











PLATE 13:- [3H]-PK-1 1195 autoradiographical image of a coronal rat brain section
containing a laser lesion in the somatosensory cortex. This image was obtained from
animal # 2 at nine months post-operative. The darkened area of increased ligand

binding corresponding to the lesion tract is indicated by the arrow.
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PLATE 14:- [3H]-PK-1 1195 autoradiographical image of a coronal rat brain section
anatomically matched to those in plates 12 and 13. This image was obtained from the

sham-operated rat (animal # 3) at nine months post-operative.
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FIGURE 71:- Area of increased [3H]-PK-11195 binding as a function of the distance
(mm) from the observed centre of the laser lesion in animal # 1 at nine months
post-operative. Results are expressed as mean area (mm?) calculated from 3 regions of

increased binding in each brain section.
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FIGURE 72:- Area of increased [3H]-PK-11195 binding as a function of the distance
(mm) from the observed centre of the laser lesion in animal # 2 at nine months
post-operative. Results are expressed as mean area (mmz) calculated from 3 regions of

increased binding in each brain section.
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Characterisation of the laser lesioning procedure

Exploration of the method of producing laser lesions, with a view to its further
development in epilepsy research, revealed it to be a feasible procedure with a
straight-forward methodology and high likelihood of success. The total procedure time
was short enough to suggest that sufficient numbers of animals could be treated to allow
quantifiable investigations in the future. The low incidences of unexpected mortality and
adverse events resulting from the surgical procedures were encouraging. The
post-operative survival period was sufficiently long to allow future investigations of the
development and progression of pathological and local biochemical changes arising as a
result of the lesioning procedure. Perhaps the most important observation was the lack of
overt epileptic activity associated with the procedure. Problems associated with the
technique included movement of the head during procedure and the precision of
site-directed lesions. These could be addressed by incorporation of stereotaxic apparatus

into the existing experimental set-up.

Pathological evaluation of the laser lesion

Histological investigations revealed both the nature and extent of the lesion to be
reproducible. Inter-animal pathology was consistent and suggested that the lesion was
tapered in shape (plate 5) and traversed all six layers of the cortex without damaging the
underlying white matter. The lesion was deemed to be “clean”, without infiltration of
chronic inflammatory cells, and this suggested that secondary damage, arising from local
inflammation, might not play a part in long-term development. The observation of
selective neuronal loss (plate 6), together with prominent gliosis and fibrosis was

consistent with that of an experimental epileptic lesion (Westrum et al, 1964), and also
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proposed this model to have utility, not only for epilepsy, but for other fields of
neurobiology. Future histological studies are planned and include an investigation of the

pathological progression of the lesion from the time of initial insult.

Seizure susceptibility of the laser lesion

The maximal (CDy;) PTZ test was employed to evaluate the seizure susceptibility of a
laser lesion in the somatosensory cortex. There was no significant alteration in the latency
to the onset of generalised seizures induced by PTZ in the laser-treated animals when
compared to sham-operated controls (figure 70). In hindsight, a more satisfactory
conclusion may have been reached by the inclusion of a group of age and weight matched
naive animals. Further investigation of the seizure susceptibility of this lesion with the
supramaximal MES test, and particularly with the threshold PTZ and MES tests, described

in sections 3.1.1 and 3.1.2 respectively, may yield more promising results.

Effects of the laser lesion on cerebral glucose metabolism

Preliminary investigations of the local biochemical changes precipitated by the lesioning
procedure was conducted on two fronts. Examination of the LCGU of the lesioned area,
and of major projection regions within the brain, suggested that the effects of the lesioning
procedure were localised to the somatosensory cortex (tables 2 - 4). The cortical lesion
tract exhibited a low LCGU when compared to both contralateral (intra-animal) and
sham-operated (inter-animal) control values. This observation may be consistent with the
selective loss of neuronal cells, reported histologically, within the lesion tract. Similarly,
LCGU was depressed, compared to controls, in the immediate vicinity of the lesion. This

area of reduced metabolism, which corresponded with apparently healthy tissue under

374



histological examination (plates 5 and 6), appeared to extend outwards from the lesion for
approximately 0.5 mm in all directions. A suitable explanation for this additional
phenomenon was not forthcoming. As with the histological investigations, studies of the
progression and development Qf the lesion, with reference to local and distal biochemical

alterations, are planned.

