sized neurons were seen scattered within these areas. In sections furthest away lrom the

crush site (1-1.5 mm rostral and caudal), neuron loss was restricted to patches in dorsal,

intermediate and ventral grey matter (Fig. 3c). Rexed laminae I-III appeared normal as

described previously in areas closer to the crush site, laminae IV-X showed patchy areas

devoid of Nissl staining, and many neurons were observed in areas surrounding these

patches. In the ventral horn at 1.5 mm from the crush, many motoneurons survived,

however, the tissue surrounding these cells also contained patchy regions of necrosis. In

parasagittal sections (not shown), neuronal loss extended an average of700 ¡rm (range; 630-

750 ¡rm) rostrally and 440 ¡rm (range; 330-500 ¡.rm) caudally.

At 3 days survival time, the crush site in transverse sections appeared similar to I day in

that no neurons \¡/ere present within the crush site (not shown). In parasagittal sections,

neuronal loss and tissue necrosis extended further distances bilaterally, dorsoventrally and

rostrocaudally from the crush site compared to that seen at I day survival and averaged g30

¡rm (range; 750-880 ¡rm) rostral and 500 pm caudal (range; 380-640 prm). Thus, areas

closer to the crush showed some neuronal survival at I day survival appeared to be devoid

of neurons at 3 days survival. Another distinguishing feature was the first appearance of

small round, probably inflammatory cells at the crush. The number of these cells decreased

with distance from the crush site. At further distances (l-1.5 mm), neuron loss was

progressively less and occurred in small patches.

At 7 days survival, the most prominent feature in transverse and parasagittal sections

was the invasion of large numbers of inflammatory cells, possibly microglia and

macrophages, into the crush site and adjacent regions. The presence ofthese cells has been

extensively demonstrated within and adjacent to an injury site after dorsal hemisection ofthe

spinal cord (Dusart and Schwab, 1994). Infiltration of inflammatory cells made it difficult to
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assess the degree ofneuronal loss at the 7 days survival (Figs. 3D-F). Adjacent to the crush

site (Fig. 3D), inflammatory cells were distributed throughout grey matter and extended into

white matter. Further from the crush site, these cells were mÕst numerous in laminae V-vII

(Fig. 3E) and were fewer in the dorsal and ventral hom. In sections furthest away from the

crush site (Fig. 3F), inflammatory infiltrate was less, but still persisted throughout grey and

extending into white matter. In parasagittal sections, the extent of neuronal loss now

encompassed larger areas reaching as far as 1280 ¡rm rostral (range, 1250-1350 pm) and

920 pm caudal (range; 880-1000 ¡rm).

V. 5. Connexin43 after compression injury

In sections tkough the lesion epicenter encompassing 1.5 mm on either side of the

crush site, there were clear alterations in cx43 immunostaining as seen in micrographs of

parasagittal sections stained by the PAP method (Figs. 4A-D). At I day survival time, there

was a total absence of cx43 staining within the crush site (Fig. 4A). Adjacent to the crush

site, cx43 ìmmunostaining was altered from generally evenly distributed puncta seen in

normal tissue, to a more amorphous, reticular and intensified appearance. This intensified

staining encompassed vast areas of grey matter extending from the superficial tip of the

dorsal horn to the ventral tip of the ventral hom and extended an average of a 670 ¡rm

rostrally (range; 630-750 ¡rm) from the crush site and 520 ¡rm caudally (range, 380-630

pm). Beyond this intensified staining, there was a zone of Cx43 staining loss extending an

average of 180-400 ¡rm rostral and 80-330 ¡rm caudal from the crush site. This zone of loss

was adjacent to normal fine punctate staining furthest away from the crush site. Smaller

areas of cx43 loss were seen intermingled with normal staining furthest away from the

lesion and increased closer towards the lesion resulting in a zone of cx43 loss. These same
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patterns of Cx43 immunostaining were observed in transverse sections (Figs. 4E-G), where

compared to normal regions of staining (Fig aE), sections adjacent to the crush site showed

intensified staining in large areas of grey matter (Fig. aF). Patches of Cx43 immunostaining

loss were interspersed in areas of intensifred staining and less commonly near the center ol

the lesion, although small areas of Cx43-IR loss were seen immediately ventral to the

substantia gelatinosa and dorsal to the ventral tip of the ventral horn Patches of Cx43

immunostaining loss were more commonly distributed in areas of normal fine punctate

staining further away from the lesion (Fig. aG), and were of various sizes, being smaller

further away from the crush and increasing in size progressively towards the crush site.

Intensified staining did not extend as far away from the lesion as did the loss of

immunostaining which occasionally extended all the way out to 1.5 mm. Thus, intensified

and loss of staining appeared to be mutually exclusive and non-overlapping with the toss

occurring adjacent to normal labelling and the intensifìed staining occurring adjacent to the

crush site. In transverse sections furthest away from the crush site, the most dramatic

change was an absence of staining for Cx43 in the most ventral portion ofthe dorsal column

and the first appearance ol intensified, amorphous staining around the central canal (not

shown). Loss of staining also occurred in white matter and sometimes there was a continuity

ofloss extending from grey into white matter,

Qualitatively similar results were seen when the lesion encompassed a larger area such

that Cx43 loss was proportionally larger and was seen further from the crush site, and

intensified staining extended more rostral and caudal relative to the crush site.

At 3 days survival time, results derived from parasagittal and transverse sections

paralleled the pattern of Cx43-IR observed at L day survival (not shown). Thus,

progressively away from the crush site, loss of Cx43 staining was followed by intensified
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staining, then a zone ofCx43 loss and then normal fine punctate staining beyond. The main

difference from the I day survival time was that intensified staining was more sparse

adjacent to the crush site and extended to further distances ol 1060 pm (range;750-1380

¡rm) rostrally and 710 ¡rm (range; 380-1000 ¡rm) caudally f¡om the crush site. The zone of

Cx43 loss at 3 days extended an average of 120-300 pm rostrally (range; 100-350 pm) and

I30-450 pm caudally (range; 80-450 pm).

