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A bstract 

The surgical treatment of hydrocephalus becarne cornmonplace almost four 

decades ago. Diversion of cerebrospinal fluid is, however, still accompanied by 

significant complications. However, the area of adjunctive dmp therapy for treatment of 

hydrocephalus directly targeting neuro-protection and regeneration has not received much 

attention. 

We investigated two dnigs, nimodipine and A X O m  ', and their effect on 

functional outcome in an infant rat mode1 of experimental hydroçephaius. The calcium 

channel blocker nimodipine may have neuro-protective properties by reducing the 

neuronal influx of calcium. AXOKINE ', a second generation moditied ciliary 

neurotrophic factor, could enhance regeneration of the neuronal population. 

Hydrocephalus was achieved by injecting kaolin into the cisterna magna of three- 

week-old rats. Hydrocephalus was allowed to develop for two weeks prior to b e g i ~ i n g  

treatment with nimodipine subcutaneously (1.8 mg per &y) for 14 days at which time the 

rats were killed. The rats in this group were not surgcally treated with shunting. In a 

separate experirnent hydrocephalus was allowed to progress for three weeks. The rats 

were then shunted and intravenhicular administration of a second generation ciliary 

rieurotrophic factor, AXOKINE * at either a low dose (1.4 pg/day) or hi@ dose (14.3 

pdday) was started. Functional assessrnent consisted of motor, memory and learning 

components. Motor function was tested using spontaneous activity counting, ability to 



stay on a rotating drum, and swirnming. Memory and leaming were quantitatively 

monitored using a modified Morris water maze. Histologïcal examination provided 

pathological correlates to the functional outcome. 

Nimodipine-treated rats exhibited significantly better rnotor performanceF 

reducing the time required to swirn 1.5 m by 27-47% cornpared to controls. Their supenor 

agility was demonstrated by staying on a rotating d m  15-32% longer. The same group 

of rats had better memory and learning abilities. The swimming times required by the 

nimodipine-treated rats to find a platform on the first trial of the day improved by over 

68% when compared to conuols. Histological examination showed a thicker corpus 

cal losum in nirnodipine-treated rats. 

Several factors confounded the AXOKiNE experiment. Signifcant inter-group 

differences in mortality, change in ~ e n ~ c u l a r  size and weight gain were observed 

behveen the controi and AXOKINE '-treated anirnals. No obvious benefit of AX0KJN-E ' 

treatrnent could be detected. 

Nimodipine seems to provide a certain degree of axonal protection, which 

correlated with a betrer functional outcome. Considering that this is a well tolerated dnig, 

extension to investigation of human subjects rnay be promising. Investigation of other 

neurotrophic agents in the pst-shunt period should be considered. Keeping in mind the 

incidence of hydrocephalus and the complications of CSF diversion the use of adjunctive 

dmg therapy seems to have potential and warrants further attention. 
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1 .O Review of the literature 

I . 1 Introduction 

The pathophysiologcal definition of hydrocephalus is an imbalance of 

cerebrospinal fluid (CSF) formation and absorption leading to a net accumulation 

of CSF in the cerebral ventricles '? Hydrocephalus is second only to spina bifida 

159 as the most fiequent congenital neurologie malformation in North America . 

Surgical treatment of this accumulated CSF by diversion has been in use since 

1929 30. The identification of silicone polymer as a superior biomaterial for the 

construction of tubes and valves provided neurosurgeons with the option of 

shunting excess CSF to other body cavities. This technique was first described in 

1957 IZ3, and is still mainstay of hydrocephalus management today. 

The wide variety of clinical presentations and tempo of progression of 

hydrocephalus can make timing of CSF diversion a challenge. Patients with raised 

intracranial pressure and ventriculomegaly do not present a management 

conundnun; however, not al1 cases demonstrate clear evidence of progression and 

some may even undergo regression or resolution. This challenge is compounded 

by the significant risk of failure associated with treatment. In a recent study, shunt 

failure occuned in 13.6% of 367 pediatric patients followed for a minimum of one 



4 5 year . The ultimate goal of rninimizing tissue destruction caused by 

hydrocephalus through use of early shunting is counter-balanced by the signiticant 

risks associated with shunting. Dnig therapy in the treatrnent of infantile 

hydrocephalus has focused on reducing intracranial hypertension through 

suppression of CSF production. The reduction of CSF producbon using osmotic 

75 diuretics has been used for many years . Glycerol and isosorbide have been 

66;m limited in their eficacy due to the dehydration they cause . The use of less 

dehydrating agents Iike furosemide and acetazolamide has been advocated by 

sorne for reducing the need for CSF diversion 13'. However, in a recent 

international trial the same agents were associated with a higher mortaliîy rate and 

greater number of patients requiring a shunt '. No drug therapies targeting 

neuronal protection or regeneration have been documented. The limited 

information regaràing this area of hydrocephalus management has prompted chis 

study. 

1-2 Animal models of experïmentai hydrocephalus 

Most information regarding pathophysiologic mechanisms of 

hydrocephaius is based on animal models. Many different animals including rats, 



mice. kittens, cats, rabbits and dogs have been used experimentally. Materials 

injected into CSF pathways include bactena, vinises, blood, larnpblack, hdia ink, 

9572 gelatin, balloons, silicone oil and kaolin al1 of which can result in obstruction 

of CSF flow 71'73. The difticulty encountered with many o f  these techniques is the 

unpredictable results 95. The most cornmon materials used at present are silicone 

and kaolin. injection of kaolin into the cistema magna produces a miid 

inflarnmatory response that obstructs CSF flow in the subarachnoid space and 

basal cistems 95. This mode1 of hydrocephalus is most similar to post-rneningitis 

hydrocephalus in hurnan infants I I 3 .  

1 -3 BehavioraI assessrnent 

Hydrocephaiw is a progressive disorder of the brain with bilateral 

symmetry. Longitudinal data is required for assessing the effect of ventricular 

enlargement 39. We know that hydrocephalus in hurnans can manifest itself in 

many ways. Tbe most prominent motor disability is abnormal gait secondary to 

52; 133 stretching of the corticospinal tract and effect on pre-motor areas . Impaired 

cognitive development '" and language disability 42, presumed to be the result of 

diffuse cortical dysfunction, have also been reported. Delayed growth and short 

stature have been attributed to the pressure on the hypothalarnic area. Urinary 



incontinence is fiequently observed 79 due to loss of voluntary supraspinal control 

of micturition inducing hyperactivity and impairnent of blad&r sensation '. Rare 

signs and symptoms such as Parkinsonian movements ", akinetic mutism ' and 

paraparesi s 16' have also ken reportai, possibly due to interruption of 

striatonigal and doparninergic pathways. 

Hydrocephalic rats have been s h o w  to have learning disabilities 36.37;s I 

Reports of impaired memory acquisition were reported in H-Tx rats, which have 

hereditary autosomal recessive aqueductal stenosis 6'. 

1 -4 Pathological changes in hydrocephalus 

The pathological changes secondary to hydrocephalus have k e n  reviewed 

3 3;98 in detail . Some investigations of hurnan and animal hydrocephalus have faiied 

to identiQ histological abnormalities in cortical gray matter 47;126;152;154 . However, 

subtle neuronal pathology such as pyknosis and degeneration has been observed in 

human cortex ". Animal studies have demonstrated decreased synaptic density 83 

and reduced complexity of the neuronal dendritic trees ". Chronic damage to the 

cerebral cortex results in reduction in size and nurnber of the large pyramidal 

neurons and rare neurofibn'llary tangles in neurons of the cortex and 

hippocampus 9: 10;20;36;5 1 
- The adverse effect of hydrocephalus on the developing 

brain structure is supporteci by documentation of polygyria % and dimirbed 



ce[ l ular proli feration and migration ". These are apparent in hydrocephalic 

children with aberrant cerebral fûnction 18.  

White matter changes include significant losses of myelin and axons 

3358.117;147 . Axons in penventricular white matter are subjected to compression and 

stretching that result in the thinning of the corpus cailosum and central 

degeneration 38;545%;77.105:106:127; 152;154:155 . Secondary loss of myelin in the 

periventricuiar area has been reported histoiogically 1";'63 and biochemically 

53: 128 . In severe human ventriculomegaly, the presence of myelin basic protein 

(MBP) in CSF suggests myelin darnage 143. Clinical investigation of 

hydrocephalic patients before and afier shunting demonstrated a significant 

decrease in MBP leveis ". Delayed myelination in developing brains has k e n  

docurnented in young rats with kaolin-induced hydrocephalus ". Descending 

77; 161 degenerative changes have been obsewed in the corticospinal tract . 

