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Introductory Comments: The regulatory history of these two NDAs is summarized in
the supervisory pharm/tox review. The pharm/tox review of NDA 20-427 found the
nonclinical information adequate to support approval. The pharm/tox reviewer for NDA
22-006 did not find the nonclinical information adequate to support approval primarily
based on evidence that juvenile animals were sensitive to neurotoxic effects of vigabatrin.
The pharm/tox supervisor recognized this concern but did not object to the approval of
NDA 22-006 based on the clinical benefit of vigabatrin in infantile spasms which is a
serious indication with no other approved therapy. The supervisor recommended that
additional studies on the retinal damage and neurotoxicity induced by vigabatrin be
conducted as postmarketing requirements. This includes the following studies:

L. A toxicology study in the juvenile rat examining the potential of vigabatrin exposure
during development to produce neuronal damage.

2. A juvenile animal toxicology study of vigabatrin in a non-rodent species.

3. A study examining the effect of taurine on vigabatrin-induced retinal damage in
rodent.

Conclusions:

I have discussed these NDAs with the division pharm/tox supervisor and agree that they
may be approved from a pharm/tox perspective. It is my understanding that the
postmarketing requirements have already been discussed with the sponsor. The
requirement for juvenile studies in two species is somewhat unusual; however, the
potential seriousness of the brain lesions observed in the rat may warrant further
investigation in an additional species to help inform on the nature of the lesions and the
likelihood of the lesions occurring in multiple species.
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MEMORANDUM

DEPARTMENT OF HEALTH & HUMAN SERVICES
Public Health Service
Food and Drug Administration

Division of Neurology Products (HFD-120)
Center for Drug Evaluation and Research

Date: July 21, 2009

From: Lois M. Freed, Ph.D.
Supervisory Pharmacologist

Subject: Sabril® (vigabatrin), NDAs 20-427 (refractory complex partial seizures in
adults) and NDA 22-006 (infantile spasms)

Re: Complete Responses submitted December 28, 2007.

Regulatory Background
NDA 20-427

NDA 20-427 for Sabril (vigabatrin), an irreversible GABA transaminase inhibitor, for
treatment of complex partial seizures in adults was originally submitted to the Agency on
April 29, 1994 by Aventis, Inc. The nonclinical studies submitted at that time were
reviewed by Barry N. Rosloff, Ph.D., and consisted of a full battery of nonclinical
studies, including oral chronic toxicology (<1 year in rat and dog and 6-year in monkey),
oral reproductive toxicology (mating and fertility in male and female rat [separate
studies], embryo-fetal development in rat [2 studies] and rabbit [2 studies], peri/postnatal
development in rat), dietary carcinogenicity (18-month mouse, 2-year rat), and genetic
toxicology (47 vizro Ames, CHO/HGPRT forward mutation, and chromosomal aberration
assay in rat lymphocytes; 27 »/vo oral micronucleus assay in rat) studies.

Based on review of these data, Dr. Rosloff concluded that the nonclinical data supported
approval of the NDA (Pharmacologist Review of NDA 20-427 Original Summary.
2/28/95). In the NDA review, Dr. Rosloff noted the following nonclinical findings of
relevance to humans:

® Brain intramyelinic edema, detected in mouse, rat, and dog (and considered an
equivocal finding in monkey).

¢ Retinal lesions, characterized as “retinal degeneration”, detected in mouse and rat
and considered possibly related to the intramyelinic edema noted in these species.



e Malformations (cleft palate) reproducibly demonstrated in embryo-fetal studies in
rabbit

¢ Decreases in transaminases (particularly ALT), of concern when monitoring
potential toxicity of vigabatrin or other drugs in humans.

[The malformations and decreases in transaminases are being addressed in labeling, and
require no further discussion.]

In a Supervisory Overview (March 23, 1995), Glenna G. Fitzgerald, Ph.D. concurred on
the adequacy of the nonclinical data, and recommended that findings of intramyelinic
edema and retinal degeneration be included in labeling. Dr. Fitzgerald noted that the
intramyelinic edema findings had been presented to 2 PCNS Advisory Committee on
November 20, 1989 and that it was the Commiittee’s recommendation that “...a
noninvasive method for clinical monitoring of the onset of neurotoxicity be developed”.
In response, the Sponsor (at that time, Marion Merrill Dow Inc.) conducted studies in
dogs to develop methods (MRI, somatosensory, visual, and auditory evoked potentials)
which were then used to monitor humans (a discussion of the nonclinical data is included
in Dr. Rosloff’s NDA review).

In subsequent memos, Drs. Rosloff (October 14, 1997 addendum to the NDA review) and
Fitzgerald (Memorandum, October 17, 1997) made additional labeling recommendations;
these included a recommendation to incorporate findings from two published studies
assessing potential adverse effects of vigabatrin on pre- and post-natal development
(Abdulrazzaq YM et af. Teratology 55:165-176, 1997; Sidhu e 2/ Lap Neurol 144:400-
405, 1997). :

The Agency issued an Approvable letter on November 26, 1997. On October 27, 1998,
the Agency issued a Not Approvable (NA) letter due to post-marketing reports from
Europe of visual field defects (VFD) in patients treated with vigabatrin. (VFDs had not
be observed in clinical trials in the U.S.). The Agency requested additional information on
the visual field defects in adults and children.

In a December 1, 2004 meeting, the sponsor (now Ovation; meeting minutes dated
2/18/05) asked for comments on the clinical plan for development of vigabatrin for
refractory complex partial seizures in adults and infantile spasms. The Division stated
that “Juvenile animal toxicity studies will be required for approval of vigabatrin use in a
pediatric population. In addition to possible effects on the retina and possible general
systemic effects, the possible effect on myelination in the developing brain is of specific
concern”.

The sponsor submitted (December 23, 2005) a response to the Agency’s October 27,
1998 NA letter. Included in this submission were nonclinical studies conducted since
October 27, 1998 to investigate the “...potential for vigabatrin to induce retinal toxicity”.
These consisted of the following:

¢ Reassessment of “representative eye section” from the following studies:



© 6-12 month + 6 months recovery in dog
o 6-year (3-6-16-month interim sacrifice) oral toxicity in cynomolgus
monkey
o 18-month carcinogenicity in CD-1 (albino) mice
2-week oral exploratory study in rat
2-week oral dose range-finding study in juvemle rat
4-week oral ocular toxicity study in juvenile rat
1-day to 3-month oral exploratory ocular study in non-epileptic or pilocarpine-
induced epileptic rat
¢ 13-week (4-week interim sacrifice) + 4-week recovery ocular toxicity study in rat
o Amendment 1: TK analysis of retina
e 3-month oral exploratory study of ocular effects in albino and pigmented rats
(with or without exposure to excessive light during the first week of dosing)
e 3-month oral exploratory study of ocular effects in pigmented rat

The December 23, 2005 submission was considered an Incomplete Response (Agency
letter of 2/15/06) due to deficiencies in reports of clinical (including serious adverse
events) and CMC (dissolution) data. Subsequently, the sponsor re-submitted the NDA on
October 10, 2006 and March 2, 2007; both of these submissions were also considered
Incomplete Responses (Agency letters of 11/9/2006 and 4/3/07). Only the October 10,
2006 submission contained new nonclinical reports:

In vitro hERG assay in HEK cells

In vitro isolated rabbit cardiac Purkinje fiber assay

Oral (gavage) repeated-dose toxicity in juvenile rat (Study No. OV-1007)
Pathology Working Group Peer Review Report of potential treatment-related
brain lesions from Study No. OV-1007

The sponsor submitted a Complete Response on December 28, 2007; this submission was
filed (Agency letter of 2/26/08). The December 28, 2007 contained no new nonchmcal
studies.

NDA 22-006

NDA 22-006 for Sabril (vigabatrin) for treatment of infantile spasms was original
submitted to the Agency on October 17, 2006, but was determined to be incomplete. The
NDA was re-submitted on March 9, 2007; a refuse-to-file action was taken on April 5,
2007 due to the lack of sufficient data to evaluate MRI findings reported in children. The
NDA was resubmitted on December 28, 2007. The nonclinical studies submitted at that
time were reviewed by J. Edward Fisher, Ph.D., and consisted of the following:

Oral dose-range finding studies in adult and juvenile rats

Four-week oral study in juvenile rat (OV-1007)

Pathology Working Group review of the four-week oral study in juvenile rat
Nine-week oral study in juvenile rat (OVNC-9004)



e Published literature

Based on the review of these data, and taking into consideration the nonclinical data
submitted under NDA 20-427, Dr. Fisher has concluded that from a
pharmacology/toxicology standpoint, the data do not support approval.

Nonclinical Issues

There are two primary issues that need to be addressed. The following discussion is based
on reviews/memo prepared by Drs. Rosloff, Fitzgerald, Fisher, and Dr. Larry Schmued
(for neurotoxicity; NCTR Division of Neurotoxicity), and, in some cases, on examination
of nonclinical data submitted by the sponsor and published literature.

1. Neurohistopathology

The neurohistopathology findings in adult animals have been discussed in detail in
reviews by Drs. Rosloff and Fisher. The neurohistopathological findings in the juvenile
rat studies were reviewed by Dr. Fisher and Dr. Larry Schmued. Brain lesions, referred to
as intramyelinic edema (IME), were detected in adult animals (mouse, rat, dog; equivocal
in monkey). These lesions were characterized by microvacuoles in white matter, resulting
from splitting of the interperiod line of the myelin sheath, and were observed after 3
months or more of dosing. Evidence of vacuoles in monkey was considered equivocal;
however, brain GABA levels were not elevated at the doses tested. This is in contrast to
the notable increases in brain or csf GABA levels detected in the other animal species
tested, and in human. '

In adult animals, the effect-dose tended to decrease and the affected areas become more
widespread with increased duration of dosing. Vacuoles were found to be reversible in rat
by 3 months after 6 or 12 months of treatment; however, reversibility was not assessed at
after 12 months of dosing at the highest dose tested. Reversibility was also observed in
dog by 6 months after 1 year of dosing. However, in rat, additional findings (eosinophilic
spheroids and mineralized bodies) considered suggestive of residual damage were
observed at the end of the 12-month dosing period that appeared to increase, at least in
incidence, during the recovery period. As noted by the sponsor (Zaxzcolagy Written
Summary), “While the vacuolar changes caused by the edema subsided with withdrawal
of vigabatrin treatment, rats continued to have swollen axons and mineralized bodies in
the cerebellum, indicative of increased myelin turnover, axonal damage, and mild
astrocytic gliosis.” Similarly, at the end of the dosing period in the 18-month mouse
study, findings considered evidence of residual damage (“foci of mineralization in the
area of the cerebellar roof nuclei”) were detected in addition to the characteristic
vacuolation.

No clear behavioral correlates were observed in adult animals. Delayed onset of
convulsions (generally after three months of dosing in rat and 9-10 months of dosing in
the mouse), often apparent upon handling, was observed in mouse and rat. (Convulsions
were not observed in dog or monkey.) The effect-dose lowered with increased duration of



dosing, and in the 6- and 12-month studies, convulsions continued into the Tecovery
period at all doses tested for recovery. In the adult, it is unlikely that these convulsions
are related to IME since dog was equally affected, but did not develop convulsions. It is
of note, however, that evidence of residual brain lesions was detected only in mouse and
rat.

Based on the IME findings in mouse, rat and dog, the sponsor conducted investigative
studies in animals that demonstrated that IME could be monitored in animals using MRI
and measurement of evoked potentials. IME was not detected in older children and adults
using this monitoring strategy. Although the negative MRI findings certainly reduce the
safety concern, at least for adults, it is difficult to completely dismiss the concern
regarding this potentially serious finding since (1) IME was detected in multiple species,
i.e., in those species in which vigabatrin increases central GABA levels (mouse, rat, dog),
as it does in humans and (2) although the vacuoles appeared reversible, prolonged
administration of vigabatrin in mouse and rat resulted in additional microscopic changes
reflective of irreversible injury.

In the more recently conducted juvenile toxicology studies in rat, neurohistopathology
findings were also detected. Findings in the initial study (Study OV-1007), according to
the sponsor, were consistent with IME and, therefore, based on the (mainly) adult human
experience were not clinically relevant. However, Drs. Fisher and Schmued have
reviewed these data and have concluded that the neurohistopathology findings in juvenile
animals are distinctly different than that observed in adult animals. That was also the
conclusion of the Pathology Working Group (PWG) that conducted a review of brain
sections from Study OV-1007. The PWG specifically stated that:

“Vacuolar changes in white matter and gray matter are morphologically similar
via light microscopy, and have a morphologic appearance that is not characteristic
of intramyelinic edema.”

The sponsor references the results of a second juvenile study (Study OVNC-9004) as
confirmation of the sponsor’s position that the neuropathological findings in juvenile
animals are consistent with IME. Dr. Fisher notes that, while findings consistent with
IME were detected in Study OVNC-9004, additional effects on myelin (i.e.,
demyelination, hypomyelination) were detected that indicate “a unique effect seen with
VGB [vigabatrin] administration during periods of active myelination.” Dr: Fisher also
notes that “A prominent [adverse] effect on myelination...has been reported
previously...” in a published study by Qiae e/ 4/ [Qiao M ez 4/ Lpilepsiz 41(6):655-66,
2000].)

As in the adult, no clear behavioral correlates were observed. However, convulsions with
delayed onset were observed in both juvenile animal studies. The data indicate that the
Jjuvenile animal is notably more sensitive to the convulsive properties of vigabatrin than
the adult, as evidenced by convulsions appearing earlier (beginning after 2-3 weeks of
dosing) and at lower doses in the juvenile. A relationship, if any, between convulsions
and the neurohistopathology detected in the juvenile animal is unknown. The fact that



delayed convulsions were observed in both adult and juvenile animals might suggest that
the convulsions are not related to the neurohistopathology findings; however, it is
possible that the apparently unique findings in the juvenile may be related to the
increased sensitivity in the juvenile.

Dr. Schmued reviewed the two juvenile animal studies, focusing on the
neurohistopathological findings. Dr. Schmued concluded that the results of Study OV-
1007 and the conclusions of the “associated PWG constituted the more credible study by
identifying the grey matter lesions as unique and distinct from the reversible IME seen in
the adults.” [1t is of note that MRI findings in infants treated with vigabatrin for infantile
spasms indicate gray matter involvement.] Dr. Schmued identified potential deficiencies
in the conduct of Study OVNC-9004 and suggested an experimental design to more-
definitively assess vigabatrin-induced neurotoxicity in juvenile animals.

Based on the available data, I agree that the neurohistopathological findings detected in
Jjuvenile animals appear distinct from those detected in the adult brain and that they are
clinically relevant; the findings in juvenile animals occur at plasma exposures lower than
those at the proposed therapeutic doses in infants. Therefore, I recommend that the
sponsor be required to conduct the study suggested by Dr. Schmued post approval. In
addition to further investigating the brain lesions detected in the juvenile animal studies,
the study as designed by Dr. Schmued is also capable of providing data on the potential
of vigabatrin to induce apoptotic neuronal degeneration characteristic of GABAmimetic
compounds (cf. Gascon E. ez @/ Zur ./ Anaesthesiology 24:213-224, 2007; Jevtovic-
Todorovic V, Olney IW. Aresti Analgesia 106(6):1659-1663, 2008). I would also
recommend a juvenile study in a non-rodent species (dog) in order to determine if the
developmental neurotoxicity (especially gray matter involvement) of vigabatrin can be
confirmed in a second species. :

2. Retinal lesions

Vigabatrin-induced retinal degeneration was observed in albino mouse and rat, but not in
pigmented rat, dog, or monkey. Due to the lack of histologic effects in pigmented
animals, the retinal findings were attributed to vigabatrin-induced exacerbation of light-
induced retinal toxicity in an “overly sensitive albino retina...” The sponsor originally
concluded that the nonclinical “...studies clearly demonstrate that pigmentation of ocular
structures protects the retina from the degeneration associated with vigabatrin
administration in albino rats. Such findings are quite consistent with the absence of
ophthalmologic pathology reported to date in vigabatrin-treated patients.”

Renewed interest in the retinal findings in rodent resulted from a report to the EMEA of
visual field defects (VFD), sometimes severe, in 40% of patients treated with vigabatrin
versus 0% in non-medicated patients or patients treated with carbamazepine (cf. Opinion
of the Committee for Proprietary Medicinal Products Purswant to Article 12 of Counci/
Directive 75/3/YEEC as Amended, for Vigabatrin, CPMP/1357/99-EN). The EMEA
recommended additional animal studies “...to investigate the mechanisms of vigabatrin
induced retinotoxicity and to provide information regarding the possible differences in



sensitivity to retinotoxicity in young and adult animals.” (As previously noted, the report
of VFDs in humans was the basis for the Agency’s non-approvable action on October 27,
1998.) In response, the sponsor re-evaluated the original tissue (eye) sections from
previously completed animal studies and conducted investigational studies to further
assess the retinal toxicity induced by vigabatrin.

These studies provided better characterization of the retinal lesions in albino rodents and
confirmed their absence in pigmented animals. The studies in juvenile albino animals
were equivocal for retinal injury. Retinal findings were observed in a 2-wk oral range
finding study in juvenile rats, but not in a 4-wk study at the same doses. In the pivotal
Jjuvenile rat study, focal retinal dysplasia was detected at the two highest doses, in both
males and females. The sponsor concluded that findings were possibly related to reduced
body weight gain resulting in delayed retinal maturation. Regardless of whether or not the
retinal findings in these studies were a direct or indirect effect of treatment, the sponsor
argued that they were not relevant to humans due to differences in the timing of retinal
development between species. In rat, retinal maturation occurs in the early postnatal
period, whereas in humans, the retina is fully mature at birth.

The additional studies did not provide conclusive evidence to document the A
mechanism(s) responsible for the lesions. It would appear that increased levels of GABA
in retina, resulting from vigabatrin-induced inhibition of GABA-T, are not solely
responsible for the retinal injury. GABA levels in retina are significantly increased by
vigabatrin in both pigmented and non-pigmented retina (Cubella JF e o/ / Pharm Fxp
TZerap 238(2):508-514, 1986; Cubella JF ez a/. Brain Res 419:208-215, 1987; sponsor’s
studies #DSE 2001-0465, DSE 2001-0466), but only non-pigmented retina appears
affected. Jzumi ez @/ (Izumi Y ez o/ Apilepsia 45(9):1043-1048, 2004) reported that in ar
vivo studies in retinal preparations from Sprague-Dawley rat, neither vigabatrin nor
GABA alone in the absence of excessive light (20,000 lux white light) or excessive light
alone induced retinal toxicity. The effects of vigabatrin in the presence of excessive light
were both concentration and light-exposure duration dependent. In the 47 17vo studies
conducted by Izumi es 2/ (2004), a high acute dose of vigabatrin (1000 mg/kg/i.p.) did
not induce retinal toxicity when animals were maintained under standard light condition
(12 hours light [300-500 lux}/12 hours dark [<10 lux]) for 24 hours; however, animals
-administered the same dose of vigabatrin followed by 24-hour exposure to white light
(6000-8000 lux) experienced retinal damage. Twenty-four hour exposure to white light
alone had no effect on the retina. Unfortunately, the pigmented retina was not tested in
these studies. These data indicate that, at least under acute conditions, vigabatrin and light
together, but not each alone, induce retinal toxicity. How relevant these data are to the
retinal toxicity detected in albino animals administered multiple daily doses of vigabatrin®
and maintained under “standard” lighting conditions is unclear. However, the lack of
retinal findings in control animals in the sponser’s studies {e.g., no retinal findings in any
control animal in the 18-month carcinogenicity study in albino mouse) is consistent with
Izumi ez 2/, (2004), i.e., lighting conditions alone produced no notable retinal toxicity,
even in “sensitive” animals.



In a recently published study, Jammoul e#2/ (Jammoul F ez 4/ Ann Newro/65:98-107,
2009) report prevention of light-induced retinal toxicity in rats and mice by
administration of taurine. In this study, vigabatrin was administered to Wistar rats or
BALB/c mice (6-7 weeks of age) by daily intraperitoneal (i.p.) injection at a dose of 40
mg (=200 mg/kg) for 45-65 days (rat) or of 3 mg (=150 mg/kg) for 29 days (mouse).
Taurine was provided in drinking water (0.1 M) and light intensities in home cages were
120-130 lux (rat) or 70-85 lux (mice). Treatment of controls was not, with one exception,
clearly stated in the publication; however, it is presumed that control and treated rats and
mice were maintained in 12/12-hr light/dark cycles, except for the study assessing the
effects of vigabatrin in rats maintained in the dark. In rats, vigabatrin administered for 45
days produced retinal toxicity (disorganization of the photoreceptor layer [decreased cone
density, increased length of displaced photoreceptors], reduced photopic ERG amplitude,
and increased GFAP immunolabeling) in animals maintained under 12/12-hr light/dark
cycles, but not in animals maintained in the dark. Vigabatrin administered to rats for 65
days produced decreases in circulating levels of glutamic acid (56%), taurine (67%), and
methionine (22%); plasma levels of taurine were reported to be highly correlated with
changes in ERG amplitude and cone density. Taurine supplementation partially prevented
vigabatrin-induced retinal toxicity; however, photopic ERG and cone density remained
lower and GFAP staining remained higher in vigabatrin-treated animals compared to
controls. Plasma taurine levels in taurine-supplemented animals were higher than in nen-
taurine supplemented and control animals. In mice, vigabatrin administered for 29 days
produced retinal toxicity similar to that observed in rat; taurine supplementation partially
or completely prevented vigabatrin-induced effects on ERG, organization of the outer
nuclear layer, cone density, and bipolar cell plasticity.

Jammoul ez 2/ (2009) propose that vigabatrin induces a taurine deficiency, which then
produces retinal toxicity in animals exposed to light. They conclude that “Patients taking
vigabatrin could gain immediate benefit from reduced light exposures and dietetic advice
on taurine-rich foods.” The authors note that the doses used in rat and mouse are “in line”
with therapeutic doses in adults.

A thorough literature review is beyond the scope of this memo. However, it is clear that
taurine (purported to be the most abundant amino acid in the retina) is considered to have
an important in the development and function of the visual system in animals and humans
(cf. Lima L. Mewrochkern: Res 24(11):1333-1338, 1999; Militante JD, Lombardini JB.
Nutri Newrosci 5(2):75-90, 2002). In the taurine transporter knock-out (szz#-/~) mouse,
tissue levels of taurine are markedly reduced, and “The most prominent morphological
feature of (szx£-/) mice [is] severe and progressive retinal degeneration” (Heller-Stilb &7
ol FASER /16(2):231-233, 2002). Heller-Stilbe ez 2/ (2002) state that “The importance
of taurine for retinal function is underlined by the fact that ERGs are abnormal in cases of
human taurine deficiency due to long-term parenteral nutrition”, but provide no reference
for this statement. Yu es@/ (Yu X ez a/ Brit/ Nurz98:711-719, 2007) report a decrease
in light-induced retinal damage in Sprague-Dawley rats administered taurine (4 gm/100
gm diet) for 15 days; retinal taurine levels were decreased in rats exposed to light, but
increased in those exposed to light and supplemented with taurine.