Evaluation of the brain damage associated with the laser lesion

Finally, the nature and extent of brain damage elicited by the lesioning procedure were
examined using the well established technique of Benavides and colleagues (1983).
Ligand binding to the peripheral-type BZD receptor is limited in normal brain tissue, but
is greatly increased in damaged tissue and also in areas with a less potent blood-brain
barrier (Benavides et al, 1983). Radiolabelled PK-11195 binding data suggested that the
brain damage imparted by the lesioning procedure was confined to the somatosensory
cortex itself. This finding was consistent with the studies of LCGU described above.
However, the area of increased ligand binding was confined entirely to the lesion tract
(plates 12 and 13), and, as such, correlated with the previous histological investigations.
These observations allowed determination of the lesion volume by calculation of the area
of increased ligand binding in successive coronal sections (figures 71 and 72). The lesion
volumes were seen to differ only slightly between animals 1 and 2 and this supported the
proposed pathological reproducibility of the lesion. Again, studies of the progression and
development of the lesion, with reference to the nature and extent of tissue damage, are

required to characterise this focal brain insult further.
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8.6 CONCLUSIONS

In conclusion, production of cortical laser lesions in the rat is a feasible procedure which
holds promise for laboratory investigations of disruptive brain insults. The potential of this
model in epilepsy research remains to be evaluated and initial studies have suggested that
it may have a wider applicability. The precise nature of the lesion, its apparent
reproducibility, and the ability to qﬁantiﬁably vary its extent are all features which would

give it potential superiority over existing models of chronic epilepsy.

Future experimental directions with regard to this procedure include evaluation of the
site-dependency of the lesion, investigation of the effects of animal age at the time of
initial insult, and characterisation of the lesion in terms of in vitro and in vivo
electrophysiology. The use of genetically epilepsy-prone animals is also envisioned in an

attempt to explore the intrinsic epileptogenicity of the lesioning procedure.
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CHAPTER NINE

GENERAL DISCUSSION AND CONCLUSIONS

377



9.1 GENERAL DISCUSSION

The objective of this programme of work was to study experimental seizure models and
new antiepileptic drugs. The individual projects which comprise this thesis are to a certain
extent diverse, although not unrelated. While the general introduction endeavours to
summarise present understanding of epilepsy, its clinical treatment, and current laboratory
practices employed in its investigation, the individual results chapters developed particular

aspects of epilepsy research in more detail.

Initial investigations (chapter 3) addressed the contribution of basic animal models of
epilepsy to its experimental study. Next, an attempt was made to emphasise the crucial
role of neuronal inlﬁbition and excitation in epileptogenesis and to relate these phenomena
to the study of novel antiepileptic agents (chapters 4 - 6). Finally, the future of epilepsy
research, in terms of appropriate strategies for AED development (chapter 7) and

innovative experimental paradigms (chapter 8) was examined.

Individual results are discussed in detail in the relevant sections, both in relation to their
particular drawbacks and in their consistency with previously published work. This
general discussion attempts to summarise these individual aspects and to highlight those

of particular interest.

Investigation of basic animal seizure models
Of all the experimental seizure models in current laboratory employment, the PTZ test and
the maximal and minimal electroshock tests are among the most popular by virtue of their

simplicity and economy. The primary aim of these studies was to afford a familiarity with
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these three basic animal seizure models and to validate them as techniques for subsequent
use. This objective was satisfactorily accomplished and the results obtained correlated
closely with those reported in the literature. These studies also incorporated an
investigation of concentration-effect relationships with PTZ. Although it would not be
absurd to question the relevance of performing such a study with a purely experimental
convulsant compound, the fact that it fails to induce convulsions in around 3 - 5 % of
laboratory animals has precipitated in-house disputes over its integrity and reproducibility
as an experimental indicator. Unfortunately, the resultant investigations, while providing a
degree of insight into the pharmacokinetics of PTZ in the mouse, yielded little in the way
of quantitative conclusions. In the absence of higher resolution analysis, an explanation for

the lack of effect of PTZ in some animals was not forthcoming.

Antiepileptic drug enhancement of neuronal inhibition

Impairment of GABA-mediated neuronal inhibition is believed to be one of the
fundamental aetiological mechanisms of epileptogenesis (Meldrum, 1989). Likewise,
pharmacological enhancement of the inhibitory actions of GABA has been proposed as
one of the primary mechanisms of action of several chemically unrelated AEDs
(Macdonald and Barker, 1979). These investigations compared and contrasted the
experimental anticonvulsant profiles and mechanisms of action of VGB and TGB, two
recently developed AEDs which have been proposed to augment GABA-mediated

inhibition.

