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Matrix Metaloproteinases 2 and 9 in Norma Canine Cerebrospina Fluid.
Robert L. Bergman
(Abstract)

Cerebrospind fluid (CSF) andysisis astandard part of a diagnostic evaluation.
Commonly evauated components include the cell count, protein concentration, glucose,
and cytology. CSF anadyss can be diagnostic in some diseases such as funga infections
and CNS lymphoma. Often, CSF andydsis not specific, but more information can be
obtained. Matrix Metalloproteinases (MMPs) are enzymes that have been foundin
human CSF. They are cacium and zinc dependent endoproteinases with overlapping
subgtrates. They hydrolyze & least one component of tissue extracelular matrix (ECM),
such as collagen or eagtin. They are important in norma physiologic processes such as
angiogenes's, reproduction and wound hedling.  One class of MMPs, the gel atinases,
degrade gdlatins and type IV collagen include MMP 2 and MMP 9. MMPs are important
in many pathologica processes that involve unregulated matrix destruction such as
arthritis, neoplasa and CNS diseases. MMP2 is known to be condtituitively produced in
CSF while MMP 9 is present only in certain pathologic conditions such as multiple
scleross, neoplasia and inflammatory diseases. We hypothesize that MMP2 is presertin
norma canine CSF while MMP 9 is absent.

Cerebrospind fluid samples were taken from 23 normal dogs that were being used
for other research purposes. Each CSF sample was evaluated immediately for red blood
cdls (RBCs), white blood cells (WBCs), protein, and glucose, and then stored at -70°C.
Cytologica examination was aso performed. CSF samples were considered normal if
the protein was less than 25 mg/dl, WBCs were less than 6 pl, and RBCs were less than
25 ul. Each dog was euthanized and the brains processed for routine histopathology.
MMP andys's was done using gelatin zymography and an enzyme linked immunosorbent
assay (ELISA). Bands of enzyme activity were visble following staining due to enzyme
degradation of the gelatin. A commercialy available polyclond sandwich ELISA was
used to identify the pro form of MMP2.

The mean WBC count for the CSF samples was 0.96 WBC/ni with arange of 0-3

WBC/m. The mean protein was 12 mg/dl, with arange of 8-17 mg/dl. The mean RBC



count was 3.65 RBC/m with arange of 0-21 RBC/m. All normd samples of CSF
contained a band of clearing that corresponded to the human commercia standard of
proMMP2. No other mgor bands of clearing were noted on normal samples. The
commercid human standards aso contained ProMMP2. Other bands were present, but
were faint and variable. Using a polyclond antibody based sandwich ELISA, with
samplesrun in triplicate, the mean pro MMP 2 levels were determined to be 5.61 ng/ml
with arange of 3.36 - 10.83 ng/ml.

We conclude that norma CSF vaues are narrower than what has been previoudy
reported for protein concentration and WBC count. Also, the pro form of MMP 2 is
present in norma canine CSF based on results of gelatin zymography and ELISA.

Thiswork was funded by a grant from the Virginia Veterinary Medicine Association
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Chapter 1. Cerebrospinal Fluid Analysis. A review of theliterature

Cerebrospind Fluid (CSF) andys's remains one of the most common diagnostic
ads used to evauate diseases of the centra nervous system. While vauable information
may be gained from this procedure, results from standard CSF evaluation procedures are
often nongpecific. In order to gain a better understanding of the current knowledge of
CSF asit rlaesto veterinary neurology, CSF physiology and methods of anadysis will
be reviewed. Additiona techniques to gain more information from the analysis of CSF
have been an area of researchin both veterinary medicine and human medicine. Severd
additiona tests have been employed to increase the pecificity of CSF andysiswith
variablerates of success. However, thereis a group of enzymes, matrix
metalloproteinases (MMPs), that have been evauated in various diseases of the human
CSF. Information about these enzymes may prove to be beneficia. An overview of this
topic will aso be presented.
Production

About 60-70% of CSF is produced by the choroid plexus in the laterd, third, and
fourth ventricles. The remaining portion of CSF originates from blood vesselsin the pia—
arachnoid and, to some extent, by direct transudation from the brain itself either across
the ependyma lining of the ventricles or across the pia covering the surface of the brain.
Production of CSF by the choroid plexus arises primarily through two processes, passve
diffuson of some components of blood across fenestrated capillaries, and by active
secretion by the choroid plexus epithelium and ependymd lining.1 The production of
CSF by the dog has been reported to be relatively constant a 0.05 ml/min.1.2 Its
production is influenced mostly by blood osmotic pressure, and appears to be rlaively
independent of both blood hydrostatic pressure and ventricular pressure.3 About 60-70%
of CSF is produced in the ventricles (laterdl, 3rd and 4th) by the choroid plexus while the
remaining volume arises from the subarachnoid space.!
Circulation

CSF flow isthe result of movement of ciliaof the ependymd cdlslining the
ventricular system aswell as the pulsation of blood in the choroid plexus3 It circulates
through the laterd ventridlesinto the 3rd ventricle via the interventricular foramina and
then into the 4th ventricle by way of the mesencephalic aqueduct. CSF exitsthe



ventricular system by way of laterd apertures to the subarachnoid space of the brain. It
may aso go through the centra cand of the spind cord directly from the 4th ventricle3
Absor ption

CSF is absorbed by speciaized structures called arachnoid villi, located within
intracrania venous sinuses and cerebra veins. Arachnoid villi are tiny processes of the
arachnoid membrane that project through the venous sinuses of the dura4 A group of
arachnoid villi form arachnoid granulations. CSF is absorbed through a one-way vave
mechanism of the arachnoid villi. These valves are open when the pressure of CSF is
greater than venous pressure.2 CSF may aso be absorbed by lymphatics and veins
located around spinal nerves, spinal nerve roots, and cranial nerves | and 11.3
Barriers

The barriers that separate the systemic circulation from the centra nervous system
and cerebrospina fluid have important roles in regulating CSF compostion. They are
important consderationsin hedlth and disease. These barriers are known as the blood-
brain-barrier (BBB) and the blood CSF barrier.

The brain is separated from peripheral blood by a barrier referred to as the Blood
Brain Barrier (BBB). Thisbarrier is composed of astrocytic foot processes or podocytes,
that are located in the perivascular space, athin basement membrane, and modified
vascular endothdlia cdls with tight junctions® The BBB retricts the size of particles
that can enter the CNS.6

A second barrier, the blood- CSF barrier, separates peripheral blood from the CSF
compartment. This barrier conssts of fenestrated capillary endothdlid cells and
epithdlia cdls of the choroid plexus or ependyma. Also, in contrast to the BBB it does
not have a basement membrane. The blood-CSF barrier is not as exclusive asthe BBB
asaresult of the fenestrated endothelia cdls, which dlow someionsand small
substances such as glucose into the CSF, while preventing the entrance of large
molecules such as dbumin and other plasma proteins4:6  This barrier isfound primarily
a the circumventricular organs, which include the choroid plexus, median eminence, and

the area postrema.®



Content

The compostion of CSF differs from plasmain that it isan ultrefiltrate. An
ultrefiltrate isaliquid, plasmain this case, that that has passed through tiny pores that act
as a semipermesble membrane that separate smal particles such asions. The BBB,
limits the Size of molecules thet enter the CSF, aswell as redtricts the concentration of
CSF protein. Together these maintain CSF oncotic pressure below that of plasma® A
molecular weight of 65,000 datons, the Sze of dbumin, is generdly the largest protein
that will pass through the BBB.” Typicd tota protein concentrationsin canine plasma
are between 5 and 8 g/dl, while canine CSF protein concentrations are normally less than
25 mg/dl. Albumin isthe largest contributor to norma CSF protein concentration and is
generdly about 10% of serum concentrations. 1gG isaso present in low
concentrations.1:8 C3, IgM and IgA are normally not detectable8:9 Very few
components of CSF have been sudied in veterinary medicine in comparison to human
medicine where the number of CSF constituents studied is tremendous. 10 In humen
medicine generd topics of study include cytologica examination, biochemica markers
of malignancy, enzymes, amines and amino acids, and proteins 11

In comparison to periphera blood, spind fluid normally contains fewer cdls12
The normd cisernd CSF cdll count in dogsis lessthan 5 WBCsni, and 0 to 30
RBCsm.”-13 Mononuclear cdlls are the most common cell types, athough neutrophils

may be seen in smal numbers14  Lumbar CSF in dogs has been reported to contain
between 1 to 8 WBCs/m.14 Generdly CSF taken from this space contains fewer WBCs
than CSF taken at amore cranid Site. Possible explanations given for decreased WBCs
in lumbar CSF include alower rate of WBCs entering the CNSin thisregion and
possibly more WBCs leaving the CNS in thisregion. Another possibility isthat WBCsin
this region are lysed more quickly. 15

CSF dso contains less potassum, calcium and glucose, but more chloride,
magnesium and sodium than plasmal2 Normally CSF glucose is 60-80% of blood
glucose and changes in blood glucose cause changesin CSF glucose in about 1-3

hours.12



Function

CSF maintains homeostasis by providing nutrients as well as providing support
and protection to the central nervous system (CNS). In addition, thisfluid provides
drainage for the CNSin asmilar fashion to lymphatics e sawhere in the body.
Metabolites, neuropeptides and other materias diffuse into the CSF and are removed,
providing a means of waste disposd. CSF is dso known to carry neurotransmitters and
neuropeptides, which may be atered in diseases such as epilepsy and spina cord
compression.16-19
CSF Analysis

Routine andyss of CSF includes noting the gppearance of thefluid, in particular,
the color and clarity. Quantification of tota protein and glucose aswell as cdll counts for
nucleated and non-nucleated cells are dso routingly performed. Cytologicd analyss of
cdl types dso provides useful information. Specific gravity is not routindy determined
because it has not been found to be useful information.20 In addition, antibody titersto
infectious agents, microbid cultures, and polymerase chain reaction (PCR) evauation for
specific infectious agents have dl been performed on CSF. Finaly, CSF concentrations
of avariety of enzymes including lactate dehydrogenase and creatine kinase have been
described. While each of these enzymes have been corrdated to CNS injury, they have
not added to the specificity of the test and are not routindy performed. Electrolytesin
the CSF are rarely measured.
CSF Appearance

Normal CSFisclear and colorless. CSF that is bright red, but clears after
centrifugation, indicates iatrogenic or recent hemorrhage.12 A yelow coloring of the
fluid, or xanthochromia, may indicate previous subarachnoid hemorrhage or bilirubin.12
However, largeincreasesin protein, over 150 mg/dl, may also cause xanthochromia. The
presence of oxyhemoglobin may result in apink or yelow tinge to the fluid.12 High cdl
counts, over 500 cellsmm3, may cause the sample to appear cloudy.12
CSF Protein

CSF protein can be quantified by various methods. Due to the smaller quantities
of protein present in CSF than plasma, more sendgtive means for measurement are
required.12 The Pandy and Nonne-Apelt tests are used to identify large molecular



weight proteins such as globulins.12 The Pandy test utilizes carbolic acid to create
turbidity thet isindicative of the globulin concentration (over 50 mg/100mL).14 The
Nonne-Apdt test utilizes a solution of saturated ammonium sulfate to identify the
presence of increased globulins.14 Once CSF is placed in atube with the anmonium
sulfate, awhite-gray ring formsin the presence of increased globulins21 Thesetests do
provide much quantification.14 More accurate methods of protein determination include
the trichloroacetic acid turbidometric method, the Ponceau S red dye binding method, and
the Coomassie billiant blue method.14 Urinary protein reagent strips can be used for
gross identification of protein elevations. Leves of 2+ are consdered rdigble for
protein devationsin the level of (30-100mg/dl), dthough this method only identifies
dbumin.12,22 Storage of CSF samples does not gresatly affect protein concentration.23

Individua methods for quantifying abumin, IgG, IgM and IgA in normd canine
CSF have been described.® Rocket immunodectrophoresis (R-1EP) can be used to
measure albumin directly.8 An dternate method to quantify abumin involves the use of
adensitometer scanning technique after dectrophoresis of CSF in agarose24 Thetota
protein and the percentage of abumin found with eectrophoresisis used to determine a
gpecific amount. 1n addition, this method can aso be used to separate dpha, beta and
gammaglobulins” Immunoglobulins can be quantified in the CSF with radial
immunodiffusion and R-IEP.79
Alterationsin CSF Protein

Increases in CSF protein concentrations are common.  Unfortunately, elevations
in protein are rather nonspecific and can be the result of many different disease processes
including degenerative, compressive and inflammatory diseases.”+25-27 Thislack of
specificity mogt likely results from the fact that CSF protein concentration can be
affected by severd different mechanisms.