At 7 days survival time, the most dramatic change was a total disappearance of Cx43-

IR @ig aC) in areas surrounding the lesion site and these areas were adjacent to normal

staining at further distances. Regions devoid of Cx43 extended an average of 1100 pm

rostrally (range; 880-1250 ¡^um) and 690 pm caudally (range, 630-750 ¡-rm). Thus, in

comparison to the earlier survival times where the injury site was characterized by zones of

intensified staining as well as loss of cx43 staining, by 7 days the latter zone had expanded

into the area earlier occupied by the former. under control conditions with omission of the

primary antibody, no labelling was seen in sections processed with secondary and third

antibodies (Fìg aD) indicating the absence of background stainìng or endogenous

peroxidase activity at the lesion site.

V.6. Connexin43 and neuron loss after compression injury

To compare areas olneuronal loss with Cx43 expression, adjacent sections were taken

for ñssl staining and Cx43 immunofluorescence with antibody 184-8 or sections were

stained for Cx43 with antibody, followed by counterstaining with ethidium bromide. In

comparisons of adjacent sections at 1 day survival, areas with loss of 184-8 staining (Figs.

5A and B) corresponded to those with loss of neurons (Figs 38 and C). Thus, the Cx43

staining at 750 ¡rm from the crush site was evident where neurons were present and absent
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in regions of neuron loss (compare Figs. 3B and 5A). In sections further away from the

crush site (Figs. 3C and 5B), 184-8 was lost in patches (Fig. 5B) coresponding ro the

patches devoid of neurons (Fig. 3C). Similar results were obtained in sections processed

with 184-8 and counterstained with ethidium bromide (Fig. 6). In control animals, Cx43 had

a typical fine punctate appearance in regions of the dorsal horn (Fig. 6A) containing a

normal distribution of neurons (Fig. 68). At I day survival time, the persistence of normal

Cx43 staining adjacent to the crush site in the dorsal and ventral tips of grey matter was

accompanied by an abrupt absence of Cx43 in adjacent areas, and intensified staining was

seen adjacent to the absence ofCx43 staining (Fig. 6C). Areas of normal staining in laminae

I and II of the dorsal hom contained many neurons (Fig. 6D); however, in comparison to

control sections neuronal numbers were somewhat reduced. The area of abrupt loss ofCx43

immunostaining immediately ventral to normal staining was devoid of neurons, as was the

region of intensified staining ventral to the loss of Cx43-IR. Intensified staining was always

associated with neuronal loss. Further from the crush site, in areas of normal Cx43 staining,

neuronal staining had a relatively normal appearance in that smaller, more densely packed

cells were seen in the substantia gelatinosa and Rexed lamina I, III and IV. Neurons

surrounded by areas of neuron loss were seen in intermediate and ventral grey matter.

Patches of Cx43 loss were more sparsely distributed further away from the crush site.

Similar relationships between Cx43 staining and neuron loss were seen at 3 days as

described at 1 day survival (not shown). Thus, areas of intensified Cx43 or loss of Cx43

immunostaining adjacent to and some distance from the crush sìte were associated with

massive neuronal loss.

At 7 days survival time, as also seen in Nissl stained sections, areas at and adjacent to

the crush site were consistently filled with large numbers of round cells that appeared to be
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macrophages or reactive microglia. Borders between areas exhibiting normal and loss ol

Cx43 labelling, such as the dorsal and ventral horn tips of grey matter (Fíg. 6E), were clearly

delineated by an accumulation of these round cells where cx43 staining was absent (Fig.

6F)

V.7. Intensifìed staining with t8A-8 and 16.4,-8

Both the I 8A-8 and 164-8 antibodies showed immunostaining alterations from a

normally fine, dense punctate appearance to a more intensely stained, amorphous and

reticular pattern described at 1 and 3 days survival, and labelling with both was absent at 7

days survival. Higher magnifications revealed that individual immunostained elements were

much larger and less punctate. Fig. 7A shows a normal area adjacent to intensified staining

with 184-8. Similarly, intensified immunostained elements with 16A-g had irregular sizes

and were often circular in nature with their centers unstained (Fig. 7B). Similar to the

annular profiles seen in normal tissue, the diameter of these annular profiles ranged from 1-8

¡rm, and these profiles were only observed in grey matter at and near the lesion site. Detailed

examination revealed no differences in the morphological appearance of intensified 1BA-8

and 16A-8 staining.

V.8. Comparisons of antibodies 184-8 and 164-8 after compression injury

In unaffected areas of the cord, antibody 164-8 produced similar staining pattems as

184-8 except that the staining was somewhat weaker as occurs elsewhere in the CNS, Since

lesions in brain generally give rise to the loss of 184-8 staining, but are accompanied by an

increase in 164-8 staining, we tested whether areas of loss of 184-8 staining in the spinal

cord coresponded to those wìth elevated l6A-8 staining.
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At 1 day survival time, adjacent sections were stained for 184-8 and 16A-8 or

simultaneously each with GFAP. It was found that areas showing loss of l8A-8 staining

coresponded exactly to those with increased 164-8 staining (Figs. 8A-D). This is consistent

with the observation that no loss of staining was observed v/ith 164-8 as occurred with

184-8. Thus, in the dorsal horn, areas of 184-8 loss ventral to normal frne punctate staining

(Fig 8A) were filled by 164-8 staining (Fig. 8B), the inrensiry of which was greatly

increased. Intensified 16A-8 staining in the intermediate grey matter (Fig. 8D) had a very

similar distribution as pockets of 184-8 loss (Fig. 8C). Comparisons of adjacent sections

also showed that areas of normal 184-8 staining were associated with the presence of

GFAP (compare Figs. 8A and E), whereas regions of 184-8 absence and intensified 16A-8

staining were associated with GFAP loss (compare Figs. 8C, D and F).