Reports on the effects of vigabatrin on taurine levels in plasma and retina are
inconsistent. Jammoul e72/(2009) reported, as previously noted, that vigabatrin
administration (=200 mg/kg i.p. for 65 days) to rats results in a significant decrease in
circulating levels of taurine (and glutamic acid). However, in the sponsor’s investigative
study (Study DSE-2001-1068) in Sprague-Dawley rat, oral doses of vigabatrin (0, 100 or
300 mg/kg) for 4- or 13-weeks resulted in slightly higher plasma taurine levels in treated
animals. Loscher and Horstermann (Loscher W, Horstermann D. Naunyn-Schmiede Arch
Lharmacology 349(3):270-278, 1994) reported a 25% decrease in plasma taurine (but
increased taurine levels in the hippocampus) 4 hours after a single 1200-mg/kg i.p. dose
of vigabatrin to Wistar rats. Abdulrazzaqa e£ 2/ (Abdulrazzaq YM e 2/ Reprod Toxicol
20:549-560, 2005) reported that a single dose of vigabatrin (450 mg/kg i.p.) administered
to dams on gestation day 15 had no significant effect on plasma taurine levels in maternal
plasma, placenta, or fetal tissue. Retinal taurine levels in vigabatrin-treated albino rats
have been reported to be decreased (Wasowicz M ez 2/ Znvesr Ophithalnol Vis Sei
43(4):813-820, 2002; in light-exposed animals) or unchanged (Neal MJ, Shah MA. 2./
Fharmacol/ 100:324-328, 1990). In the sponsor’s studies, retinal levels of taurine were
relatively unchanged in albino and pigmented rats (Study DSE-2001-0465; Study DSE-
2001-0467). Retina changes may be difficult to interpret since decreases in taurine levels
in light-exposed albino animals treated with vigabatrin may reflect damage to the retina,
rather than an effect of vigabatrin on taurine status. In the sponsor’s Study DSE-2001-
0463, light exposure alone resulted in decreases in retinal taurine levels in albino and, to
a lesser extent, pigmented rat.

It is unclear how the retinal toxicity detected in rodent compares to that observed in
humans. It would appear that there is no consensus on the exact nature of the retinal
toxicity induced in humans by vigabatrin, except that once produced it is irreversible. In
rat, it has been demonstrated that vigabatrin exacerbates light-induced retinal
degeneration. The fact that pigmented rats appear less sensitive to vigabatrin-induced
retinal toxicity is consistent with this mechanism, since pigment is considered to protect
the retina from light-induced damage. However, the high incidence of retinal toxicity
(i.e., visual field defect) in humans (=30-40% of patients treated) suggests that in’
humans, pigmented retina is not particularly protective and that, therefore, light may not
have as significant a role in humans as it does in the rodent. It is also of note that a
similar pattern of retinal degeneration in animals (i.e., only albino animals affected) has
been observed with other pharmaceuticals (e.g., Mirapex®, Abilify®, Lyrica®), with no
clinical correlate in humans. This would suggest that the mechanisms underlying the
retinal toxicity in albino rodents and the VFDs in humans are intrinsically different. This
would also suggest that taurine may not prevent retinal toxicity in humans. However,
further investigation into the potential for taurine to prevent or mitigate retina toxicity
induced by vigabatrin is warranted, considering the availability of taurine (as a dietary
supplement) and the seriousness of the finding in humans.

I'would recommend that the sponsor be asked to conduct a study to further investigate the
potential protective effect of taurine as a post-approval requirement. Since the relevance
of the albino rodent to human is unclear, I would suggest that the sponsor continue
attempts to induce the retinal lesion in pigmented rodent. Light-induced retinal damage is



intensity and duration of exposure dependent. Therefore, it might be possible to find
illumination parameters that would successfully induce retinal degeneration in the
pigmented rodent, perhaps in conjunction with dilatation of the pupll (Rapp LM,
Williams TP. Zsua/ Res20:1127-1131, 1980).

Conclusions/Recommendations

A comprehensive body of nonclinical data is available for vigabatrin. These data clearly
indicate that, in animals, vigabatrin is neurotoxic in the adult and during pre- and post-
natal development, with the developing animal demonstrating greater sensitivity to
vigabatrin-induced toxicity than the adult.

Based on his original NDA review [1995], Dr. Rosloff recommended approval of NDA
20-427 for complex partial seizures in adults. I agree that the nonclinical data support
approval of vigabatrin in adults with refractory complex partial seizures, with appropriate
labeling.

Dr. Fisher has recommended that Sabril not be approved for use in Infantile Spasms (IS)
due to “a risk for significant neurotoxicity at clinically relevant exposures”. I understand
Dr. Fisher’s concern, based on the increased sensitivity of the developing animal (pre-
and post-natal) to the neurotoxic effects of vigabatrin. However, considering vigabatrin’s
demonstrated clinical benefit in IS, a serious indication with no currently approved
therapy, I have no objection to Sabril being approved for IS. I do, however, recommend
that the sponsor be required to conduct the following additional nonclinical studies post
approval, for the reasons discussed in this memo:

e A toxicology study in the juvenile rat examining the potential of vigabatrin
exposure during development to produce neuronal damage.
A juvenile animal toxicology study of vigabatrin in a non-rodent species.
A study examining the effect of taurine on vigabatrin-induced retinal damage in
rodent.

Wording for the Post Marketing Requirements and the approval letter have been provided
in separate documents.

Recommended labeling for NDA 20-427 (Refractory Complex Partial Seizures)
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TOXICOLOGY

Oral (Gavage) Repeated-Dose Toxicity Study of Vigabatrin in Rats (Report No. OV-1007,

dated 6/7/06, conducted by Charles River, Horsham, PA, GLP)
Methods

Young rats (80/sex/dose main; whole litter design) were given 0 (water), 5, 15, or 50
mg/kg VGB by oral gavage (5 mi/kg) once daily from postnatal day (PND) 4 through PND
65. Subsets of approximately 20/sex/group were sacrificed on PND 67 or following a
recovery period (on day 13 of presumed gestation in subset of females mated or PND
196 through 201 for males). TK blood samples were collected from 2-
3/sex/group/timepoint after dosing on PNDs 17 and 65. The following parameters were
evaluated for all rats: viability, clinical observations, body weight and body weight
changes, feed consumption, and gross necropsy observations for the treatment and
recovery periods. Subsets of rats (at least 10/sex/group) were evaluated for alterations in
the eye (electroretinograms [5/sex/group] and ophthalmoscopic examination) on 3
occasions (after approximately 3 weeks, end of dosing, and end of recovery); other
parameters (sexual maturation, and for motor activity, functional observation battery,
acoustic startle habituation and prepulse inhibition, hematology, clinical chemistry,
urinalysis, organ weights, and histopathology) were assessed either during dosing or at
the end of the treatment period, and either during or at the end of the recovery period,
During the recovery period, subsets of rats (at least 10/sex/group) were evaluated for
estrus cycle, mating and fertility, sperm motility and count, and learning and memory
(simple spatial discrimination water maze and a Morris water maze).
Stau. Crl:CD(SD)
Drug Lot # 152972

Dose selection was based on a dose range-finding study in which oral doses of 30, 50,
100, 300, 500 and 1000 mg/kg/day were given to rats (SD) from PND 4 for 2 weeks.
Severe and early toxic effects were seen at 2300 mg/kg (all animals were euthanized
within 5 days). Deaths, marked clinical signs (absence of milk in the stomach and
decrease/absence of motor activity), and a marked decrease in body weight gain were
seen at 100 mg/kg. Effects at 50 mg/kg/day were less severe and included transient
absence of milk intake and/or decreased motor activity in some animals and reduced
body weight gain. Changes at 30 mg/kg/day were limited to a minimal decrease in body
weight gain. Scattered nuclei in the photoreceptor layer and an increased number of
apoptotic bodies in the inner nuclear layer of the retina were observed at 50 or 100 mg/kg
(see Table 11.2). 30 mg/kg/day was considered to be close to a NOAEL.

sull

i. Mortality, clinical signs

A total of 3, 5, 2, and 7 rats in the C, LD, MD, and HD groups, respectively, died
or were sacrificed prior to scheduled termination. Three (1 male, 2 females) of
the seven HD deaths were considered treatment-related (T-R), based on clinical
signs (spasms or tremors) and/or body weight losses; the other deaths were due
to either dosing or anesthesia accidents. Whole body spasm occurred in a
significantly increased number of male (28) and female (23) rats at the HD. No
other T-R clinical signs were noted.

ii. Body weight

Significant reductions in BW gain were seen at the MD and HD in males and at
the HD in females (Table 1.1.1). BWs in the respective dose groups were 3, 10,
and 27% below C in males and +3.0, -2, and 20% above/below C in females on
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PND 85. Post-treatment BW gains continued to be reduced in males (8, 13, and
24%) but not females. Terminal body weights in the respective groups were 5,
11, and 27 below C in males and +2, -1, and -18% above/below C in females.

Developmental Landmark

The days on which preputial separation or vaginal patency were observed
significantly increased at the HD (Table 1.1.2). These delays in sexual maturation
correlated with reduction in BW, although BW at maturation was significantly
reduced only in males.

Ophthalmologic and ERG Examinations

According to the consultant's report, there were no indications of T-R ocular
damage in the ophthalmoscopic examinations. The ERG measurements (onset
latency of the b-wave [1 Hz], baseline-to-peak amplitude of the b-wave [1, 10, 15
Hz], and peak-to-peak amplitude of the oscillatory responses [1 Hz)]) were
generally comparable among the dosage groups in! all testing sessions, and
according to the report, there was no evidence that drug exposure was
associated with altered ERG responses at the doses and time points evaluated.

Developmental Neurotoxicity Testing

In males, the average startle response during the habituation phase was
attenuated somewhat (not statistically significant [NS]) at the HD on PNDs 59-63
and increased (NS) at all doses on PND 89-91 (Tables 1.1.3). There was also an
increased response to prepulse inhibition at the MD in the recovery period. There
were no apparent changes in females at either evaluation time.

No clear effects on motor activity (number of movements and time spent in
movement) were seen during the dosing period (PND 56 1 day) or during the
recovery period (PND 86 11 day).

In the FOB, landing foot splay and forelimb and hindlimb grip strength (maximum
and average values) were dose-dependently (D-D) decreased (statistically
significant [SS] in MD and/or HD) in treated males and females during the dosing
(PNDs 56, 57, 58 or 59) and post-dosing periods (PNDs 87, 88 or 89). BW on
day of testing was decreased (SS) in MD and HD males and in HD females.
(Tables 1.1.4-5)

In a simple water (M) maze conducted during the recovery phase (beginning on
PND 105), there was an increase in the number of HD females (3/18: 6707, 7107
and 7307) that failed to meet the criterion during the reversal learming- session
(Table 1.1.6).

Although there was some tendency (NS) for increased latencies in treated
groups in the Morris maze, particularly during the initial trials, there was no clear
effect on learning or memory in this test (Table 1.1.7). It should be noted that this
was performed very late (PNDs 153-177) due to the test being added to the
protocol after the study had started.

Reproductive Performance (13th week of age, 1:1 non-sibling mating)

Estrous cyclicity was D-D reduced in treated females (Table 1.1.8). The mating
and fertility data are anomalous, and do not allow a valid assessment of drug
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effects. Only 50-60% of C, LD, and MD rats mated, while 90% of HD animals
mated; thus, while there is the suggestion of an effect on fertility, the D-R is non-
monotonic (fertility index: 100.0, 45.4, 66.7, and 93.8% at C, LD< MD, and HD).

Reproductive outcome parameters at laparotomy were generally similar among
groups; however, due to the poor pregnancy rate only 9, 6, 8, and 15 litters were
available in the C, LD, MD, and HD groups, respectively.

There were no T-R differences in sperm parameters. Absolute testicular and
epididymal weights were decreased in HD males, but relative weights were
increased.

Patholo

No T-R gross lesions were observed. Terminal body weights were decreased in
MD and HD males and in HD females. Absolute brain weights were significantly
reduced at the MD and HD in males and females (Table 1.1.9), and epididymis
and testis weights were decreased at the HD. However, relative brain (Table
1.1.10) and testis weights were increased at the HD. Terminal body weights
remained significantly reduced after the recovery period at the HD. The brain
weight reductions also persisted into the recovery period (SS in HD males and
females after 19 weeks).

Microscopic Findings:

Of the 20/sex/group necropsied on PND 67, 1/2 were perfusion-fixed and the

Jbrains and retinas of all of these animals from all groups were microscopically

examined by the study neuropathologist. The other 1/2 had tissues immersion-
fixed and a general histopathology examination involving all tissues from the C
and HD groups was performed by the study pathologist. Another subset was
necropsied during PND 196-210 after an approximately 19-week recovery period
and 10/sex/group were perfusion-fixed for neuropathology examination by the
same pathologist.

With the exception of the CNS, all tissues appeared normal on histological
evaluation. For the immersion-fixed tissues, three sections of brain were
examined from each C and HD rat. The report noted that “vacuolations in white
matter and/or gray matter of minimal or mild severity involving one or more brain
regions of posterior thalamus, hypothalamus, hippocampus and/or brainstem
(midbrain and hindbrain) were evident in 8/9 males and 7/9 females administered -
50 ma/kg/day of Vigabatrin from Group 4 and terminated on PND 67."

All perfusion-fixed HD male and female brains examined by the neuropathologist
had increased levels (over background) of vacuolation within the neuropil of
selected brain regions on PND 67 (Tables 1.1.11-12). The following is verbatim
from the neuropathologist’s (Robert Garman) report:

“The most commoniy affected brain regions included the following (listed
in the approximate order of frequency affected): central midbrain
(tegmentum), substantia nigra, dorsal subiculum, medulla oblongata,
hippocampal CA1 region, thalamus, deep cerebellar nuclei and basal
forebrain (particularly the medial forebrain bundle). In most of these
regions, vacuolation was graded as minimal to mild. Although some
white matter tracts had increased numbers of vacuoles (¥z the medial
longitudinal fasciculus and medial forebrain bundle), most foci of
vacuolation were present in subcortical grey matter or mixed grey and
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white matter regions. The specific cellular/subcellular locations of the
vacuoles could not be determined at the light microscopic level. Although
vacuolation in brain sections often represents a nonspecific finding
(relative to pathogenesis) and may sometimes be the result of artifact,
the consistent inter-animal pattern of vacuolation in the high dose group
rats and the absence of this degree of vacuolation within the other
treatment groups in this study indicates that the vacuolation represents a
treatment-related effect... Within the substantia nigra {which was not
present on section for all rats), vacuolation always involved the most
lateral portion of the pars compacta. Within the midbrain, the most
consistently vacuolated region was within the medial longitudinal
fasciculus and the adjacent neuropil present just inferior to the midline
raphe nuclei. In the cerebelia, vacuolation was typically restricted to the
deep cerebellar nuclei. [Note that only a minority of the rats had the deep
cerebellar nuclei represented within the sections.] Although the CA1
sector of the hippocampus was occasionally characterized by minimal to
mild vacuolation, it was the dorsal subicular region (immediately medial
to the CA1 pyramidal layer of the hippocampus) that was most
consistently vacuolated.”

Two MD males also had single foci of minimal neuropil vacuolation (“in the dorsal
subicular region of one rat and in the deep cerebellar nuclear region of the
other’). Although one HD female rat had a unilateral focus of gliosis within the
hippocampus, this was considered by the neuropathologist to represent a
background lesion. Dr. Garman also considered several instances of Fluoro-Jade
B staining to represent background degenerative processes even though these
were also only seen in MD and HD animals. Other microscopic findings within the
nervous system other than for the eye were considered to be incidental; this
conclusion seems questionable in some cases.

With the exception of a minimal finding in 1 C female, retinal dysplasia (minimal
to mild, “characterized by the formation of rosettes within the outer nuclear layer
of the retina that typically protruded inwards into overlying inner nuclear layer”)
was detected only in MD and HD males and females.

Although frequencies of both neuropil vacuolation and retinal dysplasia were
decreased in the post-recovery period rats, minimal to mild vacuolation (“highly
restrictive in location”) was present in 2 HD males and 1 HD female. In all three
rats, the foci of vacuolation were restricted to the deep cerebellar nuclei and/or
pons. One focus of vacuolation within the deep cerebellar nucleus of the HD
female had two small-sized foci of mineralization. There was no evidence of
gliosis (based on GFAP staining) in any of the foci of vacuolation. The Fluoro-
Jade B-stained sections from recovery rats were considered fo indicate only
background degenerative processes not related to treatment. One HD male and
5 females (2 each in LD and MD groups and 1 HD) had retinal dysplasia (all
minimal in degree).

Plasma drug levels

TK data are summarized in Table 1.1.13 below.

Conclusions

Administration of VGB to young rats from PND 4 through PND 65 at doses of 0, 5, 15, or
50 mglkg increased mortality (HD), decreased BW gain (MD, HD), produced clinical signs
of neurotoxicity (spasms or tremors at HD), delayed sexual maturation (HD), aitered



Table I.1.1

estrus cyclicity (all doses), decreased absolute brain weights (D-D), and produced

neurobehavioral (altered FOB

performance, deficits

in maze

learning) and

neurohistopathological (brain vacuolation and retinal dysplasia) changes (MD, HD) in

treated animals.
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Table 1.1.2 Morphological Landmarks in Juvenile Rats
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Table 1.1.3 Acoustic startle response in males during the dosing and post-dosing periods
DOSAGE GROVF I s 11X v
DOSAGE (MG/KG/BAY)a 9 3 18 50
SUBSET 2
FOSTMATAL DAY 55,€0.62 CR 63
NUM3ZR OF RATS 20 2¢ 20 15
oy TION
INCLUDED IM ANATIYSES b 17 17 15 17
BLOCK 1 MZAN + 3.D. 101.78 = 103.18 = 33.37 111.62 *  44.29 98.47 E 25.02
BLOCK 2 MIAN & 3.D. 80.04 & 22.9¢ 48,22 23.€6 = 42.51 71.81 & 41.99
BLOCK 3 HEAN 2 3.D. 68.30 H 72.14 H] 34¢.2 27.¢9 = 47.43 €3.02 ES 46,29
BLOCK 4 MZAN 2 9.0. €8.1% E3 €7.25 = 44.91 28.449 x*  4€.72 85.4% L] 30.58
BLOCK S MEAW  3.D. 70.B3 = 59.39 2 27.52 TL.9S & 3€.83 s§7.83% E] $2.45
AVERAGE MZAN ¢ 3.D, 77.82 X 77.27 = 35.07 22.€7 x  35.82 €9.30 E 36.40
ERERULSC IVRIBITION <
IRCLUDED XX AKALYSE3 d PE) 4 16 13
COKTROL MZAN 2 S.D. 14423 = 1104 4443 £ 980 4620 = s2% 4676 % 332
SREPULIE (70d48) HBAN = 53.D. 3381 = 718 3337 = 483 3473 £+ e24 3360 = 316
FREPULIE (504B) HMIAN % 3.0. 217 3 748 2223 = 7de 1517 2 40 2564 = 882
BLODK = AVERASE CF 10 TRIXL 3EJIICNS MINUS TXZ 2007 GEIGET
CONTROZ = AVERAGEZ OF RESZONSZI IN 10 TRIAL SZIHNIONS MINUS THE 30DY HEIGHT.
FREPUZIE = AVERAGE OF REJPFOMIES IN TEE 70dB OR 9043 FREPULSE COMNDITION MINGS THE 20037 WEIGHT.
a. Dosage occuzred on postnazal days 4 chrough 68.
b. Excludes rats with 2y low P or whose te the stizmulis weze 2y ass d by a tanical =al
c. Hormalised {scandardized) responss values.
d. Zxcludes zats with extromsly low zeasponses to the stimulus or wkose were ly afé, d by a 3. cal or




DO3AGT GROUP z 11 Iir b3's
DOSAGE (MG/RG/TATIa [] 3 18 30
JUBSZT 3

POSTMATAL TAY 25,50 OR 93

RUMBZR OF RAIS 20 . 20 20 20

IBTLUSED 1IN ANALYSES b * 13 17 e 18
BIOCR 1 HEQY £ 3.D. 112.71 = S4.96 132.00 = 45.42 222.43 % 23¢€.38 145.22  ¢&3.&
BLOCXR 2 MEAY 2 3.D. 2. 84 £ 3&.31 106.08 = £0.23 209.54 = 170.59 11€.93 *  52.40
BLOCK 2 HEAW 2 3.D. ea.zz & 3B.62 25.58 +  93.12 178.17 + 137.79 88.3¢ = 35.21
BLOCK 4 HEZAYW £ 3.D, 75.00 &  42.63 7i.9r & 37.320 156.8% & 108.43 73.3¢ & 83.10
BLOCK S HRAW £ 9.D. e3.71 % 85.75 M0 £ 4.7 157.53 % 105.70 65.€64 £ 21.43
AVERAGE HEAX % 3.D. $3.69 & 48,51 §23.87 & 48.72 184.54 2 130.24%¢ 97.81 = 40.40
2] =

IKCLUDED I ANALYSES b 13 17 28 12
CONTROL MIANY 2 3.0, 403¢€ = 635 4322 = 782 4811 2 854 2244 + 884
FREPUZSE (7048) M2AN = 3.D. 3328 = 8353 3542 = 848 %46 = o3¢ 3434 = 0§
DREPUIEE {5048} UTAY 2 3.D. 2138  &78 2130 = 518 2643 & 3a2» 2322 * $32
2LOCX = AVZRAGZ OF 10 TRIAL SESSICNS MINDS TEZ 20DY GEIGET

= or IN 10 TRIAL ISVIONS MINUS THE 30DY WRIGHT.

FREPULSE = AVERAGE OF RESPONSES IN INE 7048 OR 9048 SREPULSE CONDITION MINGS TEE BODY NEIGET.

a. Dosage occurred on postnazal days 4 chreugh 65. :

b. Zncludes xats with sxczemely low Tesponvas o the stimulus, rats that escaped from the koldirg cage durirg =he ta
or any squads vhat incladed such a xat ox rats that were Ly afs by ar 2 malfunstion.

e. Mormalimed { dazdized) P values.

* 8ignifizancly diffezent fxom the control group valus (pS0.051.