The degree of  damage to the ependyma varies fiom nothing " to stretched 

or tom 21;153 to totally destroyed 12'. nie severity of ventriculomegaly and the rate 

of expansion of the ventncles determine the extent of destruction. The normally 

cuboidal or columnar ependymal cells will flatten, providing an increased surface 

ares 34;:' 16 . If the verttricles enlarge very slowly, the ependymal lining may remain 

intact ". Damaged ependyma is minimal over the caudate nucleus and more 



severe over white matter dong the roof and dorsolaterd angles of the lateral 

ventricles 115:124 . This wlnerability of certain locations correlates with the degree 

of stretching encountered by the underlying tissues. Whether ependymal Ioss is 

bioiogically significant remains unclear. 

Hydrocephalus research is encumbered by the muitifactonal nature of this 

disorder. The multiple pathologicd mechanisms operating in concert as the brain 

undergoes compression and distortion require temporally designed studies. 

Timing of a given process can help differentiate primary versus secondary 

pathoph y siologic mec hanisms associated with hydrocephalus. In generd, primaxy 

mechanisms occur in the early stages of hydrocephalus. McAllisîer and coworken 

summarized the pn'mary pathoph y siologic mechanisms as compression, stretc h, 

i nterstitial edema, blood-brain barrier breakdown and intraventn'cular hemorrhage 

97 the tint two king  the most apparent. Compression may result in thinning of 

the cortical mantle to less than 2 cm in a human brain, with unpredictable 

neurologïcal deticits ". Axonal stretch is probably just as damaging on the 

cortical mantle as compression The expandable skulls encountered in pediatric 

patients allow more traction and less compression. Centrifûgal expansion of brain 

would result in considerable distortion of gray and white matter. The growing 



axonal projections might have dificulty finding normal pathways in such an 

environment. 

Experimental and dinical studies have demonstrated reduced cerebral 

blood flow (CBF) during hydrocephalus 29-J6;57:64:70:80; 136: 150 . Whether the reduction 

in CBF reaches an ischemic level (18 mumin per 100g) 67 is still controversial. 

However, this threshoid may not be applicable to chonic  wnditions such as 

hydrocephalus. Studies correlaa'ng CBF and metabolism in hydrocephaIus showed 

evidence of altered energy utilization from aerobic to anaerobic glycolysis %;Id2 

and accumulation of  lactic acid using MR-spectroscopie irnaging 19. Our own data 

91 suggests that alteration in perfusion in the white matter may be present as early 

as the first &y after induction of hydrocephaius Hypoperfùsion has been 

demonstrated in white matter of hydrocephalic animal brain by various rnethods 

19:29;44;70 . This supports hypoperfusion, if not ischemia, as an important primary 

pathophysiological mechanism involved in hydrocephalus. 

Hakim and coworkers postulated that brain compression occumed at the 

6 1 expense of venous blood and extracellular water . This is supponed by 

observations of decreased water content in the cortex of hydrocephalic rabbits 32, 

CT scan density changes in hurnans with hydrocephalus "*, and ultrastructural 

compression of tissue in hydrocephalic mice 'O0. Accumulation of potentiaily toxic 

metabolites in brains of hydrocephalic rats and rabbits 35;dQ 165 leads us to 



h ypothesize îhat extracel l uiar fl uid flow or molecular diffusion througb the 

extracellular cornpartment is impaired following hydrocephalic compression of 

the brain. Our MR data in adult rats suggest compression of both cortex and 

striatum 92. An increase in tissue water is supported by increased T2 signais shown 

in several studies 4;12;157 including ow own &ta 92. This edema was noted at eight 

days fol lowing induction of hydrocephal us. 

1.6 Recovery pst-shunting 

The improvement of hctional outcome following shunting is well 

documented in hwnan patients and has been demonstrated 37 using the rat modei. 

Hydrocephalus was induced using kaoh  injection into the cistema magna of 

three-week-old rats. Shunting afier one week largely averted Leaniing disabilities. 

Delay in myelination in the cerebrat white matter of immature rats was a h  

revenible using diversionary shunting of CSF ". A signifiant difference in 

myelin-related enzyme activity in the corpus calIosum was observed when 

cornparhg the early (one week) versus late (four weeks) groups of shunted rats. 

Miyazawa studied both behavioral and histological outcorne of shunting H-Tx rats 

with congenital hydrocephaius. A reiationship between le-ng disability and 

impairment of synaptogenesis was observed. Quantitative Golgi studies of the 

cortex and neurobehavioral evaluation with light-dark discrimination tests using a 



Y-maze were done 'O7. Shunting of these H-Tx rats at four weeks of age restored 

îhe laminar arrangement of the cortex, but the density of dendritic spines did not 

recover. Shunting, if performed early enough, can result in brain recovery, 

specifically myelination and synaptogenesis 33. 

1 -7 Role of neuroprotection in hydrocephalus 

Potentially, nurnerous neuroprotective strategies for treatment of central 

nervous system (CNS) injury can be applied. For the purpose of this thesis, I ~ i l l  

focus on the role of altered ca2+ homeostasis as a possible mechanism of brain 

inj ury. Many different pathophysiological aspects of damage include infi w of 

calcium as a final common pathway of ceIl death. Cellular energy failure 

following trauma or ischemia can disrupt many hinctions, resulting in the 

breakdown of the membrane potential and influx of calcium. Acidosis, increased 

anaerobic glycolysis, decreased energy-dependent ion extrusion and decreased 

148 cytoskeletal assembly contribute to the demise of membrane potentials . 

Disruption of membrane potential will reverse the ~ a + / ~ a ~ +  exchange, open 

voltage sensitive calcium channels (VSCC), contribute to glutamate excess and 

therefore upregulation of glutamate receptors activity l 3  ' . Other sources of ca2+, 

which contribute to the influx, are interna1 stores and mitochondria High 



concentrations of intraceildar calcium can result in upregulation of certain 

102 enzymes. Calpains, which are calcium-dependent neutral cysteine proteases , 

once activated will cause degradation of the cytoskeletal proteins such as spectrin, 

77.)6:78:88;7:75 tau, tubulin, MAP- 1, MAP-2 and ankynn "' . In the brain, the role of 

calcium for axonal degeneration 13' and neural tissue damage is supported by 

several in vitro and in vivo studies 8:43:110;138;139;149 - Strategies for the treatment of 

calcium neurotoxicity can target any of the above mechanisms. Recent l y obtained 

unpublished data (Del Bigio et al, 2000) indiaites that both ca2'and calpain are 

increased in white matter of hydrocephalic rats and that cal pain may be activated. 

The upregulation of L-type calcium channels has been demonstrated 

using immunostaining of white matter with ischemia expenmentsis". The L-type 

channei is one of several voltage gated calcium channels, which are found in 

vascular smooth muscle giia and neurons15. Nimodipine, a blocker of 

dihydropyndine-sensitive (L-type) calcium channels, has k e n  in routine clinical 

use since the early 1980s. The presumed mechanism of action is the reduction of 

~ a "  influx by blocking L-type ca2+ channels. This resulting decrease in ca2+ 

influx may provide cytologicai protection. This Iipophilic blocker, nimodipine 

was noted for its greater brain distribution and direct neuronal action in the rat '33. 

Another explanation may be related to blood flow. Langley and Sorkin reviewed 

the pharmacodynarnic and pharmacokinetic properties of nimodipines5 and 



increases in both the cerebral biood flow and diameter of cerebral artenoles were 

shown in animals and humans. Newoprotection muld therefore be the result of 

the prevention of ixhemia. 

Chnical studies have demonstrated the benefit of nimodipine in 

subarachnoid hemorrhage patients 3:lOI:119 . Nimodipine has also been used in 

pediatric patients with migrainesg1. Nimodipine has few side effects and is well 

tolerated by patients. One of the side effects, hypotension, has been used in the 

clinical management o f  hypertension "'. Nimodipine has been used in clinical 

scenarios such as head injury 63 and other experimental work 16 ' .  However, the use 

of nimodipine as a neuroprotectant in hydrocephalic patients has not been 

reported, 

1 -8  Promotion of regeneration 

The CNS reaction to trauma includes sprouting of neuntes from central 

1" axons ". Upregutation of growth asçociated protein (GAP-43, also called as 

B50, FI, pp46 and neuromodulin) has been docurnented in the penventricular 

region of hydrocephalic rats la. This membrane-linked protein is involved in 

transduction of intra and extracellular signals that regulate the cytoskeleton of the 

nerve ending l6  and is associated with axonal elongation and neunte sprouting ". 