Comparisons of staining with antibodies 184-8 and 164-8 at 3 days survival near as

well as further away from the crush site indicated similar results (not shown) to those

described at I day survival. Thus, stainìng with 164-8 was evident in patches where l8A-8

staining was absent. This was also true in white matter. For example, in ventral aspects of

the dorsal column where staining for 18A,-8 was invariably lost in att sections at the crush

site, immunostaining with 164-8 was present, although sparse, and had a typical punctate

appearance. Increased 164-8 staining in peripheral regions ol lateral and ventral white

matter was also present where 184-8 staining was largely absent or much less. The presence

of intensified 1óA-8 staining in white matter was also invariably associated with loss of

staining for GFAP-

. Immunostaìning for Cx43 with antibody 164-8 at 7 days survival was similar to that

observed at 3 days in that 164-8 staining appeared to be present, but much more sparsely, in

areas of 184-8 absence (not shown).
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V.9. Connexin43 and astrocytes after compression injury in grey mâtter

Detailed descriptions of astrocytes and their distribution in grey matter of normal

cord have been previously reported (Bodega et al., 1986; Hajos et al., 1989; Liuzzi et al.,

1987). Generally these are referred to as either protoplasmic @odega et al., 1986) or

stellate (Hajos et al., 1989) based on morphological criteria. They are unifornrly distributed

in the dorsal and ventral horn with the exception ol the periependymal condensation (Hajos

et al., 1989) and the increasingly dense glial populations towards the substantia gelatinosa

(Bodega et al., 1986).

An example of Cx43 and astrocltes in the intermediate laminae of the normal spinal

cord grey matter is presented in Figs. 9A and B, respectively. In sections simultaneously

stained for Cx43 and GFAP, fine Cx43-immunopositive puncta (Fig. 9A) were seen

throughout areas of GFAP-positive astrocltes (Fig. 9B). Three days after compression

injury areas containing normal Cx43 staining (Fig. 9C) were fully occupied by reactive

astrocytes as indicated by their intense staining for GFAP, swollen cell bodies and short

processes (Fig 9D).

At 1 day survival time, Ioss of Cx43 and GFAP staining in the grey matter at the

crush site was already extensive and loss of Cx43 staining (Fig. 104) corresponded with

areas devoid ofGFAP staining (Fig, 108) GFAP staining was also absent in areas adjacent

to the crush site where Cx43 staining was of the intensified annular profile type. Thus,

regions characterized by annular profile staining could well predict the absence of GFAP.

Moreover, since there was a transition between loss of 184-8 staining to the appearance ol

annular profile staining and since loss of 184-8 as well as the presence of annular profiles

staining were both always accompanied by a Ioss in GFAP, it can be inferred that annular

profile staining rarely bordered regions of GFAP staining. This in fact was the case, such

JJ



that annular profile and GFAP staining were always separated from each other by a region

totally devoid of staining. For example in the ventral horn, normal staining @ig_ lOC) in

areas of GFAP-positive astroc¡es @ig. 10D) was adjacent to a total absence of staining,

which in turn \ryas adjacent to annular profile/intensified staining devoid of GFAP closer to

the crush site. In contrast, at borders between the presence and absence ofGFAP, there was

a good correlation between the presence and absence of Cx43. At these borders, GFAP-

positive cells were considered to be reactive astrocltes. Their cell bodies were not as large

as those of typical reactive astrocytes, but they tended to have more processes and were

larger than normal astrocytes. Reactive astrocytes consistently bordered regions of GFAp

Ioss in white or grey matter whether this occurred in vast areas of GFAP loss close to the

lesion or at only small patches of GFAP loss further away from the lesion. Beyond these

borders of reactive astrocfes, GFAP staining and astrocytes appeared normal.

At 3 days survival time, it was impossible to assess the state of the astroc¡es within

and near the crush site, since large regions were devoid of GFAP as well as Cx43 staining.

Simìlar to the I day survival, areas immediately adlacent to the crush site containing annular

profiles were also devoid of GFAP. Reactive astrocltes were clearly present at some

distance from the crush site where both Cx43 and GFAP were evident around patches where

both were absent. In these areas, Cx43 staining was reduced, but otherwise had a normal

appearance. Thus, these regions further away from the lesion demonstrate that normal

staining for Cx43 occurs in association with reactive astrocytes. Reactive astrocytes \.vere

also present even further away lrom the crush site where there did not appear to be a

reduction of Cx43.

At 7 days survival time, all grey matter and central regions of the spinal cord were

devoid ofCx43 and GFAP staining.
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V.10, Connexin43 and astrocytes after compression injury in white matter.

Astrocy'tes are present throughout white matter regions of normal spinal cord. They

extend endfeet to form the glial limitans in the dorsal column, lateral and ventral funiculi and

radial glial cells sunound the periphery of the cord. For more detailed descriptions of

astrocytes in white matter see Bodega et al. (i986) and Liuzzi et al. (1987).

In control animals, fine Cx43-immunopositive puncta were distributed tkoughout

the dorsal column (Fig. 1 1A) and were occasionally associated with GFAP-positive

astrocytes @ig 1 1B). At 1 day survival time, Cx43-immunopositive puncta (Fig. 1 lC) in

the dorsal part ofthe dorsal column were more strongly associated with reactive astrocytes

(Fig 11D) which were seen radiating towards the crush site and there appeared to be a

good correspondence between the presence of Cx43 and reactive astrocytes. In the ventral

aspect of the dorsal column, staining for both Cx43 and GFAP was largely absent. In

contrast to observations at 1 day, at 3 days survival, reactive astrocytes (Fig. 11F) having

plump cell bodies, short processes and intense GFAP staining were present in the dorsal

aspect of the dorsal column where Cx43 staining persisted, but also extended ventrally

where Cx43 was clearly absent (Fig. 1 1E).