** 3ignifigantly diffezent from the comcrol gzoup value {p£0.01).

Table 1.1.4 Functional Observational Battery scores in males during the dosing and post-dosing periods

£Q3AGT GRODR I £33 I ™
DOSAGE (HG/RG/DAY)a 0 3 18 30
SUBSZT 2
FOSTMATAL LAY 56, 87, 58 O= 39
HALE RATS L 20 2¢ 290 19
ATR RIGETING RZSEONBZ
(3} All fees land on ground 4 20 2¢ 20 18
(2} Zands on side v L 0 ] 1
(3} Zaads oo bazk 2 L] b o ¢
MEXH SCORET l.2 1.0 1.0 1.0
FCPIZ RESZPONSE TO LIGHT b 20 20 20 13
M FORILI¥B GRI¥ T23T
Maxizum (G) UEANES . D, 8e.0 = 108.0 9.2 % 112.1 22.2 = 144.3 2223.3 = 14.2
Avezage (G} MEARLS . D. 322.6 &£ 100.0 250.94 : 908.6 IT€.s 1288 240.0 £ 69.9
HINDLINMB GRIP TRST
Haxizum (G} HEANES, D, 417.8  113.1 402.8 = g91.3 258.3 & 54.2 330.0 = 100.6+
Avexage (G} MEANS.D. 4.2 2 203.7 ™Mo 2 971.8 355.2 + 70.1 2F3.T 2 72,80
ZANDING FOOT 3RLAY
Avezage (M0 MEANES.D. .4 £ 10 1.2 0+ 2 &8 x 1.2v €.0 £ 1.0°»
BOOY TEMPERATTRE (*C) HEAIES.D. .7 = 0.8 37.7 % 0.4 27.7 % .6 37.8 2 0.8
EODY GEIGNT (5) MEANES,D. 248.7 = 40.8 333.1 * 35.2 316.6 * 30.4+¢ 258.0 3 35.804

n: ® Category nuxber Zor descriptive 3D iCex:.
{n) ¥ Scoze aasigned to graded tesc izems; moan scoze waz zalculazed by multiplyirg each acore By the number of rats with thaz szore
and then dividing the su3 of che products by the roral numher of rats
a. Lozage on trazal days + es.
b. ZExsludes zar 3704, which was found dead on postnasal day S4.
* Sigafficantly diffexect from che concrol group value (p£o.08).
** Siguificarcly differest from cthe control grotp value (p<0.02) .




DOSAGZ GROUZ I II III ™
DOBAGE (MG/RG/DAY]a 0 3 18 $0
SUBSET 3
POSTMATAL TAY 28 % 1
MALE RATS N 20 20 20 20
AIR RIGETING RET3EONSZ
€1} A2l Zeet land on ground n p32 20 19 20
(2) Zands on aide 1 b o 1 ?
(37 Lards on back 1) o 2 o 9
MZAN SCORE 2.0 1.0 1.0 i.e
FUPIL RESPONSE TO 1IGHT H 20 20 20 20
EORZILIMB GRIP TEST
Maxizmum (G} MEAN$3.D. 627.5 % 230.0 sés.2 2 212.0 §85.2 % 228.¢ 244.0 = 133.23°*
Avarage (&) MEANE3 D, 586.¢c =2 175.7 $08.2 =2 184.8 %02.4 = 205.0 309.8 £ 120_34»
HIRDLIME GRI? TRST
Hagizum (G} MEANES.D. 3476.¢ = 1239 4386.2 = 116.2 4C0.5 = 79.0° 220.8 = 72.8-*
Average (G} MEAN®S.D. 416.9 = 102.7 304.,2 = 63.3 36C.0 = 77.4- 288.¢4 = 63.24%
LENDING FOOT 3PLAY -
Avazage (CM} HEAKS.D. 7.1 % 1.31 §.9¢ = 1.3 €.11 x 1.52* 5.02 = 1.90¢*
EODY TEMBERATURE (*C) MEANE3.D. 27.2 2 0.5 .3 = 0.8 27.2 % 0.8 7.8 = a0
BODY WEIGHT (G} MEAN23.D. 338.2 : s5&.8 §07.9 & 70.3 482.28 + 46,1 209.4 +  43.Bsr

= Category numkar for descziptive test item.
= Score azsigaed to graded test itema; mean acore was calculacad by multiplying each scoze by the nimber of rats with thas

aod then dividizg the sus of the products by the total cumber of rats

Losage

1

daya 4

€8,

* Significancly different from che control group value (gE0.0S).

** Bignificancly di

£xom

the 13

1 group value (p£0.01).

Table 1.1.5 Functional Observational Battery scores in females during the dosing and post-dosing periods

DOBSAGE GROUR I 1z I I7
DISAGE (MG/RG/SAY) a 0 5 15 30
SUBSZT 2
FONTMATAL LAY 56, 37, 53 OR 89
FEMALE RATS uw 20 20 29 1%b
AIR RIGHTING RE3CON3Z
(1} 2All fee: land on grourd L 20 19 20 19
(2} Lands on side N L 1 M ?
(3} Lands on bazk 1] ¢ o 2 L
HEZAM SCORE 1.0 2.0 1.9 L.0
BURIL RESPCHIE TQ LIGET K 2w 1%e 20 1%
FORZLIMB GRIF TE3T
Haximum (5 MEAR$S.D. 288.0 = 88.2 203.9 % 94.3 256.8 z 82.2 202.8 £ 67.3%%
Avarxage (5) MEARES.D. 247.0 2 2.6 241.2 % 8€.3 222.9 %z 83.0 17€.4 = 34.8>
HINDLIMB GRIF TZAT
Hagixum (G} HEARES.D. :70.2 2 7S.3 235.3 2 114.7 314.8 = 83.¢ 256.2 = 49,244
Avarage (G) HEANES.D. 331.% = é&2.4 3034 2 4.2 3€c.2 z M.9 22%.€ = 50,440
LANDING FOOT 3PLAY
Avexage (CH} MEANES.D. .4 2 0.9 €.4 2= 1.0 6.1 % 0.9 5.0 = 3.8
BODY TEMPERATURZ (*O) MEANZ3.D. 38.4 = 0.5 2.4 2z 0.3 32.2 % 0.3 8.5 = 3.§
BODY WEIGHT (5) HEAKSS.D. 216.8 * 16.%5 222.®* % 22.2 2309.1 x 185.7 174.4 = 12,348

graded test items; mean scoze was calculazed by multiplying each scaze by the number of zass

zhe su= of the products by the total oumber of rats

€S.
tional

n: = Category nunbet for dossripdive tesc item.
{n} ® Scoze assiguned to
and then dividicg
a. Coaage % on 1 days 4
b, Excludes rar 7702, whick waz not Tesced fox £

c. Exeludes xac 2206,
*¢  Signifizancly differenc from

whick was

nas
the

10

tested due To corneal apacity.
contzol group value {p$0.01).

wizh thas

acore



DOAGYE GROUP I II f344 r
DOIAGE (HG/ES/DAY)a 0 S 15 50
SUB3ZT 2
FOSTUATAL DAY 22 =21
FDMALZ RATS 1 20 20 20 150
AR RAISEIING RIIPONSZ
(1} A2l feat land on groura r 20 W 20 18
{2) ZLande on aide u [ o [ 1
(3} Tands on back R a L 0 2
MM SCCRE 1.0 2.0 1.0 1.0
F0PIL RESPONIR 20 LIGNT ¥ 20 20 20 19
FORZLIVA GRIP IZST
Hamizun (6) MEANE3. D 378.2 = 2128.0 982.3 = 103.2 W0.5 = 111.2 2¢45.4 2 92,14
Avezage (G) MEANES.D. 228.8 = 0.8 351.1 = 93.8 920.4 % 53.0 228.7 = TL.4%
HINDLIMD GRIF T237
Hamazum (G} MEAN23.D, 295.5 = ge.1 26€.8 t 47.0 241.2 x 5.4~ = 85.54%
Average (&) MBANES . D, 282.0 = €3.2 242.%5 x ¢&s.¢ 217.1 x €2.2* 120.4 2 54,240
TAKDING Y007 3SRLAY
Avesage ,(C¥) HEANEI. D, 3.47 2 1.11 §.€2 2 1.17 3.16 % ¢.98 4.19 = Q.pEes
BODY TEMPERATURE ('C) MERRES . D, M. = 0.4 38.0. 2 0.4 7.9 2 0.8 32.3 = o.8
BODY GEIGHT (G) MEANIS.D. 280.1 = 30.0 296.4 =+ 23.2 284.4 * 2.8 238.6 2+ 1.1

a: @ Category numhat Jor descriptive testc Atem.

{n) = Bgoze assigned to
and then dividing

a. Tosage on

graded test items; maan scoze was calculazed by =ultipiying each acore by the oumber of rars with tha: score
<he su= of che products by the totsl ntmbexr of racs

Zxcludes rat 7207,
* 3igniftcancly digs
-+ Significanely di:

1 days 3 €S,
whic ¥ Zound dead on postnazal day 5.
rect Ixom the corctrol grxoup value {p£0.09).
Tent from the control group value (§S0.01).

Table 1.1.6 M-maze performance in female rats during the post-dosing period (PND 105)

I Iz 113 w
L] % 15 50
1in 1
TRIALS 70 CRITERIOY NEANRE D 22 78 0t 1.8
LRPORS PER TRIAL NERMN5 .0, .30 142+ 0.39
LATIRCY TRIAL & NEANLS.D. 13.3 EETU IS SR 3
FAILYD 70 LEARI « NN or ¢ v.a
STISION Do ] t5e 19 z 10n
TRIALZ ‘N CRITRRICK RPEANRS .0, 4.3 = X4 .2 ot oo 5.7 0t 4.6
YLRRORS PYR TRIAL NEASLS . 0.1 £ 0,23 0.1 ¢ 0,14 0.1t Q.15
LATINCY TRIAL 1d NEANET 12,6 = 108 12.6 ¢ 11,0 hEIS S I ]
REVERSAL SKmsios 3 13 &8 ik
TRIALS 70 CRITERIGN 4.2 = 2.8 EIEN ] 2.9 ¢t 1.4
ERRORS PER THIAL 0.63 = £.3¥ + .38 0.6 £ .35
LATESCY TRIAL 14 27.4 T .8 T 1S 23,3 1 18,8
FALLED TO LEARM oe o a.s 0.0) 3¢ 16,0y

paxtaatal deys 3 thocugh €5,
Zesxicar 1 ILssrntng Fhazu) snd 2 (fatenticn
occarred Sommdistaly sftac

A. Dowage ozzurted an
b.

Fhuas) cf teating smre swparatsd by a mmmesnur Sntarvals Tmvmcxsl Swasion
Bhe cat hed yar the critezicn foo ihe inltial phaxe of bthe xecomd bewt swazicn.

€. Zacluder valume £5¢ rebs that swrw found dewd or unachuduled sacshflosd.
4. e latancy wax tecorded in smconda. .

-

Raober of ratx that did
ratx were wizluded froe
=+ signlficantly diffurent

@k zaat the critucicn in Zeazicn t (learolzg seere): Sexsson 2
surracizezion wnd atatistlcal wrwlyaes.
from the sonten) group oslus [pS0.01).

Pntantion Phuns) valuwx foc theuw

1



Table 1.1.7 Morris Maze performance in juvenile rats
Males

T 131 £

1] 15 E0
3 TPODEY 111D

] 10 ) w a
Y= 3 3.0, 4.2 ¢ 16.2 DRRER =Y 3.0 ¢ s 42.0 ¢ 0.8
NFZPAGE TRIALS 46 YINE 2 3.5, 2402 2 1 EAN IR XY 23.5 ¢ 3.3 244 = 220
M/ZIAGE TRIALS 1033 kAR B 2.D. 1.8 %0 W4 12 7.2 ¢ 14,2 .02 s
FACOE TAIAL [Me YA = 3.0, 5.7 £ 16,9 5.0 2 3.9 47.0 ¢ 21 18 TR

SEZTICH 2
AVERAGE TRIALS 1.} XAy = =.b. 14.0 £ 13.2 453 3a 5.5 2 13,1
AVIZACE TAIALS -3 T4 2.9 .42 2.3 2.5 ¢ a8 s = s
AVIIAGY, TRIALS 111 6.2 ¢ 4.0 3.4 2 8.6 D.2 ¢ € P A 8 4
SILAZ TRIAL [Hle teax = 5.0, .3 3 3201 am,3 ¢ 13,7 ED.2 = 18.%

SEsarcs Y
AVIDAGE. TRIALS 1°3 b 2 3 13.1 r 12.0 5.2 2 13,2 4.9 ¢ B9 0.0 2 A
AVIZAAGT. TRIALS ¢r6 AN = 3.0, é.*t 5.5 8.6 r 5.2 22t 32 PRI N |
AN TATALS 1413 ¥A¥ 2 5,0, $. 2 2.2 1.92 8 0 5.9 2 J’.n
SA0ES SAIAL fale Joan x 3.1 47,2 ¢ 412 - NS ] a3t 106

AVIRAGT TRIALS = AVERMGE TIME [JXCTHEA) TO ARASK TME FLATFORN FOR ALL BATS IH A GACUT TOR THE SPECIFIED TRIAZY

A Dossegw cooafted on postialsl dayx 4 thicugh 85,

B Age of the ratx ranged from postnatal day 163 through 1717 tusting occurced cvwr a thres cay perisd for mwch cat.
5s Fxcbe trlal wex recardsd in swconds snd Iwported ar 4 percentsys of tlzs the zat apent in the a8l quadrant.

Females
DOSAGE, GROUT 4 111 s
WLEAATE mixeloatia 2 : M ]
5
HOngEy )
EETTTE
PIATHATAL DAYS 153 TupoURd 3171k
PATS TZITTD . > 10 1 0 a
SeEstcK 1
AVTIALL TRIALS 3i+) Y8 = 3.0, 29.9 ¢ 13,2 42.0 = 13,3 0.8 ¢ 13.7 MUY 2 1208
ATZAGT, TAIALS &6 YIAS = 3.0 19.0 £ 10,4 0.3 412,86 3.2 2 128
AVTIAGT TRIALS 1-11 ¥IA¥ = 3.D. 13,0t 2.5 2.4 2 34 20.3 T NI
FRLAL TAIAL (H)e VIS 2 5. 50,0 & 2.8 450 2 131 AL.d ¢ 9.% £4.) 2 23.2
EEZIICK 2
AFIRALT. TAIALZ 1) AN & 3.0, 17,0 ¢ #.% 13.9 ¢ 9.8 2%.0 ¢ 20,8 2.0 2 318
ATYZACY, TAIALS 4.6 1.0+ »C 10.9 ¢ 3.8 9.4 ¢ 3.¢ P2 BE TN Y
ATTAAGE TRIALS )-11 ¥YAN £ 5.D. .8 ¢+ 4.1 5.£2 5.0 9.0 ¢ 5. 210.1 ¢ 6.8
PRCEE TAIAL (tic PIAN = 3.1, H.3 13,1 6.3 = 1¢.0 S1.5 ¢ 13.0 45.5 = 131
seasice 3
AVIRALY, TAIALS 1.3 ¥TAX 2 3.0, 13.2 2 %> 33.2 2 2.8 8.8 » 5.!!.
i e
AVERAGY. TRIALS §+6 ¥ZAX x 3.D. 7.rr 32 5.3 1 21 T2 3.2
1 9214
AVERAGY, TAIALS }»11 FIAN = 3.D. .ot £.5 4z 1.0 1.0 ¢ 8,2
1 21d
FROCE TAIAL Ivje PIAN £ 1.0, $7.3 ¢ 13,8 $1.3 ® 118 25,0 ¥ 15,3
. 1294
AVYPAGE TRIALT = AVIOAGE TINE (SECCKES) TD SZADH TXX PLATYCEM FOR ALL PAIS IK A GROUD YOO TEK SFICIFIED TRIALZ

I | = Wnase ar WALIES AVERAGED

8. [essge cosutfed on portnatal days 4 threugh 45,

B. Age of the rats ranges frax pastnatsl dey 1S) tirouh 111y Larting nccurzed crer ¢ three dey pariod £r wash zat.
€. Proke trial uss tezordad n asconds and repcried 4 4 percantage of tire the cat spent In the goa) quatrent.

d. Zecludes wvaloes (or rats tiez hed an mrzos durlag testicg Sn raxston 3.

12



Table 1.1.8 Reproductive performance in juvenile rats

DOSAGE GROUP 1 11 IIT

DOSASE (MG,K3/DAY)a a 19 £

RAT3 TX COHABITATICH N 20 19b 20 FE

DAYS IX CORABITATICN £,d MEANZS.D. 5.0 ¢ 2.3 .52 2.4 4.7 = 2.3 30t t.3

RAT3 THAT MATED & Niv} 10§ 0.0} 1L¢ 57.9) 121 0.0} 18¢ 89.3;

FERTILITY INTEX o,¢ NN i0s 10 nf 11ee 8/ 1z~ 15f 15
[O3) RE] € 353} ( 85.7) ¢ 91.8!

RAT3 WITH CONFIRMED

MATING DATES H 1a 12 12 6

MATED MITH FEMALE g

DxYS 1-7 Nit) 10{100.0} 11(190.0} 12(100.0) 16]109.0}

RATS PREGNANT/RATS IN

CORABITATION £ 274 10/ 20 5/ 15 £ 20 1%/ 1BR*~
3 { sa.0 { 26.3) [ 30.0) ! a1.3)

'Qr.ﬂfxpvu

Dozaga czousrad on poatastal days & through &4,
Excludes valies for cats that wore not asatgned to cohabitatica because there wore no awailable Female rata.
Restricted t4 rats with a confirnad mating dato and rats that did net mate.
Entludes only one mating Zor each maie rat.
Nurker of prognanciossnunber of rata that nataed.
fncludes only one pregnancy tor each rat that iepregnated wore than ore fenale ras.
Pastrictad to rats with 3 con2ismad mating date.
Signiticantly diffaront irom tha control group value {pS1.0%).

DS3JGE GRCUR I I 244 w
DS3AGE (MG/RG/EAYI A [ E 1s 5%
ESTRCTY CYCLING OBSEIVATICNS
RATS ZVALUATED 5 20 26 20 15p
BRECOZABLTATION ESTROTS CUCLING
EITROUS 9TAGE3/ MEAN4S.D. L5.€ & 2.4 15.3 4 3.9 9.7 x 2.8 14.5a 3.2
72 2AYS { 29)b { 151b £ 245k
RATS WITE & OR KOS
CCYIECUTIVE
DAYS 0T DIZSTRU3 X 4 7 L] T
RATI WiTE 6 OR MORZ
CCNSECUTITE
OAYS OF RITRES ® 0 2 4 1

[ ] = NUMBER G2 VALUSI AVIRAGED
a. Dosa ex 1 da;

g 4 €S,
b. Excludes values Zor sats that were Zound dead or sacrificed due vo moribund condition.

Table 1.1.9 Mean brain weight and brain/bw ratios in juvenile rats at the end of treatment

Absolute (gm) Brain/BW Ratio (%)
Male Female Male ) Female
Control 2.18 2.05 0.563 0.925
5 mg/kg 2.09 2.04 0.589 0.925
15 mg/kg 2.02** 1.95* 0.600 0.910
50 mg/kg 1.94** 1.79** 0.636 1.026*
* ps0.05
** ps0.01

Table 1.1.10 Mean brain weight and brain/bw ratios in juvenile rats at the end of the recovery period

Absolute (gm) Brain/BW Ratio (%)
Male Female Male Female
Control 243 2.16 0.349 0.591
5 mg/kg 2.40 2.13 0.348 0.582
15 mglkg 2.37 2.06  0.371 0.575
50 mg/kg 2.23* 1.96** 0.439** 0.683*
* ps0.05
**p<0.01
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Table 1.1.11

SUMMARY OF MICROSCOPIC DIAGNOSES - PND 67 MALE RATS

GROUP: 1 2 3 4
Number of animals included 10 10 10 10
Piriform Cortex
Numbeax of Tissues Examined 10 12 16 10
Microscopically Nozmal 10 10 10 9
No, With Microscopic Diagnoses o] ] 0 1
NEUROPIL VACUOLATION [+ 0 1] 1
mild - - - 1
NZURON DEGENERATION (FLUORO-JADE) 0 s} o] 1
minimal - - - 1
Frontal Cortex
Numbexr of Tissues Examined 10 19 10 10
Micreoscopically Normal 10 190 210 10
Cingulacte Cortex
Number of Tissues Examined 10 10 10 10
Microscopically Normal 10 10 10 10
Septal Nuclei
Numbexr of Tissues Examined 10 10 10 10
Microscopically Normal 10 10 210 9
No. With Microscopic Diagnosaes o) 0 0 1
NEUROPIL VACUOLATION 0 0 0 1
) nminimal - - - 1
Anterior Cemmissure
Number of Tissues Examined 10 10 310 10
Microscopically Normal 10 10 10 10
Parietal Cortex
Number of Tissues Examined 10 10 10 10
Microscopically Normal 10 18 10 10
Caudate Mucleus/Putamen
Number of Tissues Examined 10 10 10 10
Microscopically Nozmal 10 10 10 10
Globus Pallidus
Numbar of Tiasues Examinecd 10 10 10 10
Microscopically Noxmal 10 10 10 10
Basal Forebrain
Nunber of Tissues Examined 1¢ 10 10 10
Microscopically Normal 10 19 10 6
No. With Microscopic Diagnoses [+] 3 0 4
NEUROPIL VACUOLATION 0 0 0 4a
minimal - - - 3
mild - - - 1
Coxpus Callosunm
Numbaxr of Tissues Examined 10 10 106 10
Microscopically Normal 10 10 10 10
External Capsule
Number of Tissues Examined 10 19 10 10
Microscopically Noxmal 10 19 10 10
Internal Capsule
Humbexr of Tissues Exanined 10 1D 10 10
Microscopically Normal 1¢ 19 10 10
Amygdala
Nunmbexr of Tissues Examined 10 19 10 210
Microscopically Normal 10 190 10 10
Retrosplenial Cortex
Humber of Tissues Examined 10 19 10 10
Microscopically Noxmal 10 19 10 10
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Subiculum
Number of Tissuss Examined
Micrascopically Normal
No. With Microscepic Diagnoses

NEUROPIL VACUOLATION

minimal
mild

Hippocampus, CAl
Number of Tiasues Examinad
Microsceopically Norzmal
No. With Microscopic Diagnosas

NEUROPIL VACUOLATION

Hippocampus, CA2
Nunmbar of Tissues Examined
Microscepically Noxmal

Hippocampus, CA3
Number of Tissues Examined
Microscopically Normal

Hippocampus, CA4
Number of Tissues Examined
Micrescopically Normal

Dantate Gyrus
Number of Tissues Examined
Microscopically Noxmal

Thalamus
Number of Tissues Examined
Microscopically Normal
No. With Microscepic Diagnoses