Impediments to regeneration include obstnicting reacrive glial cells, 

inhibitory products fiom myelin breakdown ' 14, and the absence of appropriate 

114 mowth factors . Central administration of exogenous neurotrophic factors has 
Y 

ken shown to prevent loss and promote recovery of damaged central neurons and 

axons 76; 1 25 . Cuello demonstrated enhanced synaptogenesis with neurotrophic 

factors in cerebral cortex of adult animals 27. Rats with traumatic brain injuries 

treated with nerve growth factor (NGF) exhibited a supenor cognitive rewvery 

cornpared to control rats ''O. The subependymal zone is potentially an important 

site for generating new oligodendrocytes fiom stem cells 25? Mitogens such as 

piateletderived growth factor (PDGF), basic fibroblast growth factor (bFGF), and 

insulin-like growth factor (IGF-1) stimulate the proiiferation of oligodendrocyte 

precursors that reside in the white matter J6;48;60 

One of the challenges in administenng neurotrophic factors is the 

dificulty penetrating the blood brain bamer '? Strategies to overcome thîs 

obstacle include the use of gene manipulation to ailow cellular delivery of ciliary 

neurotrophic factor (CNTF). This method has demonstrated some success in 

minimizing motor and cognitive dysfûnction in animals with striatal lesions 49. 

Intraventricular delivery of NGF" has been used in patients with Alzheimer's 

disease 50. 



CNTF has k e n  noted to protect central neurons following cerebral 

contusion or infarction 84 and to prevent motoneuron death afier axotorny 23; 134; 144 

Axon regmeration in vitro has been demonstrated with CNTF '''j and CNTF is 

believed to play a role in survival of oligodendrocytes 160. CNTF has cytokine-like 

side effects because of its similarity to interleukin-6 69, which can result in 

significant weight loss. AXOKINE =, a genetically engineered second-generation 

form of CNTF, which has fewer cytokine-like side effects and greater potency, 

has been developed as a possible therapeutic agent It protects srnatal neurons in 

86 kainate-induced animal rnodels of Huntington disease ci and photoreceptors . 

Based on this information, the choice of CNTF delivered into the ventricles of 

hydrocephalic rats seemed to warrant investigation. 



Hydrocephalus is second only to spina bifida as the most fiequent 

congnital neurologie malformation in North Amenca '59. in spite of the advances 

in technology, the surgical management of this disease is still plagued with a high 

complication rate ? This surgical complication rate incites us to irnprove upon 

the management of hydrocephalus and forces us to explore other therapies. The 

role of adjunctive dmg therapy is the focus of this study. Neuroprotection prior to 

s hunting and enhancement of  neuronal recovery after shunting wiil be investigated 

wïth nimodipine and AXOKINE respectively in an animal mode1 of 

hydrocephalus. 



1 .10 Hypot heses 

We hypothesize that: 

1- Peri~ent~cu1a.r axon integrity is damaged by calcium infiux in 

hydrocephalic rat bnin and administration of a calcium channel 

blocker, nimodipine, to young hydrocephalic nits wdl minimizp brain 

damage and improve functional outcome. 

2- Administration of an exogenous newotrophic factor, AXOKINE ', by 

intraventricular delivery following shunting of young rats with 

expenmental h ydrocephal us ~ i l l  resul t in im proved recoveiy and 

better fbnctional outcome. 



2.0 Materials and Metbods 

AI1 animals were treated in accordance with the guidelines set forth by the 

Canadian Counci l on Animal  are. The insti tutional animal ethics cornmittee 

approved al 1 protocols. A total of 1 44 male, three-week-old, Sprague-Dawley rats 

wvith an average initial weight of SOg were used for the experiments. The animals 

were supplieci locally by Charles River Valley breeding wmpany and had fiee 

access to food and water at ail times. 

Nimodipine was purchased from Research Biochemicai hcorporated 

(Natick, MA). AXOKINE * was donated by Regeneron Pharmaceuticals 

(Terryto wn, NY). ALZA rnini-osmotic pum ps (mode1 2002) were purchased corn 

ALZA Corporation (Palo Alto, CA). The antibiotic used was cefwl in  sodium, 

purchased fiom Novopharm (Toronto, ON). The tubing used for intrathecal 

delivery of AXOKINE 'and as shunts was Micro-Renathane (0.040 0.d. x 0.025 

i.d.) fiom Braintree Scientific inc. (Braintree, MA). 

Induction of hydrocephalus 

Rats were anesthetized using ketarnine/xylazine (90/10 rng/kg Lm.). M e r  

shaving and washing tbe skin over the nuchal area of each rat, mild flexion of the 



neck provided better localization of the foramen magnum. A 27 gauge needle was 

inseried into the cistema magna then sterile kaolin suspension (25 % in 0.9 % 

NaCl WN) was injected slowly, delivering a total volume of 0.05 ml. Control 

anirnals received normal saline injection of the sarne amount. 

2.2 Magnetic resonance imaging 

Rats were anesthetized using ketamine/xylazine (90/10 mgkg i.m.). Rat 

brins were visualid by magnetic resonance imaging in a 7 Tesla Bruker 

Biosped3 7T/ 2 1 cm horizontal bore spectrorneter (Karlsruhe, Germany) with a 

radiofiequency coi1 surrounding the head- Coronal slices, 1.0 mm in thickness, TR 

of 3.0 s, single echo TE 80 msec, were used to obtain T2-weighted images; eight 

to ten contiguous coronal slices were obtained. Lateral venbicies size was 

assessed on the coronal images anterior to the third ventrkle. Ventricle size was 

expressed as a ratio deterrnined by dividing the width of the fiontal horns of the 

lateral ventricles by the width of the cerebrum. Examples of different degrees of 

venîriculomegdy can be seen in Figure 1.  





2.3 Nirnodipine treatrnent 

Two pilot experiments were conducted. These provided information which 

was used to design subsequent experiments. The dificulties encountered with the 

protocols will be elabrateci in the Discussion section of the thesis. 

The first group of 30 rats was divided into six arms based on drug, dose 

and kaolin or  sharn injection. A high (20 mg/kg/dose) or low (2.0 mg/kg/dose) 

dose of nimodipine was adrninistered subcutaaeously ( S C )  in a 20% 

dimethylsulfoxide (DMSO) and 5% eüianol vehicle solution. The control 

consisted of the solution only. The twice a &y (BD) administration of the dmgs 

\vas initiated one day a fe r  the injections (kaolin or sharn) and continued for two 

weeks. Ail rats were weighed weekly and subjected to the same serial behavioral 

testing (see below). Mer four weeks the animals were imaged and euthanized 

within 24 hours. This group will be referred to as the nimodipine pilot 1. 

The second pilot group of 34 rats was divided into four arms consisting of 

a low nimodipine dose (2.0 ms/kg/dose s-c.), a high nimodîpine dose (10 

mgkg/dose s-c.), an oral (PO) nimodipine dose (10 mg/kg.dose), and control. 

Frequency of dmg administration was unchanged, BD. A new vehicle was 

introduced in order to facilitate mixing nimodipine into a solution that would be 

administered subcutaneously and orally. The vehicle was initially IO% PEG and 



5% ethanol, but due to rend acidosis, the vehicle was changed after four days of 

treatment. The new solution consisted of 20% dimethylsulfoxide (DMSO) and 

10% ethanol; the nimodipine dose remained unchanged. These animais were lefi 

untreated for two weeks after the kaolin injection, treated for two weeks, imaged 

and euthanized within 24 hours. Total duration of the experiment was four weeks. 

The results of this group will be referred to as Nimodipine pilot 2. 

The third group, this group will be refened to as the experimental group, 

saw 40 rats divided into two arms, control and nimodipine (I.8mg/day s.c.). The 

vehicle solution was 50% DMSO and 5% ethanol. These animais were lefi 

untreated for two weeks. The first MR image was then obtained and the animals 

were stratified into two subgroups based on their ventricular size - large or 

moderate. Both groups, large and moderate, were then randomized to receive 

either control vehicle or Nmodipine. Four rats with very srnall or normal 

ventncles were excluded, leaving 18 rats in the control and experimental arms. At 

the time of surgery, ail anirnals received a mini-osrnotic pump (Aizet, mode1 

2002). The purnps were inserted subcutaneously using aseptic technique while the 

animal kvas anesthetized with ketamine/xylazine (90/10 mgkg, i-m.). The rnini- 

osmotic pumps contained 243.1 +/- 4.53 microliters and a mean pumping rate of 

0.55 +/- 0.02 microliters/hour. The skin incision, iocated at the base of the skull, 

measured 2 cm in length and was closed using staples. The second MR image was 



obtained pnor to euthanization of al1 animais five weeks afier the kaolin injection. 