In the ventral and lateral white matter, there was also a strong association between

the presence of Cx43 and GFAP-positive astrocltes (Figs. l2A-F). In control animals,

Cx43-immunopositive puncta (Fig. 124) were seen along GFAPJabelled bundles of

myelineated fibers emanating from the ventral horn grey matter @ig. 128). This

correspondence was also seen in the lateral funiculi and to a lesser extent in the dorsal

aspect of the dorsal column (refer to Figs. 114 and B). Similar areas after compression

injury at 1 day suwival time showed a close correspondence between Cx43 (Fig. l2C) and

GFAP labelling (Fig. l2D) at the peripheral edge of the ventral white matter. In the same
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section more dorsally, staining for both Cx43 and GFAP was absent. At 3 days survival

time, although there was strong GFAP staining at the periphery of lateral white matter (Fig.

12F), Cx43 immunolabelling was sparse and peripheral regions of white matter were largely

devoid of Cx43 (Fig. 12E), but some GFAP-positive cell bodies with centrally directed

processes were associated with Cx43-immunopositive puncta.

At 7 days survival time, Cx43 (Fig. 134) in many white matter regions further away

from the crush site, was evenly distributed in areas where astrocytes were present (Fig.

138). In areas closer to the crush site, Cx43 was associated with blood vessels (Fig. l3C)

and with GFAP-positive fibers radiating centrally @ig_ 13D). These GFAP frbers were less

dense and appeared to be less prolific than those observed at 3 days survival, and appeared

to be absent in many regions close to the crush site. In fact, virtually the entire spinal cord

including the peripheral rim was devoid of GFAP-positive frbers at and very near the crush

site. It appeared that GFAP fibers seen radiating inward at 7 days had not progressed

beyond a short distance, while most others had disappeared, However, in some white matter

areas closer to the crush site, GFAP-positive processes were present, appearing to have

penetrated inwards, but labelling was more sparsely distributed than seen in normal white

matter. One exception to the correlation between the presence of Cx43 and GFAP was

along blood vessels. At or very near the crush site blood vessels exhibited Cx43-

immunoreactive puncta, but not GFAP staining (not shown). Blood vessels penetrating

radially into the cord from peripheral regions were almost always immunoreactive for Cx43

(Fig.13C, E) and laden with GFAP-positive fibers (Fig. 13D). Cx43 was nor distincrively

associated with reactive astrocltes as at 3 days, or it was difficult to see this associatìon

despite the presence ofreactive astrocltes. Punctate Cx43 labelling, particularly towards the

periphery of white matter areas including dorsal column, lateral and ventral white matter,



had a honeycomb appearance, apparantly surrounding myelineated axons that remained

intact. As at 3 days, but more so at 7 days, there was a stark demarcation between areas

totally lacking cx43 and GFAP and areas which remained intact and contained normal cx43

and GFAP staining.

V.l1, Connexin43 at further distances from the compression site

Since spinal cord sections at further distances from the crush site had a relatively

normal appearance, only noteworthy features at the different survival times at the 1.5-7.5

mm distance are mentioned here. In sections immediately adjacent to the epicenter block

(1.5-4.5 mm) at 3 and 7 days suwival time, the most prominent changes were observed in

the white matter. In dorsolateral, lateral and ventral white matter, Cx43-immunoreactive

puncta along myelineated fibers leaving and entering the grey matter extended towards

superfrcial regions about one-third the distance observed in normal cord sections (Figs. 144

and B). Processes of radial glial cells close to the glial limitans also appeared to be less

intensely labelled. Overall, Cx43 staining in white matter was less intense and appeared

disorganized. At further distances (4.5-7 5 mm), Cx43-immunostaining appeared normal in

the dorsal, lateral and ventral funiculi. Radial glial cell processes were again associated with

intense Cx43-immunoreactive puncta and myelineated fibers in white matter were heavily

laden with Cx43-immunopositive puncta and extended the same distance peripherally as

observed in normal cord.

As in grey matter ofepicenter blocks of I and 3 days survival time, patches ofCx43

immunostaining loss were seen extending from lamina V to the ventral aspect of lamina \¡II

closer to the epicenter block and became smaller and eventually disappeared at further

distances (4 5 mm), Thus, it appeared that these patches of immunostaining loss are in
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continuation with the patches observed in the epicenter block and can be used as an

indication ofthe extent and severity ofthe lesion.



VI. DISCUSSION

An important long-term goal ofour lab is to understand how intercellular gap junctional

communication between various cell types in the CNS contributes to neural function in

normal and pathological conditions. This task has been both facilitated by the discovery of

connexins, the proteins that form gap junctions, and complicated by the identification of a

family ofapproximately 12 different connexins. Thus, it has become necessary to identify the

connexin proteins expressed in CNS and to determine their localization and expression at

anatomical, cellular and subcellular levels. This has been achieved for the astrocytic gap

junctional protein cx43 and our work has provided novel insights into the organization of

astrocytic gap junctions. In previous in vivo work we demonstrated dramatic alterations in

astrocltic cx43 after cNS injury and neuron loss. our results have provided the basis for

more focussed efforts on the following specific hypotheses: 1) The astrocytic gap junctional

syncytial network is highly responsive to local environmental needs for K* spatiat buffering

as well as for intercellular movement of metabolites generated by neuronal activity such that

Cx43 production, gap junction formation and patterns of intercellular communication within

this network are under short and long-term regulation by factors eminating from neurons; 2)

Following CNS injury, the syncytial network is reorganized in an attempt to promote

recovery and in a manner reflecting both the underlying anatomical anay of reactive

astrocytes and the particular spatio-temporal demands for gap junctions determined by the

nature ofthe injury; 3) Failure ofgap junctional regulatory mechanisms in some conditions

of pathology leads to excessive closure or elimination of gap junctions, compromises

astrocytic spatial buffering and contributes secondarily to neuronal damage.