There are anumber of different mechanisms for increased protein in the CSF.
Partid disruptions of the BBB will initidly dlow abumin to increase within the CSF due
to leakage from the serum.12  However immunoglobulins, which are larger molecules
will cross with more savere BBB disruption. Contamination of the CSF with periphera
blood will cause anincreasein protein. Another mechanism isintratheca



immunoglobulin production by leukocytes. Under rare conditions, increased plasma
concentration of albumin will be reflected in CSF. Findlly occlusion of norma CSF flow
will aso result in increased CSF protein.®

Disruption of CNS barriers can dter CSF protein concentration by at least two
different mechanisms. Firgt, inflammation increases the permesbility of the BBB by
disrupting tight junctions between capillary endothelia cells resulting in amoderate rise
in CSF abumin without a corresponding increase in 1gG concentration.6 This occurs
because thefiltration rate across the BBB isinversely proportiond to the molecular
weight of the substance; more smal particles such as dbumin crossthe BBB in
comparison to larger immunoglobulins® The second type of dteration is a complete
disruption of the BBB that may occur in some disease states such as granulomatous
meningoencephditis or vird meningitis that results in accumulation of both albumin and
immunoglobulinsin the CSF6 In dogs, increases in CSF protein concentration may be
the result of disruptionsin the BBB, with resultant leskage from plasma, or from
increased loca synthesis of immunoglobulins12

One common finding with many types of CNS disease is dbuminocytologic
dissociation. This abnormdity is an increase in CSF protein with little or no increasein
white blood cdls.” Thisisanonspecific finding and results from any disease that causes
anor+inflammatory degeneration of nervous tissue or from serum leskage secondary to
vascular disruption.” It may be present with neoplastic diseases due to tumor
compression, or due to other degenerative processes such as hydrocephaus, or asthe
result of an infarction.

Certainly an increase in protein done does not provide much information.
Determination of the type of protein present may help identify the origin of the protein
and a particular disease process. Therefore, in order to determine the source of CSF
protein, various formulas have been proposed. These equations are intended to determine
the potentid cause for increased dbumin, or to identify a cause for increased
immunoglobulins.  These formulas include the dbumin quotient, the 1gG quotient and
the IgG index.



The Albumin Quoatient (AQ)

The Albumin Quotient (AQ) is used to assess the integrity of the BBB and is
based on the fact that abumin originates from serum.24 Theratio of CNS albumin to
serum abumin isincreased due to serum leskage acrossthe BBB. The AQ = (CSF
abumin , serum abumin) x 100. Increasesin the AQ greater than 2.35 indicate BBB
disruption.”-12  Inflammatory diseases may result in awide range of AQ values,
anywhere from anorma vaue up to adramatic increase. Degenerative conditions
typicaly result in moderate increasesin the AQ. Neoplastic diseases may cause marked
increasss in the AQ because of relative degrees of BBB disruption with each disease.’

Beta and gamma globulins may originate in serum or by intratheca production,
while dphaglobulins are from serum only.”  The AQ can be used to aid in the
interpretation of CSF dpha, beta, and gamma globulin fractionsin that an increase in this
ratio suggests BBB disruption.26 In a study of 52 dogs, electrophoresis was used to
determine the AQ and apha, beta and gamma globulin portions of CSF protein. The
electrophoresis findings alowed diseases to be grouped into categories that agreed with
the actual diagnogisin 73% of the cases; samples with low to norma CSF protein values
showed the least amount of differentiation by this method.26 In 15% of the casesthe
electrophoretic pattern was suggestive of CNS disease.26 It was determined that
increases in dbumin concentration were the most congstent sign of CNS disease.

There are many variables found in the analysis of CSF protein in cases of CNS
neoplasa. With thistype of disease the AQ may be increased without a concurrent
increase in gamma globulins because of partid disruption of the BBB.” Elevaionsin
CSF protein may occur secondary to neoplasia, without subsequent changesin cdlularity
due to tissue necrogs, fenestrations in tumor capillaries, or leakage of protein from the
sarum.7+24 |In addition, immunoglobulins may be produced near the site of the
neoplasm.”+26 One study found that in dogs with neoplasiathe AQ, abumin values,
aphaglobulin and beta globulins were devated, indicative a serum transudation. 24
1gG Quatient and 1gG Index

CSF 1gG normadly originates from lymphoid tissue outsde the CNS. It
can reflect disruption of the BBB. However with inflammeatory disease 1gG can be



synthesized intrathecally by activated lymphocytes that have entered the CNS.6 ThelgG
quotient is aformulathat compares serum 1gG with CSF 1gG. When used with the AQ it
can help disinguish between BBB disruption and intrathecal immunoglobulin
production. The 1gG index is caculated by the formula (CSF 1gG concentration/serum
|gG concentration)/ AQ.28 A value over 1.00 suggests production of 1gG in the CNS
and ismost likely the result of an inflammatory diseese.”  Examples of inflammatory
diseases that may have an increased 1gG Index include granulomatous
meningoencephalitis, Toxoplasmosis, and chronic canine distemper vird encephditis.”
Unfortunately the accuracy of these formulas have questioned.26

Using rocket immunoe ectrophoresis or agarose el ectrophoresis and the formulas
discussed previoudy, four possibilities for classification of CSF protein exist: 1)unatered
CSF, 2)BBB disturbance, 3)locd 1gG synthesis, 4)BBB disturbance + local 1gG
synthesis24.28 These techniques of protein classification are reported to be sensitive but
not specific. Therefore attempts have been made to categorize diseases based certain
patterns that emerge after eectrophoretic andysis of CSF. In dogs with canine
distemper, gamma globulin concentrations were elevated while in dogs with
granulomatous meningoencephditis, the beta and gamma globulin vaues were
elevated.24
Cdl Counts

The most common technique for determining total CSF cell countsiis by counting
cells on ahemocytometer. It is generaly accepted that cell counts should be obtained
within about 30 minutes of collection dueto cdlular deterioration in the low oncotic
environment of CSF.13 Some have suggested that serum may be added to CSF to
preserve nucleated cdlls for afew hours.”.21,.29 A recent study found that the addition of
11% autologous serum to CSF samples stored at 4° C alowed samplesto be evauated
for a least 48 hours without significant loses in ol morphology.30

Anincrease in the amount of white cdlsin CSF is caled apleocytosis14 This
change frequently occurs due to migration of peripheral white blood cells acrossthe
blood brain barrier in reponse to an inflammatory simulus23 The more disruption of
BBB present, the larger the increase in white blood cell count.”  Several diseases have



characterigtic cytological changes. Asarule, vira diseases tend to cause alymphocytic
pleocytoss, while neutrophils are more common with pyogenic bacterid infections.
Unfortunately, mixed cell responses are typica of a number of different infectious agents
as well as non-infectious inflammatory diseases such as granulomatous
meningoencephalitis and type | intervertebral disc disease.

CSF characteristics may change depending on the stage of the disease. This has
been demongrated that dogs with Steroid Responsive Meningitis, initidly have a
dramatic neutrophilic pleocytod's, but then progress to a monocytic pleocytoss over the
ensling months31 CSF may also be reevaluated to monitor response to therapy. 14,23
This has been advocated in diseases such as seroid responsive meningitis and
cryptococca meningitis31:32 |n human medicine repeated andysis of CSF is useful
because cell counts and cdll differentials can change during the course of a disease for
ingtance a chronic bacterid meningitis will in latter stages become neutrophilic. Also
repeated andyss of CSF is used in monitoring response to therapy in cases of infectious
meningitis (tuberculous meningitis and syphilis).33

latrogenic hemorrhage isamgor concern in the analysis of CSF. Whileit is
assumed that peripherd blood contamination will increase both red and white blood cell
numbers as well as protein concentrations, this has not be carefully evaluated in
veterinary patients. Based on earlier assumptions, formulas have been derived to correct
for hemorrhage. For example, for each 500 RBCs/ml present as a result of blood
contamination, the WBC numbersin CSF increase by approximately 1 WBC/m and
protein by Img/dl.15.23 Another method eva uates the patient’s blood at time of CSF
collection, the plasma WBC-RBC ratio x RBC concentration in CSF = expected number
of WBCs from contamination. Expected contamination WBC count is used to determine
sgnificance of the measured WBC count in CSF. Adjusted WBC count (observed minus
expected contamination), or the observed-expected WBC ratio can be measured.23 It has
been stated that the Observed- expected WBC ratio more is more accurate than the
adjusted in determining true WBC devation.23 Other studies have found that blood
contamination had little effect on white cells found in the CSF, but the effect on protein

concentration is not clear.34.35



Cytological Evaluation

Cytologicd evauation of CSF in al cases, isindicated even when the nuclested
odl count iswithin normd limits36 In some instances, (i.e. lymphosarcomaand fungal
encegphdlitis) cytologica evauation can provide a definitive diagnosis2’ Dueto a
normaly smdl amount of celsin the CSF, some means of concentrating cdllsis
necessary. A number of techniques have been described, including direct smears,
sedimentation, and filtration, and are described in detall in the ppendix. The technique
thought to provide optimum preservation of cdl morphology is cytocentrifugation.

While some authors have described specific patterns of cytologica changesin
various categories of CNS disease, most have reported a tremendous amount of overlap
between and within disease categories.2’ For example, meningiomas are typically
thought to result in an increase in CSF protein without a concomitant increase in white
blood cdls (abuminocytologic dissociation). However, one study found that the CSF of
dogs with confirmed meningiomas had a mean WBC count of 200 cells/ul with grester
than 50% neutrophils.37 Similarly a neutrophilic pleocytosis has aso is been reported
with other forms of neoplasiaincluding oligodendrogiliomas and astrocytomas.1°
Therefore, it isimpossible to discriminate between inflammatory and neoplastic diseases
on the basis of CSF aone.” Furthermore, in some infectious diseases (i.e. canine
distemper infections) CSF can be conspicuoudy norma. Therefore cytologica
evauation has limited utility.

Glucose

Glucose in measured routindy in CSF and has been reported to be decreased in
the presence of bacteria infections13 The change in glucose due to bacteria infections
isnot well provenin dogs.23 Furthermore, decreases in CSF glucose may aso result
from red blood cell metabolism when there has been Sgnificant contamination and a
delay in processing of CSF.12
CSF Titers

Antibodly titers to numerous infectious diseases including vird,, fungd, protozod,
and rickettsa agents, may be determined from CSF. Toxoplasmos's, Cryptococcoss,
Lyme Borrdiosis have been evauated by CSF titers. 233839 |n someinstances, (i.e.