NEUROPIL VACUCLATION
minimal
mild

Hypothalamus
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEZUROPIL VACUOLATION
ninimal
mild
Temporal Cortex

Humber of Tissues Examined
Microscopically Normal

Occipital Cortex
Humbexr of Tissues Examined
Microscopically Normal

Fornix
Number of Tissues Examined
Microsceopically Normal

Mamillary Bodies
Number of Tissues Examined
No. With Microscopic Diagnosas

NEUROPIL VACUOLATION
mild

15

10
10

10
10

10
10

10
10

10
10

10
10

10
10

10
10

10
10

10
19

19
10

10
10

1)
10

10
19

10
19

10
10

19
19

10
10

10
ip

10
10

10
10

10
10

10
10

10
10

10
10

10
10

"

SRS Noo

10

10
10

10
10

10
10

10
10

10
10

10
10

o



Midbrain
Numbex of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEUROPIL VACUCLATION

Entorhinal Cortex
Number of Tissues Examined
Microscopically Normal

Substantia MNigra, Comp
Numbar of Tissues Examined
No. With Microscopic Diagnoses

NEUROPIL VACUCLATION

Substantia Nigra, Retic
Numbar of Tissues Examined
No. With Microscopic Diagnoses

NZUROPIL VACUOLATION

Cerebral Peduncle
Numbar of Tissues Examined
Microscopically Normal

Cexapellar Cortex
Number of Tissues Examined
Hicroscopically Normal

Cersbellar nuclei
Number of Tissuas Examined
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION

Cersbellar White Matter
Number of Tissues Examined
Microscopically Mormal

Pons
Number of Tissues Examined
Microacopically Normal
No. With Microsaceopic Diagnoses

NEODROPIL VACUOLATION

Trapezoid Body
Number of Tissues Examined
Microscopically Normal

Vastibular Nucleus
Number of Tissues Examined
No. With Microacopic Diagnoses

NEURQPIL VACUOLATION

16

minimal
nild

ninimal
mild

minimal
mild

minimal
mild
medarate

mild

nild

10
10

10
10

10

10
10

10
10

10
10

10
10

10
19

10
10

10
139

10
1D

19
190

19
10

10
19

10

10

10
10

10
10

b

10
10

10
10

10
10

10

10

[
LR N ]
o

10
10

[

[ SV

[

10
19

10
10

w W

(R E

[

10
10



Reticular Formatioan
Number of Tissues Examined
Microscopically Normal

Madulla Oblongata
Number of Tissues Examined
Microscopically Normal
Ho. With Microscopic Diagnoses

NEURCPIL VACUOLATION
. minimal
mild

Pyramids
Numbar of Tissues Examined
Microscopically Normal

Trigeminal Tract
Numbar of Tissues Examined
MYicroscepically Normal

Spinal Cord, Cezvical
RNumbar of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

AXON DEGENERATION
minimal

Spinal Cord, Lumbax
Numbax of Tissues Examined
Micrescopically Normal
No. With Microscopic Diagnoses

AXON DEGENERATIION
minimal

Spinal Nerve Roots
Humbar of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NERVE FIBER DEGENERATION
minimal
mild

Dorsal Root Ganglia
KNumber of Tiassues Examined
Microscepically Normal
f0. With Microscopic Diagnosas

GANGLION CELL PALLOR & VACUOLATION
mild

Gassarian Ganglia
Humber of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnosas

GANGLION CELL PALLOR & VACUOLATION
miic

Sciatic Marve
Number of Tissues Examined
Microsceopically Normai
No. With Microscopic Diagnoses

NERVE FIBER DEGENERATION
minimal
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Tibial Nerve

Numbexr of Tissues Examined 10 10 10 10
Microscopically Normal 10 10 10 9
No. With Microscopic Diagnoses 0 ] 0 1
NZRVE FIBER DEGENERATICN . 7} 0 1] 1
minimal - - - 1

Brain, NOS
Number of Tissues Examined 0 0 1 0
No. With Microscopic Diagnoses - - 1 -
HYDRCCEPHRALUS - - 1 -
minimal - - 1 -

Eve

Number of Tissues Examined 10 10 10 10
Microscopically Normal g 10 7 7
No. With Microscopic Diagnoses 1 4 3 3
RETINAL DYSPLASIA 0 1] 3 2
minimal - - 2 1
mild = - 1 1
CORNEAL OSSIFICATION 1 0 0 1
mild - - - 1

medarate 1 - -

Skelatal Muscle
Number of Tissues Examined 10 o] 0 10
Microscopically Normal 10 - - 10

Group Legend: 1 is 0 mg/kg/day, 2 is 5 mg/kg/day, 3 is 15 mg/kg/day,
4 is 50 mg/kg/day

statistics performed using Fisher's exact (1-tail)

a = Significantly different from GROUP 1 at P<=0.05

b = signifiaantly different from GROUP 1 at P<=0.01
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Table 1.1.12

SUMMARY OF MICROSCOPIC DIAGNOSES - PND 67 FEMALE RATS

GROUP: 1 2 3 4
Number of animals included 1¢ 10 10 11
Piriform Cortex
Number of Tissues Examined 10 10 18 11
Microscopically Normal 10 10 10 11
Frontal Cortex
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 12 11
Cingulate Cortex
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Septal Nuclei
Number of Tissues Examined 10 1o 16 11
Microscopically Normal 10 10 10 11
Anterior Commissure
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Parietal Cortex
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 10
No. With Microscopic Diagnoses 0 0 0 1
NEUROPIL VACUOLATION o} 3] 4] 1
. minimal - - - 1
Caudate Nucleus/Putamen
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Globus Pallidus
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Basal Forebrain
Numbex of Tissues Examined 0 10 10 11
Microscopically Normal 10 10 10 g
No. Wwith Microscopic Diagnoses 0 0 o] 3
NEUROPIL VACUOLATION 0 0 0 3
minimal - - - 1
mild - - - 2
Corpus Callosum
Numbar of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
External Capsule
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Internal Capsule
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Amygdala
Number of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Retrosplenial Cortex
Nurber of Tissues Examined 10 10 10 11
Microscopically Normal 10 10 10 11
Subiculun
Number of Tissues Examined 10 10 10 11
Microscopically Normal 0 10 10 3
No. With Microscopic Diagnoses g 0 0 8
NEUROPIL VACUOLATION 0 0 o] 7o
minimal - - - 2
mild - - - 5
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NEURON DEGENERATION (FLUORO-JADE)
minimal

Hippocampus, CAl
Number of Tissuss Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION
: minimal
mild

Hippocampus, CAZ2
Number of Tissues Examined
Microscopically Normal

Hippocampus, CA3
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

POCAL GLIOSIS
mild

Hippocampus, CA4
Number of Tissues Examined
Microscopically Normal

Dentate Gyrus
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEURON DEGENERATION (FLUORO-JADE)
mild
Thalamus
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEURCPIL VACUOLATION
minimal
mild

Hypothalanus
Number of Tissues Examined
Microscopically Normal

Temporal Cortex
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NEZURCN DEGENERATION (FLUCRO-JADE)
minimal

Occipital Cortex
Number of Tissues Examined
Microscopically Normal

Fornix
Number of Tissues Examined
Microscopically Normal

Mamillary Bodies
Number of Tissues Examined
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION
minimal
mild
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Midbrain
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagroses

NEUROPIL VACUOLATION

Entorhinal Cortex
Number of Tissues Examinad
Microscopically Normal

Substantia Nigra, Comp
Number of Tissues Examined
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION

Substantia Nigra, Retic
Number of Tissues Examined
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION

Cerebral Peduncle
Number of Tissues Examined
Microscopically Normal

Cerebellar Cortex :
Number of Tissues Examined
Microscopically Normal

Cerasbellar nuclei
Number of Tissues Examined
No. With Microscopic Diagnoses

NEUROPIL VACUOLATION

Cerebellar White Matter
Nurber of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

CYSTIC FOCUS

Pons
Number of Tissues Examined
Microscopically Normal
No. with Microsccpic Diagnoses

NEURCPIL VACUOLATION
Trapezoid Body

Number of Tissues Examined
Microscopically Normal
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Reticular Formation
Number of Tissues Examined
Microscopically Normal

Medulla Oblongata
Number of Tissues Examined
Microscopically Normal
Ne. wWith Microscopic Diagnoses

NEUROPIL VACUOLATION
minimal
nild

Pyramids
Number of Tissues Examined
Microscopically Normal

Trigeminal Tract
Number of Tissues Examined
Microscopically Normal

Spinal Cord, Cervical
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

AXON DEGENERATION
minimal

Spinal Cord, Lumbar
Number of Tissues Examined
Microscopically Normal

Spinal Nerve Roots
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

Spinal Nerve Roots (continued)

NERVE FIBER DEGENERATION
minimal

Dorsal Root Ganglia
Number of Tissues Examined
Microscopical}y Noxrnral

Gasserian Ganglia
Number of Tissues Examined
Microscopically Normal

Sciatic Nerve
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NERVE FIBER DEGENERATION
minimal

Tibial Nerve
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

NERVE FIBER DEGENERATION
minimal
Brain, NOS
Number of Tissues Examined
No. With Microscepic Diagnoses

HYDROCEPHALUS
minimal
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Eye
Number of Tissues Examined
Microscopically Normal
No. With Microscopic Diagnoses

RETINAL DYSPLASIA

minimal

mild
CORNEAL MINERALIZATION

minimal
CORNEAL VASCULARIZATION

mild

Skeletal Muscle
Number of Tissues Examined
Microscopically Normal

Group Legend: 1 is 0 mg/kg/day, 2 is 5 mg/kg/day,

4 is 50 mg/kg/day

Statistics performed using Fisher's exact (l-tail)
a = Significantly different from GROUP 1 at P<=0.05

b = Signifi&antly different from GROUP 1 at P<=0.01

10 10 10
9 9 9
i 1 1
1 0 1
1 - -
- 1
9 1 0
~ 1 -
6 1 0
-~ 1 -

0 o ¢

0 -~ -

11
11

3 is 15 mg/kg/day,

Table 1.1.13. Summary of pharmacokinetic data in juvenile rats (Study OV-1007)

Gander Doza Cmax Cmax AUC, AUC,.,
(mgkg/day) pg/ml nz/ml pgrhml - ugehiml
D17 PND 65 PND I7 PND 65
Malas 5 2.88 295 3.18 645
15 1069 10.42 2826 1733
50 33.20 1717 12535 8978
Femalas 5 355 322 9.40 5.58
13 827 744 25.04 1361
50 31.03 21.60 110.68 49.53




Pathology working group (PWG) review of potential treatment-related lesions in the brain
of rats from an oral (gavage) repeated-dose toxicity study of vigabatrin (Ovation

Pharmaceuticals, Inc.'s Study Number 0OV-1007) (EPL Project No. 794-001, dated
5/11/06, Conducted By Experimental Pathology Laboratories, Inc., Research Triangle

Park, NC; GLP)
Methods

In Study No. OV-1007, microscopic examination of multiple brain sections from perfusion
fixed rats fixed showed that all HD (50 mg/kg/day) group rats had neuropil vacuolation in
various brain regions at the PND 67 necropsy. Two MD (15 mg/kg/day) rats were also
considered to have neuropil vacuolation, although the neuropathologist considered the
vacuolar changes limited and not conclusively T-R. The neuropil vacuolation was
attenuated in VGB-dosed animals after the 19-week recovery period but was still present
in 2 males and 1 female from the HD group.

A Pathology Working Group (PWG) was convened to have a panel of experts confirm the
presence of neuropil vacuolation in the brains of rats in Study OV-1007 and to provide
expert advice on questions pertinent to the observed morphologic changes and their
pathogenesis. The PWG (Henry Wall, Marc Del Bigio, Robert Garman, Georg Krinke,
Reid Patterson, Karen Regan, and Stephen Collins) reviewed all H&E stained brain
sections from all perfusion-fixed rats that were diagnosed by the study neuropathologist
to have microscopic neuropil vacuolation in one or more brain regions and from all control
rats that were killed at the end of the dosing period.

Results

Overall, the PWG panel agreed with the original study neuropathologist's characterization
of the presence or absence of neuropil vacuolation in the different brain regions of the 62
animals examined (Appendix A). The exceptions were said to reflect “minor differences
in diagnoses for alterations that were usually graded as minimal by the study
neuropathologist or graded as minimal by the PWG.” It should be noted, however, that
the number of recovery animals with neuropil vacuolation present was increased in the
PWG evaluation (from 2 males and 1 female to 2 males and 3 females). The differences
did not influence the original interpretation of treatment-related effects and no changes in
original diagnoses were considered warranted.

Based on the results of their peer review of slides and data available in published and
unpublished reports, the Panel provided the following responses to specific questions
regarding the morphologic characterization of vacuolation in the brain of rats and the
relevance to humans (verbatim):

7. /s there general agreement that the primary neurofistologic change /s mulifocal
vacuofation in the central nidbrain (fegrmenturmy), /ateral portion of the pars compacts of
the substantia njgra, dorsal subiculinm, deep cerebeliar nucles, posterior thalamus, basal
Torebraim (partictlarly the medial forebraimn bundie) and pons/inedula?

Yes, the PWG confirmed these changes as reported by the Stuady Neuropalhologist The

PWG also nofed recovery i rals recefvinng 50 mykgtlay as demonstrated by the
avsence of newropld vacuolation in all but two rals held untreated aiter PND 67 and
necropsied on PND 796-270. (Note: there were actually 5 recovery rats with vacuolation).

2. Does the fistologic presentation of these vactoles provide suiicient mionmation lo
defermine the alfected cel(s) i the neuropr’?
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* No, the specific characlerizalion of the nature of the vacuoles or speciic cells alfected
cannot be defermined. If was nofed thal the vacuoles were i neuroanalomic areas
wihere GABA is knowrn fo be a predominant neurolransmitier.

* However, the HEE-stained shides do allow the observer fo exclude e /ﬂVa/Vemeﬂ/ of
some struelures, namely newron celf bodles, blood vessels, and astrocytic end processes
arotnd blood vessels as suggested by hght microscopy.

» There /s no lght microscoplc evidence of cell degeneration, cell I0ss, or gloss.
However, molphomelic or sfereologic procedures would need fo be performed fo
guantty cel foss.

* Some of the possibiiies for the polential location of the vacuoles included preferming/
or perisynaplic vesicles, and lerminals of GABAergic axons, as in some areas the
vacuoles appear close o nerve cell bodjes. The possibilty thal vacuoles are assocriated
with multple fargels (e.g., axons or dendnies, microgha) cotld not be excluded. The
elfect was not considered fo be an anti-glucose efect

3 Are there methods avariable with these lissues fo delermine or confimm the cells that
are vacuolated?

Movrpliologic melfoos fo explore s possibiliy using existing paraliin-embedded fssves

may mclide the use of adoifional special Stains.:

* Meurofifament staimng mighit felp lo localize the effect and characterize the stucture of
. the vacuoles. The neurofifament stain may also be useri for comparng the diamefters of
axons 1 controls o the diamelers of axons mn VGB-treated rafs.

o Staming for GABAergic neurons (6.9. with parvalbuminyg may hejp defermine if the

vacloles are associaled with termiinals ortese neurons.

« Lectin stainmg (e.qg., Griffomia sinplcifola) wil demonstrate blood vessels and
microglial profiferation. If the vacuoles are 1ol associaled with microgha, it would suggest
that the vacuolation /s more kel to be mdicalive of a Fulid distribution problem rather
than a more destruchive process.

* Amplold precursor profeimn (APP) was considered to be more speciic than Firo Jade®
1or staimimg degeneraling rneurons. CAromagranin A immmuiosianmmg was ooﬂS/o’ereo’ o

be.a useri aflernate marker for damaged axors.

* Sections stained wit) the selected stains should be evaluated usmg at feast fve controls

and five amimals at 50 ma/kg with vaciolalted braim areas.

© Luxo/ Fast BluePeriodic Acid-Schif (LFBPAS) was considered advanlageous for
evaluating axons and myeln fogether. The PAS-stained axon could rep to distingush

enfects in axons fom those that may be limited fo myedn.

* Review of the avaiable LFB-staimed sections may hefp fo defermine iF the focculent
malerial observed 1 some vacuoles cornlam fpoprotems that may have become a celilar
mclusion.

4 Are the vacuolar changes i e white malier jdentical fo those i the gray matfer or
aiferent?

As viewed by lght nifcroscopy within s siuay, vacuolar changes in the gray matier and
wivte malfer are mophologically simifar. They vary i size and somelines comiam
granular or Jocculent malerial, and borders of the vacuoles are indiscrele.

b Are the white-matfer changes consistent with or different Kom what /s fermed
mramyennic edema as was described i ofder rals given VGB?

o The white maller mnadings by Hght microscopy are of characteristic of mbramyemic
edema. .

* Some differences thal may be observed in older rafs as compared o younger rats coultd
be atiibulable lo diferences m bivavalabilly due fo different roufes of dosing

differences i dose, djiferences i length of exposure, age at start of exposure or at the
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Lime of neurofistopathologic exammalion, and differences in the GABA syslem (e.g., e
GABA excilalory/infibiiory switch).

o A belfer understanaing of the morpliofogy and pathogenesss of white matter fesions may
clariy diiferences in /es/on aopearance.

6 /f these changes are diferent Fom miramyefnc edema, are there fypolheses fo
explam why these rafs failed lfo develop the lesion (seen in rals of eqz//ya/eﬂ/ age and
treatment duralion fo these rafs) foward the end of the stuay?

[ the drug /s present during the early siage of myelination, then the myein may be more
resistant to the development of IME as seer in rals exposed /much /ater afer myelinalion
ras commernced (ie., adaplation may play a rol). There may have been oiferences m
otfier pertinent ractors, such as, design, dose level and duralion of dosing.

7. Do you concur thal there /s file evidence fo indicale glosrs, rcreased neuronal
aooprosts or fypoceliarnty that would support loss of netropl’?

The PWG conclirded that there /s no evidence via Hght microscopy of H&E-slaimed
sections lo indicate ghosss, mcreased neurona/ apoprosis or Aypocelanty that would
support 0ss of neuropll. Morplhomeliic analysts may be necessary lo quanlity any
polential maicalion of @ morphologic e/fect or tese Struclures.

& Do rthese microscopic changes madicate or suggest probable pathogenelic
1mecHanisms?

The momphologic informaltion oblamed via this study /s msuficlent lo elucidale e
pathogenes’s of the vacyolar change.

9. Do you concur that the few rafs with simiar but more focal /esions i the mid-dose
group are 110l conclusively refated fo VGE trealmernt?

The PWG concluded that the brams of amimals i1 the mid-dose group oid not diijer Form
e controls and were, Ifrerefore not afiected by treatment with VGE. .

70. Do you concuyr that the recovery brams molcated some reduction i the incidence and
severily of the vacuolar chianges and 110 evicerice for otfier newronal patology.

Yos, the PWG nofed lhe absence of vacuoles m the brain of most VGB-treated rafs
Tollowing a recovery period affer dosmg was disconlinued. Three rafs m the recovery
S0mgrkgraay group had focal vacuolar changes i1 the brain.

77. Would these /esions hikely lead fo the ‘Spasms " described in association willy handiing
or with the reaced neuromuscular performarnce 71 these rafs, or is lhe lalter more lkely
lo be aue lo the marked growth suppression by the high dose of VGB?

o Unli the affected cell or possible blochemical and/or molecular changes are beller
unaerstood, i1 1s rot possible fo make a definiive stafemernt corncerming the refalionship of
the vacuolar fessons and the chinically described 'spasms.”

« The ‘spasms” mayor /may not be relalted fo the vacuolar change.

o The “spasms” could be refated fo earlier changes (plfysiological or pharmacological)
that fed fo the vacuofe formalion.

« Marked growth suppression may have nfuenced the neuromuscular performance of
these rals, as measured by lanaling oot splay and foredundieq grip strenglfi. ,
(Note: long-term neuromotor impairment in FOB was also observed in MD females in the
absence of significant growth deficit. Similar findings have been reported with triethyltin
and hexachlorophene).
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72 Whal studies would you suggest lo better understand the palhogenesss and largeled
cells within the neuropd that become vacuolaled?

The Panel suggested further mompfiologic characlterizalion via Hght microscopy usimg
Histochenisty, with bansnission electron microscopy (EM) oflow-up fo delernmine e
precise anatomic location of the vacuoles. The addifional monplologic characlerization
Should sample amimals at muliple bime pomts aler expostre begimming on postratal aay
4 (PND 4). Sampiing /s suggested at PND 25, PND 46 and PND 67. Five aminals per
group (controls and 50 mg/kg groups) per time pornt dosed PND4-65, as in the current
stuay;, and using males only were suggested. lf feasible, an addifional fve amimals per
group per time point should be designaled for Feezing of half of the brain for potential
rozen section immunofistochemisty and fmmersion lixation the otfier half of the brain in
formalin followed by storage /in absolle alcohol (95%) for polential paraliin-embedded
section nmmunotistochemistry. Areas for evaluation should mclude bram (sites where
vacuolation was seen via fght microscopy), opiic nerve, and cervical spmal cord, and the
Hght microscopy should ficorporale evaluation of Tum-thick plastic sections, where
ractical. These additional morpliofogic evatvalions are expecled lfo provide some
dlirection for subsequent investigations of the patfiogenesss of neuropd vactoles in lfe
brams of VGB-frealed juvente rars.

Conclusions

The PWG Parne/ concluded:

o The Jocalion of the vacuolar changes i the bramn mnclude the central midbram
(tegmentum), pars compacta of the substantia migra, dorsal sublculum, pons/inedula,
Hppocampal CAT region, thalamus, deep cerebeliar nucles, and basal forebraimn.

« Vacuofar effects may be altrbutable fo biochemical perfirbalions iir GABAergic neurons
or nerve ferninals.

o The /microscopic evalualtion of paraliin-embedded bram suggests areas thal are not
vacuolated (e.g., neuron ced bodies, blood vessels, and astrocylic end processes around
blood vesse/s).

* Vacuolar changes i1 wivte matler and gray malfer are morphiologically simlar via [ght
mieroscopy, and have a monpliologic appeararice hatl /s not characterisiic of itramyednc
edema.

o JHere 1S 110 moipRologic evidernce of glios/s, newronal apoplosrs or fypoceltlarily in the
HEE stamed material

* The vacuolar changes are dose-re/ated, occurrmg only at 50 mg/kg, and are /eyer.s'/b/e
11 most arimals affer a 79-week recovery period.

o Light microscoplc observations alone are msuiiicient fo explamn lhe ,oa/ﬁageﬂe.s'/s of
vacuoles observed i the brams of rals treated with VGA.