In support ofthe aforementioned hypotheses, the present study is the first to investigate

astroc)'tic cx43 in normal spinal cord and document its response after spinal cord trauma.

We have shown that: 1) There was a heterogeneous distribution of Cx43 in normal spinal

cord grey and white matter; 2) A-fter sci, the density of immunolabelling for Cx43 was



intensified immediately adjacent to the crush site followed by a zone of cx43

immunolabelling loss and normal staining; 3) Areas of loss with one sequence-specific

antibody exhibited intensified staining with another antibody suggesting that some molecular

change in cx43 resulted in the masking of specific epitopes; 4) Areas of neuronal depletion

corresponded with the loss of immunostaining with one ofthe cx43 antibodies and 5) There

was a total absence of labelling for cx43 at7 days post-sci extending up to 1 mm from the

crush site.

VI.l. Connexin43 and spatial buffering after compression inj ury

Based on previous results in our lab and those ofothers (Naus et al., 199 i; Rohlmann et

al., 1993), we hypothesize that long-term regulation of astrocytic Cx43 production and

requirements for gap junctions are determined by local environmental needs for K+ spatial

buffering as well as for intercellular movement of metabolites or regulatory signals. since K+

spatial buffering is thought to be critical for homeostatic control around neurons, it is likely

that neuronal elements contribute to gap junctional regulation. compression of the

mammalian spinal cord results in an initial rise of exlracellular K* followed by a substantial

loss of K* from the site of the ìmpact (chesler et al., l99l). Thus, elevated levels of

extracellular K* subsequent to neuronal damage could lead to an initial increase of cx43

after spinal cord compression injury in an attempt to aid the cell-to-cell redistribution of this

ion through "functional syncytia" of gap junctionally coupled astrocytes (Bennett and

Goodenough, 1978; Dudek et al., 1983; Gardner-Medrin, 1986; Massa and Mugnaini,

1982). This process may limit neuronal injury and contribute to subsequent reparative

events. Increased cx43, as reflected by normal patterns but elevated staining density for the

protein is to be distinguished from intensified cx43 staining which refers to the reticular,

amorphous and annular profile tlpe staining observed adjacent to the spinal cord crush site.

Increased expression of Cx43 has been demonstrated in ischemic striatal regions exhibiting

limited neuronal damage (Hossain et al., 1994c) and 5 h after kainic acid (KA)



administration (F{ossain et al., 1994a).In order to determine whether Cx43 is increased in

the acute phases after compression injury, where it may play a role in the increased demands

for K+ sp¿1i¿1 buffering, earlier survival times will have to be examined. In the present study,

Cx43-immunolabelling had a distinct pattern at and some distance from the crush site.

Beyond areas ofintensifred annular profile type staining adjacent to the crush site, there was

a zone of Cx43 immunostaining loss followed by normal staining furthest away from the

crush site. Preliminary EM investigations show that the intensified staining observed at the

crush site consisted of some gap junctional staining, but most was associated with other

structures including internalized or partly internalized junctions, labelled non-junctional

membranes and multivesicular clusters. Thus, the area of intensified staining characterized

largely by non-junctional labelling and the zone of Cx43 immunostaining loss may represent

reduced gap junctional coupling by astroc¡es in an attempt to sever communication with

their neighbours, thereby restricting the outward flow ol potentially damaging metabolites.

Similarly, the absence of Cx43 immunolabelling at 7 days post-sci may suggest a virtual

absence of astrocytic junctional coupling resulting in segregation of the lesion site from

normal tissue. This would be in agreement with our hypothesis that certain pathotogical

conditions may lead to excessive closure or elimination of gap junctions which compromises

spatial buffering and may secondarily contribute to neuronal damage.

VI.2, Connexin43 and neuron loss after compression injury

If Cx43 production, gap junction formation and patterns of intercellular communication

are under short and long-term control by lactors eminating from neurons, then damage to

neurons should be reflected in the reorganization ofgap junctional Cx43. In this study, areas

of intensifred Cx43 and immunostaining loss were characterized by neuron death, whereas

areas of normal staining were associated with neuronal survival. Neuronal loss in areas of

absence of Cx43-IR was observed in KA-injected thalamus (Hossain et al., 1994a) and

severely affected ischemic regions (Hossain et al., 1994c), whereas neuronal survival was



evident in areas where cx43 was normal or increased. By LM, areas of increased cx43-IR

exhibited a greater preponderance of astrocytic gap junctions around neuronal elements and

increased intracellular immunostaining in astrocytes and their processes (Hossain et al

1994). Similarly, neuronal death in spinal cord was vast in areas ol cx43-IR loss, as well as

in areas of intensified annular profile type staining immediately adjacent to the crush site.

Since intensified staining under EM was found to be mostly ofthe non-junctional type and

cx43-IR loss may reflect a loss ofgap junctional coupling, it is possible that the elimination

of gap junctions and cx43 immunolabelling may parallel neuronal loss and reflect

dependence of Cx43 expression on astrocyte/neuron interactions. Several observations

suggest that astrocltic cx43 responses to spinal cord compression injury may represent

neuron-dependent events: l) Alterations of cx43 were confined to regions of detectable

neuronal damage; 2) cx43 immunostaining profiles were correlated with degrees of

neuronal loss; and 3) Astroc¡ic cx43 immunostaining was virtually abolished in areas

depleted of neurons. we suggest that these different cx43 ímmunostaining patterns may

reflect responses ofastrocytes to various degrees of neuronal damage.