The animals were subjected to five weeks of behavioral testing, one pnor to kaolin 

injection, two without treatment and two more with treatment. The rationale for 

this duration is based on several facts. The mortality rate of rats with 

hydrocephalus becomes significant afier four weeks ". The recommended time 

allowed for the irnplanted pumps is two weeks. The results of this group will be 

reported as Nimdpine expenment, 

Thirty-six rats were divided into three experimental arms. Two of these 

received AXOKINE by intraventrkular route at a dose of 1 -4 pg/day or 1 4.3 

pgday and the third received only the vehicie (phosphate buffered saline, PBS). 

Behavior testing was started one week pnor to the kaolin injection and continued 

for six weeks afier. The animds were left untreated for three weeks foilowing the 

induction of hydrocephalus. The first MR images were acquired at this point and 

then rats were divided into a large and moderate ventncle size ratio. Each group 

was then randomized to receive an ALZA mini-osmotic purnp (mode1 2002) filled 

with one of three solutions: control, low dose AXOKiNE or high dose 

AXOKINE '. The purnps had k e n  primed for 24 hours, as set forth by ALZET 



protocol. The rats were shunted and an inirathecal pump implanted under 

anesthesia induced by ketamine/xylazine (90/10 mgikg). Al1 implanted material 

was gas steriiized with ethylene oxide pnor to insertion. 

The rats were placed lying flat with the head secured to a platform. M e r  

shaving the scaip and washing the skin with alcohol and povidone solutions, 

drapes were applied. This aseptic technique was used for al1 rats and maintained 

for the entire surgery. A midline scalp incision measuring approximately 3 cm 

was made. The skull was perforatecl (0.5 mm) bilaterdly, 2 mm fiom the midline 

and 4 mm antenor to the transverse sinus, using a power drill with sterile drill bits. 

These perforations allowed insertion of the shunt and of the distal end of the 

tubing, which was comected to the mini-osmotic pump. Micro-Renathane tubing 

(0.04 mm in o-d.) was used for both the shunt and pump tubing. The shunt tubing 

was inserted into the right lateml ventricle and the pump tubing into the le& The 

insertion was performed under magnification to ensure minimal trauma. The depth 

of insertion was approximately 2 mm. Micro-Renathane tubing had a sterile 

silicone rubber stopper glued with cyanoacrylate glue 4 mm from the distal end in 

order to facilitate anchoring. Anchonng was achieved by placing a suture into the 

temporalis muscle and figating the tube proximal to the silicone in order to 

prevent slipping out of the ventricles (Figure 2). The scalp incision was closed 

using staples. The animals were lefi to recover for several days pnor to resuming 



behavior testing. Cefazolin sodium was administered intrarnuscdarly fifieen 

minutes before surgery and o n e d y  p s t ,  at a dose of 25 mg per kilogram. 

The second MR images were acquired afier three weeks of treatment and 

pior  to euthanization of a11 animals. 





2.5 Behavioral assessrnent 

An objective banery of tests to assess motor function and cognition 

req uires accuracy and reproduci bil ity. By quantitative1 y eval uating certain 

parameters, the rate of improvement can be assessed and compared between 

moups. More subtle differences require a greater number of points of cornparison 
Y 

in order to achieve significance. 

Motor function was evaiuated using a chamber with inf'rared bearn sensors 

located every 2.65 cm to detect movement (Opto-variniex, Columbus 

Instruments). M e r  one minute of familiarhtion, movement is recorded 

automatically in both horizontal and vertical planes for 15 minutes. The vertical 

count is triggered when the animal intempts the infiared beam located IS cm 

above the monitored surface. The vertical count is referred to as the exploratory 

movement. The arnbulation count is generated when the animal sequentially 

breaks more than two adjacent infiared beams in the horizontal plane. A third 

count, non-ambulatory movement, is generated fiom any repeated interruption of 

a single infrared beam; this count could represent activities such as scratching or 

grooming. The total count is the sum of ambulatory and non-ambulatory 

movements in the horizontal plane only. 



The ambulatory agility of the rats was quantitatively assessed using a 

rotat ing d m  (Economex, Columbus instruments). Two trials were performed. 

The first was to assess endurance. This required the rat to stay on the dnun (10 cm 

diameter), which was rotating at a constant speed of 5 rpm, for a maximum of two 

minutes. In the second trial, the initial speed was set at 2.5 rpm and accelerated at 

a rate of O. 1 rpm every second. The time recorded represents the moment the rats 

were placed on the rotating d m  until they fell off. 

Recording the tirne required by the rat to swim 1.5 meters also assessed 

motor fwiction. A pool was constructeci, measuring 20 cm by 40 cm with a length 

of 150 cm, and filled with water at room temperature. Rats were placed at one end 

and time was started immediately. Rats experiencing dificulty with the task or 

requiring more than 60 seconds to complete the task were removed and rested for 

60 seconds. 

Learning and memory function were evaluated using a mdified Monis 

water maze '". Validation of perfoming three mals in one day to assess the 

animals' ability to leam was done by Kraemer and coworkers ". Testing was done 

in a dimly lit room with a pool (90 cm2, 25 cm deep) filled with 22°C water. A 

platfom (13 cm round) was placed 1 cm betow the water surface. The water was 

made opaque by adding kaolin. A single wall was illurninated to provide 

directional cues. The rats were placed in the center of the pool and allowed to 



swim until they found the platform. A trial consisted of four attempts to find the 

platform. The rats faced a different direction with each attempt. If the rat failed to 

cornplete the task in 60 seconds it was aven a 60 second rest before the next 

attempt. Three trials were performed during the course of the day; each separated 

by a two-hour interval. Data generated consisted of the averages of the four 

attempts in one trial. If the rats were capable of ieaming, the mean swimrning time 

is expected to decrease progressively during the course of the &y. If the rats 

improved their motor ability or retained memory of the task, each &y's initial trial 

time shodd dso  decrease fiom week to week. 

2.6 Histological and irnmunohistochemical assessrnent 

Rats were sacrificed by an overdose of pentobarbital. The vascular system 

was cleared by perfùsion with ice cold O. 1 M phosphate-buffered solution (PBS) 

and their brains were removed immediately. Brains were then cut coronally at the 

level of the optic chiasm. Sarnples from the corpus callosum, hippocarnpus, 

cerebellurn, parietal and frontal lobes were dissected and fiozen in liquid nitrogen, 

then stored at -80°C (Figure 3). 



Figure 3:  Dorsal view of a rat cerebm including the cerebellum and rnedulla, the 

longitudinal axis is going from right to lefi. Location o f  cortical sampling for the 

enzymes (PRO), biochemical (BCH), Golgi, and Ribonucleic acid (RNA) studies 

are labeled. The coronal cut is at the level of the optic chiasm. 



The remaining pieces of rat brain were immersion fixed in 10% buffered 

formalin. The anterior portions of the frontal lobe of the brain, cut coronally at the 

level of the optic chiasm, were sectioned and stained with hematoxylin and eosin 

(H&E), as \-.*rll as solochrome cyanine ( S C )  for visualization of myelin. 

Immunohistochemical methods were used to detect myelin basic protein (rabbit 

polyclonal anti-MBP, IBO0 dilution; Dako) on paraffiin sections at the coronal 

level of the anterior commissure. This antibody was revealed using biotinylated 

secondary antibodies (1/3ûû dilution; Jackson) followed by streptavidin-HRP and 

d i a r n i n ~ k ~ d i n e .  This method was used to define and measure the thickness of 

the corpus callosurn (CC) at two different points between the midline and the most 

lateral part of the CC anterior to the fimbria (Figure 12). lmmunohistochemical 

staining using rabbit polyclonal anti-GFAP (Dako; 1 / 1 0  dilution) was used to 

assess reactive astrogliosis and anti-neurofilarnent 200 kD (Biogenex; V200 

dilution) was used to assess periventricular axons. The intensity of GFAP 

immunoreactivity (Figure 13) was assessed on the slides using the spot metering 

system of a Nikon Microphot FX epifluorescence microscope as an optical 

densitometer. At 20X objective magnification, the spot meter registers a circular 

a r a  50 pm in diameter. With consistent illumination and filter settings for 

transmitted light, the photometer reading was an effective measure of labeling 

intensity. All brain sections were sampled at four different points dong the corpus 



callosum, two areas in the fimbria and four different areas in the gray matter. 