~ Speciic Night and efectronic microscopic melo0s may be appled fo beller characterize
the vacuolar changes and gaimn direction for investigation of the pathogenests of the brain
vacuofes.

v Based on avaiable human chnfcal, imagimg and pathology Herature, there /s o
evidernce that the vactofar changes i 1afs are refevart i Mumarns receiving vigabain.

The scientific basis for the last statement is unclear, but it was presumably made without
knowledge of the recent MRI data from children taking vigabatrin.
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APPENDIX A

PWG Consensus Dlagno_ses for Individual Animals

Chemical Name: Vigabatri

Oral {Gavage) Repeated-Dose Toxiciy Study of Vigabatrin in Rats
Study No.: OV-1007
Am.mal ' Necropsy ] No. of
Slldes Study Pathologist's Diagnoses PWG G s Diagnases
Group 0 mg/kg/day ~ Maie Aats
202 PMD &7 2 No Neuropil Vacuclation Present No Neuropil Vecuolation Present
302 PND &7 No Neuropil Vacuolation Present No | Vacuolation Prasent
| 502 PND 67 _No Neuropil Vacuolation Present No Neuropil Vacuolation Prosent
102§ PND67 No Nouroplt Vacuolation Present No Neuropil Vacuolation Present
202 PND 67 No Neuropil Vacuolston Present No Neuropil Vacuolation Present
1502 PND 67 No Neurapil Vacuolation Present o Newropil Vacuolation Present
| 1702 | PND67 No Neuropil Vacuoation Present o Neuropil Vacuolation Present
1802 PND 87 No Nsusopll Vacuolation Present o Nauropil Vacuolation Present
1902 PND 67 No pil Vacuolation Present Cerebrum Neuropit Vacuofation, Present
2002 PND 67 No Nourapit Vacuolation Present No Nouropil Vacuolation Prosent
Group 15 mg/kg/day - Male Rats
4202 PND 67 2 Cerebellum Neuropil Vacuolation, Present No Neuropi! Vaguolation Present
Mid-Brain Neuropil Vaouolation, Present
5702 PND 67 2 Cerebrum Neuropit Vacuolation, Present Cerebrum Neuropil Vacuoletion, Present
Group 50 ma/kg/day — Malo Rats
6402 PND 67 2 Cerebrum Neuropit Vacuolation, Presant Corabrurn Nouropil Vacuolation, Prasent
Gereballum No Neuropil Vacuolation Present Cerebeflum Neuropil Vacuotation, Present
Mid-Brain Neurogil Vacuolation, Prasent Mid-Brain Neuropil Vacuolation, Present
Medulla/Pons No Neuropil Vacuolstion Present Medulla/Pons Neuropa Vacuofation, Present
6502 | PNDé&7 F] Mid-Brain Neuropil Vacuolation, Prosent Mid-Brain Nouropil Vacuciation, Present
Cerebrm Neuropif Vac ron, Present
€602 | PND67 2 bellum Neurapil Vi lation, Present Cerebellum Neuropil Vacuolation, Prosent
Mld-BraIn Neurggl Veouoxaﬁon Present Mid-Brain Neuropil Vacuolation, Present
6702 | PND67 2 ) Vacuolation, Present Cerabrum Neuropit Vacuoletion, Present
)d-Bram Nemgﬂ Vscuolation, Present
6902 PND 67 2 Carabrum Neurapil Vacuolation, Present Cerebrum Neuropil Vacuolation, Present
Mid-Brain Neuropil Vacuolation, Present Mid-Brain Neurcpil Vacuolation, Present
Medulfa/Pons Neuroph Vaguolation, Present Medulla/Pons Neuropil Vacuolation, Present
7302 | PND67 2 | Cersbrum Neuropil Vacuciation, Prosent Carebrum Newropi! Vacuolation, Present
. Mkl-Brain Neuropi! Vacuciation, Present Mid-Brain Neuropil Vacuolation, Present
Medulla/Pons Neurapll Vacuolation, Present
7502 PND 67 2 Carabrum Neuropil Vacuplalion, Present Corebrum Neuropil Vacuolation, Present
Mid-Brain Neuropil Vacuolation, Present Mid-Brain Neuropil Vacuolation, Presont
Medulla/Pons Neuropll Vacuolation, Proserit Medullaj/Pons Neurcpll Vecuolation, Present
7602 PND 67 2 Ci Neuropi V- tation, Present [¢ p lation, Present
Mid-Brain Neuropil Vacuolation, Present Cerabelium Neuropil V: lation, Present
Medulla/Pons NeuropHl Vacuolation, Present Mnd Brain Nouropit Vacuolation, Present
edulla/Pons N i Vecuolation, Present
7702 | PND&7 2 | Cerabrum Neuropll Vacuclation, Present Cerebrum Neuropil Vawolahon. Prosent
Mid-Brain Neuropil Vacudlation, Present Corebelium Neuropll Vacuolation, Present
Medulta/Pons Neuropil Vacuolation, Present Mid-Brain Neuropil Vacuolation, Present
Madulia/Pons Neuropil Vacuolation, Present
8002 | PND67 2 G » pil Vacuelation, Present Cerebium Neuropd Vacuolation, Present
Mid-Brain Neuropil Vacuolation, Present Mid-Brain Neuropil Vacuotation, Present
Medulla/Pons Neuropit Vi ton, Present Medulla/Pons Neuropil Vacudlation, Present
Group 50 mg/kg/day Post-Becovery Period ~ Male Rats
6203 PND 2 No Neuropit Vacuotation Present No Neuropil Vacuolation Prosent
196-210
6303 PND 2 No Neuropil Vacuclation Present No Newopit Vacuolation Present
196-210 L
8603 PND H No Neuropil Yacualation Prosent No Neuropit Vacuolation Present
186-210
6703 PND 2 No Neuropil Vacuolaiion Present No Neuropit Vacuolation Present
186-210
6903 PND 2 Cerebelium Neuropil Vacuolation, Present Carohalium Neuropll Vacuolation, Present
186-210 MedullafPens Neuropil Vacuolation, Present Hedulla/Pons Neuropil Vacuolation, Present
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7303 OND 2 No Neuropll Vasuolation Present No Neuropi Vacuctation Present
196-210
7503 PND 2 No Neuropil Vacualation Present No Neuropll Vacuolation Present
196-210
7703 PND 2 MedultajPons Neuropll Vacuolation, Present Medulla/Pons No Neuropll Vacuolation Present
196-210
7804 PND 2 No Neuropll Vacuolation Present Medulla/Pons Neuropil Vacuolallon, Present
196-210
7903 PND 2 No Neuropil Vacualation Prasont No iV hon Present
196-210
Group 0 ma’ka/day — Femalo Rats
10¢ PND 67 2 o Nouropil Vacuclation Prosent No Neuropl Vacuolation Present
J0¢ PND 67 2 lo Neuropl! Vacuolation Present \Jo Neuropll Vacuolation Present
A0¢ PND 57 lo Neuropil Vacuolation Present o Neuropil Vacuolation Presor
60f PND 67 No Neuropil Vacuolation Present \Io i Vacuolation Present
766 PND 67 No Neuropd Vacuolation Present No \Jeuro i Vacuolalion Preser
806 PND 87 No Neuropil Vacuolation Present No eurgpil Vacuolation Present
806 PND 67 No Neuropil Vacuolation Present No Mi i Vaguolation Present
1008 | PND67 Na Neuropil Vacuolation Present o Neu; iVauuolabon Present
1606 | PND67 2 No Neuropd Vacuolation Pragen o Neuropit Vacuolation Present
1706 | PND &7 2 No \leumgl Vacuolation Present No Neuropi Vacuolation Present
Group 50 mg/kg/day — Female Rats
6106 PND 67 2 Cerebrum Neuropil Vacuolation, Present Cerebrum Nauropi Vnmolailcn. Present
Mid-Brain Neuropil Vacuolation, Presont Prosent
Medulla/Pons Neuropil Vacuolation, Present M(d-Braun Neuropﬂ Vacuoletion, Prosent
Medulla/Pons Neurspll Vacuoiation, Present
6206 | PNDe67 2 Cerabrum Neuropk Vacuolation, Presorm Cerebrum Neuropll Vacuclation, Prasent
M)d-Bymn Neuropal Vm:uolahon. Present Mid-Brain Newopil Vacuoiation, Prasent
M /Pons o [on, Present
6506 | PND67 2 ]G Neuropll Vv on, Present Cereballum Neuropil Vacualstion, Present
Cerebellum Neuropil Vacuolation, Present Mid-Brain Nouropil Vacuolation, Present
Mid-Brain Neuropil Vacuolation, Present Medulla/Pons Neuroplt Vacuolation, Present
Merutl Vacuulation, Present .
6606 PND 67 2 Cerobrum Neuropdl Vacualation, Prosent Cerabrum Neuropil Vacuoiation, Present
Mid-Brain Neuropil Vacuolation, Present Mid-Brain Neuropil Vacuolation, Present
Medulla/Pons No Neuropil Vacuolation Present Medulla/Pons Neuropil Vacuolation, Prosont
6906 | PNDS&7 2 Cerabrum Neurop# Vacuolation, Present Cerabmm Neumpu Vacumauon Prasent
Mid-Brain Neuropil Vacuofation, Present Present
Modulia/Pons No Nouropll Vacuolation Present Mvd Brain Neump:l Vacuolation, Present
Medulle/Pons Neuropil Veacuolation, Present
70068 | PND&7 2 Corobrum Nouropu Vacuolatbn. Presant Cerebrum Nouropll Vacuclation, Presant
Present Gereballum Neuropil Vecuotation, Present
Mld-Brah Neuropﬂ Vac.uolahon Present Mid-Brain Neurogil Vacuolation, Present
Medulla/Pons Neuropil Vacuolation, Present Madulla/Pons Neuropil Vacudiation, Present
7206 PND 67 2 Carebrum Neuropd Vacuolation, Present Cersbrum Neuropit Vacuolation, Present
Mid-Brain Neuropit Vacuolation, Present Mid-Braln Neurapll Vacuolation, Present
Medulla/Pons Neuropit Vacuelation, Present Modulla/Pons Neuropil Vacuolation, Present
7308 PND 67 2 Cerebrumn Neuropi Vacuclation, Present Carebrum Neuropil Vacuclation, Preseni
Mid-Brain Neuropil Vacuolation, Present Mid-Brain Neuropil Vacuelation, Presert
Medulla/Pons No Neuropil Vacuotation Prasont Medulla/Pons Neuropil V: 1, Present
7606 FND 67 2 Carebrum Neuropll Vacuolation, Presant Cerebrum Neuropll Vacualation, Present
Cerebellum Neuropil Vacuolation, Present Cercbellum Neuropil Vacuolation, Present !
Mid-Braln Neuropil Vacuolation, Present Mid-Brain Neuropll Vacuolation, Presert :
Medulla/Pons Neuropil Vacuolalion, Present Medulla/Pons Neuropil Vacuolation, Presont
7708 PND 67 2 Celebmm Npurepil Vacuolation, Present Cerebrum Neurapll Vacuolation, Present
beilum N il Vacuolation, Present lum Neuropil Vacuolation, Present
Mid Brain Neuropll Vacuolauon Presont Mid-Brain Neuropil Vacuolation, Present
Medulia/Pons Neuropil Vacuolation, Present Medulle/Pons Neuropit Vacuolation, Present
8006 | PND 67 2 | Cerebrum Neusopil Vacuolation, Presort Cerebrum Neuropit Vacuolation, Present
Cearebslum Neuroph Vatuolation, Present Cerebellum Neuropl Vacuolation, Prosent
Mid-Braln Neuropil Vacustation, Presont Mid-Brain Neuropit Vacuolation, Present
Medulla/Pons Neuropd Vacuolafion, Present Medula/Pons Neuropll Vacuolation, Present |
Group 50 myg/kq/day Post-Recovery Pariod — Female Rats
6107 PND 2 [ NoNeuropil Vacuolalion Present No Nouropil Vacuoiation Present
196-210
6607 PND 2 No Neunoplt Vacuolation Present No Neuropii Vacuelation Presant
196-210
6807 PND Z | No Neuropll vacuolation Present Cerebrum Neuropil Vacuolation, Present
196-210
6907 PND 2~ | No Neuropil Vacuolation Present No Neuropil Vacuolation Present
198-210
7007 PND 2 | No Neuropil Vacudiation Present No Neuropll Vacuolation Present
196-210
7107 PND 2 | No Neurapi Vacudlation Present No Neuropil Vacuclation Present
106-210
7307 PND 2 Cerebellum N il Vi tation, Presont Cereballum Neuropil Vacuokition, Present
196-210 Medulia/Pons Neurogi Vacuolation, Present
7507 PND 2 | No Nauropll Vacuolation Present Cerobaiium Neuropit V Present
186-210
7707 PND 2 | NoNetiropil Vacuolation Present No Neurcpd Vacuolation Present
196-210 .

29



b.

Nine-Week Oral (Gavage) Repeat-Dose Toxicity Study of Vigabatrin in Neonatal Rats

(Study No. No. OVNC-9004, report dated 7/25/06, conducted by Charles River, Horsham,
PA, GLP)

Methods

Forty male rat pups were assigned to 8 dose groups (Groups | through VIil, Table 1.3.1),
5/group, to receive VGB (50 mg/kg, 5 mL/kg) or vehicle (water) by oral gavage once daily
on postnatal days (PNDs) 4 through 25 (Groups | and V), 4 - 46 (Groups !l and Vi), 4 - 65
(Groups Il and VII), and 12 - 26 (Groups IV and VIII). Pups were examined for viability,
clinical observations, and body weights. All surviving rats were sacrificed on the last day
of dose administration. Rats were administered a combination of heparin and sodium
pentobarbital and perfused /# s# with paraformaldehyde plus gluteraldehyde.
Immediately after perfusion, the calvaria were removed, and the entire brain was weighed
and dissected along the mid-saggital plane. The right half was placed in chilled neutral
buffered 10% formalin, while the left half was immersed in chilled perfusate solution. All
samples were shipped to the College of Veterinary Medicine, Virginia Tech, for
histological evaluation. Initially, multiple levels of the brains stained with H&E were
examined (1-caudate nucleus, thalamus; 2-midbrain; 3-cerebellum, medulla). This led to
study of selected blocks of epoxy resin embedded brain for light microscopic study.
Based upon the latter, thin sections were selected for electron microscopic examination
of the cerebellar nuclei and adjacent white matter.

Stran Crl:CD(SD)

Drug Lot # 160207

The single daily dose of 50 mg/kg was selected on the basis of the previous study (OV-
1007) in which this dose produced brain lesions evident by light microscopic examination.

Table 1.3.1
Dosage| Dosage® |Concentration |Dosage Volume [ Daysof |Number of Male| Assigned Pup/Rat
Group {(ng/ke/day)| (mg/mL) (mmL/kg) Dosage Pups/Rats Numbers
1 50 10 5 PNDs 4 to 25 5 101-105
ji 50 10 5 PNDs 4 to 46 5 201-205
1T 50 10 5 PNDs 4 to 65 5 301 - 305
v S0 10 5 PNDs 12 to 26 5 901 - 905
V | 0 (Vehicle) 0 5 PNDs 4 to 25 5 401 - 405
VI__|0 (Vehicle)® 0 5 PNDs 4 t0 46 5 501 - 505
VII | 0 (Vehicle) 0 5 PNDs 4 to 65 5 601 - 605
VHI | 0 (Vehicle) 0 5 PND:s 12 to 26 5 1001 - 1005
Results

i. Mortality, clinical signs

A total of 3 rats were found dead (1/5 in each of Groups I, Ill and IV on PNDs 46,
30, and 25). These deaths were considered treatment-related (T-R), based on
clinical signs (tremors or convulsions) in 2 (Grps Il and lil) and the reduced body
weight gains observed in all treated groups.

Clinical sngns observed in Groups Il and ill included decreased motor activity,
impaired righting reflex, ptosis, tremors, and chromorhinorrhea. Additionally, a

clonic convulsion was observed in the Group ! rat that was found dead on PND
46 and 2 rats in Group lll were hyperreactive to touch. These observations often
occurred as the rat was handled for observation as noted in the previously
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conducted study. No clinical signs were noted in the rats in Groups | and IV,
indicating that duration of dosing is important in the development of these signs.

Body weight

Body weight gains were reduced in all treatment groups compared to C (55, 13,
18, and 29% in Groups I-1V over the respective treatment periods). On the day of
sacrifice, mean body weights were 52 (Group 1), 88 (Group 11), 83 (Group ), and
85% (Group IV) of the respective control values.

Necropsy observations

No gross lesions related to treatment were observed.

Brain weights

Brain weights were reduced (SS in Grps | and 1) in al-l treated groups compared
to the respective controls, but the ratios of brain to terminal body weights were
increased (also SS in Grps [ and II).

Histopatholo

According to the histopathology report, based on examination of the H&E stained
sections, neuropil vacuoles were particularly prominent in Group | rats where
there was said to be “marked involvement of the cerebellar white matter,
including the folial and subcortical regions. The latter extended into the cerebellar
nuclei. In addition, lesions were prominent in the medulla, in particular involving

" regions such as the dorsomedial trigeminal, spinal trigeminal tract and reticular

nuclei.” According to the report, “lesser involvement was seen in midbrain
regions, including the substantia nigra.” In Group I, lesions were seen in the
cerebellum and medulla, but the white matter vacuolization was said to be
diminished; and vacuoles were also noted in the midbrain, involving the
substantia nigra and other nuclei, thalamus and region of the basal forebrain. In
Group lll, in addition to the medullary and cerebellar lesions, there was said to be
involvement of more rostral regions such as the midbrain, thalamus and basal
forebrain. Group IV showed vacuoles with a similar appearance and distribution,
but which were said to be somewhat less extensive than those in rats with
treatment beginning on PND 4.

Because of prominent involvement of the cerebellum and medulla found in the
examination of H&E stained sections, these were the regions of focus in studies
using 1 micron thick sections stained with toluidine biue and safranin, although in
some cases more rostral levels of the brain were also examined (see Table 1.3.2,
below). The cerebellar sections included the nuclei and surrounding white matter,
and the medullary sections included several levels of that part of the brain. In the
cerebellum of Group 1 rats, there was demyelination and markedly diminished
residual myelination of fibers. Vacuoles were said to be related to this
myelinopathy. Thinly myelinated cerebellar white matter fibers were also seen in
Group |l rats. According to the report “vacuoles were found in the neuropil of
nuclei and in myelinated fiber regions of the cerebellum, the medullary nuclei, in
particular the trigeminal and reticular regions noted above, and midbrain (where
examined) in Groups |, II, lil and IV. They varied in shape and contain sparse
stainable material. The latter often presented as wisps of fine membranous
material, sometimes in contact with margin of the vacuole. In addition, more
densely stained small bodies were seen, which occasionally were noted to
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protrude from myelin sheaths on the margin of the vacuole. The vacuoles often
were in contact with myelin sheaths, glia and neurons.” The association of
vacuoles with myelin was said to be particularly prominent in the regions
examined. Some vacuoles were observed to have “a complete or partial thin
myelin-iike limiting membrane.” Direct microscopic counts of cerebellum (nuclei
and adjacent white matter) and medullary nuclear regions in rats of Groups Il
and VIl indicated that a large proportion of the vacuoles had direct contact with

myelin sheaths (Table 1.3.3).

Table 1.3.2 Blocks sectioned at 1 micron and stained with toluidine blue and safranin
Treatment Block
Rat Numbar Number id e;:‘:lsﬁ.;oﬁon
Group Duration Total Days {replicates)
102 4E (3} cerebetium
SE (2} medulla oblongata
103 4E (3) cereballum
Group ! PND 4-25 22 BE (2) medulla oblongata
104 4E (3) cerabetlum
105 5E (2 medulla oblongata
202 2E (3 dorsal
[3E(3) midbealn
EE(3) medulla cbiongata
y B O —
5) Group il PND 446 43 [4E (3) cerebellom
E 5E(2) medulla oblongsta |
5 205 2E (3) dorsal hippocampus
P 3EQ) midbrain
0 5E(3) medulla oblongata
E 301 3E(Y midbrain
4E (3) corebelium
5E (1) medulla oblongata
302 | 4E (1) cerebstun
Group Il PND 4-65 62 5E (1 modulla oblongata
304 4E(3) cerebetium
5E (1) medulla gblongata
305 4E (3) carebelium
SE (3] medulla oblongata
903 4E (3 carebefium
Group IV PND 12-26 18 533 %0 mdulla oblongala
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401 4E(3) | cerebelium
SE | medutla oblongata |
Group V PND 4-28 22 402 4E (3) cerebelium
403 BE (2) megulla cblongala
404 4E ) cerebelium ‘
502 2E (3)
3E3) mi
5E (3) meduila oblo
503 [ 1E(3) | basal forebraln
Group Vi PND 448 43 e midbien
5E {3 m ta
o | 65 2E(3 dorsal
Q 3E (3) midbrain
T SE(3 medulla oblongata |
S 601 [SE®) | midbeain
4E (1) corebelium
SE() modulla cblongata |
602 [ 4E(2)  lcewebellum
' BE(1) medulta oblongata
Group VB PND 4-65 62 803 4E(3) cerebellum
S5E(1) medulla cblongata |
a04 | 4E (§) - { corebellum
SEQ1 meduila oblongata |
805 4EQ1 cerebalium
SEQ medulia gblongata
GroupVil | PND1226 | 15 103 i€ (3): m&mm
Table 1.3.3
MICROSCOPIC COUNTS OF MYELIN-RELATED VACUOLES AFTER
PND 4-64 EXPOSURE _
Cerebellum (slide 4E) Medulla (slide 5E)
Myelin () Myelin () Myelin (+) Myelin ()
Group Ii*
{test compound) 26 2 40 6
Group Vit*
{vehicle) 0 0 1 0

Myelin {+) - vacuole contacts adjacent myalin sheath
Myelin (-) - vacuole does not contact adjacent myelin sheath

*Direct counts of vacuoles in 4 microscopic fields from animals in these groups — see

Based on the examination of the toluidine blue and safranin stained sections,
transmission electron microscopy was focused on sections of the cerebellum in
the region of the (roof) nuclei and adjacent white matter, and regions of the
meduliary nucleus of the spinal tract of cranial nerve V and reticular nuclear
regions (Table 1.3.4). Relative to controls, there were said to be many non-
myelinated or thinly myelinated fibers in Group 1 brains, particularly in cerebellar
white matter. The report stated that, “Splits were noted in myelin sheaths, which
appeared to expand along the intraperiod line in a fashion consistent with
intramyelinic edema, giving rise to a vacuole bordered by a compressed lamellae
of the sheath. Another form of vacuole was seen adjacent o demyelinated fibers,
where the wall was made up of laminae of myelin debris. A striking feature at this
stage was the presence of swollen glial cells adjacent to thinly or non-myelinated
fibers. The nature of these glial cells was often difficult to discern, but some
clearly were astrocytes.”
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Observations in Group |l were consistent with retardation of myelination,
although the active demyelination seen in Group | was not observed.
Oligodendrocytes were prominent in the white matter in Group |l, consistent with
active myelination, and vacuoles were said to sometimes be associated with
such cells. Most vacuoles in Groups I and Il were said to be associated with
myelin sheaths, and varied in ultrastructural appearance. According to the report,
“Some were small, irregular and clearly related to splits of myelin sheaths. Others
were expanded, with a more regular outline, contained granular and
membranous material and had a thin membranous limiting membrane. At times
lamellae were recognized in these membranous borders, consistent with
attenuated myelin.”