VI.3. Masking of l8A-8 epitope and intensified stâining with l6A-8

The molecular basis for the loss of immunohistochemically detectable cx43 with

antibody 184-8 after sci is at present uncertain. It has previously been suggested that altered

184-8 antibody recognition could be due to altered cellular localization of cx43,

internalization or partial degradation resulting in altered sensitivity of epitopes to tissue

fixatives (Hossain et al., 1994). This seems unlikely since cx43 protein remains intact at

lesion sites as demonstrated by western blot (Hossain et al., 1994a), and epitope masking

occurs at intact astrocytic gap junctions as well as internalized junctions (ochalski et al,

1995) as seen by EM. Moreover, it was found by in situ transblotting that altered epitope

recognition occurs in fresh, unfixed tissue (Sawchuk et al., 1995). Masking of the igA-g

epitope and increased exposure ofthe 16,{-8 epitope has previously been demonstrated in



KAlesioned tissue (Hossain et al., 1994). It appears that depending on the cellular

functional state, cx43 can undergo a molecular transformation such that epitopes readily

recognized by antibody at one state are hidden in another and those ordinarily hidden

become exposed. Hence, weaker immunolabelling of l6A-g in normal spinal cord tissue is

charactenzed by stronger 184-8 labelling and areas ol l8A-g immunolabelling loss after sci

exhibit intense 164-8 staining. Masking of the 184-8 and increased exposure ofthe l6A-8

epitope may be due to conformational or covalent modifications of cx43 at or near these

epitopes. The former is unlikely given the persistence of cx43 epitope masking in in situ

transblots treated with denaturing conditions (Sawchuk et al., 1995). The latter cannot be

excluded given multiple cx43 phosphorylation sites; subtle changes in these may go

undetected by western blots. Alternatively, altered epitope recognition may be due to the

non-covalent association of a protein with the cytoplasmically localized cx43 carboxyl-

terminal tail bearing the site-specific 184-8 and l6A-g antibody epitopes. Future endeavours

regarding these questions will aim to establish the existence of such an association and to

determine whether it is related to biochemical mechanisms underlying regulation of
junctional coupling and cx43 disposition. Based on the extremely rapid cx43

dephosphorylation we observed in brain (Hossain et al., i994b), one ourcome may be the

association ofa phosphatase with cx43, which might be relevant to epitope masking.

\1I.4. Connexin43 and the presence and absence of astrocytes

A-fter spinal cord compression and other CNS injuries, astrocltes transform

reactive cells, the function of which is not entirely understood. Typically reactive astrocltes

are characterized by a high expression ofGFAP and vimentin (Eddelston and Mucke, 1993).

Reactive astrocytes in this study were observed as early as I day posrsci, largely paralleling

the temporal and spatial immunostaining profile of cx43. If differences in cx43

immunostaining reflect the molecular regulation ofcx43, it is possible that several different

into
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masked and exposed states of cx43 exist and that these are determined in part by the

physiological states of astrocltes. In normal spinal cord, uniform dense labelling is seen

throughout areas containing GFAP-positive astrocltes. Similarly, cx43 staining with a

normal appearance, but reduced density, is seen in areas of GFAp-positive reactive

astrocytes at some distance from the crush site. Interestingly, in areas close to the crush site

associated with intensified annular profile type staining, lgA-g loss and intensified l6A-g

staining corresponded with a loss of GFAp-immunoreactivity, In KA-induced injury, GFAp-

positive reactive astrocltes accumulated around the lesion site, but as determined by EM,

astrocytes within the lesion site remained devoid of GFAp-immunostaining until 14 days

when GFAP-positive astrocytes began to reappear (Dusart et al., 1991).

Immunohistochemìcal work (Li and Nagy, unpublished observations) with vimentin in focal

ischemic tissue revealed the presence of GFAp-negative reactive astrocytes in damaged

tissue. These observations suggest that loss of GFAp-immunostaining does not necessarily

reflect the absence of astrocytes within a lesion site, but similar to 1gA-g, may present a

case ofepitope masking- In spinal cord, preliminary EM investigations of intensified annular

profile staining close to the crush site revealed the presence of reactive astrocytes. At I day

post-sci, grey and white matter areas bordering absence of both cx43 and GFAp staining,

contained reactive astrocltes immunopositive for Cx43. It is thus reasonable to assume that

reactive astrocytes in regions close to the lesion site were gap junctionally coupled. An

example of increased cx43 associated with reactive astroclfes was seen in the dorsal

column at t day post-sci, whereas at 3 days, reactive astroc),tes extended closer towards the

lesion epicenter, where cx43 was absent. Increased cx43 at I day post-sci may represent

astrocytic increases in gap junctional coupling in an attempt to deal with spatial buffering

demands, metabolic changes and excitotoxin release due to spinal cord trauma, whereas
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absence of cx43 af 3 days post-sci could reflect downregulation or elimination of gap

junctional communication in areas close to the lesion due to severe trauma. At 7 days post-

sci there was again a good correlation between cx43 and GFAp staining in peripherat white

matter at the crush site, whereas grey matter regions were largely devoid of cx43 and

GFAP labelling. Thus, if cx43 expression depends on the physiological state of astroc¡es,

then the different immunohistochemical stainìng patterns observed at diflerent survival times

post-sci may reflect these states, such that normal, absent, increased and intensified cx43

immunolabelling may represent differences in astroc¡ic gap junctional coupling in response

to specific environmental demands.

\1I.5. General conclusion

In the present immunohistochemical study we investigated the distribution patterns of

the astrocytic gap junctional protein cx43 after spinal cord compression injury. Although

the literature on gap junctional communication between astrocytes in vitro and in vivo is

vast, this is the first in v^,o report to use cx43 immunohistochemical staining to document

gap junctional coupling between astrocltes after sci. we have shown that cx43 distribution

is heterogeneous in normal cord, has a distinct immunostaining pattern after sci, and further

suggested that these staining pattems may reflect different gap junctional states of normal

and reactive astroc]'tes. The descriptive nature of this study is necessary to provide ln vivo

support for later functional studies on astrocltic junctional communication and cx43

expression after trauma to the spinal cord. ultimately, we want to establish that antibody

recognition patterns of cx43 reflect gap junctional communicative capacity, and to identify

the factors that regulate junctional coupling. Research ongoing in our laboratory involves

the use of cortical and hippocampal slices to examine cx43-immunostaìning patterns. In
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slices perfused in standard cSF medium, cx43 distribution parrerns remained simirar ro

those observed in brain (yamamoto et al., 1991), and in "unhearthy" srices, subjected to

reduced or inadequate perfusion, cx43-immunostaining was lost in patches with lgA-g and

increased with 164-8. These resurts are similar to observations made after KA-lesions