Toxoplasmoss and Cryptococcosis) CSF titers may be more reliable that serum titers for

10



active infections23 CSF titers may be more reliable in nonbacteria than bacterid causes
of meningitis23 The most common titer dinicaly evaluated is for canine distemper
virus (CDV) antibody. When performed done, intratheca antibody production can be
difficult to differentiate from BBB bregkdown. Therefore, either an AQ should be
evauated or titers for diseases that are not likely to result in intratheca antibody
production, such as parvovirus, can be compared to CDV titersto aid in this
differentiation.40 To further aid in the diagnosis of distemper CDV vird antigens may
dso be detected in CSF cdls with immunofluourescent antibodies#  In addiition,
antimyelin basic protein antibody may be present in the CSF in some cases of Chronic
CDV encephdomydlitis, where chronic demyeination may be related to an immune
response.#2
Enzymes

Enzymes including cregtine kinase (CK) and lactate dehydrogenase (LDH) have
been evaluated in the CSF.7:12,43  Increased enzyme activity in the CSF may be the
result of diffuson from plasma across a disrupted BBB, leakage into the CSF from
diseased CNS tissues, or discharge from inflammatory cells, neoplastic cells, or
microorganisms.12 A specific brain isobenzyme of CK has been identified athough it has
not proven to be useful.”:12 L actate dehydrogenase levels have been evaluated in an
atempt to identify disruptionsin the BBB.43 Thelevd of LDH in the serum of hedthy
dogs was about ten times the amount in CSF in one study and the authors speculated that
dterationsin this ratio might hdp to identify BBB disruption.  Unfortunately most
enzyme assay's lack specificity for disease identification. 15
CSF Culture

Various types of culture and organism identification have been employed for
vird, bacterid and fungd infections. Both aerobic and anaerobic bacterid cultures of
CSF may be done when an infectious organism is suspected. Funga culture of CSF can
be used to isolate Cryptococcus and viral isolation has aso been used to aid in cases of
vird meningoencephditis 38:44-46  However, positive culture results are uncommon in
veterinary mediicine even with cytologica evidence of inflammation.23:25 A lack of
positive cultures may be the result of problems with sample handling, culturing media, or

11



alow number of organismsin the CSF.23 Indications for anaerobic cultures include the
presence of amass lesion or the presence of multiple organismsin the CSF.23
| dentification of antigens

| dentification of antigensis the mogt pecific means of infectious disease
diagnosis40 Thisis possible in some diseases such as cryptococca meningitis or in
canine digemper virus (CDV) through latex agglutination or fluorescent antibody testing
respectively.32:41 However, for many diseases antigen detection has not been possible.
Polymerase chain reaction (PCR) can be used to overcome the limitations of small
amounts of DNA. Thisprocessis used increases an infectious agent’s DNA or RNA,
which can then be measured by other processes. Thisis helpful in caseswherethe
organism cannot be cultured. 40 In veterinary medicine PCR has been used to amplify
DNA from Sarcocystis neurona, the causative agent of Equine Protozod
Myeloencephdiitis, in the CSF of horses47 However since the Sarcocystis organism
rarely occursin the CSF, the test is usualy negative, and is therefore not clinicaly
useful.48 1t has also been used to identify Toxoplasmagondii from the CSF of dogs and
cats, and CDV in dogs49,50
CSF Callection

CSF isusudly collected from the cerebellomedullary cistern or from the lumbar
gpaces L5-L6 or L6-L7 indogs. The technique for CSF collection has been reviewed
elsawhere 29 The site of collection varies with the suspected site of the lesion. Dueto
CSF flow, samples should be collected caudal to the site of the suspected lesion.®1  This
means that for suspected spind cord diseases, CSF from alumbar collection should be
andyzed. However, lumbar samplestend to contain more iatrogenic hemorrhage, are
sndler in sample size, and may be technicaly more difficult to obtain, 1951
Contraindications

CSF collectionisardatively safe procedure, however there are some risks with
the procedure. It is contraindicated if the anima cannot undergo genera anesthesia
Increased intracrania pressure is also a contraindication for CSF collection due to the
risk of brain herniation. Therefore, advanced imaging of the brain such as CT or MRI is
suggested before collecting CSF.29 Herniation results from a sudden changein the



pressure that occurs when CSF is removed from the cerebellomedullary cistern or the

lumbar CSF space.29
Summary

With thisreview of CSF andysis asit pertains to veterinary medicine, it should
become gpparent that CSF andysis provides some diagnogtic information. It generdly
alows categorization of the disease into inflammatory and nortinflammeatory categories.
However CSF rarely provides a specific diagnosis®  1n one study, it was found that in
1/3 of dogs with an inflammatory or infectious disease it was difficult to impossible to
identify the specific cause of the inflammation.2> New methods of gaining diagnostic
information from CSF are under investigation. For ingtance interleukin-8 activity has
been evauated in dogs with steroid responsive meningitis-arteritis and found to be
devated.>2 Nonetheless much more information can be gained from CSF andysis.

In human medicine a group of enzymes, matrix metalloproteinases (MMPs), have
been shown to correlate with certain diseases of the CNS. CSF and tissue concentrations
of these enzymes are dtered in many neurologic diseasesincluding vird meningitis,
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), brain tumors, and cerebrd
ischemia>3-58 MM P expression may show characterigtic patterns, which can aid in both
diagnosis and prognosis of specific diseasesin humans. Further more, there is extensve
research involving the role these enzymes play in the pathogeness of disease and the
potential for MMP inhibition as aform of therapy.
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Chapter 2: Matrix Metalloproteinases
Matrix metaloproteinases (MMPs) are alarge group of zinc dependent

endoprotei nases that have the ability to degrade components of the extracellular matrix
(ECM).39 Thisgroup of enzymesis part of alarger class of endoproteinasesthat al
hydrolyze the internal bonds of various proteins0 MM Psfirst received attention in
1962 for their role in the dissolution of tadpoletails®l Sincethat time, research in this
field has grown exponentidly. At least 17 different enzymes have been described that
play an important role in a number of norma physiologic processes aswell as
pathologica events62

In addition to having the ability to degrade the ECM, MM Ps have a number of
other common features. All are secreted in an inactive or latent form. MMPs can be
activated by organomercurid compounds, and inhibited by tissue inhibitors of
metalloproteinases (TIMPs). Furthermore, they al have regions of homologous DNA.63
Findly, these enzymes are calcium-dependent, which isimportant in inhibition.64

MMP terminology is confusing as multiple names have been used to describe
both the group of enzymes aswell asindividud MMPs. Similar subgirate specificity has
resulted in MM Ps being named by a particular substance they degrade, even though they
may be capable of degrading other substances.3 MM Ps can be divided into four groups
based on substrate specificity, these include collagenases, stromelysins, gdlatinases, and
membrane-type MMPs,
MMP Structure

Structurd smilarities and differences between MMPs alows further digtinction
and classfication. Members of each MMP family have conserved domains that
distinguish them asagroup.6> Many share the same propeptide and N-terminus
catalytic domains6 They are grouped by fibronectin-like repeats, transmembrane
domains and C-terminus hemopexin-like domains into collagenases, gelatinases,
sgromdysins, and membrane-type MMPs (MT-MMP).66

Each MMP contains a pre-domain that is aleader sequence of the enzyme.67
(Figure2-1) The leader sequence labels the enzyme for secretion, but is absent in the
enzyme's next form, the latent enzyme.65.68  The next region is the pro-domain, which
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isremoved at the time of enzyme activation. This portion of the domain, the N-termina
domain, is highly conserved and is responsible for enzyme latency.67,68  The catadytic
domain contains a conserved sequence that is the zinc binding site.65.67,68 The
hemopexin domain is a heme-binding peptide at the carboxyl-termina end.67 Itis
present in all MMPs but matrilysin, and is responsible for substrate specificity.65.68 The

gelatinases have a collagen-binding domain known as the fibronectin domain.67

Figure 2-1: Domain Structuresof MM Ps

Pre Propeptide N-terminus C-terminus
Doman  Region cataytic domain
Hinge Region

Zn I

MMP 2

MMP-2, dso known as Geldinase A, may have the widest physiologic
digribution.69 The latent form, which isinactive, is also referred to as the proenzyme.
ProMM P-2 has amolecular weight of 72 kDawhile the active form is 62 kDa.63 Based
on in vitro assays of multiple substrates MM P-2 degrades denatured collagen (gdtin),
type IV (basement membrane) collagen, type V collagen, and dagtin.63.70  Tissue
inhibitor of metalloproteinase 2 (TIMP-2) binds with MMP-2 to inhibit this enzymée's
activity.66,71 There has been some variability in the molecular weights reported for
these enzymes. Active MMP 2 has also been reported to be 64 kDa.”2
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MMP9

MMP-9 isaso known as Gdlatinase B. In the latent form Pro-MMP9 may be 92
or 100 kDa, and there have been 130 kDa and 250 kDa variations of MMP 9 reported; 72
the active form is 84 kDa.63 Thisenzyme s capable of degrading denatured collagen
(gddin), type IV (basement membrane) collagen, type V collagen, and eladtin.63
Because large amounts are present in neutrophils, it has aso been called neutrophil
elastase.89 Plasmin is known to be an activator of MMP 9.62 TIMP-1 inhibits the
activity of MMP 966,71
Céllsthat expressMMPs

L eukocytes, endothdlia cdlls, trophoblasts, and tumor cells al express MMP 2.69
MM Ps may be secreted into the ECM or expressed in a plasma membrane bound form. 62
Cdllsthat secrete MMPs do not store them for later use.®9 Secretion may be stimulated
by multiple factors including growth factors, oncogenes, and cytokines.67,73
Regulation

Since MMPs are active in so many physiologica processes, their activity must be
tightly controlled. There are three different mechanisms by which MMP function can be
controlled; regulation of gene expresson and trandation, secretion of the enzymesin an
inactive form that require activation, and inhibition by tissue inhibitors of MMPs.
(TIMPs).74.75 Many MMPs are not expressed condgtituitively and must therefore be
expressed when needed.”®6  There are multiple compounds that mediate MMP
expresson. Growth factors such as Epidermd growth factor, and cytokines such as
tumor necrosis factor alpha (TNFa) and interleukin 1 are known to induce
transcription. 70,77 Prostaglandin E2 and other eicosanoids transforming growth factor
beta have an inhibitory influence on transcription.62,77  Production of MMPs can be
gimulated by TNFalpha, lipopolysaccharide, immediate early genes, c-fosand c-jun, IL-
1beta and others.”® Freeradicals can dso activate MMPs.’8

Another mechanism of regulation is the secretion of MMPsiin latent, or inactive
forms. Most are then activated by remova of the amino-termina propeptide.”6 The
process of activation results in a decrease in molecular weight of the enzyme due the loss

of the propeptide. The proMMP form is present where a zinc atom in the catalytic
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domain is bound to cysteine in the pro- peptide region. When the bond is broken and the
catdytic Ste is exposed, the enzyme becomes intermediately active. This can then lead
to a process, known as the cysteine switch, where the enzyme autocatalyzes and cleaves
the propeptide to become fully activated.62,79  Proteinases, such as plasmin, trypsin, or
kallikrein, activate MMPs in a stepwise manner.62,77  |n addition, pathways that result
in activation work synergiticaly and lead to activation of other MM Ps.66

The third control mechanism isinhibition by tissue inhibitors of
metalloproteinases. TIMPs regulate MM Ps once they have been activated through a
process of 1:1 noncovaent complexing.66 However, TIMPs can aso bind with
proMMPs to regulate MMP activity.66 TIMPs bind to MMPs and grestly reduce their
proteolytic activity.®3 Alphamacroglobulins found in serum have alarge molecular
weight that can inhibit MM Ps by stopping them from entering tissue spaces.69
Physiologic Processes

The ECM is composed of proteoglycans and proteinsthat exist in ahighly
organized fashion and play arolein sructurd integrity. By participating in processes
such as cdll proliferation, differentiation, and adhesion and migration of cdls, the ECM is
important in physologic events such as development of the organism, remodeling of
tissues, inflanmation and invasion of tumors.”6 The ECM isimportant in maintaining
the structure of the CNSin addition to itsrole in transport of ions, cell migration and
delivery of growth factors54 In the CNS, connective and vascular tissues contain most
of the collagen, fibronectin, and laminin8® The basal laminais composed primarily of
laminin and type IV collagen and is an important structure because of its role as a barrier
in the CNS.81