These readings were then averaged and subtracted from background optical 

densitomeq readings. This method has been previously validated by Del Bigio et 

al j6. 

2.8 Statistical assessrnent 

Al1 results are reported as a mean with the conesponding standard enor (+A) in 

tabIe or graph format. A11 data was tested for normal distribution. The p-values for 

the nimodipine experiment were generated using t-test and the AXOHNE 

experiment required ANOVA. 



3.0 Results 

3.1 Nimodi pine experiment 

The results of  the nimodipine pilot 1 will not be reported in detail due to 

the lack of significant ~en~cu lomega ly .  The rats had a ventricular size index of 

0.48 +/- 0.03. This did not suficiently affect their functionai status. Kaolin 

injections were adequate based on gross and microscopic observations of kaolin in 

sufficient amount and appropnate location. The most plausible explanation for 

this failure is the vehicle used and its timing in relation to the kaolin injection. 

Dimethylsulfoxide, DMSO, is believed to have anti-inflarnrnatory properties. In 

130 vitro studies have s h o w  inhibition of platelet aggregation and inhibition of 

14 microbiocidal activity of neutrophils . Inhibition of neutrophil recruitrnent 

mediated by interleukin-8 in airway epithelium has k e n  demonstrated in vivo 

using dogs 93. In the Mongolian gerbil, there is some reduction in size of cerebral 

infarction when treated with DMSO 99. This anti-inflamrnatory property of  DMSO 

might therefore blunt the induction of  hydrocephdus by interfenng with the 

inflammatory response of kaolin injected into the cistema magna. The CSF 

pathways are then lefi without significant obstruction. Timing is also important; in 



this pilot we started DMSO administration the &y after kaolin was injecte4 

thereby allowing the DMSO to inhibit inflammation. 

In nimodipine pilot 2 we used a different solvent as a vehicle. 

Polyethylene glycol was used and resulted in the renal acidosis and subsequent 

deaîh of a quarter of the experimental animals. Attempu to sdvage the experiment 

by treating the acidosis with injections of sodium bicarbonate were met with 

limited success. The vehicle had to be changed back to DMSO. The subcutaneous 

injections caused skin necrosis, Due to al1 of the variables introduced into this 

pilot and the high moriality rate, the resuits of this group were excluded. 

Information fiom this experiment was used however to guide the dose used in 

subsequent experiments and to use only the subcutaneous route. 

A number of changes in the protocol were introduced in the nimodipine 

experiment. A two-week period with no treatment was implemented in order to 

achieve significant ventn*culomegaly. The delivery of the nimodipine using Alzet 

mini-osmotic pumps allowed a more continuous delivery. The dosage of 

nimodipine was based on the two pilot studies. The previous dose of 20 

mg/kg/day seems to have had some effect and was therefore used in this third 

trial. Other limiting factors include the maximum concentration of nimodipine 

without precipitation in such a srnaIl volume (243 microliters). The insertion of 



the osmotic purnps was not a complicated procedure and was tolerated by the 

animals. 

The nimodipine experiment will be reported in detail. The mortality rate 

for this experiment was 10% (4/40). Two rats died within two weeks of the kaolin 

injection, the other two within the first month. The control and nimodipine anns 

were left with 18 anirnals each. The weight of each animal was recorded three 

times a week to assess nouristunent and development. The weight gain data is 

presented in Figure 4. The change in ventricular size index fiom MR images is 

shown in Figure 5, and as expected both groups had significant progression in 

comparison to the pre-treatment starting point. However there were no significant 

differences between the two groups at either time point p > 0.1. 

Spontaneous activity counts are reported in Table 1, w i ~  no significant 

inter group differences in total, ambufatory or verticai movements. Note that ail 

rats were less active during week 3.  This is presumably related to discornfort 

fol lowing the insertion of  the Alzet mini-purnp. 



Figure 4: Weight gain of rats following kaolin injection, no significant differences. 



' +Conbol +NimoGpnc 

Figure 5: Ventricular size index before and after nimodipine treatment, 
bath increase with p < 0.004 



Table la: Spontaneous activity total count, no significaat difference 

Table 1 b: Spontaneous activity ambulation count, no s ignif iant  difference. 

Time point 
Week O/ Pre-kaolin 

Week 11 no treatment 

Week 21 no treatment 

Week 3/ witb treatment 

Week 4/ with treatment 

Time point 
Week O/ Pre-kaolin 

Week I/ no treatment 

Week 2/ no treatment 

Week 3/ with treatment 

Week 4/ with treatment 

Control Nimodipine 
2069.4 +/- 1 37.3 2061 -1  +/- 172.8 

2266.9 +/- 249.6 2 1 85.0 +/- 575.5 

2 18 1.4 +/- 252.5 3299.3 +/- 383.4 

1430.5 +/- 364.0 12 13.2 +/- 259.8 

2 157.0 +/- 3 16.5 1521.1+/- 241.2 

Control Nimodipine 
12 17.6 +/- 96.1 1212.1 +/- 130.3 

1 505.9 +/- 207.8 1520.7 +/- 472.9 

1408.6 +/- 183.0 3 126.0 +/- 1686.2 

926.1 +/- 328.2 794.6 +/- 202.1 

1508.0 +/- 273.9 1023.6 +/- 20 1.4 

Table Ic: Spontaneous activity vertical count, no significant difierence. 

Week 1/ no treatmeat 

Week 2/ no treatment 

Week 3/ with treatment 

Week 4/ with treatment 

Time point 
Week O/ Pre-kaolin 

Control Nimodipine 
116.4 +/- 14.8 103.5 +/- 18.2 



The roller times for constant speed and constant acceleration are displayed 

in Figures 6 and 7 respectively. Roller times for the rats at constant speed were 

significantly different in the fourth week, f i e r  two weeks of treatment. Roller 

times at a constant acceleration showed significant differences following 

treatment in weeks 3 and 4. 80th of these results indicate a significantly better 

performance by the nimodipine-treated rats. 

The times needed to swim 1.5 m were significantly different for the 

nimodipine-treated rats during the treatment period (Figure 8). This supports a 

supenor motor performance by the nimodipine-treated rats. The combined results 

of the rolIer times and the swimming times indicate a superior motor performance 

by the nirnodipine-treated rats. 

Leaming and memory fiction assessrnent can be made using the time 

required by the rats to find the submerged plaûorm. The overaii performance of 

the rats in both groups is depicted in Figure 9. As the rats mature they improve 

their performance by swimrning faster and remembering where the platform is 

Iocated. This improvement is stunted by hydrocephalus in the control rats. For the 

first two weeks the times required to find the platform decreased both wiîhin the 

same &y and fiom week to week The control rats becarne siower at finding the 

platfonn indicated by longer times in weeks 3 and 4. However, nimodipine-treated 

rats have consistently lower times. The lack of further improvement in 



nimodipine-treated rats could be explained by the aiready short times needed to 

find the platfom. Looking specitically at the fim of the day, nimodipine- 

treated rats were significantiy faster at fmding the platfom once treatment began 

(Figure 10). This indicates retained memory of  the task fiom the previous week. 

The overall average for the &y also improved more significantly witb treatment 

(Figure 1 1 ). 

The overall behavioral performance o f  the nimdipine-treated rats was 

superior, demonstrated by longer times on the roller and shorter times swimming. 

Althougb the latter results are influenced by motor performance, they are also 

suggestive of better learning and memory ability by the nimodipine-treated rats. 



Week 01 Pre-kaolin Week 11 no Wtek 2/ no Wee k 31 wiîh Week 41 with 
treatment treaûnent treatrnent treatrnent 

Figure 6: Endurance (time) of rats walking on roller at constant speed (5 rpm) 
before and after nimodipine treatment, star = p < 0.001 



Week 01 Pre-kaoiin Week I l  no Week 2/ no Week 31 mth Week 41 wiîh 
treatment beatment treatment treatment 

Figure 7: Endurance (time) of rat walking on roller at a constant acceleration (0.1 rprnfsecond) 
before and after nimodipine treatment, star = p c 0.04 



Week 01 pre-kaoh Week 11 no Week 2/ no Week 31 with 
beatrnent treatment beatment 

+Conîrd +NirnodpVie 

Figure 8: Time required ta swim 1.5 m in the nimodipine 
experirnent, star = p < 0.001 

Week 4/ with 
treatment 



Week 41 with beatrnenî 
Nimodipine 

Week 41 with beatment 
Control 

Week 31 wiü~ treatrnent 
Nimodipine 

Week 31 wrth treatment 
comoi 

Week2i no treatment 
Nirnodipine 

Week 21 no ireatrnent 
Control 

Week I f  no Veatmenî 
Nimodipine 

Week If no treatment 
Cornol 

Pre-kaolin Contrai 

. Mean 1 si ûial .Mean 2nd Trial O Mean 3rd Trial ' 
Figure 9: Time required to find submerged pfatform, each 

experimental a m  is depicted weekly with al1 three trial of the day. 