(Flossain et aI., 1994a) and spinar cord trauma. Thus, methods of dye- or tracer-transrer

between astrocytes in srices subsequentry taken for cx43 immunolocarization with rgA-g

and 164-8 may provide evidence that tissue areas devoid of immunostaining with lgA-g

also lack gap junctional coupling, Such resurts would prove that: r) antibody r8A-8 is a

powerful immunohistochemical indicator ol astroc¡ic gap junctional uncoupling relevant to

our in vivo studies; 2) point to the significance of rgA-g epitope as a potential regulatory

site within cx43; and 3) allow ross of cx43 staining with r8A-8 to be used as an initial assay

for physiological conditions or substances that regulate gap junctional coupring within the

astroc¡ic syncytium.
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\,TI. FIGURES

VIL Figure I
Fig' l Photomicrographs ofCx43 immunolocalization in cervical spinal cord of normal rat

A: Low magnification view of Cx43 distribution in white and grey matter. B_D:

Magnifications showing a greater density of staining in the substantia geratinosa (B, large

arrows), than deeper layers (8, small a.ow), linear arranged punctate labelring in Lissauer's

tract (Lt) (c, arrows), and uniform labelling in the intermediate laminae @). Note punctate

and annular profile @, small a'owheads) appearance or Iabelring in deep laminae and the

preponderance of the latter in the substantia gelatinosa. E: ventrar hom showing a

concentration of labelling in motor nuclei and around motoneurons (arrows). F,G:

Localization ofcx43 among ependymal ce's around the centrar canar (F, anows) and along

blood vessels in white matter (G, arrows). Magnifications: d x40; B, x350; C, x20O; D,

x490, E,x80; F,x330; G,x200





VII. Figure 2

Fig. 2. Photomicrographs of cx43 distribution in white matter of cervical spinal cord in

normal rat. A-c: In transverse sections, labelling is seen concentrated in fiber bundles (d

arrows) extending from the grey matter and, more superficially, is seen dispersed within (8,

large arrows) or as puncta along (8, arrowheads) radiat glial cells including their endfeet (8,

small anow) at the glial limitans where labelling (c, arrows) also appears to be associated

with pial cells. D,E: In sagittal sections, cx43 is seen along intermittantly labelled processes

(arrows) travelling in the direction of myelinated fibers emerging from the dorsal column @)

or running rostro-caudally in the latter white matter (E)_ Magnifications: A, x170; B,C x360;

D,E x300.
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VII. Figure 3

Fig. 3. Nissl stained transverse sections of spinal cord showing extent of injury at various

distances from the crush site. A-c: At I day post-injury, neuron loss (asterisks) occurs in

nearly all grey matter areas adjacent to the crush (A), is most prominent in intermediate

laminae at distances of 0.5 mm to i mm from the crush @) and is limited to patches at

further distances of I to 1.5 mm (C). D-F: At 7 days post-injury, areas of neuron loss at

levels corresponding to those shown in A and B, respectively, are occupied by inflammatory

cells (anows in D,E). At further distances, these cells also invade the ventral aspect of the

dorsal column (anows in F). Magnifications: A-F, x40.
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\4I. Figure 4

Fig. 4. Saggital (A-D) and transverse (E-G) sections ofspinal cord showing the distribution

of Cx43-IR around the crush site. A,B: Low and higher magnification at 1 day post-injury.

Labelling for Cx43 in grey matter is more sparse, but increased in intensity in areas adjacent

to the lesion (arrowheads). In rostral and caudal zones flanking these areas, labelling is

substantially reduced along a dorsovental strip (asterisks) beyond which it appears normal

(star). C: At 7 days post-injury, labelling is absent in a wide zone (asterisks) exlending from

the crush. E-G: Transverse sections through a region of normal staining (E, conesponds to

areas indicated by stars in A), a region of increased intensity of labelling (F, anowheads,

corresponds to areas indicated by arrowheads in A) and a level at the transition between

reduced (asterisks) and normal staining (G). D: No labelling is seen in sections processed

with omission of primary antibody. Magnifications. A-G x30.
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VII. Figure 5

Fig. 5. Distribution of Cx43-IR as related to extent of neuron loss at 1 day post-injury. A,B:

Photomicrographs in A and B show Cx43 immunofluorescence in magnified areas of

sections adjacent to, and at distances from the crush site, in the Nissl stained sections

illustrated in Fig. 3B and C, respectively. Areas of reduced or an absence of labelling for

Cx43 (asterisks) in these sections correspond to those exhibiting neuron loss (asterisks in

Fig. 3B and C). Magnifications: dB x60.
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VII. Figure 6

Fig- 6. Cx43-IR and ethidium bromide staining in sections of normal dorsal horn with similar

fields near a crush site. A-D: Unlike the relatively uniform labelling for Cx43 (A) and

neurons (B) in normal tissue, a level slightly removed from the crush at 1 day post-injury (C)

shoì¡/s a transition from normal staining in superficial dorsal hom laminae (arrowheads), to a

loss of labelling in immediately adjacent deeper layers (asterisks), to more intense, but less

dense labelling in subjacent layers (arows). Areas of cx43 loss or intensified staining

corresponded to areas ofneuron loss (D)_ E,F: At 7 days post-injury, areas devoid ofCx43

(E, asterisks) contain ethidium bromide stained inflammatory cells (F, arrows).