Normal physiologic processes that involve MMPs include angiogenes's,
reproduction (embryo development and tissue involution)82 and wound healing.62.74,83
Angiogenessis aided by MMP mediated destruction of the ECM, which alows capillary
growth and expansion. The process of wound heding is smilar in that MMP activity
alows new cdlsto expand into the ECM. Inflammatory processes induce MMP
expression secondary to cytokine stimulaion. The MM Ps then degrade the ECM and
alow leukocyte invason into the surrounding tissues.
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In the brain, cerebellar granule cdls and astrocytes synthesize MMPs during
development. Glid cells and neurons produce MMP during neova scularization and
growth of neurites.’6 Cdllsin the CNS that produce gel atinases include astrocytes and
microglid cdls80.84 T cdls and macrophages produce both gelatinases, which are
involved with breakdown of the subendothdid basement membrane and their subsequent
migration out of the vessds84 MMPs 2 and 9 are found mostly in microgliaand
astrocytes in normal white matter.80
Pathology

MMP activity is normaly tightly controlled. Loss of regulation resultsin
pathology.66 The basis for the role MMPs play in disease has two components. When
there is more enzyme than inhibitor, destruction of tissues or invasion of tissues by other
cdlsoccurs. When there is more inhibitor than enzyme, fibrosis occurs. Furthermore, a
lack of MMP production has been incriminated in fibrotic diseases such asfibrotic lung
disease, glomerulonephritis, and hepatic cirrhosis 8>

The knowledge of the role these enzymes play in various diseases is rgpidly
expanding. Diseases for which excessve MMP activity has been implicated in the
pathophysiology include cardiovascular disease such as atheroscleros's, cance,
rheumatoid arthritis, glomerulonephritis, periodontal disease, fibrotic lung disease, and
tissue ulceration.62,74,83,86  Geatinase activity isincreased in neoplagtic cdlswith a
higher metagtatic potential.87 Through its ability to degrade type IV collagen, MMP 9is
important in the destruction of the basal lamina, which adlows for tumor cdl invason and
metastasis 86
CanineMMPs

MMPs have been described in dogs. Specifically, canine MM P2 and MM P9 have
been identified in a variety of tissues88-92 These MM Ps have been quditatively
measured by sodium dodecylsulfate polyacrylimide gel eectrophoresis (SDS-PAGE)
with degradation of a subgtrate, referred to as zymography. ELISA and western blot
techniques, usng human anti-metall oproteinase antibodies, have aso been used.
Coughlan and others evauated canine synovid fluid taken from dogs with rheumatoid
arthritis for the presence of MMP2 and MMP 9. With the use of zymography it was
found that there was gdlatinase activity at 62 kDa (MMP2) and at 240 and 88 kDa
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(MMP9) bands.88 MMP 9 levels were elevated in arthritic joints in comparison to
normd joints88 This study found that canine MMP9 is probably 88 kDa based on
electrophoretic migration.88

In another study, MMP 2, a 62 kDa band measured by zymography, cross reacted
to polyclond antiserum againgt human MMP-2 and was not eevated in normd synovid
fluid89 In this same study a 15 N-termina residue of 62 kDa canine protein band
showed 87% homology to the human proMMP2 sequence.8®

MMP activity has been found in various other canine pathologica conditions.
MMP 9 has been characterized in the brains of dogs that displayed Alzheimer’'s disease
typedinicad dgns. Thiswas done by using a combination of zymography and ELISA
that used human monoclond antibodies against MMP 991 In dogs with
cardiomyopathy, pro MMP9 (90 kDa) was elevated in myocardid tissue from Doberman
pinschers when compared to norma samples, suggesting thet this enzymeisinvolved
either directly or indirectly in the pathophysiology of thisdisease®0  Recently, by use of
zymography, canine high-grade osteosarcomas were found to have significantly more
MMP 2 and MMP 9 activity when compared to normal tissues.92 Also, mast cell tumors
have been evauated in a smilar fashion and found to have increased amounts of active
MMP 2 and active MMP9.93
Methods of Detecting/Analysis of MM Ps
Zymography

MMPs have been evauated in many types of tissues and fluids by various means.
Zymography, substrate-incorporated SDS-PAGE, atechnique that is used extengvely in
the study of MMPs.  This process dlows the identification of individual MMPs and can
provide a semiquantitative amount of each enzyme present.94 Zymography isaso
beneficia because it demongtrates MMPs in their various forms (both active and latent)
on the same gdl based on their molecular weights.94 In this technique, a substrate such as
gdatin is copolymerized with acrylamide in the running gdl.9° The enzymes are
separated based on their migration in an éectric fiedld under non-reducing conditions. 96
The use of SDSfor denaturation non-enzyméticaly activates MMPs, which dlows for

the identification of the active and pro forms of the enzymes.”9:94.96 Next, a detergent,
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such as Triton X 100, is used to digplace SDS from proteins dlowing the enzymes to be

re-activated.96 The gds are then incubated in a cacium chloride containing enzyme
buffer, which enhances their activity. The gdatin in the gdsisthen sained with
Coomasie blue. Areas of clearing correspond to areas of gelatin degradation, which
indicates enzyme activity.94

This process is sendtive enough to identify picogram quantities of MMPs. The
sengitivity of zymography can be increased even more by lengthening incubation
times81,94 Based on finding MMP 9 in CSF of patients with both vira meningitis and
multiple sclerosis only with zymography and not ELISA, zymography is considered more
sengitive.23.84 The detection limit for MMP 2 was 2 pg with 48 hours of incubation (vs.
10- 20 pg after 18 hours of incubation).94

Zymography can be used to semi-quantify enzymes using densitometry of the
areas of clearing inthe gel. This technique requires an imaging System to measure the
enzyme bands.94 Arbitrary units are assigned to both the degree of gelatin degradation as
well as the width of the zone of dlearing.56 While controversia, many believe computer
scanning can identify more faint bands of clearing that can not be visudized
directly.53.84 Theintensity of the bands has been shown to corrdlate with MMP
concentrations measured by ELISA in human samples of CSF.53 Unfortunatdly, it has
been shown by Leppert and others that MMP 9 has 25 times more activity against gelatin
than MMP 2, which may make direct comparison between bands of clearing on the same
gdl problematic.81

The use of enzyme inhibition provides further proof that these enzymes are indeed
MMPs.55  For example canine MMP 2 and MMP 9 in osteosarcomas has been evaluated
and compared to human MMP standards by first using zymography and then by
inhibiting the activity of the enzymes using TIMP 2 and EDTA.92 Others studies have
used the addition of chdating agents EDTA or phenanthroline to the enzyme buffer to
again inactivate the enzyme. Comparing untrested and treat gelswill then help to verify
the enzymesin question are calcium dependent, their activity is inhibited by chelation.97

Naturaly occurring inhibitors of MM Ps can complicate MM P identification when
using an enzyme activity assay. However, the process of zymography separates MMPs
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from thelr low molecular weight inhibitors (TIMPS). Theseinhibitors are normaly
present as part of the mechanism of control of MMPs. However TIMP levels may be
dtered in with various diseases. This alows the identification of the MMP and is another
advantage of zymography.94 Furthermore, reverse zymography can be used to identify
TIMPs. Inthis procedure regular zymography is performed and then the gds are
incubated in a buffer containing MMPs. All gelatin is degraded by the MMPs except in
the portion of the gel wherethe TIMPs are located. Therefore these areas are the only
regions that are stained.98
ELISA

A one-step sandwich enzyme immunoassay using monoclond antibodies has been
developed for human MMP 9 and has been used to evauate human plasma®® ELISAs
for many different MMPs are now commercidly avalable. They have the advantage of
being specific for individud MMPs, providing quantification of MMPsin ardatively
small amount of time, and not being dtered by TIMP binding.100 Unfortunately, ELISA
does not dlow the identification of activated and latert MMPs.  While zymography is
more sengtive, it isonly semiquantitative. Thisis because an MMP that is complexed or
degraded shows a different pattern of migration and would not be included in the
messurement of a particular band.  For thisreason ELISA cannot be directly compared
with zymography.84 The combination of ELISA and zymography may be helpful when
used together.
Normal values

There is consderable variation in the amounts of MMP 2 and MMP 9 that have
been reported in human CSF. In one study, MMP 2 levels were found to range from 14.6
to 183.2 ng/ml in norma human CSF when measured by ELISA. In the same study,
patients with vird infections had MMP-2 levels ranging from 1.8 to 134 ng/ml.53 Ina
group of norma CSF samples taken from humans there was a median MMP 2
concentration of 32.7 ng/ml.>3  All normal samples of CSF found to have no MMP-9 by
zymography, were evaluated by ELISA and found to be negetive (detection limit 0.8
ng/ml). In patients that had CSF positive for MMP 9 (33%) as determined by the more
sengitive technique of zymography, the levels ranged from 1-87 ng/ml.>3 In one group of
patients with MS, MMP 2 was found to be present in levels between 0.51 ng/ml (the
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detection limit of the assay) and 1.95 ng/ml.84 The samples were not quantified because
no differences were found between in MMP 2 levelsin the norma group when compared
to patients with MS.84
MMP’ sin CNSdisease

Based on studies evauaing norma human subjects MMP 2 is condtituitively
expressed in CSF and in CNS tissues, while significant quantities of MMP 9 are
produced only as the result of pathological processes.”8 In the norma human brain,
MMP 2 expression can be detected by in both neurons as well as unidentifiable cdllsin
the perivascular space.84 Others have found MMP expression in microglia,
oligodendrocytes and astrocytes.66  Membrane type MMP, another class of MMP,
activates latent MMP 2 produced by astrocytes during norma physiologic processes such
as growth and tissue remodding. 8 MMP 2 is expressed in human and anima CSFina
latent form. However, based on studies in lab animals where MMP 2 was injected
intracerebrally, active MMP 2 is capable of disrupting the BBB.60

Contrary to earlier studies, most authors agree that no MMP 9 is present in the
CSF of hedthy individuals53.56,101-105  Using immunocytochemistry it has been
shown that MMP 9 is not normally present in CNS parenchyma. However, it may be
found in neutrophils within the CNS vasculature and some white matter microglia
cdlsb4.80  TIMP-1, aninhibitor of MMP 9, is condtituitively expressed in normal
human CSF.105

MMPs have multiple roles in diseases of the CNS. The inactive form of MMP 9
isfound in the CSF in avariety of nervous system diseases of humans and lab animals
induding Mutiple Sclerosis, vird meningitis, Lyme disease, and bacterid meningitis.
53,54,56,84,101,102,106,107 A common feature of these diseasesis disruption of the
BBB and migration of leukocytesinto the CNS. It has been postulated that MMP 9 is
involved in the disruption of the BBB.103,106 |n addition, MMP 9 may be involved with
the migration of white cells across blood vessds 103 Other MMP pro-inflammatory
actionsinclude destruction of myelin and tumor necrosis factor alpharelease.”” These
activities may be mediated through MMP release by leukocytes and brain tissue during
pathologic processes like inflammeation or even metastass. MMP activity may result in



edema and hemorrhage as aresult of disruption of CNS vasculature. Thiswas
demonstrated using MMP inhibitorsin lab animals.76,108

The degradation of the blood-nerve or blood-brain-barrier secondary to MMPs 2
and 9 dlows immune cdlls to enter the nervous system from the blood through the
disruption of the subendothdlial basement membrane.81.109 |n norma human white
matter it has been shown that microglid cells were immunoreactive for MMP 9, which
may alow rapid production and activation during disease.80 Anin vitro study using rat
astrocytes showed that these cells produce MMP 2 and MMP 9 that can be stimulated by
cytokines such asinterleukin 1 and inhibited by such cytokine dtering drugs as
corticosteroids. 110 |n cases of bacterid meningitis where 27 children were followed over
time with repetitive neurologica examinations and CSF analys's, apositive correlation
was found between increasing MMP 9 concentrations and TNF dphalevelsaswell as
residua neurologica damage.105
Stroke

MMP 9 is expressed in most microvascular endothdid cdls while MMP 2 is nat,
suggesting that MMP 9 plays arole in inflammatory disease states80  For this reason
MMP 9 might have asignificant role in CNSischemic events such as sroke.84 In acute
ischemic lesons, MMP 9 expression is gregtly eevated in invading neutrophils and
meacrophages, indicating that this MMP isinvolved in the processes of secondary tissue
injury and vasogenic edema as aresult of leukocyte invasion.64 Onetheory to explain
some of the actions of MMP 9 has been taken from the link between an increased risk of
hemorrhage and the use of tissue plasminogen activator (t-PA) for acute stroke lesions.
Tissue-plasminogen-activator activates MM Ps and therefore might enhance vascular
disruption leading to hemorrhage.64