VGB raised the threshold for induction of tonic seizures, determined by the Min-ES test,

but was without effect in the PTZ and MES tests. TGB, in contrast, exhibited
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anticonvulsant effects against both PTZ- and MES-induced seizures. Thus, VGB and TGB
afforded differing degrees of protection against experimentally induced seizures. This
would suggest that augmentation of GABA in the brain does not produce a universal
pattern of seizure protection, but that anticonvulsant efﬁcé.cy in individual seizure models
may be related to particular drug mechanisms rather than physiological consequences.
These results also appear to suggest that VGB is a relatively poor anticonvulsant in the
models selected for evaluation. However, its efficacy against Min-ES seizures might
propose its inactivity in the MES test to be a false negative observation. Such a
proposition would support the reservations expressed by Loscher and Schmidt (1988) in

employing only the PTZ and MES tests for identification of potential AEDs.

Mechanisms of action of VGB and TGB were investigated in isolated brain tissue and in
primary cultures of cerebral cortical astrocytes and neurones. Previously reported
mechanisms of action of the two drugs were confirmed, with VGB inhibiting GABA
metabolism by an action on GABA-T, and TGB blocking GABA uptake in a
non-cell-specific manner. An inhibitory effect of VGB on GAD was also verified and an
additional, previously unreported action of the drug on GABA uptake was proposed.
Surprisingly, and in contrast to previous reports (Schechter et al, 1977), VGB was without
effect on whole brain GABA concentration. This apparent inconsistency was explained by
confirmation of the drug’s ability to reduce GABA synthesis in addition to its metabolism.
The effect of VGB on GABA uptake was also found to contrast that reported by other
investigators (Schousboe et al, 1986). Although no direct explanation for this apparent
discrepancy could be offered, such an effect of VGB was proposed to correlate with some

of its unexplained experimental and clinical actions. These observations have often led to
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the suggestion that the pharmacological effects of VGB are not solely related to its

inhibition of GABA-T.

Thus, VGB and TGB exert their anticonvulsant effects by distinct mechanisms although a
degree of ubiquity may exist. The fact that these drugs possess entirely different
experimental but similar clinical profiles of activity not only questions the exact relevance
of any common mechanism to their anticonvulsant or antiepileptic effects, but might also

challenge the predictive capacity of the standard animal seizure models employed.

Antiepileptic drug attenuation of neuronal excitation

There is substantial evidence to suggest that glutamate-induced neuronal excitability and
voltage-sensitive calcium influx are inexorably entwined at all stages of epileptogenesis.
Several existing AEDs have been proposed to exert their effects by reducing neuronal
excitation (Rogawski and Porter, 1990) and calcium channel blockade has frequently been
reported as an important secondary mechanism of AED action (Crowder and Bradford,
1987). These studies compared and contrasted the experimental anticonvulsant profiles
and mechanisms of action of NMD and AML, members of the DHP class of calcium

channel blockers which have been proposed as putative AEDs.

In single dose, NMD was effective against MES-induced seizures and also raised the tonic
seizure threshold, determined by the Min-ES test. Although the activity of NMD in the
MES test contrasted several previous reports (Hoffmeister et al, 1982; Wong and Rahwan,
1989), this disparity was satisfactorily delineated in terms of an electrical stimulus site

dependency, known to influence the outcome of electroshock studies (Loscher et al,
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1991a). Single dose AML protected against PTZ-induced seizures, but was essentially
without effect in the MES test. The anticonvulsant effects of AML were, however, often
observed at doses close to those producing notable animal fatalities. It was suggested that
this lethality, associated with higher AML doses and presumably related to the potent
cardiovascular actions of the drug, might preclude its further evaluation as a potential
antiepileptic agent. The difference in anticonvulsant profiles of the two drugs was
proposed to reflect possible differences in the precise molecular mechanisms of individual
DHP compounds. Differing biophysical properties, such as lipid solubility and protein
binding, might also have explained this discrepancy, although such unfounded suggestions
would have been unlikely to concur with the similar activity of both drugs in the PTZ test.
In the absence of experimental pharmacokinetic analysis of AML, to determine the extent
of its penetration into the brain, a definitive judgement in this respect could not be

discerned.