Magnifications. A,B xi00; C-F x80.
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VII. Figure 7

Fig. 7. Higher magnification views of immunoperoxidase labelling for cx43 in regions of

normal (star) and more intense staining (arrows). A,B: As seen with both anti-Cx43

antibodies 184-8 (A) and 164-8 (B), labelling consists of some fine puncta and structures

having the appearence ofannular profiles (arrowheads). Magnifications: ,\ xl80; B, x360.
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VII. Figure 8

Fig. 8. Immunofluorescence labelling with two different anti-Cx43 antibodies and with anti-

GFAP near a crush site t day post-injury. A-D: Adjacent sections of the same field in dorsal

horn (A,B) and adjacent sections ofthe same field in the ventral horn (C,D) immunostained

for Cx43 with antibody 184-8 (A,,C) and t6A-8 (B,D). In both pairs ol sections, areas with

normal labelling with both Cx43 antibodies (stars) sunound areas that are devoid of Cx43

labelling with 184-8 (asterisks), but exhibit intensified staining with 16A-8 (arrows)_ E,F:

Immunolabelling for GFAP in the same field ola section (E) adjacent to A and in the same

field ofa section (F) adjacent to C. Areas exhibiting loss of GFAP immunoreactiviry in grey

(asterisks) and white matter (double asterisks) correspond to those with altered Cx43

labelling. Magnifrcations- A, B x250; C,D xl00; E,F x250.
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VII. Figure 9

Fig. 9. comparison of labetting for cx43 and GFAp in intermediate laminae of normal spinal

cord grey matter with that in injured cord corresponding to a similar distance from a crush

site shown in Fig, 1c. A,B: In normal tissue, uniformly dense labelling for cx43 (A) is seen

throughout areas containing GFAP-positive astrocytes (B). c,D: At this level removed from

the crush site at 3 days post-injury, cx43 labelling density is reduced (c), but otherwise has

a normal appearence in areas occupied by reactive astrocltes exhibiting hypertrophy and

intense labelling for GFAP (D) Magnifrcarions: A, x250; B, x2l0; C,D x190.
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VIL Figure l0

Fig. 10. Pairs of immunofluorescence micrographs (ArB; C,D) showing labelling for Cx43

and GFAP in the same fields ofdorsal and ventral grey matter adjacent to the crush site at I

day posrinjury. A,B: Areas of normal cx43 labelling in the tip of the dorsal hom (stars) and

an absence of staining more ventrally (d asterisks) correspond with the presence (arrows)

and absence (asterisks), respectively, of GFAP labelled astroc¡es (B). C,D: In the ventral

hom normal cx43 labelling (star) is seen adjacent to areas of absence of staining (asterisks)

and intensified staining (arrowheads) near the crush site (c). Areas olnormal cx43 labelling

correspond to those immunopositive for GFAP @, anows) while those more medial with

loss or intensified Cx43 lack GFAP (D, asterisks). Magnifications: dB xl l0; C,D x100.



I'ig . 10



VII. Figure 11

Fig. 11. Labelling for Cx43 and GFAP in the dorsal column. Pairs of immunofluorescence

micrographs (dB; C,D; E,F) show the same fields immunolabelled for Cx43 (A,C,E) and

GFAP (B,D,F) in normal tissue (dB) and in a similar area ol injured cord. A,B: In normal

dorsal column, punctate Cx43 tabelling is uniformly distributed (A) with occasional

association (anows) of puncta with GFAP-positive astroc],res (B). C,D: At I day post-

injury, Cx43 (C, asterisks) and GFAP @, asterisks) labelling in the ventral part of the dorsal

column is largely absent, and Cx43 labelling in dorsal regions corresponds to the distribution

of GFAP-positive astrocytes (arrows). E,F: At 3 days survival, Cx43 staining in ventral

regions remains absent @, asterisks) in areas containing reactive astrocltes (F, arrows).

Magnifications: A B xl70, C, D xl10, E,F x170.
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VII Figure 12

Fig 12. Labelling for cx43 and GFAp in ventral and lateral white matter. pairs of

immunofluorescence micrographs (dB, c,D; E,F) show the same fields stained for cx43

(A'c,E) and GFAP (B,D,F). A,B: Normal ventral white matter showing association of cx43

(A' anows) with GFAPlabelled (8, arrows) bundles of fibers eminating from the ventral

horn (vh) c,D: similar area as A,B at 1 day post-injury. Labelling for cx43 (c, asterisks)

and GFAP (D, asterisks) is absent in the central half of white matter, but exhibits a close

coffespondence in the peripheral half (arrows). E,F: Lateral white matter at 3 days post-

injury showing a large reduction ofcx43 staining (E, asterisks) in a field ofintensely stained

GFAP-positive astrocytes (F) and the association of some cx43 labelling @, anows) with

some of these astrocytes (F, arows). Magnifrcations: dB x90; C,D x100, E,F x190.
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VII. Figure 13

Fig, 13. Labelling ror cx43 and GFAP in lateral white matter near a crush site at 7 days

post-injury. Pairs of immunofluorescence micrographs (A,B; C,D) show the same frelds

stained for cxa3 (dc) and GFAP (B,D). A-D: AII grey matter and cenrral regions of white

matter is devoid of cx43 and GFAP tabelling (asterisks). More peripherally, punctate

staining for cxa3 (A) is uniformly present in areas containing GFAp-positive astrocytes (B)

or is associated with centrally directed blood vessels (C, arrows; shown at higher

magnification in E) laden with GFAP-positive fibers @, arrows). Magnifications: ArB x120;

C, xI20;D, xl20; E, xl10.
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VII. Figure 14

Fig. 14. Comparison of Cx43-IR in normal cord white matter with similar areas at further

distances from the crush site at 3 days survival time. A: Normal white matter showing

association ofCx43 with bundles offibers (arrows) eminating from the grey matter. B: In

transverse sections at 1.5-4.5 mm from the crush site the association of Cx43 with bundles

of myelinated frbers is decreased (anows). Magnifications: {B x50.
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