The report further stated that “medullary vacuoles derived from myelin splits,
consistent with those described above, were present in a test article dosed
animal from the same period (Group lli). These demonstrated a series of
evolutionary events as progressively larger vacuoles were examined. There was
attenuation and multifocal interruption of the myelin limiting membrane. The
membranous content of the vacuoles progressively increased, with protrusions
from the altered limiting membrane being a source for them. These appeared to
give rise to the frequently observed large vacuoles with prominent membranous
material, but without a limiting membrane. Some of these membranes appeared
to arise from adjacent compressed neuropil. However, significant degeneration of
adjacent fibers was absent.” :

Table 1.3.4 Blocks thin sectioned for ultrastructural examination by transmission electron

microscopy
TREATMENT Rat Block .
Group Duration TotalDays | Number | Number |  TesuelD
103 4E_.__SE | cerebetium
medulla oblongata |
% Group | PND 4-25 22 ) 4E boll
£ 106°
w Z | cerebellum. |
% Group il PND 4-48 43 206 5E julla oblonaat
= Group il PND 4-65 62 2 455 Gﬂﬁbﬂ!ﬂm———l T
GrowplV__ | PND 226 15 904 T 5E" T meduila oblongala |
g | OV | PNDa2s 2 T ediia oo
-% Group VI PND 4-46 43 603 A&Ei———wm————l R
> y 801 SE medulla oblongata |
Group Vi PND 4-85 62 203 AE bellum
* Fixation was suboptimal as determined by electron microscopy. and limited observations were
made from this grid,
** Sample coukd not be observed due to malfunction of TEM; see Procedural Outline Deviations for
details.

Conclusions

Administration of vigabatrin (50 mg/kg) to male rats during the neonatal/juvenile period of
development (PNDs 4-25, 4-46, 4-65, or 12-26) resulted in increased mortality, clinical
signs (including convulsions), decreased BW and brain weights, and brain vacuolation
and demyelination/hypomyelination. Ultrastructural examination of vacuoles focused on 2
brain regions (cerebellum and medulla) in a small number of treated rats (1-2/grp). At
least some of these vacuoles appeared to originate as splits in the myelin sheaths along
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the intraperiod line, and there was progressive expansion of the vacuoles with continuing
exposure to vigabatrin by a process thought to be consistent with intramyelinic edema
described in the adult rat and dog following chronic administration of vigabatrin (Gibson
et al. Toxicol Pathol 18: 225-238, 1990). According to the histopathology report,

“... the expansion of the vacuoles led to attenuation of myelin segments that
formed their wall, although lamellae consistent with compressed intraperiod and
major dense lines could be determined well into the process. These myelin
derived vacuoles had fine granular contents, sometimes associated with
membranous material. The latter were derived from the attenuating myelin
limiting membrane, or from focal protrusions of adjacent myelin sheaths.
Transitional stages between these clearly myelin-derived vacuoles and the larger
ones noted below were seen. These had markedly thinned, focally interrupted
myelin remnants forming the limiting membrane, and increase in intravacuolar
membranous material. With progression, as seen with the longest exposure to
the test compound (Group Hi - PND 4-65 dosing), the vacuoles increased in size,
contained prominent membranous material, and often demonstrated loss of a
definitive lining membrane. There was compression of adjacent neuropil by the
expanding vacuoles, without significant associated neuronal injury. The
ultrastructurally determined origin of vacuoles from split myelin sheaths is
supported by light microscopic evidence of an association of vacuoles and myelin
sheaths in the cerebellum and medulla in animals from Group Iil (PND 4-65
dosing with test compound).”

A prominent effect on myelination (demyelination, hypomyelination) was also noted in this
study. This has been reported previously by Qiao et al. (Epilepsia 41:655-665, 2000) who
examined the effect of vigabatrin during periods of active myelination in Wistar rats (25
mg/kg sc during PND 12-20 period, 40 mg/kg during PND 21-26). In animals sacrificed
on PND 26 there was microvacuolation, oligodendroglial cell death, axonal swelling, and
pallor of myelin staining in white matter of the brain.
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il. SUMMARY AND EVALUATION

Juvenile rat studies of vigabatrin (VGB) were conducted, with oral (gavage) administration
beginning on postnatal day (PND) 4 and extending for up to 8.5 weeks, in order to characterize
the toxicity of VGB in young, developing animals and compare any effects to those seen in adults.
These studies employed standard toxicological endpoints as well as specific assessments of
neurotoxicity and retinal toxicity.

- The data indicate increased sensitivity of juvenile rats to the systemic, retinal, and neurotoxic
effects of VGB. Lethality occurred in young rats at a dose of 100 mg/kg given for 2 weeks, but
was not seen in adults at <1,000 mg/kg after 2 weeks or <300 mg/kg after 3 and 12 months.
Systemic toxicity, as manifested by decreased activity, food consumption, and body weight gain,
was only seen at 2200 mg/kg in adult rats, but was seen in young rats at doses as low as 30
mg/kg. Convulsions were reported in young rats after 23 days at doses as low as 30 mg/kg
(Table I.1, from dose range-finding study), but were not reported in adult rats until they had
received 200 mg/kg for at least 3 months or 100 mg/kg for at least 1 year. Young rats given 50 or
100 mg/kg for 2 weeks had retinal lesions characteristic in distribution and morphology to those
described in adult rats given 300 mg/kg po for 13 weeks or 250 mg/kg ip for 45 days (Table H.2,
dose range-finding study). Young rats were also more sensitive to the development of vacuolar
changes in the brain following VGB administration. It is not clear whether these studies identified
a unique neurotoxic effect in young animals or only an enhanced susceptibility to and different
location of the characteristic brain lesion seen in adult animals. This is particularly relevant in light
of the recent reports of brain MRI abnormalities associated with VGB exposure in patients treated
for infantile spasms (IS).

Adult rats have been shown to consistently develop intramyelinic edema (IME) in the white matter
(cerebellum, reticular formation, optic tracts) within 3 months of oral dosing with 300 mg/kg/day
VGB, within 6 months with 100 mg/kg/day, and within 12 months with 30 mg/kg/day. This edema
appears on light microscopy as vacuoles in the white matter and by electron microscopy has
been shown to represent splitting of the myelin sheath at the intraperiod line, the membrane
formed from fusion of the surface membranes of encircling oligodendrocyte cytoplasm. There
seemed to be a plateau effect in rats, with lesions not becoming more severe or more advanced
with continued dosing and not progressing to segmental demyelination, as noted with other '
agents (friethyltin, hexachlorophene, isoniazid) causing intramyelinic edema. While the vacuolar
changes subsided with withdrawal of VGB treatment, rats continued to have swollen axons and
mineralized bodies in the cerebellum, indicative of increased myelin turnover, axonal damage,
and astrocytic gliosis. Rats also developed convulsions after 3 months at 200 mg/kg/day or 1 year
at 100 mg/kg/day. The relationship of convulsions to intramyelinic edema is unclear.

In Study # OV-1007, in which neonatal/juvenile rats were treated with daily doses of 5, 15 or 50
mg/kg/day VGB from PND 4 through 65, light microscopic evaluation of perfusion fixed brain
tissues revealed vacuolar changes within the neuropil of various brain regions in rats treated with
50 mg/kg/day (Tables 1.1.11-12 above). Most affected was the gray matter in the central midbrain
(tegmentum), substantia nigra, dorsal subiculum, medulla oblongata, hippocampal CA1 region,
thalamus, deep cerebellar nuclei, and basal forebrain (listed in the approximate order of
frequency of effect). While vacuoles were found in some white matter tracks, such as the medial
longitudinal fasciculus and the medial forebrain bundle, most vacuoles were in or near the gray
matter. The specific cell type containing these vacuoles could not be verified by light microscopy.
Although there was no clear evidence of cell degeneration, cell loss, or gliosis in this study,
morphometric or stereologic procedures would have been necessary to quantify cell loss. The
vacuolar changes were temporally associated with spasms in high-dose rats. In addition, long-
term neuromotor impairment (decreased grip strength and hindlimb splay) was observed at both
the mid- and high-dose (in the absence of body weight reduction in females), and an apparent
learning deficit was seen at the high dose. Similar neurobehavioral findings have been reported in
rodents treated with triethyltin or hexachlorophene. Although neuropil vacuolation was reduced in
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rats necropsied after an approximately 19-week recovery period, it was still evident in several
animals. Plasma exposures associated with a 50 mg/kg dose in juvenile rats are lower than those
in infants and children given the same oral dose (Tables 1.1.13 and I1.3). (Sponsor is proposing
150 mg/kg as MRHD.)

A pathology working group (PWG) assembled to review these neurclopathological findings (Study
# 794001) agreed with the principal study neuropathologist on the regional location of the
vacuolar changes in both gray and white matter of the brain of neonataljjuvenile rats given 50
mg/kg/day, the highest dose. Similar lesions were not confirmed at lower doses. While the panel
could not determine by light microscopy which specific cells were vacuolated, they concluded that
neuronal cell bodies, blood vessel endothelium, and perivascular astrocytic end processes were
not affected; ultrastructural investigations would be necessary to confirm the cell type vulnerable
to this vacuolation. Some of the suggested possibilities for the potential location of the vacuoles
included preterminal or perisynaptic vesicles, and terminals of GABAergic axons, as in some
areas the vacuoles appear close to nerve cell bodies. The possibility that vacuoles are associated
with multiple targets (e.g., axons or dendrites, microglia) could not be excluded. These experts
did not find morphologic evidence of neuronal cell death, hypocellularity, or reactive gliosis, but
noted that the methods were not adequate to rule out cell loss. However, the panel stated that the
morphologic appearance of the vacuoles was not characteristic of IME, which has been confined
to white matter tracts in adult rats given VGB (“Vacuolar changes in white matter and gray matter
are morphologically similar via light microscopy, and have a morphologic appearance that is not

characteristic of intramyelinic edema”).

Based on the recommendation of the expert pane!, a neurohistopathology study was performed in
juvenile rats using both light microscopy and ultrastructural examination to characterize the
microvacuolation associated with VGB treatment. In this study (Study # OVNC-9004), VBG (50
mgl/kg) or vehicle were administered by oral gavage to rats starting on PND 4 for varying periods
up to 8.5 weeks. The single dose of 50 mg/kg was selected on the basis of the previous study in
which it produced vacuolar lesions. Light microscopic examination of H&E stained sections
confirmed the previous finding of neuropil vacuoles in the brains of treated rats. In rats dosed on
PND 4-25 there was aiso marked involvement of the cerebellar white matter, which had not be
reported in the previous study, with vacuoles extending into the cerebellar nuclei. In addition,
lesions were prominent in the medulla in this group, with lesser involvement seen in midbrain
regions. With longer dosing (PND 4-46 and PND 4-65), medullary and cerebellar lesions
persisted, although the white matter vacuolation was diminished, and there was also involvement
of more rostral regions such as the midbrain, thalamus and basal forebrain. When toluidine blue
and safranin stained sections of cerebellum and medulla were examined by light microscope,
hypomyelination, demyelination and gliopathy were noted, and vacuoles were thought to be
related to this myelinopathy. Vacuoles were found in the neuropil of nuclei and in adjacent
myelinated fiber regions of the cerebellum, the medullary nuclei, and midbrain (where examined)
of treated rats. The vacuoles were said to often be found in contact with myelin sheaths, glia, and
neurons. Direct microscopic counts of cerebeliar and medullary nuclear regions showed that a
large proportion of the vacuoles had demonstrable direct contact with myelin sheaths. Electron
microscopic examination of sections of the cerebellum and medulla from rats in the PND 4-25
treatment group showed vacuoles that reportedly appeared to form from splits in the myelin
sheath along the intraperiod line, consistent with descriptions of IME in adult rats and dogs.
Examination of the other groups indicated a progressive expansion of vacuoles with continued
exposure to VGB resuiting in compression of the adjacent neuropil. The ultrastructurally
determined origin of vacuoles from split myelin sheaths combined with the light microscopic
evidence of an association of vacuoles and myelin sheaths in the cerebellum and medulla in
animals treated from PND 4-65 (as in the previous study) led to the conclusion that the neuropil
vacuoles observed in juvenile rats are consistent with IME pathology previously described in the
white matter of adult animals. A prominent effect on myelination (demyelination, hypomyelination)
was also noted in this study, however, which is clearly a unique effect seen with VGB
administration during periods of active myelination.
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The discrepancies between the neurohistopathology results and conclusions in the two juvenile
rat studies have not been satisfactorily resolved. For example, it is not clear whether the vacuoles
examined by EM were the only types present or if they occurred in addition to those described by
the PWG as having a morphologic appearance not characteristic of IME; the ultrastructural study
focused on only two affected brain areas, cerebellum and medulla, so the vacuoles examined
may not have been representative of those in other areas. However, even if the pathogenesis is
the same for neuropil vacuolation in juvenile rats and IME in adults, as concluded by the sponsor,
the increased sensitivity of young animals and the different location of the vacuoles (ie, gray vs
white matter) could be clinically significant. Discussion of the juvenile rat findings and suggestions
for additional investigation are found in the memo from the FDA neuropathology expert
consultant, Larry Schmued.

Table 1.1 Incidence of tonic convulsions in juvenile rats treated with VGB

Gender Dose per Period (mg/kg/day)y’ Incidence (%)
Males 30-30 243 (22%)
30-50 6/9 (67%)
30-100 719 (78%)
Females 38-30 1/9 (11%)
30-50 4/9 (44%)
30-100 9/9 {100%)

! 30 ma/kg/day siven to all rats for first 10 days, then 30, 50 or 100 mg'kg/day given on Study .l-)ays 11-28

Table 1.2 Incidence of retinal changes in VGB-treated juvenile rats

Dose 0 30 ’ 50 100
{mg/kgiday)
Gender M F M F M F M F
N 8 8 [ [3 '8 [ 5 6
Retinal changes 1] 0 0 -0 3 2 4 4

Table 1.3 Plasma VGB exposures in pediatric subjects given 50 mg/kg oral dose

Treated Subjects Cmaﬂlml.) AUC {pg-h/mL)

Human Infants {N=6)"

Active S(+) VGB 13802453 90.90 + 27.90

Inactive R(-) YGB 21.00 + 660 106.00 £ 2850

Total VGB * 34.90 196.90
Human Children (N=6)’

Active 5(+) VOB 23.80%12.20 117.00 £ 26.00

Inactive R{-) VGB 41.30 £ 13.90 147.00 + 34.00

Total VGB 65.10 . 264.00
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. RECOMMENDATIONS
Because the juvenile rat studies of vigabatrin indicate a risk for significant neurotoxicity at

clinically relevant exposures, the application should not be approved from a
pharmacology/toxicology standpoint.
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MEMORANDUM .
DEPARTMENT OF HEALTH AND HUMAN SERVICES
FOOD AND DRUG ADMINISTRATION
CENTER FOR DRUG EVALUATION AND RESEARCH
CONTROLLED SUBSTANCE STAFF

Date: Anugust 1, 2008

To: Russell Katz, M.D., Director
Division of Neurology Products

Through: Michael Klein, Ph.D., Director
Controlled Substance Staff

From: - Katherine Bonson, Ph.D., Pharmacologist
Controlled Substance Staff

Subject: Evaluation of Abuse Potential of Vigabatrin
Labeling Recommendations
NDAs 22-006 and 20-427
Indications: Treatment of Infantile Spasms (100-150 mg/day)
and Adult Refractory Complex Partial Seizures (1 gm/day)
Sponsor: Ovation Pharmaceuticals

Summary:

This CSS consult evaluates the abuse potential of vigabatrin (Sabril), as requested by the
Division of Neurology Products, to help determine appropriate labeling of the drug and to
assess whether the drug should be recommended for scheduling. Vigabatrin is proposed
for the treatment of infantile spasms (IS) at an oral daily dose of 100-150 mg (NDA 22-
006) and for adult refractory complex partial seizures (CPS) at an oral daily dose of 1 gm
(NDA 20-427). CSS has evaluated the abuse-related data submitted in the NDA and
concludes that, at this time, the data do not show that vigabatrin has abuse potential.

Background;

Vigabatrin is a selective irreversible inhibitor of gamma-amino-butyric-acid (GABA)
transaminase, the enzyme responsible for metabolism of the neurotransmitter GABA. It
is a racemate that is structurally similar to the neurotransmitter GABA and has no active
metabolites. Serious safety concerns exist with vigabatrin that are related to visual field
constriction, reduced visual acuity and abnormal color vision. These vigabatrin-induced
visual changes appear to be irreversible and progressive with continued drug treatment,
but symptoms do not appear to worsen upon drug discontinuation.

Vigabatrin is approved for use (in tablet and oral solution preparations) in 60 countries as
a noncontrolled drug for the treatment of epilepsy-related conditions. In the present
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NDA, the Sponsor proposes that vigabatrin not be controlled under the Controlled
Substances Act, citing “its low intrinsic abuse and dependence potential”.

Conclusions:

For the abuse potential assessment of vigabatrin, CSS relied upon published preclinical
abuse-related studies, preclinical studies conducted by the Sponsor as well as chinical and
epidemiological AEs that were submitted in the NDA.

Although it is impossible to determine conclusively from the information submitted
whether vigabatrin produces abuse potential, the preponderance of evidence at this time
does not suggest that vigabatrin produces either abuse potential or physical dependence.
These conclusions are based on the following materials:

1. Seventy-three papers published in the scientific and medical literature submitted by
the Sponsor that report on preclinical studies with vigabatrin.
After reviewing the published material, CSS concludes that:

a. Of the 73 published papers that were submitted, only 14 of them were directly
related to the assessment of the abuse potential of vigabatrin. As published
studies, none of them contain full protocols and primary data. Most critically, no
information is provided in these papers regarding the plasma levels of vigabatrin
that are produced by the animal doses used in the studies and how they relate to
the plasma levels of vigabatrin produced in humans following administration of
proposed therapeutic doses. Thus, it is not possible for CSS to adequately review
the published studies for scientific validity and merit.

b. The published studies that address abuse potential appear to show that
vigabatrin increases GABA levels through inhibition of GABA transaminase,
reduces dopamine levels, does not produce self-administration, does not produce
conditioned place preference, does not generalize in drug discrimination to the
GABAergic drugs pentobarbital or muscimol, reduces performance in the rotorod
test of motor behavior, does not produce physical dependence and does not block
the signs of withdrawal observed following discontinuation of chronic morphine
or diazepam.

c. Although it is not possible to make definitive conclusions from the published
preclinical studies, it appears unlikely from these preclinical studies that
vigabatrin has abuse potential.

2. Two biochemical studies conducted by a previous Sponsor of vigabatrin.

The data in these studies show that a) the mechanism of action of vigabatrin is
inhibition of GABA transaminase, the enzyme that metabolizes the neurotransmitter
GABA, and b) vigabatrin does not have direct binding activity at any receptors known to
be associated with abuse potential (e.g., GABA, dopamine, serotonin, opioid,
cannabinoid, sigma, monoamine transporters).
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3. A functional observational battery conducted during toxicity testing.
In this test, vigabatrin does not produce overt animal behaviors that are indicative
of abuse potential.

4. The abuse-related adverse events (AE) profile in Phase 2/3 placebo-controlled
clinical studies with vigabatrin. .

In patients with adult refractory CPS, vigabatrin produced a low incidence of the
abuse-related AEs “feeling abnormal” (0.8%) and “feeling drunk” (0.2%) compared to
placebo (0%), there was a similar incidence of “hallucination” between patients treated
with vigabatrin and placebo (1.5% vs. 1.2%), and the rate of “euphoria” was greater in
the placebo group than in the vigabatrin group (1.0% vs. 0.6%). In the infantile
population with IS, there was a similar low incidence of abuse-related AEs following
vigabatrin treatment (1.4% rate of “abnormal behavior” from vigabatrin vs. 0% placebo).
In the patients treated with vigabatrin for any other psychiatric indication, there was also
a low incidence of euphoria compared to placebo (0.4% vs. 0.1%), “feeling abnormal™
(2.3% vs. 0.9%), “abnormal behavior” (1.4% vs. 0%), “thinking abnormal” (0.6% vs.
0.3%), “feeling drunk™ (0.4% vs. 0%), “hallucination” (0.4% vs. 0.1%).

5. AEs observed in Phase 2/3 placebo-controlled clinical studies that may suggest
vigabatrin has similarity to CNS depressants.

In IS patients, the incidence of “somnolence” following vigabatrin was 15.9%
compared to 5.0% from placebo and “sedation” was 11.9% compared to 0% from
placebo. In patients treated with vigabatrin for any other psychiatric indication, the
incidence of “somnolence” was 18.4% compared to 8.5% from placebo and “sedation”
was 2.8% compared to 0.1% from placebo. However, these sedative-like AEs are
contrasted with a high incidence of “insomnia” in IS patients (7.8% vs. 0% from placebo)
and in patients treated with vigabatrin for any other psychiatric indication (4.9% vs. 3.6%
from placebo). Additionally, the incidence of “somnolence” in CPS patients after
vigabatrin treatment (6.7%) was lower than that observed after placebo treatment (8.0%).

6. Epidemiological databases that monitor European countries where vigabatrin is
marketed.

There were no mentions of AEs related to abuse potential in any of these
epidemiological databases.

7. Case reports in the scientific and medical literature regarding abuse-related signs
Jfollowing vigabatrin administration. ,

There are no papers or other citations that suggest vigabairin is associated with
abuse, misuse, dependence, diversion or overdose.

8. Studies that evaluate the development of physical dependence following chronic
vigabatrin administration.

An animal physical dependence study conducted during toxicity testing does not
show that vigabatrin produces a withdrawal syndrome following drug discontinuation.
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Recommendations:

The label text proposed by the Sponsor for Section 9.0 (Drug Abuse and Dependence)
should be revised and expanded. CSS proposes the following text wording:

9.0 Drug Abuse and Dependence

9.1 Controlied Substance Class
Vigabatrin is not a controlled substance.
9.2 Abuse

Vigabatrin did not produce adverse events or overt behaviors associated
with abuse when administered to humans or animals. It is not possible to
predict the extent to which a CNS active drug will be misused, diverted,
and/or abused once marketed. Consequently, physicians should carefully
evaluate patients for history of drug abuse and follow such patients
closely, observing them for signs of misuse or abuse of vigabatrin (e.g.,
incrementation of dose, drug-seeking behavior).