Based on tissue samples taken from patients with ischemic brain injuries, after a
stroke, MMP 9 activity is greater than MMP 2 within the CNS.58 While MMPs 2 and 9
are present in norma plasma, based on the disproportionate rissin CNSMMP 9
compared to MMP 2 in these cases, the increase in MMP 9 is probably not due to enzyme
leakage but rather secondary to MMP 9'srole in the pathophysiology of stroke.>8
However, MMP 2 isdso involved in this type of disease process. Inafoca ischemia
modd in the brain of primates, there is a ggnificant increase in latert MMP 2 within one
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hour following middle cerebra artery occlusion and reperfusion, which dso corrdates
with the extent of neurond injury.111

MMPs may have more of arole than just destruction of the BBB following CNS
ischemic injuries. After a collagenase induced injury to rat brains, an increased amount
of MMP 9 was present. Unfortunately the source of MMP 9 in this study was
unknown.112 However, this study supports the enzyme srolein not only BBB
breakdown, but also ECM disruption that |leads to edema and cell death.112 Also
following hemorrhagic transformetion following an ischemic injury, latent MMP 9 levels
areincreased.111 In thistype of disease process the use of a broad spectrum MMP
inhibitor BB-1101 reduces secondary brain edema 113
Inflammatory Diseases

MMPs are important in inflammatory diseases of the CNS. Altered MMP profiles
have been found in the CNS of patients with Lyme disease, HIV, and bacterid
meningjtis. 54,103,105,106  Patjents with neuroborreliosis were found to have increased
MMP-9 levelsin the CSF.54 MMP mediated destruction of the ECM may promote the
spread of organisms such as B. burgdorferi in the CNS.54 Other infectious diseases show
dteraionsin MMP expresson. In children with bacterid meningitis, 97% of patients
had MMP 9 in their CSF. However, levels of MMP 2 and TIMP 2 were not
increased.105 Thereis dso Smilar MMP expression in patients with viral meningitis.>3
In these cases the neutrophil count correlated with MMP-9 leve s while mononuclear
cdlsdid not.>3 Patients with HIV aso show MMP-9 activity that correlates with CSF
pleocytosis and an increased CSF-to-serum abumin ratio.103 |t is specul ated that
MMPs are involved in the pathogenesis of neurological complications of HIV.103 MMP
9isincreased in Human T cdl lymphotrophic virus type 1 infected human and rat glid
cells, while MMP 2 expression is not changed.114 HTLV-1 isthe agent that causes a
chronic myeopathy (HTLV-1 associated myelopathy). The exact role of MMPsin this
disease processis probably smilar to the activity of MMP 9 in other diseases in that this
enzyme damages the BBB, but might aso have arolein CNS ECM destruction. 114

CSF MMP levels are d <o dtered in anima infectious CNS diseases. Rabbits with
pneumococa meningitis have increasesin CSF protein and cell count that correlaes with
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increasesin MMP-9 levels107 MMP-9is aso present in the CSF of rats with
experimentally induced meningococcal meningitis 106 The adminigtration of the MMP
inhibitor BB-94 (Batimastat) decreases the BBB permesbility in these rats, but WBC
counts are not significantly different.106 Based on these results, MMP 9 inhibition does
not inhibit WBC migration into the CNS.

Immune M ediated Diseases

Immune mediated inflammatory diseases aso show changesin MMP expression.
MMP-9 hasincreased activity in the blood of human patients with Guillain-Barre
syndrome and increasing levels correlates with the severity of neurologica deficits 115
Also, human chronic inflammatory neuropathies have significant MMP 2 and MMP 9
activity, mediated through T clls109 In experimenta autoimmune neuritisin mice, an
expeimenta modd of Guillan-Barre syndrome, MMP 9iselevated inthe T
lymphocytes that surround blood vessdls116 This suggests arole for MMP 9inthe
disruption of the blood-nerve barrier due to its presence in inflammeatory cells.

MMPs are involved in the pathogenesis of multiple scleross (MS) and the murine
inflammatory CNS disease, experimental autoimmune encgphaomyditisS6.117  MMPs
2 and 9 may havetwo rolesin MS, disruption of the BBB dlowing invason by
inflammatory cdlls and the destruction of mydin.84 In addition to destroying mydin
basic protein, the matrix component of the nerve shesth is also destroyed.117 MMP 9
levels corrdate with gadolinium contrast enhancement on MRI, a common method of
eva uating breskdown of the BBB.102

Cdllsthat produce MMP 9 in M S include astrocytes, microglia and endothdlid
cdls117 |Invading white cdls, in particular monocytes and lymphocytes, may aso
release MMPs that are found in perivascular cuffs around CNS vasculature.64.117 One
group suggested that mononuclear cells are the source of MMP 9 in this disease, based on
anincrease of MMP 9, but not MMP 2, in CSF.84  Others have reported that MMP 9 is
found mostly in macrophages in acute MS lesons, but then later it isfound only in
neutrophils.64

Further support of the importance of MMPs in this disease is seen in patients with

multiple sclerosis where elevated levels of MMP 9 have been found in the serum as well
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asthe CSF.84,118 Serum may leak across a disrupted BBB and account for some of the
increasein MMP 9 found in the brain.84 Expression of MMPsin MSis not constant. A
difference in MMP activity occurs based on the age of the MS lesion.64 Acute lesions
have more MMP 2 than those that are more chronic. 64

Thereis some debate about the exact role of MMPsin MS patients. MMP 2 most
likely has arole in the pathophysiology of MS because it can degrade the intrinsic
membrane protein of myelin, mydin basic protein (MBP). Based on the work of
Chandler and others usng Hamster ovary cell produced MMPs, MMP 2 is 100 times
more able to degrade MBP than MMP 9.117 Therefore, MMP 9 may be a marker of MS,
but may not be the most destructive component of the disease.64

CSF MMP 9 levels do not correlate with the clinica severity of MS84 Also,
there are variations in CSF MMP 9 expression based on the type of MS present. MMP 9
activity is present in 100% of patients with relgpsing-remitting multiple sclerogs but in
only 57% of patients with primary progressive multiple sclerosis84 In the relgpsing and
remitting form of the disecase MMP 9 leves correlate with the I1gG index, which is
supportive of chronic intrathecal immunoglobulin production.84 The presence of MMP-
9in CSF may be a sendtive indicator of neuroinflammatory disease, but it is not specific
for aparticular type of disease such as relgpsing-remitting MS or meningitis. This makes
differentiation of the two diseases difficult by MMP analysis done.84
CNS Neoplasia

MMPs are involved in CNS neoplastic processes including gliomas and
meningiomas>7,119-121 MMP2 and MMP9 levels corrdate with activity of brain tumors
in some studies.”2 These enzymes may have multiple functionsin neoplasiaincuding
the destruction of the ECM, which dlows tumor cellsto invade and metastasize within
the CN'S, in addition to promoting angiogenesis.”’2:121,122  |n hedth, the CNS
extracelular matrix contains the glycoprotein versican and glid hyauronate binding
protein (GHAP) both of which inhibit the migration of neurons, cdl attachment and
axona growth. 72

Human malignant gliomas have an increased level of MMP 2 when compared to
normd brain tissue119 This enzyme exists in the endothelium of migrating and dividing
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cerebral vessds, suggesting arole for angiogenesis and tumor invasion.119  In another
study of human gliomas, it was found that MMP 2 was upregulated and it was suggested
that this enzyme played arolein invasion by tumor cdlls and angiogenesis122 MMP
expresson in human gliomas has been inconsstent; a recent study found MMP 2 activity
to be more eevated and only faint bands of MMP 9 were found with zymography. 121

MMP expression is correlated with the prognosis and aggressiveness of some
CNS neoplastic diseases. In cases of human pediatric neuroblastoma, MMP 2 activation
by MT-MMP1, amembrane type MMP 1, was correlated with the stage of the disease
and resulted in aworse outcome.123 - Active MMP 2 is not present in normal tissues.
Increased MMP 9 activity is present in human glioblastomas when compared to
meningiomas and astrocytomas.124  This suggests that MMP 9 plays alarge rolein the
invasiveness of this aggressive type of tumor.124

The CSF of patients with primary and metagtatic brain tumors was found to have

proMMP-9 in addition to the proMMP-2 present in control samples.”2 In some forms of
CNS neoplasiathe form of MMP present may be suggestive of a particular disease
process. For instance activated MMP-2 may be an indicator of meninged

carcinomatosis./2  Therefore, analysis of CSF may serve to aid in diagnosis and

detection of tumor recurrence, prognostication, as atarget for therapy. /2 No correlation
was found between MMP levels and glucose and protein quantitiesin these types of
cases.’2
CSF Cdl Count and MMP Levels

The relationship between CSF cell counts and MMP levelsis unresolved as
various studies have found conflicting results. Leukocytes produce MMPs, however,
other cdlswithin the CNS, including endothelia and glia cells, produce MMPs and
therefore may contribute to CSF levels of these enzymes.  Possible reason for variations
reported in MMP production may be the result of the type of disease present aswell as
the stage of the disease. While MMPs play in the breakdown of the BBB and the
migration of WBCsiinto the CNS, basic questions still remain about The exact
relationship between CSF MMP levels and CSF leukocyte counts. This areaclearly
warrants further investigation.
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Some have reported that the CSF cell count and MMP 9 levels do not correlate in
diseases like bacterid meningitis, MS or optic neuritis 101,105 However, acorrdation
between increased MM P9 and a pleocytossin CSF has been found in multiple CNS
diseases such as MS, Lyme disease and vird meningitis.53,54,96,84,125 |n arecent study
of patients with various neurologica disorders, MMP9 was present in dl CSF samples
with cell counts greater than greater than 4/m.125 Blood brain barrier disruption aone,
determined by the dbumin quotient, did not result in large eevations of MMP9 in these
patients.125 However a pleocytosis aone does not account for increased MMP activity
because in some patients with relgpsing-remitting MS with norma CSF cell counts
(<4/m), measurable levels of MMP 9 in CSF can be present.84

Multiple studies have confirmed the relationship between pleocytoss and MMP
levels. However, it may be difficult to make correlations between other parametersin
CSF. Thismay be because much of MMP 9 found in CSF isthe product of leukocytes
and not from the serum secondary to BBB disruption.  There was no correlation between
the abumin quotient and CSF MMP9 levels or the CSF/serum ratio of MMP9 and the
abumin quotient in patients with various CNS inflammatory diseases.125 Also, MMP 9
levelsin CSF have not correlated with the albumin quotient in some cases of MS84 In
contrast, some have reported that CSF parameters have variable correlation with MMP
activity. In patients with HIV, MMP 9 levds correlated with a pleocytosis and albumin
quotient, but not with CSF tota protein.103 A correlation exists between MMP9 and
CSF tota protein of the CSF in cases of bacterid meningitis.106

The type of white cdll present and type of disease may influence MMP expression
in CSF. Thisisevident in bacterid meningitis patients thet have sgnificantly higher
MMP 9 concentrations than patients with multiple scleross or vird
meningitis.>3,84,105,125 MMP 9 |evels corrdate with the number of neutrophils present
in the CSF.53 Using techniques to isolate white cdlls from the blood of patients with
various inflammetory diseases it has been shown that granulocytes and
monocytes/macrophages produce alarger amount of MM P9 than lymphocytes.125
Therefore, the type of inflammation may directly affect CSF MMP9 levels.