Veek O/ prekaolin Week 31 no Week 2i no Week 31 with Week 41 wiai 
treatment treatment treatment treatment 

Figure 1 O: Swimming times for the 1 st trial of the day, star = p < 0.03 
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Week 01 pre-kadin Week I I  no Week 21 no Week 3/ wiai Week 41 wiîh 
îreatment treatment îreatment treaïment 

Figure 11 : Swimming limes for the mean of the three trial in the day, star = p< 0.005 
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Microscopic observations of coronal sections of cerebnun at the level of the optic 

chiasm were performed. H & E slides clearly showed enlargement of the ventricles and 

thinning of the corpus cailosum. Evidence of ventnkulitis or parenchyrnal lesions was 

aIso assessed. Macrophages laden with refiactile kaolin particles were noted in the 

subarachnoid space at the base of the brain and rarely in the venîricles. No obvious 

differences were noted between the control and nimodipine-treated rats- 

MBP imm unohistochemical staining was used to assess the corpus callosurn (CC) 

and measure its tiûckness in a coronal slice at two points. Figure 12 illustrates the corpus 

callosum of the rat brain at this levei. The mean thickness at the midline and lateral aspect 

of the CC are reported in Table 2. Nimodipine-treated rats had a significantly thicker 

corpus cal losurn. 

The anti-GFAP Iabeled slides were used to generate optical densitometxic &ta 

(Table 3); an exampie of this immunohistochernical labeling is s h o w  in Figure 13. 

GFAP immunoreactivity was slightly greater in the nimodipine-treated corpus callosurn 

and fimbria. No significant difference was noted in the cortex for anti-GFAP labeling. 

The neurofilament immunohistochernical labeling showing the subtle changes of a 

swollen axons and varicosities (Figure 14). There were no significant quantitative 

differences between groups. 



Figure I2:MBP slide for anatomical detail 



Table 2: Corpus callosum tbickness measurements, MBP slides, * = p< 0.02 

Nimodipine 

Coatrol 

Table 3: GFAP optical densitometry readiogs * 

Midline measurement Lateral measurement 
280-6 +/- 18.6 284.7 +/- 25.8 

Nimodipine I 92.18 +/- 1.22 87- 14 +/- 1-80 75.45 +/- 1 -29 

Anatomical location 
Control 

P-va 1 ues l 0.02 0.04 0.13 

Corpus callosum Fim bria Cortex 
89.34 +/- 1.82 83.66+/-2.87 74.64+/-1.33 

* Method for these readings is on page 28 



Figure 13: Coronal section of rat brain using anti-GFAP 
imrnunohistochernical label showing reactive astrocytes predorninantly in 
the corpus callosum. 

Magnification 650X 



Figure 14: Coronal section of rat brain showing neurofilarnent immunohistochemical 
label. 
M a p i  tlcation 700X 



3 -2 AXOKINE a experiment 

Of the 36 kaolin injected rats used for this experiment, only 18 were used 

for final analysis. Two died in the peri-operative p e n d  during the shunt 

procedure, 3 weeks d e r  the kaolin injection. The initial allocation o f  the 

remaining 34 animais was 10 controls, 1 1 low dose AXOKINE * and 13 high dose 

AXOKINE a . Eleven more rats died 33 to 4 1 days afier kaolin injection ( 12 to 20 

days afier shunting). These were unevenly distributed amongst the experimental 

ams. Five surviving rats were subsequently excfuded based on histoiogical 

evidence of ventricditis. The rats subjected to the AXOKRuE ' treatment 

esperienced a significant higher mortality rate than controls (p < 0.02) (See Table 

Table 4: Mortality and morbidity of shunted hydrocephalic rats treated with 

Starting $ample Deaths Erclusions Final S a m e  
sire 

Control 10 2 1 7 
Low dose AXOKINE a 11 5 2 4 
High dose AXOKINE 13 4 2 7 

Total 34 11 5 18 



The ventricle size index determined prior to shunting of the rats that died 

in the low dose AXOKINE group was higher at 0.71 +/- 0.04 compared to 0.68 

+/- 0.01 for the controls and 0.38 +/- 0.06 for the high dose AXOKINE group. 

AI1 behavioral assessments will be reportecf based on animais that sum-ived the 

entire experiment and were not excluded due to ventn'culitis. 

The ventricIe size ratio (Figure 15) was not significantly different between 

the three groups at either time point. The change in ventricular size however was 

sipifkant for the high dose AXOKINE '-treated rats. 

The weight gains presented in Figure 16 show a significant difference afier 

the introduction of AXOKINE * treatment. 

Spontaneous activity data is presented in Table 5. Ody the vertical count 

at pre-kaolin and in the third week of treatment (treatment-3) demonstrateci any 

significant differences. This could be a random variation. The counts for the 

fourth week of the experiment show decrease for al1 groups. This pend follows 

the surgical intervention and the change may be reiated to animal discom fort. 

The roller assessments performed at a constant speed are shown in Figure 

17. The times recorded represent the rats ability to stay on the roller, no 

signi ficant di fferences were observed between groups. 

The swimming results are represented in Figures 18, 19 and 20. The 

rnotor performance is assessed by timing the rats as they swim 1.5 rn (Figure 18). 



The cognitive functions of memory and learning can be inferred by looking at 

time needed to find the submerged platform. Figure 19 represents ail times for 

both groups for the three trials in a single day. The rats are expected to improve 

their performance as they get ofder. This improvement can be observed for the 

first two weeks following kaolin injection for al1 îhree groups. However as the 

hydrocep halus progresses their performance shodd regress- After the third wee k 

the AXOKINE '-treated rats (low and high dose) have longer times compared to 

controls. Upon initiation of treatment in week 4, the wntrol rats show little or no 

improvement in an already superior performance. The low dose AXOKDE ' - 
treated rats show mild improvement with treatment but not the high dose 

AXOKINE -treated rats. This superior performance by the control rats is 

illustrated more clearfy in Figures 20 and 21, which correspond to the first trial 

time of the day and the mean time of the day respectively. 



+Control (p = 024) +Lowdose AXOKINE (p = 0.66) High dose AXOKlNE (p = 0.02) 

Figure 15: Ventricular size index changes before and after treatment. Significant 
change for high dose AXOKlNE group, p = 0.02 
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Figure 16: Weight gain for the AXOKINE expriment in relation to 
kaolin injection and treatment. stars = p < 0.02 



Table Sa: Spootaoeous activity total count 

kaolin 
Week 1/ no 1 1071 -3 +/- 166.6 1161.2 +/- 161.2 1603.3 +/- 1191 -8 

Time points 
WeekO/Pre- 

treatment 
Week 21 no 
treatmea t 

Week 3/ no 
treatment 

Week 4/ with 
Treatmen t 

Week S/ with 
Treatment 

Controt Low dose AXOKINE * Higb dose AXOKINE * 
1626.9+/-164.0 1 1 79-2 +/- 1 84.0 1522.29+/- 247.4 

Wmk 6/ with 1980.9 +/- 203.6 I 1055.8 +/- 509.8 21 53.3 +/- 708.1 
Treatment 

no significant differences 

Table Sb: Spontaneous activity ambulation count 

kaolin 
Week 1l no 1 486.3 +/- 113.5 549.2 +/- 82.2 825.3 +/- 128.0 

Time points 
Week O/Pre- 

Control Low dose AXOKINE Higb dose AXOKINE * 
918.3 +/- 107.0 608.0 +/- 103.7 808.0 +/- 168.8 

treatment 
Week 2l no 
trea tment 

Week 3/ no 
treatment 

Week 41 witb 
Treatment 

W t ~ k  51 ~ i t b  
Treatment 

Week 61 with 
Treatment 

920.6 +/- 131 -9 1555.0 +/- 378.5 1380.7 +/- 295.2 

1 177.6 +/- 28 1 -4 1076.2 +/- 123.9 1828.8 +/- 408.5 

9 17.9 +/- 202.9 538.8 +/- 3 16.3 1 130.0 +/- 539.1 

1335.0 +/- 32 1.4 1294.5 +/- 487.2 1 1 16.3 +/- 480.5 

1365.6 -1-1- 175.9 708.8 +/- 473.0* 162 1 -6 +/- 587.1 

* significant difference between low dose AXOKME ' and botb hi@ dose AXOKINE 
and control, p = 0.02 in week 6 only. 