With drug concentration data mirroring previously published work (Larkin et al, 1992b)
and pharmacodynamic effects which confirmed reports of prolonged seizure protection
(Thomas, 1990), it was proposed that the anticonvulsant effects of NMD in the MES test
might extend beyond the time suggested by its pharmacokinetic profile. Nevertheless, it
was ultimately concluded that this hypothesis was derived from an inaccurate
experimental pharmacokinetic profile rather than some unexplained pharmacodynamic
effect. The fact that NMD is without proven antiepileptic action in man (Larkin et al,

1991), even in the presence of detectable drug levels, would support such a conclusion.
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NMD exhibited a substantial loss of anticonvulsant efficacy following repeated
administration, confirming previous reports in this respect (Jagiello-Wétowicz et al,
1991). This apparent tolerance was suggested to be mediated by a biochemical alteration
at the DHP recognition site following prolonged exposure to the drug. Although
unsubstantiated, this proposal might explain the lack of efficacy of the DHPs in the
clinical treatment of epilepsy. Whether drugs which are believed to be antagonists, or in
this case blockers, could precipitate such desensitisation is, however, unclear.
Additionally, one would imagine that if this explanatory phenomenon were accurate, it
would be subject to a degree of dose-dependency, a disposition not evident in these
studies. Concomitant analysis of plasma and brain drug levels suggested a prevalence of
NMD with repeated treatment, although, as discussed, this prolonged drug presence in the
brain was not associated with extended seizure protection, but rather the opposite. Thus,
with an anticonvulsant action of single dose NMD in the absence of detectable drug levels
and a lack of effect of repeated NMD treatment in the presence of detectable drug levels,
the relationship between concentration and anticonvulsant activity of NMD was difficult

to interpret, if indeed one exists at all.

Studies of drug mechanisms employed primary cultures of cerebellar granule cell
neurones and cerebral cortical astrocytes. NMD reduced depolarisation-induced calcium
influx in a non-cell-specific manner, but was without effect on neuronal glutamate release.
Although molecular discrimination was not anticipated, these observations suggested a
preferential action of NMD on non-N-type calcium channels, assuming that the N-type
channel alone is responsible for the pre-synaptic control of neurotransmitter release

(Meyer, 1989). AML limited neuronal calcium entry induced by depolarising
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concentrations of potassium but not veratridine. Such an effect is opposite to that observed
with LTG, a recently developed AED, which reduces the calcium influx associated with
veratridine, but not potassium, challenge via an action on neuronal sodium channels
(Leach et al, 1986). Employing this inverse analogy, it could be proposed that an
additional action on neuronal potassium channels might indirectly contribute to the

calcium antagonist properties of AML.

Thus, NMD and AML appear to have subtle differences in their molecular mechanisms
which might correlate with their differing spectra of activity in animal seizure models.
Although the DHPé remain attractive experimental stage drugs, their full potential as
antiepileptic agents may not be realised until the advent of more centrally selective

compounds.

Combinations of novel antiepileptic drugs

Despite recent additions to the clinician’s armamentarium, up to 30% of the epileptic
population remain refractory to antiepileptic monotherapy. Extensive polypharmacy with
established AEDs, both in combination with each other and with more recently developed
compounds, has failed to address this significant clinical problem. Previously unexplored
combinations of novel antiepileptic agents are now under laboratory investigation in an
attempt to establish a more rational basis for polypharmacy in drug-resistant epilepsy. This
study explored the nature and extent of any experimental interaction between repeatedly

dosed VGB and LTG, both recently licenced for the treatment of refractory seizures.
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LTG reduced the incidence of MES-induced seizures, but was without effect on any of the
selected neurochemical parameters. These results reflected previous reports of the
anticonvulsant efficacy of the drug (Lamb et al, 1985). They also suggested that LTG did
not directly influence the GABAergic system, an observation consistent with its proposed
cellular mechanism. In contrast, VGB was devoid of anticonvulsant activity, and exhibited
effects on the GABAergic system in keeping with its putative mechanism of action.
Several inconsistencies in the results obtained with VGB were, however, described. The
lack of effect of VGB in the MES test, which contrasted the efficacy of the same drug
dose in a previous study, was explained in terms of the drug treatment period. Similarly,
its inability to influence brain GAD activity, which was again inconsistent with previous
results, and those reported in the literature, was delineated in terms of drug doses and the
treatment period employed. Finally, the lack of effect of medium dose VGB on whole
brain GABA concentration, although consistent with a previous study, did not appear to
concur with the observed inhibitory action on GABA metabolism at this dose level.
Whereas previous results in this respect were explained by an additional inhibition of

GABA synthesis, such a disposition was not evident in this study.

The effects of experimental combination therapy did not differ from those observed with
the respective monotherapies. Combining VGB and LTG afforded a seizure protection
similar to that observed with LTG alone and had neurochemical implications which
correlated with the effects Qf VGB monotherapy. It was concluded that there was no
experimental interaction between LTG and VGB on the parameters selected for
evaluation. Thus, the basis of the clinically reported interaction between these two

compounds could not be discerned from this study. It was likely that the limited number of
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experimental parameters employed, selected on the grounds of availability rather than
being representative of all potential sites of interaction, and their inherent lack of
moleculq resolution restricted more definitive investigation in this respect. Similarly, it
was appreciated that this study, which employed a single seizure model and limited
neurochemical parameters in a genetically homogeneous population of animals, did not
reflect the diversity of clinical epilepsy in terms of seizure types and epileptogenic

mechanisms.