Inflammeatory diseases that have predominantly lymphocytic inflammeation may have
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lower levels of MM P9 than diseases with granulocytic or granulomatous inflammation.
Therole of leukocytesis dill unclear. Inan anima modd of meningitisin ras,

inhibition of MM Ps decreased BBB disruption but granulocytes till entered the CSF.106
The duration of a disease such as bacterid meningitis and the particular etiologic agent
involved may not affect MMP 9, TIMPL or TNFalpha expression.105

Therapeutic Consderations

With such awide range of pathologic properties, theinhibition of MMP function
has been amgjor area of research. Inhibitors of MMPs are being evaluated for usein
many different diseases. Currently there are dlinicdl trids for synthetic MMP inhibitors
for rheumatoid arthritis, and various forms of neoplasaincluding prostate and smdl cell
lung carcinomas.”’ Unfortunately, little long term information about the effects of these
compounds is available and there is concern about the potential Sde effects of the broad
gpectrum inhibitors of MM Ps because of their importance in norma physiologic
activities.’?

MMP inhibitors are potentialy vauable in diseases of the CNS. Experimenta
autoimmune encephalomysitis (EAE) has been shown to beimprove in a dose-
dependent manner with inhibition of MMPs using a hydroxamate inhibitor.126  The use
of thisdrug resulted in a decrease in inflammation and subsequent demyeination. In
ancther sudy of chronic relgosing EAE, multiple MMP inhibitors decreased glid
scarring, demyeination, and expression of cytokinesin the CNS.127 Because T cdls
produce MMP 2 and MMP 9, inhibition of T cell MMP production might inhibit T cell
migration across the subendothdia basd lamina, a potential component of T cell
mediated autoimmune diseases81 Based on recent datathat MM P9 is devated in
patients with vird meningitis, synthetic inhibitors of MMPs may play arolein the
thergoy of vird meningitis again by inhibiting inflammétion.>3

Tetracycline and doxycycline are known inhibitors of MMP2 and MM P9.104
These drugs were found to inhibit the activity of MMP 2 and MMP 9 in human CSF. A
higher concentration of doxycycline was required to produce an inhibitory effect.104 In
an in vitro swine model of aneurysma disease, doxycycline decreased the degradation of
eladtin and the activity of MMP 9.128 The dose of doxycyline needed to achieve the
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levels usad in vitro is possible to achieve by ora administration of the drug.128 The
mechanism of action of doxycyclineis the nonsdective inhibition of MM Ps through
binding of active zinc Stes and an inactive cacum ste, which inhibits the function of the
enzyme through a change in conformation.128 There are a number of compounds that
inhibit MMP function by chdlaion of calcium or zincions. For indance, the angiotensin
inhibitor Captopril, used to treat congestive heart failure, may be effective agangt
gliomas in humans through chelation of zinc.69

Another group of MMP inhibitors is the hydroxamic acid group. Thisisagroup
that is consdered to be broad spectrum inhibitors based on their ability to decrease dl
classes of MMP proteolysis.84 Members of this group include marimastat and
batimastat.129 Extensive research has been done with regard to the efficacy of these
drugsin neoplagtic processes such as metastasis and tumor cdll invasion.

Drugs that modulate the immune system have mechanisms thet involve MMPs.
High doses of corticosteroids decrease transcription of MMPs. High doses of
methyl prednisolne have been shown to reduce MMP 9 levelsin the CSF of patients with
multiple sclerosis after 3 days.102 Similarly, the beneficid effect of interferon beta for
multiple sclerosis may be mediated by MMP inhibition.84 In cases of bacterial
meningitis it has been suggested that the use of corticosteroids may decrease neurological
damage because MMP 9 expression is down regulated.105 Sdective inhibition of MMP
9 may aid in decreasing vasogenic edema and CNS tissue damage.64 Neutral
proteinase inhibitors such as epsilon aminocaproic acid have been used for inflammatory
CNS diseases and their mechanism of action may be through the inhibition of the MMP
activator plasmin.116
Sample Considerations and Storage

The storage of CSF is an important consderation, especidly for zymography,
because the activity of these enzymes may be dtered by repeated freeze/thaw cycles or
by storage at inappropriate temperatures.”2 It is recommended that samples should only
be frazen once before zymography.”2 Samples of human CSF can be stored a 4°C for

up to 7 days following lumbar puncture, with no apparent aterationsin MMP activity.54



CSF samples are generally stored at - 70°C, but others have stored CSF samplesat -20°C
without problems.106

Blood contamination of CSF samplesis also afactor because MMP 2 and MMP9
are found in normal human blood serum.125 However, samples with blood
contamination have been used in at least one study, but an effort was made to use the tube
with the least amount of blood. This same study found that adding as much as 5%
normal human serum to CSF made no difference in gelainase activity.®4 Another
condderation for fasdy dtering MMP activity is the possbility of white blood cells
contributing to MMP production. Some have excluded CSF samples with WBC counts >
5/mm3.72 Others have used centrifugation of samples before storage.106 Previous
gudiesin veterinary medicine of canine MMPs have evduated synovid fluid for
gelatinases after centrifugation and subsequent storage of the supernatant at -20°C.88
Objectivesand Hypothesis

It is evident that while there is a consderable amount that can be learned from the
routine anadlyss of CSF, the potentia to gain more information exiss. MMPs have been
evauated in canine arthritis and neoplasia, but information about MMPs in norma or
diseased canine CSF is not known. 92,106 This study hopes to demonstrate MMP
expression in norma canine CSF. Future research may show that MMP expression and
activitiesare dtered by CNS disease. Thisinformation may ad in the diagnoss of
different canine neurologic diseases. Understanding MMP function in the canine CNS
may aso help to gain an understanding of some of the diseases of the canine CNS.  This
knowledge may dso lead to the use of MMP inhibitors as an aid in therapy.

This sudy will etablish the presence or absence of MMPs 2 and 9 in normal
canine CNS. In addition, the form in which these enzymes are present, activated,
proenzyme, or complexed, will be characterized. An atempt will be made to determine
the quantitiesof MMPs2 and 9. Any correlation between CSF indices (WBC count,
protein) and MMP levels will be evduated. It is hypotheszed that pro MMP2 will be
condtituitively expressed in normal canine CSF, while MMP9 activity will not be present.
The CSF will be evduated using a combination of gelatin zymography and ELISA. The
genetic smilarity of MM Ps between various species will dlow the use of commercidly
available human products. Human MMP 2 and MMP 9 standards will be used for
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referencesin zymography since these MM Ps have smilar molecular weights when
compared to canine MMPs.88-92  Alsp, due to the similarity in MMP structure,
polyclona antibodies againgt human MMPs will be used for ELISA. 89
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Chapter 3: Characterization of MMP2and MMP 9in Normal Canine CSF

Introduction

Cerebrospind Huid (CSF) analyss remains one of the most common diagnostic
alds used to evauate diseases of the central nervous system. CSF analysis, with rare
exceptions, generdly alows the distinction of the disease into inflammeatory and non-
inflammatory categories. However, CSF rarely provides a specific diagnosis® It was
found that in one third of dogs with ether inflammatory or infectious diseases of the
CNS, the specific cause of inflammation could not be identified by andysis of CSF.25
New methods of gaining diagnogtic informeation from CSF are under investigation. For
ingtance, interleukin-8 has been evauated in dogs with steroid respongve meningitis-
arteritis and found to play arole in chemotactic activity of leukocytesinto the CNS>2 In
human medicine, agroup of enzymes, referred to as matrix metalloproteinases (MMPs),
have been implicated in avariety of CNS diseases. Both CSF and tissue concentrations
of these enzymes are dtered in many neurologic diseasesincluding vird meningitis,
amyotrophic lateral sclerosis, multiple sclerosis, brain tumors, and cerebral ischemia.®3-
58,72 Characterigtic patterns of MMP expression can aid in both diagnosis and prognosis
of specific diseasesin humans. Furthermore, extensive research has been done
concerning the role these enzymes play in the pathogenesis of disease and the potentia
for MMP inhibition as a means of thergpy.

Matrix metalloproteinases have aso been identified in dogs. Specificaly, canine
MMP2 and MM P9 have been described.88-92 Tissues that have been evauated for
MMPs include canine synovid fluid, the brains of dogs that displayed clinica sgnsof an
Alzheimer’ s type disease, myocardium taken from dogs with cardiomyopethy,
osteosarcomas, and mast cell tumors88,90-93

The most common means of evauating samples for the presence of MMPsis
zymography. Utilizing subdtrate-incorporated sodium dodecylsulfate (SDS)-
polyacrylamide gd dectrophoresis, zymography alows identification of individua
MMPs based on their enzymatic activity. It can be used to provide a semiquantitative



assessment of each enzyme' s activity.94 Zymography has the added benfit of being able
to identify both the enzyme as well as the proenzyme form in the same assay.94

In humans, it is known that proMMP 2 is condtituitively expressed in the CSF and
in the brain, while MMP 9 is present only during pathological processes.”8 In the CNS,
many types of cdlsincluding neurons, microglia, oligodendrocytes, and astrocytes
produce MMPs.66 Periphera blood |leukocytes may aso contribute to increasesin CNS
MMP levels during disease.

This study was designed to characterize both pro and active forms MMPs 2 and 9
innormal canine CSF. This study will serve as abasdine for future studies of CSF taken
from dogs with diseases of the CNS.

M aterials and Methods
Dog selection

Twenty-three clinicaly norma dogs that were used. All dogs were termina
animds from other projects that did not impact the nervous system.

CSF Collection

CSF samples were collected from the cerebellomedullary cistern whilethe animdal
was under generd anesthesia (Isoflo, Abbott Laboratories, North Chicago, IL)
immediately prior to euthanasa. CSF was andyzed within 20 minutes of collection. The
numbers of red blood cells and nucleated cdlls was determined with a hemocytometer. A
differentiad cdl count was done following cytocentrifugation and Wright's staining. CSF
protein and glucose concentrations were determined using colorimetric analysis on an
Olympus AU400 (Olympus America, Inc., Mdville, NY). After analyss, samples were
divided into smal diquots and stored a - 70°C until the assays were performed.

CSF sampleswere consdered normd if the total nucleated blood cdll count was less
than 6 per microliter, the red blood cell count less than 25 per microliter, and the total
protein concentration less than 26 mg/dl.

Histopathology
The animas were killed with an overdose of barbiturate anesthesia (Beuthanasia-
D Specid, Schering-Plough Animal Hedth Corporation, Union, NJ). The brainswere



removed and placed in 10% neutrd buffered formalin. Following fixation, the brains
were sectioned and the cerebra cortex, hippocampus, midbrain, and the cerebe lum/
brainsem were embedded in paraffin. Hematoxylin and eosin (H& E) stained sections
were then evauated by light microscopy to establish that the dogs were free of disease.