Week O/ pre- Week l l  no Week 21 no Week 31 no Week 41 wilh Wcek 51 with Week 61 with 
kaolin treatrnent beaîrnent treatment twatrnent beatrnent beatment 

-+-Control +Low dose AXOKINE H i  dose AXOKINE j 

Figure 17: Endurance (time) of rat walking on roller at constant speed (5 rprn), no significant difFerences. 
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Week O1 pre- Week I I  no Week 21 no Week 31 no Week 41 with Week 5f with 
kaolin treatrnent treatment treatrnent treatment treatment 

- --- 

-C-Conûol +Law dose AXOKINE High dose AXOKlNE , 

Figure 18: Time required to swim 1.5 m in the AXOKINE expriment, 
star = p < 0.02 Low dose AXOKlNE versus others 



high dose AXOKINE 

low dose AXOKINE 

Week 61 with treatment - control 

high dose AXOKINE 

low dose AXOKINE 

Week 51 w i ü ~  treatment - control 

high close AXOKINE 

low dose AXOKINE 

Week 41 wiîh treatment - conbol 

high dose AXOKINE 

low dose AXOKINE 

Week 31 no treatment - conbol 

high dose AXOKINE 

low dose AXOKINE 

Week 21 no treatrnent - control 

high dose AXOKINE 

low dose AXOKINE 

Weekl 1 no beatment - conîrol * 
high dose AXOKINE 

low dose AXOKINE 

Week 01 pre-kaolin - conîrol 

Figure 19: Time required to find submerged platform, each experimental arrn is depicted 
weekly with al1 three trials of the day. 



Week O1 pre- Week 11 no Week 2l no Week 31 no Week 41 wiîh Week Si with Week 61 with 
kaolin treatment treatment îreatment lreatment treatment treatment 

+Control +Low dose AXOKINE High dose AXOKINE ' 

Figure 20: Swimming times for the first trial of the day, 
star = p -= 0.04, control versus both treatment groups. 



Week O1 pre- Week 11 no Week 21 no Week 31 no Week 41 wiîh Week SI wiîh Week 61 vuith 
kaolin neatment treatrnent beatrnent treatrnent treatrnent treatment 

+Control +Law dose AXOKINE Hiah dose AXOKINE 1 

Figure 21 : Swimming times for the mean of the three trials in the day, 
star = p c 0.01, control versus both treatment groups. 



Microscopie observations of coronal brain SI ices at the level of the optic 

chiasm were perfomed on 23 rats. H & E slides were used to identi@ rats with 

evidence of ventriculitis. Ventriculitis was deemed significant if neutrophils and 

lymphocytes were observed in the ventricular system. The location and amount of 

kaolin was also noted. Eight rats demonsaated small lesions related to the tubing 

irisertion- Two rats had stnatal hematorna and six had either epidural or subdurd 

hematoma measunng one to two mm in thickness. MBP immunolabeled slides 

were used to measure the thickness of the corpus callosum (CC). Table 6 

summarizes the results of the corpus callosum thickness for al1 three groups. The 

only significant difference noted was a thinner corpus callosum for the low dose 

AXOKiNE -treated rats. This result was unexpected. The GFAP slides were 

used to generate optical densitometric data (Table 7). The significant differences 

were found with the AXOKiNE -treated animals showing a higher astrocyte 

reactivity. The neurofilament imrnunohistochemical staining did not show any 

qua1 ibtive di fferences beniveen controls and AXOKINE ' -treated group. 



Table 6: Corpus callosum tbickness measurements from MBP labeled slides 

Low dose AXOKINE a l 255-0 +/- 88.2 216.7 +/- 16.7 * 

Corpus callosum tbicbess (pm) 
Control 

Higb dose AXOKINE a 1 256-2 +/- 35-6 
378.1 +/- 66.4 

Midline measurement Lateral measurement 
350-0 +/- 92.2 362.5 +/- 79.0 

* = significant difierences between iow dose and both high dose and control, 
p < 0.04. 

Table 7: GFAP optical densitometry readings (arbitrary units) 

Low dose AXOICINE a 0.37 1 +/- 0.004 I 0.5 19 +/- 0.022 0.54 1 +/- 0,028 * 

Anatomical location 
Control 

Higb dose AXOKINE a 0.379 +/- 0.004 I 0.49 1 +/- 0.0 14 0.5 16 +/- 0.020 * 

Corpus callosum Fim bria Cortex 
0.377 +/- 0.008 0.477 +/- 0.008 0-45 1 +/- 0.0 15 

* = difference between control and AXOKINE ' -treated cortex, p < 0-0 1 



4.0 Discussion 

The two methods of experimental pharmacologie treatment of rats with kaolin- 

induced hydrocephalus, nimodipine and AXOKINE ', will be discussed 

separately. 

4.1 Nirnodipine experiment 

Was nimodipine successfiil in minimizing brain darnage and improving 

functional outcome associated with experimental hydrocephal us in young rats? 

Weight gain, increase in ventricle size ratio, and mortality of the control 

and nimodipine groups were sirnilar prior to and following treatment. Therefore 

differences in behavioral outcome are likeiy related to a treatment effect on brain 

and not a difference between the initial severity of hydrocephalus between groups. 

The roller test demonstrated a benefit of treatment with nimodipine. The 

rats had more endurance at a constant speed afrer two weeks of treatment with 

nimodipine and were more adept at dealing with the constant acceleration test. 

The time required for the rats to swim a specific distance (1.5 m) also suggested 

supenor motor abilities of the nimodipine-treated rats. Together these indicate a 

certain degree of protection in the motor function of the nirnodipine-treated rats. 



The absence of differences in spontaneous actiMty could be an arfifact. 

Although the rats were tested in the same manner for technical reasons, they were 

not necessan'ly assessed at the same time of &y. Therefore diumal variability 

might mask a difference. Other tests were performed around the same period. It is 

conceivable that some rats received more stimulation phor to being placed into the 

chamber for spontaneous activity monitoring. The level of stimulation was 

controlled by having the same technician perform the assessment and only dunng 

the daytime. The other possibility may be related to the lack of sensitivity of this 

assessment rnethod for the partjcu1a.r symptoms exhibited by hydrocephaiic rats. 

Swirnming maze assessment focused on Ieaming and memory but was also 

affected by the motor ability of the rats. We showed the nimodipine-treated group 

to have a better motor performance in swimming. The first trial of the day calls 

upon the ability to remember the performance fiom the previous week and the 

cognitive ability to form a search strategy. The mean time and particularly the 

improvement dunng the day reflect the cognitive ability of the rat. The ability to 

leam a new task can be quantified by cornparîng the improvement during a given 

day. The nimodipine-treated rats exhibited the ability to continue Iearning and 

fonn date  searc h strategies despite their ventrïculornegal y. This was il1 ustrated in 

Figure 9 by improvement of the times recorded fiom the first to the third trial in a 

single day. 



The corpus callosum of nimodipine-treated animals was thicker when 

compared to the control animals. A thicker corpus callosum is interpreted as 

preservation of axons and myelin 39. The neurofilament labeling provided 

identification of axons. Beaded or varicose nerve fibers can be the result of 

pathological change elicited with mild stretching "*. Stretching will cause local 

constriction of the axon and subsequently affect axoplasmic fluid and soluble 

components. This constriction will therefore cause neighboring expansion of the 

axon, which can be seen microscopicaJly. lmmunohistochemical sbining with 

neurofi lamen t revealed no signi ficant differences between control and nimodipine 

goups. This lack of significant differences rnay be attributed to nwnerous factors. 

The subjective nature of the observations and the tissue sampling may have played 

a role. The degree of edema was not measured directly, but could influence the 

proximity of axons k ing  observed. The state of the tissue pnor to fixation would 

impact on our quantitative measurements. The quality of the tissue was controlled 

by having the animals euthanized on the same day and using standard tissue 

manipulations. 