9.3 Dependence

Following chronic administration of vigabatrin to animals, there were no
apparent withdrawal signs upon drug discontinuation. However, as with
all AEDs, vigabatrin should be withdrawn gradually to minimize increased
seizure frequency [see Section 5.2 Withdrawal of Antiepileptic Drugs
(AEDs)].

Discussion of Submitted Material Related to.the Abuse Potential Assessment of
Vigabatrin

This section provides summaries of the abuse potential-related material on vigabatrin
submitted in NDAs 22-006 and 20-447, followed by CSS discussion of the materials.

1. Summary of Preclinical Information Related to Abuse Potential of Vigabatrin
A. Published Preclinical Behavioral Studies with Vigabatrin

Summary of Submitted Information

The Sponsor acknowledged in an April 10, 2008 letter to the Division of Neurology
Products that “the nonclinical studies discussed in [the Abuse Potential section of the

NDA] are all literature based and as such, primary data is (sic) not available to Ovation.”
In Module 4.0 (Nonclinical Study Reports: Nonclinical Pharmacology and Toxicology)
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of the NDA, the Sponsor submitted 73 papers published in the scientific and medical
literature involving preclinical behavioral studies with vigabatrin. Of these, 14 had
information regarding administration of vigabatrin alone that is relevant to the evaluation
of its abuse potential. Brief summaries of the 14 abuse-related preclinical studies are
presented below.

Effect on GABA Levels

Daune and Seiler (Neurochem. Res. 13:69, 1988)

Vigabatrin produces elevations of GABA. Typically GABA acts as a competitive
inhibitor of L-ornithine:2-oxoacid aminotransferase (OAT), which induces a
concentration-dependent increase in L-ornithine. However, vigabatrin does not act as an
inactivator or an mhibitor of OAT, despite its ability to increase GABA.

Halonen et al. (J. Neurochem., 55;1870, 1990)
Vigabatrin (1000 mg/kg) produced elevated free GABA in rat cerebrospinal fluid.

This effect peaked at 24 hours after drug administration.

Loscher (J. Neurochem. 36:1521, 1981)

Drugs that inhibit GABA transaminase, including vigabatrin, produced increases
in whole brain and synaptosomal GABA concentrations and activated glutamate
decarboxylase (GAD), the enzyme responsible for synthesizing GABA from glutamate.

Loscher and Frev (Eur. J. Pharmacol. 143:335. 1987)

In gerbils, vigabatrin produced an increase in regional levels of GABA compared
to non-treated animals at any of the dose regimens administered (50 or 100 mg/kg/day or
100 mg/kg/every second or third day)

Perry et al. (J. Neurochem. 32:1641. 1979)
In rats, vigabatrin (100 mg/kg/day for 11 days) produced a 150% increase in brain

GABA content and a 26% reduction in GABA transaminase activity, as well as a 22%
reduction in GAD activity.

Seiler et al. (Neurochem Int. 10:391, 1987)

In mice, vigabatrin produces a dose-dependent increase in GABA levels in the
brain, at doses ranging from 250-1500 mg/kg. However, it did not alter the activity of
OAT.

Effect on Dopamine

Dewey et al. (J. Neurosci., 12:373. 1992)
Vigabatrin (300 mg/kg) induced an increase in [11C] raclopride binding in the

striatum of baboons, indicating a reduction in dopamine release. Since vigabatrin is
known to cause an increase in GABA, this indicates that GABA induces the observed
reduction in dopamine release. The benzodiazepine lorazepam (0.75-1.25 mg/animal)
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also produced an increase in [11C] raclopride binding, but this is thought to occur
through direct activation of the benzodiazepine site of the GABA receptor.

Self-Administration

Takeda and Yanagita (Drug Res. 47:1087. 1997)
Monkeys were trained to self-administer pentobarbital (1 mg/kg/infusion).

Forced administration of vigabatrin (16 mg/kg/infusion) was initiated every 3 hours until
self-administration was initiated. Vigabatrin was not self-administered at rates above
saline at doses of 16, 32 and 64 mg/kg/infusion.

Conditioned Place Preference

Dewey et al. (Synapse, 30:119, 1998)
Vigabatrin (150 and 300 mg/kg) does not produce a conditioned place preference

(CPP) when paired with food reward. In contrast, cocaine (20 mg/kg) produces CPP
when it serves as the reward.

Drug Discrimination

Grech and Balster (Pharmacol. Biochem. Behav., 475, 1994)

In rats trained to discriminate pentobarbital, vigabatrin (10-1000 mg/kg) did not
generalize to the pentobarbital cue. These responses at all doses were statistically
indistinguishable from saline (~0% generalization at each dose). In contrast, other drugs
that act through the GABA system (pentobarbital, midazolam, valproic acid) produced
full generalization (>80%) to the pentobarbital cue. )

Jones and Balster (Pharmacol. Biochem.. Behav. 59:319. 1998 _

In rats trained to discriminate the GABA-A agonist muscimol, vigabatrin
produced a maximum of 46% generalization to the muscimol cue. This result was
interpreted as showing that the ability of vigabatrin to increase GABA levels is
insufficient to produce the effects of a GABA agonist. In contrast, gaboxadol (a drug
with structural similarity to muscimol) produced full generalization (>80%) to the
muscimol cue.

Effect on Motor Behavior

Buckett et al. (Neuropharmacology 19:715. 1980)
Vigabatrin (800 mg/kg) did not produce a significant reduction in the ability of

mice to perform in the rotorod test. In contrast, diazepam (1 mg/kg) produced a
significant (79%) reduction in performance in the rotorod test.
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Dewey et al. (Synapse. 30:119, 1998)

Vigabatrin (150 and 300 mg/kg) did not produce any alteratlons in locomotor
behavior compared to saline.

Physical Dependence

Takeda and Yanagita (Drug Res. 47:1087, 1997)
Monkeys were administered morphine (12 mg/kg/day) for 8 weeks until they

were physically dependent. When animals were discontinued from the drug, vigabatrin
~ (256 and 1000 mg/kg) was not able to suppress signs of opioid withdrawal, but codeine
(8 and 16 mg/kg) was able to suppress withdrawal signs. This demonstrates that
vigabatrin does not have opioid activity in animals that are opioid-dependent.

In a separate study, monkeys were administered barbital (75 mg/kg/day) for 8
weeks until they were physically dependent. Vigabatrin (up to 1000 mg/kg) was unable
to suppress withdrawal signs, while diazepam (4 mg/kg) was able to suppress withdrawal
signs. This demonstrates the vigabatrin does not have barbiturate activity in animals that
are barbiturate-dependent.

In a separate study, rats received vigabatrin in food at a “low” dose (0.25
mg/kg/day for 2 weeks, followed by 0.5 mg/kg/day for 2 weeks) and a “high” dose (1
mg/kg for 2 weeks, followed by 2 mg/kg for 2 weeks). A positive control group was fed
a diet that was admixed with diazepam (1 week each at 2, 4, 6 and 8 mg/kg/day) while a
control group received food without drug. During drug administration, there wasa
reduction in food intake and reduced body weight in rats treated with vigabatrin but not
in those rats treated with diazepam. Vigabatrin-treated rats also developed
hyperreactivity to external stimuli, while diazepam-treated rats developed hyporeactivity,
decreased locomotion and muscle relaxation. When the drugs were abruptly discontinued
after 4 weeks, the vigabatrin-treated rats showed no behavioral abnormalities compared
to control rats. In contrast, the diazepam-treated rats showed hyperreactivity during the
discontinuation period. Thus, vigabatrin does not appear to induce physical dependence
at the doses studied while diazepam produced withdrawal-like behaviors.

CSS Discussion

Based on the information in these preclinical study reports, it does not appear at this time
that vigabatrin has abuse potential. However, the limitations in reviewing these papers
are that primary data and full protocols were not provided. More significantly, no
information was provided regarding the plasma levels of vigabatrin produced by the
doses used in the animal behavioral studies and how they relate to the plasma levels of
vigabatrin produced by proposed human therapeutic doses. Thus, it is not possible to
conclude that a lack of a signal in any of these tests is conclusively predictive of a lack of
abuse potential of vigabatrin in humans.
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B. Biochemical Studies Conducted by Sponsor

Studies

Two biochemical studies were conducted with vigabatrin by a former Sponsor (Marion
Merrell Dow):

* A receptor binding study in which vigabatrin was tested at 38 receptor sites “including
the primary CNS targets associated with known drugs of abuse”. These include the
following sites associated abuse potential: dopamine D1 and D2, GABA-A,
benzodiazepine, serotonin SHT-1 and SHT-2, N-methyl-D-aspartate (NMDA),
phencyclidine (PCP), sigma, opioids (mu, kappa, delta), and monoamine transporters
(dopamine, norepinephrine, serotonin).

* A study on the ability of vigabatrin to inhibit GABA transaminase, the enzyme
responsible for metabolism of the neurotransmitter GABA.

Results

The results of the receptor binding study show that there was no significant inhibitory
activity at any of the sites tested at concentrations up to 100 micromolar.

In the study of GABA-transaminase, vigabatrin was shown to increase the amount and
duration of GABA in the synapse. It also produced a time-dependent decrease in GABA
transaminase activity, suggesting that vigabatrin was acting as an irreversible inhibitor,

CSS Discussion

These results suggest that vigabatrin is a GABA transaminase inhibitor that does not have
significant activity at any receptor known to be associated with abuse potential.

C. Preclinical Abuse-Related Behavioral Studies Conducted by Sponsor

Functional Observational Battery
Study Design

In a rat toxicity study conducted by the Sponsor with vigabatrin, a functional
observational battery was included.

Results

Compared to the placebo group, there was a significant (p < 0.05 to 0.01) reduction in the
gripping ability of rats (at 50 mg/kg), in landing foot splay (15 and 50 mg/kg). No other
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behaviors resulting from vigabatrin administration were shown to be significantly
different from those resulting from placebo treatment.

CSS Discussion

The alterations in muscle tone are not indicative of abuse potential in the absence of other
behaviors associated with abuse potential.

Animal Physical Dependence Studies
Study Design

The Sponsor conducted physical dependence studies in both rats and dogs. In the rat
study, animals received 30 to 300 mg/kg/day of vigabatrin for 6 or 12 months. In the first
dog study, vigabatrin was administered at a dose of 300 mg/kg/day for 12 weeks and then
discontinued. A second dog study was conducted in which animals received 50, 100 or
200 mg/kg/day for 7 or 12 months prior to drug discontinuation.

Results

Although convulsions were observed during treatment of rats with the higher doses of
vigabatrin, no withdrawal signs were observed upon drug discontinuation.

In the first dog study, some of the animals exhibited weight loss so severe that they
received euthanasia. No other signs of withdrawal were observed. During the second
dog study, withdrawal signs were not observed in any animal.

CSS Discussion

Since no information was provided regarding the plasma levels produced in animals by
the drug doses used and their relation to human plasma levels after proposed therapeutic
doses, it is difficult to know how to interpret the severe anorexia observed in rats after the
300 mg/kg dose. However, since no withdrawal-associated signs were observed in rats or
dogs after vigabatrin discontinuation, it does not appear that v1gabatnn produces physical
dependence.

II. Summary of Data Related to Abuse Potential of Vigabatrin in Humans
Human Abuse Potential Study

A human abuse potential study was not conducted with vigabatrin because of safety
issues related to ophthalmological toxicities, including visual field constriction, reduced

visual acuity and abnormal color vision. Typically, abuse potential studies are conducted
in individuals who are otherwise healthy except for their history of drug abuse and at
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doses that are greater than therapeutic doses. Given that vigabatrin-induced visual
changes appear to be irreversible and progressive with continued drug treatment, it was
not considered ethical to expose non-patient subjects to vigabatrin in order to conduct a
human abuse potential study.

Adverse Events in Clinical Efficacy Studies
Evaluation of Adverse Events

Clinical studies with vigabatrin have been conducted since 1994 under several Sponsors
(Marion Merrill Dow, Hoechst Marion Roussel and Ovation Pharmaceuticals). According
to the Abuse Potential section of the NDA, AEs in all clinical studies were re-coded to
current MedDRA coding dictionaries. Data from a total of 6599 patients treated with
vigabatrin (500 mg/day to 10 grams/day) and 1363 patients treated with placebo are
represented in the database. Although patients with CPS and IS make up the majority of
those studied in these clinical trials, other indications were also investigated, including
other forms of epilepsy, tardive dyskinesia, “psychiatric disorder”, ataxia and tremor,
Huntington’s Disease, spasticity, Parkinson’s Disease, dystonia and torticollis,

——————msesssnssssvemesssmwe | The analysis of AEs conducted on behalf of the
Sponsor eliminated 47 studies because “vigabatrin exposure was short” with “exposure of
less than 15 days”.

Results

In the CPS database, 7.2% of vigabatrin-treated patients had “euphoria-related” AEs
compared to a greater incidence in placebo-treated patients of 8.0%. The majority of
these euphoria-related AEs is accounted for by the AE of “dizziness” (5.5% for
vigabatrin and 7.4% for placebo). Dizziness under MedDRA can include not only direct
dizziness-related AEs, but also the euphoric-like AEs of “giddy” and “giddiness”.
However, the incidence of these giddy-related terms was negligible.

The incidence of non-dizziness euphoria-related AEs in the CPS database was 1.7% from
vigabatrin and 0.6% from placebo. For those reports where the incidence from vigabatrin
was greater than that from placebo, the AEs include “feeling abnormal™ (0.8% vs. 0%),
“feeling drunk™ (0.2% vs. 0%) and “hallucination” (1.5% vs. 1.2%). Of those patients
who experienced a hallucination, 0.2% of those treated with vigabatrin had a “severe”
incident compared to 0.6% of those treated with placebo. No other AE of interest was
reported to be severe.

Notably, the incidence of “euphoric mood” in the CPS database was greater in placebo-
treated patients (0.6%) than in patients treated with vigabatrin (0.1%). The incidence.of
“somnolence” was less in vigabatrin-treated patients {6.7%) than in placebo-treated
patients (8.0%). '

10
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In the IS database, the only “euphoria-related” AE was “agitation”, reported at an
incidence of 3.7% in vigabatrin-treated patients and 0% in placebo-treated patients.
Other psychiatric AEs included “sedation” (11.9% vs. 0% from placebo), “somnolence”
(15.9% vs. 5.0% from placebo), “insomnia” (7.8% vs. 0% from placebo) and “abnormal
behavior” (1.4% vs. 0% from placebo).

In the database of patients treated for all other indications, “euphoria-related” AEs from
vigabatrin reported at an incidence greater than placebo included (respectively):
“euphoric mood” (0.4% vs. 0.1%). “feeling abnormal” (2.3% vs. 0.9%), “feeling drunk”
(0.4% vs. 0%), “hallucination” (0.4% vs. 0.1%) and “thinking abnormal” (0.6% vs.
0.3%). The incidence of other psychiatric AEs from vigabatrin (compared to placebo)
included “somnolence™ (18.4% vs. 8.5%), “memory impairment” (6.1% vs. 1.5%),
“insomnia” (4.9% vs. 3.6%), “confusional state” (4.1% vs. 0.6%), “anxiety” (3.2% vs.
1.7%), “sedation™(2.8% vs. 0.1%), and “abnormal behavior” (1.9% vs. 0.8%).

CSS Discussion

The psychiatric and neurological AEs reported during vigabatrin administration do not
suggest an abuse potential profile. There was a very low incidence of “euphoria-related”
AEs in both the CPS and IS patient databases. Other psychiatric AEs observed are not
indicative of abuse potential in the absence of “euphoria-related” AEs.

Adverse Events Reported in Epidemiological and Other Databases

Evaluation of Vigabatrin Reports

A Sponsor-commissioned study evaluated reports of vigabatrin related to abuse potential
in epidemiological databases and case report sites. These sites included:

* Epidemiological databases in Australia, Canada, the European Union, Norway,
France and the Netherlands

* Eighteen Periodic Safety Update Reports (PSURSs) that were submitted by prior
Sponsors for the years 1989 to 2006, representing 1,663,919 total patients
exposed to vigabatrin

* The WHO Collaborating Centre for International Drug Monitoring in Uppsala,
Sweden that reports on spontaneous reports of adverse drug reactions related to
vigabatrin abuse

* A search of six Internet databases where drug users are allowed to report on
their experiences with drugs to identify vigabatrin mentions

* A PubMed search for terms related to drug abuse (including “abuse”, “misuse”,

11
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“dependence”, “diversion”, “overdose™ and “suicide”) in conjunction with either
the term “vigabatrin” or its trade name “Sabril”.

Results
According to the Sponsor-commissioned report:

* There were no reports of vigabatrin related to abuse potential found in the
epidemiological databases from Australia, Canada, the European Union, Norway,
France and the Netherlands.

* The analysis of the 18 PSURs showed that “scant detail was available™ to
evaluate the euphoria-related AEs that appear in this database. Although there
were 79 reports of “hallucination”, all of the individuals in these case reports were
taking vigabatrin in combination with other drugs. The narrative for this section
suggests that the PSUR reports of hallucination may represent the same
individuals as those reported in the WHO database.

* In the WHO database, there were 3513 AE reports for vigabatrin for the years
1987 to 2006. Three of these were for “euphoria”, 1 was for “illusion”, 8 were for
“thinking abnormal”, 31 were for “dizziness” and 57 were for “hallucination”. Of
the hallucinations, 14 were reported in 1992 and 16 were reported in 1994, with
no more than 2 reported for any year since 1996. Other psychiatric AEs observed
include 122 for “psychosis” and 80 for “somnolence”. As with hallucination, few
reports of psychosis and sommolence are reported since 1996. However, these
AEs were not systematically collected or reported.

* In the Internet databases, reports in which vigabatrin was mentioned were
identified, but the majority of these discussed the pharmacology of vigabatrin or
its potential use in the treatment of drug abuse. Ten mentions involved reports of
vigabatrin use or its alleged positive beneficial effects, but eight of these were
from the same individual. Of these reports, all of them discussed other
GABAergic drugs, including non-scheduled drugs and drugs that have no known
abuse potential (such as tiagabine, gabapentin, and baclofen).

* In the PubMed search, numerous papers are identified that report on the
preclinical and clinical investigation of vigabatrin for the treatment of various
forms of drug abuse (e.g., opioids, stimulants, etc). However, there are no papers
or other citations responsive to these term combinations that directly relate to the
abuse potential of vigabatrin itself. ‘

CSS Discussion

Given the brevity of the reports submitted in the Sponsor-commissioned report, it is not
possible for CSS to independently assess whether the epidemiological databases

12



CSS Consult on Vigabatrin
NDA 20-427, 22-006]

(reflecting European experience, PSURs, and WHO data) show an abuse signal in
relation to vigabatrin.

CSS is also not able to verify the information from the Internet databases, since this
information is inherently transient based on spontaneously-submitted reports from drug
users.

However, CSS was able to conduct an independent PubMed search that verified a lack of
published papers in the scientific and medical literature reporting on the abuse potential
or dependence of vigabatrin. CSS additionally identified 4 papers reporting on
“psychotic”-like behavioral responses following administration of vigabatrin to epilepsy
patients, an AE which may be indicative of hallucinogen-like effects. However, these
reports are difficult to interpret in the absence of a similar signal in the clinical study
database and in the absence of primary data or full case reports on the patients.

Thus, from the information submitted, it does not appear that vigabatrin produces a
strong signal in epidemiological databases that is indicative of abuse potential.
Clinical Assessment of Physical Dependence

A clinical study to assess the development of physical dependence following

administration of vigabatrin was not conducted. Thus, there is no information regarding
whether vigabatrin produces physical dependence or withdrawal in humans.

13
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MEMORANDUM
DEPARTMENT OF HEALTH AND HUMAN SERVICES
FOOD AND DRUG ADMINISTRATION
CENTER FOR DRUG EVALUATION AND RESEARCH
CONTROLLED SUBSTANCE STAFF

Date: March 19, 2007

To: Russell Katz, M.D., Director
Division of Neurology Products (HFD-120) ’

Through: Michael Klein, Ph.D., Team Leader
Controlled Substance Staff (HFD-009)

From: Katherine Bonson, Ph.D., Pharmacologist
Controlled Substance Staff (HFD-009)

Subject: Consult on NDA 20-427 (Vigabatrin)
Request to evaluate NDA completeness
Indication: complex partial seizures
Sponsor: Ovation Pharmaceuticals, Inc.

Background

The purpose of this consult is to respond to HFD-120 regarding whether the re-submitted
NDA can be accepted for review. On October 27, 1998, the Sponsor received a Not
Approvable letter for vigabatrin.

Vigabatrin is a selective irreversible inhibitor of GABA-transaminase, the enzyme
responsible for metabolism of the neurotransmitter GABA. Under the present NDA,
vigabatrin is indicated for complex partial seizures.

Conclusions and Recommendations:

* The Abuse Liability section of the NDA contains a recommendation that vigabatrin not
be scheduled. This conclusion is based on an evaluation of summarized data from abuse-
related studies with vigabatrin that are cited in the NDA. These studies include:

-- receptor binding studies at 25 “abuse-related targets” .

-- a self-administration study in monkeys

-- drug discrimination studies in rats trained to recognize various drugs that
act on GABA systems in the brain

studies on the ability of vigabatrin to suppress opioid or barbital w1thdrawal
in monkeys and rats

studies on the influence of vigabatrin on intracranial self-stimulation



CSS Consult on Sabril (vigabatrin)
(NDA 20-427)

studies on the ability of vigabatrin to block self-administration of known
drugs of abuse in animals

studies on the effects of vigabatrin on dopamine functioning in the brain

clinical efficacy studies regarding abuse-related adverse events

epidemiological databases in the US and Europe

websites that report recreational drug user experiences

post-marketing data from WHO and Periodic Safety Update Reports (PSURs)

assessment of potential risk of overdose or suicide

adverse events reported in the medical literature

studies evaluating the interaction of vigabatrin and other psychoactive drugs

studies on tolerance in rats

studies on physical dependence in rats and dogs

discontinuation-emergent adverse events in humans

* In order for CSS to evaluate the preclinical studies cited in the NDA, we will need to
review primary data. Thus, at this time, the Abuse Liability section of the NDA is
incomplete.