Zymogr aphy

Zymography was performed with modifications to the procedure described by
Rosenberg et al. 1996.102 Briefly, minigds were made using the Biorad Miniprotean |1
systlem (Bio-Rad Laboratories, Hercules, CA ). Theresolving gd conssted of 1.74 ml
high performance liquid chromatography (HPLC) grade water, 45 m 10% sodium
dodecyl sulfate (SDS), 1.5 ml 30% acrylamide/0.8% bisacrylamide, 0.94 ml 1.88 M Tris,
and 0.3 ml gdatin (15 mg/ml Sgma G-2500 Type A Porcine skin, Sigma Chemica
Company, &. Louis, MO). The gel was polymerized by addition of 22 m 10 %
ammonium peroxodisulfate (APS) and 2.2 m N,N,N’,N’-tetramethylethylenediamine
(TEMED). Following polymerization, a stacking gel conssting of 500 m 30%
acrylamide stock, 500 m 1.25 M Tris-HCI, pH 6.8, 50 m 10% SDS (BDH), and 3.9 ml
HPLC-grade water. The gel was polymerized with 25 m 10% ammonium persulfaie
(APS), and 2.5 Ml TEMED. The reservoir buffer consisted of 30 ml 10X electrode buffer,
3 ml 10% SDS, and 267 ml digtilled water. The gels were then loaded with CSF and 2X
sample buffer for atotal volume of 10 M (5 Ml CSF). The sample buffer consisted of 128
m 1.25M TrisHCI pH 6.8, 200 m 10% SDS, 80 ni glycerol and 40 m saturated
Bromphenal blue. Gdatinase zymography standards (0.1mg/ml) for human MMP2 and
MMPO (Chemicon International Inc., Temecula, CA) were diluted 1000:1 with HPLC
water and then diluted with sample buffer as for the CSF. A tissue homogenate of canine
osteosarcoma (gift form Dr. Susan Lana, Colorado State University), recognized to
contain canine MMP 2 and 9, was aso evaluated by gelatin zymography. The gdswere
electrophoresed a a congtant voltage of 200 V, (limit 250V, current 75 mA, power 40W)
for about 90 minutes. Following dectrophoresis the gels were rinsed and then gently
shaken in 2.5% Triton X 100 for 15 minutes, washed, and then shaken in Triton X 100
for 30 minutes. They were then rinsed and incubated in enzyme buffer which conssted



of 50 mM Tris pH 7.5, 200 mM NaCl, 5mM CaCl2, and 0.02% Brij-35 (30% wi/v)
(SgmaDiagnogtics, &. Louis, MO), in 1 liter total volume of distilled water. Each ge
was incubated in enzyme buffer for 18-24 hrsat 37 °C. Following incubation the gels
were rinsed and stained with Coomasie Blue (CBB) stain consisting of 0.58 grams CBB,
200ml methanal, 4 ml acetic acid 1%, and 196 ml water for one hour. Following
ganing, the ge's were destained with 10% acetic acid initidly for 30 minutes, and then
again for about 2 hoursin fresh solution of 10% acetic acid. The gels were then washed
with distilled water and dlowed to dry. Enzyme activity was evaluated by comparing the
distance of migration with commercia standards.
ELISA

To quantitate the amount of proMMP 2 present, acommercialy available
Bindazyme ProMMP-2 Enzyme Immunoassay Kit (The Binding Ste, Birmingham,
England) was utilized according to the manufacturer’ singstructions. The kit contained
polyclond antibodies against human proMMP 2. Canine CSF samples (25 ml) were
diluted with 75 m of sample diluent, and each sample wasrunin triplicate. A curve was
generated using human standards provided in the immunoassay kit. Recombinant canine
MMP 2 (gift from Dr. Barbara Kitchedl, Universty of lllinois) was aso evauated to
document the activity of canine MMP 2. The curve generated was used to estimate the
amount of proMMP 2 in each CSF sample. Using the average of the optica dengtiesa
linear equation was generated using Microsoft Excel (Microsoft Systems, Sedttle, WA).
Each opticd dengity was used in the linear regression equation and this value was
multiplied by the dilution factor. The mean of these three numbers was used asthe
concentration of MMP 2 in ng/ml.

Results
CSF Analysis

All dogs were congdered norma based on histopathologica examination. The
mean total nucleated cdl count (WBC) per microliter was 0.96, with arange of 0-3
WBC/m. The standard deviation for the WBC count was 1.02. The mean red blood cell
count (RBC) was 3.65 RBC per microliter with arange of 0-21 RBC/nl and a standard
deviation of 5.34. The mean total protein concentration was 12 mg per deciliter with a



range of 8-17 mg/dl and a standard deviation of 2.15. The cytology of the samples
varied. However, predominantly mononuclear cdlls, either lymphocytes or monocytes

were present.

Zymography

Using gelatin zymography, dl samples showed distinct areas of dearing that
corresponded in size to the commercia human standard proMMP2 (68 kDa) (Figure 3-1).
A canine osteosarcoma sample with high levels of MMP 2 and MMP 9 activity was used

as a canine control sample (Figure 3-2) 92 Other bands were present, however these
were much more faint and varied in location when compared to the standard. A faint and
somewhat variable band was present at the region that corresponded to the standard
activated form of MMP 2 (62 kDa). There were no areas of clearing that corresponded to
the commercia proMMP 9 (88 kDa). Other bands were not identified specificaly.

Figure3-1 Gd with normal canine CSF

ProMMP 9

ProMMP 2

Active MMP 2

Norma CSF Samples Control

37



Figure 3-2 Gel with Osteosar coma Sample

Standard CSF Osteosarcoma

ELISA

All samples dso were positive for proMMP2 using apolyclona ELISA. A
recombinant canine MM P2 product was used as a control. The mean concentration of
ProMMP 2 was 5.61 ng/ml with arange of 3.36-10.83 ng/ml and a standard deviation of
1.92. Correlation between ProMMP 2 concentrations and both white blood cell
numbers or total protein concentration was attempted. Linear regression reveded no
sgnificant correlations between proMMP 2 concentration and neither white blood cell
count (R2 = 0.000003) nor protein concentration (R2 = 0.150). (Figures 3-3 and 3-4)



Figure 3-3
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Figure 3-4
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Histopathology

No sgnificant histologica abnormalities were detected in any of the dogs used in
this study.
Discussion

The proenzyme form of MMP 2 was present in the cerebrospind fluid of norma
dogs. The active form of MMP 2 aso appeared to be present in some norma samples,
but a avery low activity level. The proenzyme form of MMP 9 was not present in the
CSF of control dogs. No correlation was found between the CSF white blood cell count
or between the CSF total protein concentration and proMMP 2 concentration. However,
the relative homogenous character of the CSF samples may have made any correlations
difficult to detect.

These datawill serve as abasdine for future studies of metrix metalloproteinases
indogs. In addition, a consstent method of performing discontinuous zymography using
dilutions of canine CSF specimens has been developed by modifying the method
described by Rosenberg et d. 1996102 Thismethod produces distinct bands that can be
compared with commercidly available standards or from known samples. There did not
appear to be asgnificant difference in the migration of MMP 2 and MMP 9 proteins
from human standards, canine osteosarcoma samples, and normd canine CSF. Thisis
not surprising since these enzymes are highly conserved between species 89

Multiple faint areas of clearing were evident in both canine CSF and canine
osteosarcoma samples that were not observed in the commercia standard. Based on the
distance of migration, these were large molecular weight molecules greater than 88 kDa
in mass. These unknown bands could be dimmers of MMP 2 or MMP9, MMP: Tissue
inhibitors of MMPs (TIMP) complexes, or other gdatinases. Other studies have reported
that bands not corresponding to known MMP standards could be other gelatinases or
TIMPs.54.98 Various methods have been used to verify that areas of clearing are truly
indicative of gdatinase activity. One technique isto incubate samples with calcium
chdating agents such as EDTA or phenanthroline in the enzyme buffer which inhibits
enzyme activity.97 Thiswas not donein the present study. However, based on ELISA
results pro MMP 2 appears to be present in substantia amounts.
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An ELISA for MMP 9 was not used in the present study. Since zymography is
consdered a more sengtive technique and MMP 9 was not present in zymograms the
ELI1SA would be less hdpful.53.84 Thiswill be developed in future studies with MMP 9-
positive zymograms.

Zymography appears to be useful for the evauation of CSF because it requires
very small amounts of CSF, 5-10 pl per sample. Thisis hdpful because only limited
amounts of CSF are acquired from some clinica cases. Furthermore, the enzymes appear
to be relatively stable and can be stored at - 70°C for long periods without loss of their
activity. Many of these samples were stored for more than one year.

Zymography has been used as a sami-quantitative assay for evaluating MMPs.
However, this was not donein the present sudy.  For quantification using zymography,
densitometry is performed and then arbitrary units of activity are gpplied.>6  Thiswould
not be useful in determining the total amount of enzyme present since zymography is
only amessure of enzyme activity. It would aso not be ussful in comparing the quantity
of two different enzymes because each MMP has different activity levels. MMP 9 has
25 times more activity againgt gelatin than MMP 281 Therefore, quantification by direct
comparison of bands of clearing is not helpful.

The proenzyme form of canine MMP 2 was quantified using an ELISA. Thisnot
only provided an estimate of the amount of enzyme present, but aso verified the bands
identified usng zymography were MMP 2. This commercidly available assay
consgtently identified pro MMP 2 in the unknown CSF samples. Therange of vaues
obtained in this study (3.36-10.83 ng/ml) were somewhat Smilar to what has been
reported in humans, 0.51 ng/ml (the detection limit of the assay) and 1.95 ng/ml.>3,84

The ELISA for MMP 2 is useful because samples can be andyzed in 4-5 hours,
whereas zymography, requires 2-3 days. A potentid disadvantage of ELISA isthe
volume of CSF required for each well (25 m). Thisvolume was required in order to
obtain an optical dengty that would fal within the curve generated by the standards
supplied with the kit. Thisisonly aconcern if the volume of CSFislimited ina
particular case. Thiskit has not been vaidated for use with samples from dogs or with
CSF. Also, based on the more sensitive zymography results, MMP 9 was absent from the

CSF samples.>3,84,94
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The results of this study may be subject to various questions. Oneisthe fact that
the samples were not centrifuged to remove al WBCs, which can produce MMPs. This
isunlikely to be a problem since the samples were rdaively acdlular (mean WBC 1/ul).
This concern was addressed in a human study only when the cell count was grester than 5
WBC per microliter.’2  Alterationsin MMP activity may have resulted if there was
vaiation in the time between collection of the sample and freezing the sample at —70° C.
However, it has been reported that CSF samples can be refrigerated for up to 7 days with
no significant changeis activity.54 Any sort of freeze thaw cycle can potentialy
decrease MMP activity, and every atempt was made to try and prevent multiple freeze
thaw cycles.”2

In summary, using gelain zymography and acommercidly available ELISA,
proMMP 2 was found in normal canine CSF while MMP 9 was absent. Expression of
active MMP 2 was variable. Thisinformation will provide abasdine for future studies of
canine CSF.



Chapter 4: Futuredirections

This study has established that MMP 2 is condtituitively expressed in norma
canine CSF whileMMP 9isnot.  Zymography has proven to be useful in the andyss of
MMPsin canine CSF. In addition, ELISA provides a means of quantifying proMMP 2.
Other methods of andyzing MMPs would be useful, especidly an ELISA for MMP 9.
There are many basic questions about MMP expression in the canine nervous system
regarding the origin of these enzymes and the effect of collection techniques. In addition,
the clinical gpplication of MMP function may be very ussful in various diseases.

Does the site of collection of CSF influence the levels of MMPs that may be
found? In humans, CSF is generdly obtained from alumbar puncture, which is not
adwaysthe casein dogs. Sample collection in dogs is based on the lesion locdization and
the skill of the dinician. It has been demondtrated in dogs thet collection of CSF is best
done caudd to the Site of the expected lesion as aresult of the flow of the fluid.51
Lumbar samples tend to contain more iatrogenic hemorrhage, are smadler in volume, and
can be technicaly more difficult to obtain.15.51 Whileit is unlikely that there would be
dramatic dterationsin MMP expression between the cerebellomedullary cistern and a
lumbar tap, CSF from this more cauda ste needs to be characterized. Normd variations
in MMP levels may be present considering that other CSF condtituents vary depending on
the site of collection. For instance, protein concentrations in CSF taken from alumbar
tap are generdly higher than CSF obtained from the cerebellomedullary cistern.”

The effect of blood contamination on CSF MMP levelsis not known. Thisisan
important consideration in CSF collection because blood contamination is unavoidable in
some cases. MMP 2 and MMP9 are found in normal human serum.125 One study found
that adding as much as 5% norma human serum to CSF made no difference in gelatinase
adtivity.54  The norma MMP 2 and 9 levelsin canine blood must first be evauated.
Thismay ad in determining the effect of blood contamination on CSF MMP levels.

In the present study cells were not removed from CSF. The effect that
centrifugation of cellswould have on CSF MMP analysisis unknown. This may be
important due to the norma expresson of MMPs by white cdlls.  Some studies have

excluded CSF samples with WBC counts > 5/mm3.72 Other researchers have



centrifuged samples before storage.106  Previous studies in veterinary medicine of canine
MMPs have evauated synovid fluid for gelatinases by centrifugation and subsequent
Storage of the supernatant at -20°C.88 The number of white blood cdllsin CSF directly
correlates with MMP levels, and could therefore affect MMP levels125

The source of MMP sin canine CSF is unknown. Cells that express MMPs
include leukocytes, glid cdls, neurons, and endothdia cells69.76,80,84 \When
dterations occur in MMP expression, what cells are responsible for these changes? T
cdlls and macrophages have been shown to secrete MMPs 2 and 9, which are involved in
breskdown of the subendothdial basement membrane and their subsegquent migration out
of the vessals.81.84 The differencesin MMP expression may be evident in some forms

of diseasesthat occur in thedog. These will be discussed in later paragraphs.