The optical densitometric readings fiom tissues labeled with anti-GFAP to 

demonstrate reactive gliosis revealed mild differences in the corpus callosum 

suggesting greater level of reaction in the nimodipine-treated rats. This reactive 

gliosis seems to be associated with preservation of axons and myelin resulting in a 



thicker corpus callosum. Whether this is of importance to the apparent protective 

effect of nimodipine or simply coincidence is not known. 

The protective role of nimodipine in hydrocephaiic rats seems to be 

significant. Nimodipine-treated rats had less motor dysfunction and their ability to 

learn new tasks was prese~ed.  This functional outcome was correlated with 

histological preservation of corpus callosurn thickness. Speculation on the 

mechanism of neuroprotection is based on the ca2+ channel blocking property of 

nimodipine and the subsequent reduction of ca2+ influx. The presence of L-type 

caZ4 c h a ~ e k  in white matter has been demonstrated to be ugregulated with 

i~chernia '~ .  The increased calpain activity obsewed in traumatic brain injuries 'O9 

and in our data (Del Bigio et al, 2000 pending publication) may also play a role in 

axonal and myelin damage. The specific order of  events in this cascade are 

unclear but involvement of ca2' influx and p-calpain activation seem associated 

with damage to myelin and axons. 

The potential for increased cerebral blood flow *th nimodipine treatment 

m ust also be factored into the cytological environment. The neuroprotection may 

be a reflection of  ischemia prevention. The clinical value of nimodipine for 

ischemic brain has been demonstrated 3;101;108:~19;120 . Pathophysiological 

mechanisms in hydrocephalus certaidy include ischemia which, in ow 

experiment, seems to be minimized by nimodipine. 



The ability of nimodipine to penetrate rat brain combined witb specific 

133 effect on neurons by single cell recording of depolarization support the 

hypothesis of neuronal protection based on inhibition of calcium influx. 

Prevention of ischemia by increasing cerebral flow would also render cerebrd 

protection. The lack of control in our experiment for cerebrd blood flow prohibits 

any specific concfusion regarding mechanism of protection. Treatment with 

various doses could provide some information regarding the effea of vascular 

smooth muscle versus neuronal or glial on neuronal protection. This would 

assume different dose-response c w e s  for vascular smootb muscle, neurons and 

glial cells. 



Was AXOKZNE successful in promoting brain recovery and irnproving 

functional outcome following shunting of young hydrocephalic rat brain? 

Failure to demonstrate any improvement in fiinctional outcome with 

A X O K W  ' treatment can be anributed to several factors. The AXOKINE 

treated rats had a high atîrition rate, which favored the controi group. Both low 

dose and hi& dose AXOKME -treated groups had 46 and 63% dropout rates 

respectively compared to 30% for the controls. A higher overail mortality 

compared to the nimodipine experiment was expected since the duration of the 

experiment was seven weeks. The animals were allowed to develop 

h ydrocephal us for three weeks pnor to treatment. The surgical procedure 

contributed to more cerebral trauma compared to the nimodipine experiment, two 

striatal injuries proven by histological examination and six hernatoma were found 

at the time of  dissection. Brains of rats dying unexpectedly were generally 

autolyzed and therefore not analyzed microscopically. The surgery may have 

caused more infection despite the administration of  prophylactic antibiotics. Five 

rats had evidence of  ~ e n ~ c u l i t i s  based on histological exarnination. Perhaps this 

could have been reduced by a longer period of antibiotic administration. 



A second reason for failure may be related to the different degree of 

ventricuIomegaly for each group. The unsuccessful shunting of the high dose 

AXOKïNE group resulted in a significant increase in their ventn'cular size ratio. 

The expectation with shunting is to decrease or stabilize the ventricle size 37. The 

shunt failure may be attributable to infection and blockage. Shunting and inserting 

a pump to deliver AXOK[NE * into the ventricle of young rats may be beyond 

technical feasibil ity- 

Weight gain was also different when comparing the controls with either 

the low or high dose AXOKINE '. The cytokine-iike effects of CNTF were 

expected to be less with AXOKME ". Neverthefess both AXOKINE '-treated 

moups gained Iess weight during treatment compared to controls. This could be 
.# 

related to the ~ent~culomegaly which was more pronounced in the high dose 

AXOKINE ' group only. The other harmful side effect related to cytokine-Iike 

side effect may have been suppression of the rat's ability to fight infection. The 

increased infection may have led to the higher mortality. The selection of a 

di fferen t neurotrophic factor could have minirnized this side effect. 

Based on the evidence reported, we are unable to conclude that there is any 

beneficiaf efiect of AXOKRJE '. The confounding factors previously identified 

(poor weight gain, high mortality and failure of shunting) might have obscured 

any functional differences that could be attributed to this treatment. Other causes 



for our failure to demonstrate improvement may be related to factors such as 

ineffective dmg. This could in part explain why the cytokine-like side effects were 

still manifested. Repeating the expriment with larger sarnple size and greater 

attention to surgical details and hand feeding may show some advantage. 

However, no aspect of the data indicates a potential for treatment benefit- 



A second reason for failure may be related to the different degree of 

ventriculomegaly for each group. The unsuccessful shunting of the hi& dose 

AXOKTNE group resulted in a significant increase in their ventricular size ratio. 

The expectation with shunting is to decrease or stabilize the ventricle size ". The 

shunt failure may be attributable to infection and blockage. Shunting and inserting 

a pump to deliver AXOKINE ' into the ventricle of young rats rnay be beyond 

technical feasibility. 

Weight gain was also different when comparing the controls with either 

the low or high dose AXOKiNE The poor weight gain can be related to the 

appetite suppression secondary to high dose CNTF direct effect on the 

hypothalamic feeding centers 16* .  Nevertheless both AXOKINE *-treated groups 

gained less weight during treatment çornpared to controIs. This could be related to 

the ventriculomegaly which was more pronounced in the high dose AXOKME * 

goup only. The other harrnful side effect related to C M F  administration may 

have been suppression of the rat's ability to fight infection. The increased 

infection may have led to the higher mortality. The selection of a different 

neurotrophic factor could have minimized this side effect. 

Based on the evidence reported, we are unable to conclude that there is any 

beneficial effect of AXOKINE '. The confounding factors previously identified 

(poor weight gain, high mortality and faiiure of shunting) might have obscured 



any ttnctional differences that could be attributed to this treatment. Other causes 

for our failure to demonstrate improvement may be related to factors such as 

ineffective drug. This could in part explain why the cytokine-like side effects were 

still manifested. Repeating the experiment with larger sample size and greater 

attention to surgical details and hand feeding may show some advantage. 

However, no aspect of the data indicates a potentid for treatment benefit. 



4.3 Conclusion and Future Directions 

In conclusion, the results of the nirnodipine expriment are suficiently 

robust to warrant additional experiments which would detennine whether it has 

potential as an adjunctive therapy for hydrocephalus. These would include 

replication of the data in another animal mode1 and delineation of the mechanism 

of protection prior to any clinical trials. Nimodipine is already in clinicd use for 

prevention of cerebrd ischemia in patients with aneurysmal subarachnoid 

hemorrhage, and therefore has demonstrated its safety in human subjects. 

Nimodipine has been administered to a pediatn'c population as an adjunctive 

therapy for dmg-resistant childhood epilepsy 91:J 17 and in the treatment of 

13 pediatric migraine . Shahar et al, in a review of ~ a "  channel blocker used in 

pediatric emergency care, refer to nirnodipine as potentially effective in reducing 

brain damage following trauma Clinical investigation on pediatric patients 

with hydrocephalus is the extension of this work, but the adult population could 

also benefit from nimodipine. Future studies wouid require a lengthy follow-up 

period in order to detect subtle improvements. The objective would be to 

supplernent and not replace CSF diversion for some patients and minimize the 

neurological deficits resulting from hydrocephalus. 



Post-shunt regeneration of axons and neurons and specifically the role of 

neurotrophins in the hydrocephalic brain needs furiher clarification. The concept 

seems sound but the application still requires chmsing the right factor and an 

appropriate del ivery method. Un forrunatel y neurotrophic agents in general do not 

cross the b l d  brain barrier 31.121. With the development of new neurotrophins 

this avenue of research will need to be revisited. 

The fmstration encountered by hydrocephalic patients and their families 

needs to be alleviated. The limited armamentariurn available to the neurosurgeon 

fuels this frustration. Drug therapy directed at protecting and regenerating 

darnaged neurons in hydrocephalus constitutes a new avenue of investigation. 

This senes of experiments, whose ultimate goal is to prevent or reverse al1 darnage 

caused by hydrocephalus, is only the first step. 
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