Novel strategies for antiepileptic drug development

It has been proposed that to satisfactorily address the problem of refractory epilepsy, the
development of novel antiepileptic agents with similarly novel mechanisms of action is
required. NA is a newly-synthesised, neuroactive compound which is believed to exert its
effects by selective enzyme inhibition of the kynurenine pathway of tryptophan
metabolism. As such, it has been shown to increase brain concentrations of kynurenic
acid, an endogenous antagonist at the glycine recognition site on the NMDA subtype of
glutamate receptor (Connick et al, 1992). This study explored the anticonvulsant profile of

NA in three standard animal models of seizure.

At one hour post-administration NA protected against PTZ-induced seizures in mice, and
was also active in the maximal and minimal electroshock tests. It was without effect in the
PTZ test at four hours post-dosing. These preliminary results would suggest that NA has a
wide spectrum of experimental anticonvulsant activity and has the potential to reduce
seizure spread, as determined by the electroshock tests, and also to limit seizure initiation,

as determined by the PTZ test (Loscher et al, 1991a).
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NA appeared to possess an unusual pharmacodynamic profile for a putative enzyme
inhibitor, exhibiting anticonvulsant activity within one hour of administration and a
subsequent loss of efficacy within four hours. However, it could be proposed that VGB is
similar in this respect, with experimental anticonvulsant effects which appear unrelated to
the time of maximal enzyme inhibition afforded by the drug (Bernasconi et al, 1988).
Selective enzyme inhibition of the kynurenine pathway is a novel mechanism for
anticonvulsant drug action and these results would suggest that it merits further

investigation.

Development of a novel animal model of epilepsy

It is now recognised that few of the existing “animal models of the epilepsies” help to
address the significant clinical problem of refractory partial seizures and fewer still mirror
the condition of chronically recurrent spontaneous seizures which is characteristic of
human epilepsy. This study followed the preliminary development of an innovative model
of partial epilepsy, proposed to more closely mimic the human condition. This model was

characterised by a laser-induced lesion in the rat somatosensory cortex.

Histological investigation proposed the lesion to be highly reproducible and to possess
cellular characteristics similar to those of disruptive brain insults in man. The lesion did
not appear to be intrinsically epileptogenic, nor did the procedure influence the latency to
generalised PTZ-induced seizures. Preliminary autoradiographical studies suggested that
the tissue damage associated with the procedure was confined to the lesion tract itself, but
that cerebral glucose metabolism was additionally altered in an adjacent, otherwise

healthy, region. It was concluded that the production of cortical laser lesions in the rat was
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a feasible procedure which holds promise for laboratory investigations of disruptive brain
insults. Although its full potential in epilepsy research remains to be evaluated, the explicit
nature of the lesion, its apparent reproducibility, and the ability to quantifiably vary its
extent were all features which suggested this model to have superiority over existing

models of chronic epilepsy.

One of the initial concerns with this innovative experimental model was the lack of overt
seizure activity, or even increased seizure susceptibility, associated with the lesioning
procedure. It was, however, appreciated that the most useful animal models of epilepsy are
those in which the investigator can precipitate a seizure at will, without having to rely
purely on spontaneity (Loscher and Schmidt, 1988). Additional uncertainties over the
precise anatomical location of the lesion, and its reproducibility in this respect, was
satisfactorily addressed by the proposed incorporation of a stereotaxic frame into the
existing experimental apparatus. Ultimately it was recognised that this putative model,
although proposed to afford a more clinically relevant representation of refractory partial
epilepsy than its predecessors, remains at an embryonic stage in its development and has
the added disadvantage of being one which requires the use of sophisticated equipment of

considerable expense.

9.2 FINAL CONCLUSIONS

In conclusion, the work contained within this thesis afforded investigation of several
distinct fields of epilepsy research. The advantages and disadvantages of the traditional
animal models of epilepsy were viewed alongside contemporary approaches in this

respect. Recently developed antiepileptic agents and experimental stage compounds were
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evaluated in the laboratory environment, with emphasis placed on the potential of
enhancing inhibition and/or reducing excitation as basic mechanisms of AED action. This
thesis attempted to explore small, selected areas of what is a burgeoning field of epilepsy
research. It is hoped that at least some of this work will contribute to the increased
understanding of the epilepsies, their experimental models, and their pharmacological

amelioration.
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