Clinical Applications

There are multiple diseases that occur in the nervous system of the dog that are
not well characterized. In particular, neuroinflammeatory diseases that show marked CNS
pathology such as granulomatous meningoencephdlitis (GME), pug dog encephdiitis,
yorkie/matese encephdlitis, and steroid responsive meningitisarteritis have unknown
etiologies. | think that it is possible that MMPs may have involvement in these diseases.
Other possible areas of investigation are neurodegenrative diseases such as degenerdtive
myelopathy and CNS neoplasia that may have associationswith MMPs. These diseases
currently are not well characterized and require more study. Knowledge of MMP
function in these diseases may provide insight into the pathogenesis of these diseases.

Would a disease such as GME that results in amarked perivascular inflammation
and BBB disruption show dterationsin MMP 2 and 9 expresson? In varying
concentrations the inactive form of MMP 9 isfound in the CSF in avariety of nervous
system diseases of humans including multiple sclerogs, vird meningitis, Lyme disease,
and bacterid meningjtis54,56,84,101,102,106 Alsp, MMP 9 expression is found with
bacterial meningitis modes in rabbits and rats. 106,107 A common feature of these
diseasesis disruption of the BBB and migration of leukocytesinto the CNS. MMP 9
may be involved in the movement of white cdlls across blood vessdls and in disruption of

the BBB.103,106



MMP leves could be measured in dogs with GME. In these cases serum and CSF
levelsof MMP 2 and MMP 9 could be evauated & the time of the initid presentation and
then compared to norma dogs. It has been shown that in patients with multiple sclerosis,
eevated levels of MMP 9 have been found in the CSF and serum, suggesting that MMPs
areinvolved in the disruption of the BBB through production by invading
leukocytes.84.118 Thisis further supported by increased production of MMPs by
leukocytes found in perivascular cuffs64 Subsequently, patients with GME could then
have serum and CSF monitored after trestment with corticosteroids or other drugs that
inhibit MMP function, such as doxycydine.128

It has been shown that the stage of some diseases may have an effect on MMP
expresson. There are dterationsin MMP expresson in multiple scleross dependent on
the type and phase of disease.84.118 With M S, there are many changesin MMP
expresson that occur in relation to the white blood cdl count, the phase of the disease
(acute, chronic), and with therapy such as immunosuppressive doses of
corticosteroids. 102 A difference in MMP expression occurs based on the age of the MS
leson. MMP 2 is expressed mostly by leukocytes in perivascular cuffs around blood
vessdls, with expression relating to the length of time that the lesion has been present.64
Older lesons havelessMMP 2. Also, MMP 9 is found mostly in macrophages in acute
MSlesions. Otherwise MMP 9 isfound only in neutrophils®4 In GME casesthe lesions
could be evauated for MMP 2 and 9, in an atempt to characterize MMP presence around
the vasculature and in invading leukocytes.

The type of white cell present and type of disease may influence MMP activity in
CSF. Bacterid meningitis patients have significantly higher concentrations than patients
with multiple slerosis or vird meningitis.>3.84,105 Therefore, would there be
differencesin adisease such as SRM that is primarily neutrophilic compared to a disease
like GME that is primarily mononuclear? MMP 9 levels have been found to correae
with the number of neutrophils present in the CSF, which may be explained by the fact
that this type of inflanmatory cell secretes MMP 9.53 Therefore, the type of
inflammation may directly effect CSF MMP 9 levels. Inflammatory diseases that have
predominantly lymphocytic inflammation may have lower levels of MMP 9 than diseases



with granulocytic or granulomatous inflammation. Granulocytes and
monocytes’'macrophages produce more MMP 9 and than lymphocytes. 125

Although the presence of MMP-9 in CSF isa sendtive indicator of inflammatory
processes in humans, it is not specific for a particular type of disease84 Thereforeit is
unlikely that MMP 9 detection would aid in making the diagnosis of a specific disease. It
may be useful to use MMP analysis to serve as amarker of inflammation in the various
neuroinflammatory diseases of dogs. This may dso ad in monitoring therapy.
Furthermore, while a profile of MMP activity for individua diseasesis unlikely to
provide a specific diagnosis, thisinformation may further support a diagnosis, especidly
in cases such as GME where the CSF may be within norma limits or show minimal
dterdions.

Other diseases may aso have MMP involvement. In Steroid Responsive
Meningitis (SRM) of the dog, a profound neutrophilic pleocytossis found
initially.31,130 MMP 9 levels have been found to correlate with the number of
neutrophils present in human CSF, which may be explained by the fact that this type of
inflammatory cell secretes MMP9.53 There may be significant differencesin MMP
expression in cases of SRM when compared to GME.

Canine degenerative myelopathy has been a frudtrating disease to diagnose and
treat. At thistime definitive diagnosis requires histopathology of the spina cord, which
isnot possible antemortem. Diagnosis of the disease is dways presumptive and relies on
sgndment, higtory, dinica Sgns, imaging such asamyeogram or MRI and a
noninflammatory CSF profile. While degenerative myedopathy is not an inflammatory
disease, MMPs may dill play arole. MMPs are known to be present in
neurodegenerative diseases such as amyotrophic latera scleross and Alzhemer’s
disease.55,91,131-133 The characterization of MMPsin dogs with degenerative
myelopathy may ad in supporting the diagnosis of this disease and may be useful in
developing effective thergpy. Epsilon amino caproic acid, a protease inhibitor, has been
anecdotaly shown to have a pogitive effect in these types of cases. Neutrd protease
inhibitors such as epslon aminocaproic acid have been used for inflammatory CNS
diseases and their mechanism of action may be through the inhibition of plasmin, which
then activates proMMPs.116
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Intervertebra disc diseaseisavery common clinica problem in veterinary
medicine. MMPs are involved in the pathogenesis of this disease in humans.134-136
Through analyss of tissue homogenates, cervica and lumbar degenerate discs have been
shown to have increasesin MMP activity.136 A correlation was found between the
degree of disc degeneration and MMP 2 and MMP 9 activities in both the pro and active
forms when disc samples from human patients with intervertebral disc disease were
andyzed.134 While this disease is relatively easy to diagnose and treat in dogs, it can
dill have devastating consequences. The investigation of MMP activity in intervertebra
disc disease may eventudly ad in thergpy following acute herniation by lessening the
secondary injury that occurs with spinal cord compression and vascular compromise.
Another god of therapy by MMP inhibition may be to dow the progresson of some
forms of the disease, such asthe dow herniation that occurs with type 1l disc disease. An
additional use might be to decrease the recurrence of disc herniation in the
chondrodystrophic dog by the long-term administration of drugs thet inhibit the protease
activity of MMPs.

The expression of MMPsin neoplastic diseases of the CNSin humansiswell
documented. Expresson of MMPsin the CSF is dtered with CNS neoplasia. Currently
in veterinary patients CSF andysis in cases of suspected neoplasais generdly not
helpful, except in the very rare cases where tumor cells are seen. CSF analysis can be
nonspecific or have avariety of changes37 Collection of CSF in cases where brain
tumors are present may provide additiona risk due to herniation secondary to increased
intracrania pressure. Presently some are less willing to andyze CSF because it provides
little information and increases risk for the patient. MMP recognition could aid in the
diagnosis of different disorders such as neoplasia by serving as a marker of disease, asan
ad in monitoring response to therapy, and for determining prognosis. Also, MMP
inhibition may play arolein preventing or at least dowing the soread of certain CNS
tumors.

Therapeutic Consderations

Inhibitors of MMPs are being evaluated for usein many different types of
diseases. In diseases of the CNS, MMP inhibitors are potentiadly valuable.  Currently,
clinicd trids are underway for synthetic MMP inhibitors of rheumatoid arthritis, and



various forms of neoplasiaincluding prostate and small cdll lung carcinomas.””
Unfortunatdy, little long-term information is available and there is concern about the
potentia sde effects of the broad-spectrum inhibitors of MMPs due to their systemic
activities.’” However, there are some inhibitors that are dready used commonly in
veterinary medicine. It might be useful to evauate the effects of these drugs on the
various diseases mentioned previoudy.

The animd modd of multiple scleross, experimenta autoimmune
encephaomydlitis (EAE), has been shown to improve in a dose- dependent manner with
inhibition of MMPs using a hydroxamate inhibitor.126  Positive effects were noted with
demydination and inflammation. 1n another sudy of chronic relgpsing EAE, multiple
inhibitors of MIMPs were shown to decrease glia scarring and demyelination. 127

Would veterinary patients respond to therapy that inhibits MMP function?
Diseases such as GME have been difficult to treat and other thergpies would be helpful.
Multiple drugs for MMP inhibition exist and some drugs such as doxycycline, are aready
used in veterinary medicine for other purposes. The addition of these types of drugs may
dlow for adifferent gpproach to treating these diseases. For instance, MMP inhibition
might alow the use of alower dose of corticosteroids, which might lessen side effects.

Corticogteroids are known inhibitors of MMP expression and this may account for
some of the effectiveness of this dass of drug in inflammatory diseases 102 High doses
of corticosteroids decrease transcription of MM Ps and have been shown to decrease
MMP9 levelsin the CSF of patients with multiple sclerosis 102 High doses of
methyl prednisolne have been shown to reduce gelatinase B levels after 3 days.102 In
addition to corticosteroids, the beneficia effect of interferon betafor multiple sclerosis
may be mediated by MMP inhibition.84 Sdective inhibition of MMP 9 may aidin
decreasing vasogenic edema and CNS tissue damage.64

Tetracycline and doxycycline in various concentrations are known inhibitors of
MMP2 and MMP9.104 These drugs were found to inhibit the activity of MMP 2 and
MMP 9 in human CSF.104 The mechanism of action is through chelation of calcium.
There are anumber of compounds that inhibit MMP function by chelation of cacium or
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zincions. For ingtance Captopril, which is commonly used for its zinc chelation of
angiotensin converting enzymes, may be effective againg gliomas in humans.6®

The hydroxamic acid group enzyme inhibitors stop MMP proteolysis 84
Members of this group include marimastat and batimastat.129 These drugs are
considered to be broad- spectrum inhibitors, meaning thet they can inhibit al classes of
MMPs. Extensive research has been done with regard to the efficacy of these drugsin
neoplastic processes such as metastasis and tumor cdl invasion.

In summary there are multiple questions | eft to answer regarding MMP
expression in the canine nervous sysem. Andyss of MMPs in various diseases of the

dog may provide useful information about pathophysiology and potertia therapies.
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Appendix 1-1

Totd cdl count:

Using capillary pipettes, one side of a hemocytometer is charged with undiluted CSF.
All cdlswithin the 9 primary cdlls are counted and the number ismultiplied by 1.1. This
equasthetotd cdl count per mm3

Differentia Cdl Count/Cytology:

Centrifugation

CSF sampleis centrifuged a 1000 rpm for 5 minutes. The supernatant is removed and
the pellet at the bottom of the tube is added to one drop of serum and a smear is made.

Filtration

Using aclear membrane filter with apore 9ze <5 mm, amixtureof 1 ml CSFand 2 ml
of 40% ethanal are put through afilter usng either asyringe or gravity. After filtration
thefilter placed in 95% acohoal for two minutes, followed by staning of the filter.

Sedimentation

A sedimentation chamber isfixed to adide. CSF (1 ml) isadded to the chamber for 25
minutes. Thisdlowsthe cdlsto fal to the dide. The fluid is then removed and the dide
isstained after it isair dried.

Cytocentrifugation
With this technique a centrifuge is used to concentrate cells on adide in amethod smilar

to a sedimentation chamber.
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