* The Sponsor should submit primary data for any studies that they wish CSS to consider
in our review of the abuse liability of vigabatrin. In particular, CSS will need primary
data from the following preclinical studies:

receptor binding studies for all CNS sites, not just “abuse-related targets”
self-administration study in monkeys

drug discrimination studies in rats

studies on tolerance

studies on physical dependence
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Bany N. Rosloff, Ph.D.
8/12/98

Pharmacologist Review of NDA 20-427
Submissions of 04/28/98 and 05/12/98 -

§EQN§QR. Hoechst Marion Roussel, Inc.
Kansas City, Missouri
- DRUG: gamma-vinyl GABA (vigabatrin, Sabril)

CATEGORY: ant-epilepti

Original Summary of 02/24/95 and
addendum of 10/14/97

1)  4128/98-  Sponsor's revised draft labeling

2)  EM2198-  Sponsors revised draft labeling, comparing sponsor’s
proposed changes with FDA proposed labeling

INTRODUCTION: The sponsor is proposing changes to FDA proposed labeling
(transmitted to sponsor in letter of 11/26/97). The present review
discusses changes in the sections which discuss findings in
animals.
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MEMORANDUM DEPARTMENT OF HEALTH AND HUMAN SERVICES
' PUBLIC HEALTH SERVICE
FOOD AND DRUG ADMINISTRATION
CENTER FOR DRUG EVALUATION AND RESEARCH

DATE: October 17, 1997

FROM: Glenna G. Fitzgerald, Ph.D.
Pharmacology Team Leader
Division of Neuropharmacological Drug Products

TO: NDA 20-427
: Sabril® (vigabatrin)
500 mg tablets
Sponsor: Hoechst Marion Roussel

SUBJECT: Recommendation for approvable action

My memo of March 23, 1995, which referred to Dr. Rosloff's February 28, 1995
pharmacology and toxicology review, indicated that the studies which were submitted to
the NDA at that time were adequate to support its approval for an indication of complex
- partial seizures with or without secondary generalization. The major preclinical issue
with this drug has been the neurotoxicity ( widespread intramyelenic edema, IME) which
occurred in all species studied, mouse, rat, dog, and to a lésser extent, monkey, in a
dose and time dependent fashion, and at doses comparable to human therapeutic
doses. On a mg/m’ basis, IME was seen at doses which are considerably lower than
human doses. Plasma level data are inadequate to make valid comparisons of
exposures across species. Furthermore, it is not known whether drug levels or GABA
levels should be compared. For example, the equivocal nature of the finding in
monkeys may conceivably result from the fact that that CSF GABA levels remained
very low in that species (approximately 1/10 of both rat and human levels) even at a
relatively high dose of drug. This neurotoxicity is similar to that observed with known
human neurotoxins (e.g. hexachlorophene) and, given the strength of the signal and the
fact that it occurred in all species tested, there is reason to expect that a risk for the
development of IME in humans taking vigabatrin exists. Therefore, the neurotoxicity
findings (IME and sequelae, and retinal degeneration), as well as studies designed to
monitor for their onset in animals, should be described in the “Warnings” section of the
label, as | previously recommended.
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The purpose of this memo is primarily to recommend labeling. However, two published
papers, which have been reviewed by Dr. Rosloff, together with his labeling
recommendations, (10/14/97 addendum to 2/28/95 review), should be noted.

A paper published in Teratology (Teratogenic Effects of Vigabatrin in TO Mouse
Fetuses, Abdulrazzaq, YM, et.al. 55:165-176, 1997) reported a study in which mice
received a single i.p. dose of 300 or 450 mg/kg of vigabatrin on either gestation day 7,
8, 9, 10, 11, or 12. This strain of mice is sensilive to effects on the neural tube, having
a low spontaneous incidence of exencephaly. Drug treatment was not associated with
any augmentation of that effect. However, the study did show an increase in cranio-
facial and skeletal malformations and exomphalos (umbilical hernia). The authors
consider the exomphalos to be particularly significant because abdominal wall defects
do not oceur spontaneously in this strain of mice. There also was an increase in
resorptions and decreased fetal weights. This study is important for assessing the
embryolethal and teratogenic potential of vigabatrin because similar effects were
reported in rabbits (cleft-palate and increased resorptions), while the rat study showed
no drug related effects. A positive study in a second species makes it more likely that
vigabatrin poses a teratogenic risk.

A paper in Experimental Neurology (Sidhu, et.al. 144: 400-405, 1997) reported a study
in rats dosed subcutaneously from day 12 through day 16 of age, with sacrifice on days
19 -20. Doses were 15 - 200 mg/kg/day. This age of rat would be comparable to a
human between birth and 6 months of age. Four different effects on brain were noted.
Two of them, axonal degeneration in white matter and gliosis have beer reported in
adult animals. The other two findings may be unique to young animals and may be
relevant to the use of this drug in infantile spasms or to exposure of infants through
mother's milk. These findings consisted of decreased myelin staining in external
capsule and cerebral peduncle, and glial cell death in white matter. As Dr. Rosloff
points out, it cannot yet be determined whether the effect on myelin represents a
decrease in myelin already deposited or a prevention of myelin deposition in the
developing brain. It is also not known whether or not the effect is reversible. The study
should be replicated and expanded, and the sponsor is planning a study which
compares young and adult rats. Until there is more definitive information about whether
this effect occurs through interference with myelination in developing brain or through a
decrease in existing myelin, and whether or not it is reversible, a general statement
should be included in labeling, both under Nursing Mothers and Pediatric Use.

Recommendations:
This NDA is approvable for pharmacology/toxicology, with the following labeling

recommended. There is one red-lined sentence in the Wamings section which was in
the sponsor’s labeling and which | have left for the clinical reviewer to determine
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whether or not it is accurate and whether or not it should remain in labeling. The clinical
reviewer should also determine if the sentence which follows it, which we have added,
is appropriate.
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Barry N. Rosloff, Ph.D.
8/12/98

Pharmacologist Review of NDA 20-427
Submissions of 04/28/98 and 05/12/98

SPONSOR: - Hoechst Marion Roussel, Inc.
' Kansas City, Missouri ‘ -

DRUG: gamma-vinyl GABA (vigabatrin, Sabril)

CATEGORY: . anti-epileptic

PREVIOUS PHARMACOLOGIST REVIEW: Original Summary of 02/24/95 and
addendum of 10/14/97

CONTENTS OF PRESENT SUBMISSIONS:

1) 4/28/98 - Sponsor’s revised draft labeling

2) 5/12/98 - Sponsor’'s revised draft labeling, comparing sponsor’s
proposed changes with FDA proposed labeling

INTRODUCTION: The sponsor is proposing changes to FDA proposed labeling
(transmitted to sponsor in letter of 11/26/97). The present review
discusses changes in the sections which discuss findings in
animals.
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EVALUATION/RECOMMENDATIONS:

The sponsor’s proposed labeling (regarding the animal data discussed above)
extensively modifies or completely re-writes our proposed labeling. In general, the
sponsor’s changes tend to de-emphasize the animal findings, e.g. by changing the
order of presentation of information or by adding or eliminating information. As
discussed above, | feel that no changes are warranted in our proposed sections on
animal retinal toxicity and animal reproduction findings. The section on brain
vacuolization in animals should remain the same as, or similar to, our proposal; some
minor changes proposed by the sponsor (i.e. those not discussed above which are
neutral in their effect) may be made.

Barry N. Rosloff, Ph. D.

cc: NDA 20-427

. -120-Division Fi
[Fitzgerald

/Rosloff

{/Malandrucco

Doc:n:\rosloff\in20427.898

dt:8/14/98:gt




Barry N. Rosloff
10/14/97 ‘

NDA 20-427: Addendum to Pharmacologist Review of 2/28/95

e Since the completion of the above review, two published

. animal studies with gamma-vinyl GABA (GVG) have appeared which
- impact on the toxicological evaluation of and-labeling for this
drug: ’

: 1) Study of Abdulrazzaq, et. al. (In Teratology 55:165-176,
©°1997; submitted to IND 17-213 On 7/9/97). This was a segment II -
type study done in TO mice, a strain said to have a known
‘.susceptibility to neural tube defects. GVG was given i.p., as a
~-.8ingle dose on either day 7, 8, 9, 10, 11, or 12 of gestation.
“Doses were 300, 450, and 600 mg/kg. It was stated that controls
were either untreated or were given saline i.p., although results
"wére only shown for untreated animals since “saline treatment did
~not produce significant fetal alterations in comparison to the

" Untreated controls”. Dams were sacrificed on day 18 of gestation
_for fetal exam. ’ ’ '

w The HD was lethal to all dams; however, the 2 lower doses
' .caused only mild sedation, and no effects on food consumption and
weight gain. Results are shown in theé attached two tables. Drug
effects included increased resorptions, decreased fetal weight,
and a variety of malformations, variations, and reduced or absent.
ossifications. It was stated that cleft palate, limb
“malformations, and exomphalos had not been seen spontaneously
among “thousands of embryos of our colony of the TO strain over a
period of 5 years”. (GVG did not increase the incidence of
exencephaly, a malformation known to occur in TO mice, although.
"1t was said to worsen the brain degeneration in affected
fetuses). Note that several effects were seen at both doses.

. The proposed labeling already identifies GVG as an animal
. .teratogen (increase in cleft palate in rabbits; no teratogenic
“effect in rats). It is recommended that it be added that GVG was
~also teratogenic in mice, causing increased resorptions,
~decreased fetal weights, ahd a variety of fetal malformations,
“variations, and reduced or absent skeletal ossifications, at i.p.
doses of 300 and 450 mg/kg. (A comparison to the human dose in
mg/m? units should not be made due to the fact that dosing in
mice was i.p. Also, I omitted listing each of the fetal defects
separately, since this would be a fairly long list, and in




addition I am not sure how representatlve the TO strain of mouse
is.).

2) Study of Sidhu, et. al. (In Experimental Neurology 144:
400-405, 1997. Submitted to IND 17-213 and NDA 20427 9/26/97.
[Originally submitted in draft form to IND 17-213 on 5/28/96.1).
In this study Wistar rats were given daily s.c. injections of GVG
on days 12 to 16 of age, and were sacrificed on days 19-20 of
age. Doses ranged from 15 - 200 mg/kg/day, given in 2 equally
divided doses. Brains were fixed by perfusion, although some
were apparently also immersed after this. Brain areas were
examined using H&E, Luxol fast blue, anti-GFAP, anti-myelin basic
protein, anti-neurofilament, and EM. Note that this study was
said to be a pilot study (it was apparently done as a Master’s
thesis); Ns ranged from 1 to 6 per dose and not all evaluations
were done in all animals at each dose or at all-doses; for
example the Luxol fast blue evaluations were only done in
controls (6/6) and at 40 mg/kg (4/5) and EM exam only in controls
(4/6) and at 40 mg/kg (4/5).

It was stated that rats given 200 mg/kg lost weight and
that. “failure to gain weight was modest for all other vigabatrin-
treated rats”; these effects were reversible after cessation of.
treatment. There were no drug~related clinical signs. Four types
of drug-related effects were identified: (1) decreased myelin
staining in external capsule and cerebral peduncle (no
significant effect in cerebellar white matter, spinal trigeminal
tract, or pyramidal tract, although in the latter 2, changes in
the same direction were seen) as measured by densitometry of
Luxol-stained sections (but no effect seen based on qualitative
EM exam), (2) glial cell death in white matter, (3) axonal
degeneration in white matter, and (4) reactive astrogliosis in
frontal cortex. Intramyelenic edema (IME) was not seen.

Of the above brain effects, # 3 and 4 (axonal damage and
gliosis) have been seen in previous animal studies of GVG (and
were considered to be sequelae of IME). The other findings are of
potential concern since they may represent effects unique to
young/immature animals; young humans can be exposed to GVG via
its use in infantile spasms and via maternal milk. However, it is
noted that while reduced myelin staining has not been clearly
established with GVG in adult animals, some reports did note a
slight decrease (see my review of 2/28/95), and I am not aware
that myelin staining was studied by densitometry in previous
studies as it was in the present report. Regarding glial
degeneration, it was apparently seen (under EM) in the present
study in only 2 of 4 treated animals (vs 0 in 4 controls), hardly
a robust or well-established .finding at this point. Another




apparent difference between adult and young animals is that in
the latter, brain -effects were seen after only 5 days.of dosing,
suggesting increased susceptibility of the young rats since in
previous studies of adult rats effects were not seen until longer
-treatment periods. However, as noted in my review of 2/28/95,
brains in the adult studies did not appear to have been as
comprehensively evaluated in the short term studies as in the
longer term studies, and thus the earliest time at which brain
changes can appear in adults has not been clearly determined. In
dogs, where time course was studied in more detail, brain changes
were seen as early as 2 weeks. Another potential difference
between young and adult rats is that in the former, the above-
mentioned brain effects were seen in the apparent absence of IME.
The reason for this is not clear; one possibility is that in the
study of young rats the 3-4 day recovery period was long enough
for the vacuoles to have reversed after a treatment period of
only 5 days. It should also be noted that, based on past
experience, it may be difficult to distinguish IME from artifact.
Perhaps the overriding point to consider in assessing these
apparent differences between the susceptibility of young and old
animals is that the study in young animals was done in a
different lab, and used a different rat strain and route of drug
administration, than the studies done in adult animals by the
sponsor. The sponsor is planning a study to compare young and
adult rats. (See below).

Another point to consider in assessing the present report
in young rats is whether the decrease in myelin represents a
decrease in myelin already deposited, or a prevention of myelin
deposition in the developing brain. The authors of the paper
suggest the latter since myelin was reduced in the external
capsule, where myelination begins at 10-11 days, whereas it was
not reduced in cerebellum or spinal trigeminal tract, which
myelinate prior to the period of drug administration (which was
days 12-16 of age). However, these regional differences in drug
effect cannot be said to be well-established in wview of the small
Ns used and variability of the results obtained. Another
important question which was not answered is is the decrease in
myelin, regardless of whether it represents a decrease in pre-
exising myelin or a prevention of myelination, reversible?

In summary, this pilot study, although suggestive of a
possible unique effect of (or increased susceptibility to) GVG in
young/immature rats, needs to be replicated and extended. Young
and adult rats should be compared under the same experimental
protocol. The sponsor is currently designing a study (as
discussed in the submission of 9/26/97) “to definitively
determine whether there exists an age-dependent difference in the
development of neurohistological changes in the brains of adult
and immature rats after 5 consecutive days of vigabatrin




dosing.”. It is stated that the design of the study will be based
on a pilot study which is currently ongoing. Regarding the
labeling, I believe that the data regarding an increased
sensitivity of young/immature rats to GVG are too preliminary at
this time to warrant inclusion; however (and as I previously
recommended in my review of 2/28/95, based on more theoretical
considerations since the above study had not yet been submitted),
it is recommended that the possibility of decreased myelination
in the developing brain be mentioned, at least until such time as
additional data are available to more conclusively substantiate
or refute this. The location of such a statement might be the
Nusing Mothers section and/or inclusion with the general
discussion of IME. ' : :

RECOMMENDATIONS:

1) The labeling should be modified, as noted above, to reflect
the above-discussed findings.

2) The sponsor’s proposed study comparing adult and immature rats
should address the question of whether GVG is capable of
interfering with myelination in the developing brain (as opposed
to decreasing myelin already deposited) and, if either of these
effects occur, are they reversible.

Barry N. Rosloff, Ph. D.

cc: IND 17213 division file
NDA 20427 division file

Rosloff

Malandrucco




D W

MEMORANDUM DEPARTMENT OF HEALTH AND HUMAN SERVICES
PUBLIC HEALTH SERVICE
FOOD AND DRUG ADMINISTRATION
CENTER FOR DRUG EVALUATION AND RESEARCH

DATE: October 17, 1997

FROM:  Glenna G. Fitzgerald, Ph.D.
Pharmacology Team Leader
Division of Neuropharmacological Drug Products

TO: NDA 20-427
: Sabril® (vigabatrin)
500 mg tablets
Sponsor: Hoechst Marion Roussel

SUBJECT: Recommendation for approvable action

My memo of March 23, 1995, which referred to Dr. Rosloff's February 28, 1995
pharmacology and toxicology review, indicated that the studies which were submitted to
the NDA at that time were adequate to support its approval for an indication of complex
partial seizures with or without secondary generalization. The major preclinical issue
with this drug has been the neurotoxicity ( widespread intramyelenic edema, IME) which
occurred in all species studied, mouse, rat, dog, and to a lésser extent, monkey, in a
dose and time dependent fashion, and at doses comparable to human therapeutic
doses. On a mg/m? basis, IME was seen at doses which are considerably lower than
human doses. Plasma level data are inadequate to make valid comparisons of
exposures across species. Furthermore, it is not known whether drug levels or GABA
levels should be compared. For example, the equivocal nature of the finding in
monkeys may conceivably result from the fact that that CSF GABA levels remained
very low in that species (approximately 1/10 of both rat and human levels) even at a
relatively high dose of drug. This neurotoxicity is similar to that observed with known
human neurotoxins (e.g. hexachlorophene) and, given the strength of the signal and the
fact that it occurred in all species tested, there is reason to expect that a risk for the
development of IME in humans taking vigabatrin exists. Therefore, the neurotoxicity
findings (IME and sequelae, and retinal degeneration), as well as studies designed to
monitor for their onset in animals, should be described in the “Warnings” section of the
label, as | previously recommended.
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The purpose of this memo is primarily to recommend labeling. However, two published
papers, which have been reviewed by Dr. Rosloff, together with his labeling
recommendations, (10/14/97 addendum to 2/28/95 review), should be noted.

A paper published in Teratology (Teratogenic Effects of Vigabatrin in TO Mouse
Fetuses, Abdulrazzaq, YM, et.al. 55:165-176, 1997) reported a study in which mice
received a single i.p. dose of 300 or 450 mg/kg of vigabatrin on either gestation day 7,
8, 9, 10, 11, or 12. This strain of mice is sensitive to effects on the neural tube, having
a low spontaneous incidence of exencephaly. Drug treatment was not associated with
any augmentation of that effect. However, the study did show an increase in cranio-
facial and skeletal malformations and exomphalos (umbilical hernia). The authors
consider the exomphalos to be particularly significant because abdominal wall defects
do not occur spontaneously in this strain of mice. There also was an increase in
resorptions and decreased fetal weights. This study is important for assessing the
embryolethal and teratogenic potential of vigabatrin because similar effects were
reported in rabbits (cleft-palate and increased resorptions), while the rat study showed
no drug related effects. A positive study in a second species makes it more likely that
vigabatrin poses a teratogenic risk.

A paper in Experimental Neurology (Sidhu, et.al. 144: 400-405, 1997) reported a study
in rats dosed subcutaneously from day 12 through day 16 of age, with sacrifice on days.
19 - 20. Doses were 15 - 200 mg/kg/day. This age of rat would be comparable to a
human between birth and 6 months of age. Four different effects on brain were noted.
Two of them, axonal degeneration in white matter and gliosis have been reported in
adult animals. The other two findings may be unique to young animals and may be
relevant to the use of this drug in infantile spasms or to exposure of infants through
mother's milk. These findings consisted of decreased myelin staining in external
capsule and cerebral peduncle, and glial cell death in white matter. As Dr. Rosloff
points out, it cannot yet be determined whether the effect on myelin represents a
decrease in myelin already deposited or a prevention of myelin deposition in the
developing brain. It is also not known whether or not the effect is reversible. The study
should be replicated and expanded, and the sponsor is planning a study which
compares young and adult rats. Until there is more definitive information about whether
this effect occurs through interference with myelination in developing brain or through a
decrease in existing myelin, and whether or not it is reversible, a general statement
should be included in labeling, both under Nursing Mothers and Pediatric Use.

Recommendations:

b(4)
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MEMORANDUM DEPARTMENT OF HEALTH AND HUMAN SERVICES
PUBLIC HEALTH SERVICE
FOOD AND DRUG ADMINISTRATION
CENTER FOR DRUG EVALUATION AND RESEARCH

DATE: March 23, 1995
FROM: Glenna G. Fitzgerald, Ph.D. #3323
Supervisory Pharmacologist % / / <

Division of Neuropharmacological Diug Products, HFD-120

TO: NDA 20-427

SUBJECT: Supervisory Overview

RELATED IND: 17,213

The pharmacology and toxicology studies (see comprehensive review by Dr. Rosloff) which have
been submitted to this NDA for Sabril are adequate to support its approval for an indication of
complex partial seizures, with or without secondary generalization.

Sabril is a selective and irreversible inhibitor of y-aminobutyric acid transaminase (GABA-T), which is
the enzyme responsible for the metabolism of the central nervous system inhibitory neurotransmitter
y-aminobutyric acid (GABA). The mechanism of action is via dose—dependent inhibition of GABA-T
and consequent increased levels of GABA in the CNS.

The nonclinical toxicological studies conducted for the development of this drug have been
particularly complex and time consuming due to the occurrence of neurotoxicity which was described
as brain intramyelenic edema (IME). These lesions occurred at all doses studied in a dose and time
dependent fashion in mouse, rat and dog, and possibly in monkey, at exposures comparable to
those achieved in humans receiving therapeutic doses. Although the vacuoles disappear when
treatment is stopped, residual lesions which may be suggestive of axonal degeneration (eosinophilic
spheroids and mineralized microbodies) remained. Because of the unusual and worrisome nature of
these findings, the preclinical data were presented to a PCNS Advisory Committee on November 20,
1989. It was the recommendation of that committee that a noninvasive method for clinical
monitoring of the onset of neurotoxicity be developed. The sponsor subsequently demonstrated in
dogs that changes in somatosensory evoked potentials, visual evoked potentials and MRI images
could be correlated with the appearance and reversal of brain vacuoles in subacute studies. These
methods, and also measurement of auditory evoked potentials, were then incorporated into clinical
trials. In addition to IME, which occurred in three and possibly four animal species, retinal
degeneration occurred in albino rats of both sexes and in female mice, but not in dogs, monkeys, or
pigmented rats. For an in-depth summary and analysis of these neurotoxicological findings and their
potential relevance to humans see the excellent summary (pages 143-153) and evaluation (pages
156-160) sections of Dr. Rosloffs’ review.
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Sabril did not produce an increase in benign or malignant tumors in lifetime carcinogenicity studies
in mice and rats. In reproduction studies in mice and rats there was some evidence for
teratogenicity in rabbits (but not in rats), with the dose related occurrence of cleft palate. Both effect
and no-effect doses for this finding were lower than the maximum recommended daily human dose
on a mg/m, basis. ’

RECOMMENDATIONS:

The labelling recommendations in Dr. Rosloff's review, pages 161-164 are appropriate and should

be incorporated into the sponsor's proposed labeling. | recommend that the neurotoxicity (IME) b(4)
findings and specifics of monitoring be placed at the beginning of the "Warnings” section of labelling

rather than being incorporated into the Clinical Pharmacology section  emmmessesssmssmmmwm—mm

| additionally recommend that a statement which describes the retinal degeneration in mice and rats

also be included in that section.
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All pivotal toxicity studies (i.e., 1 year or more in duration) and all reproduction studies
were done at the Department of Pathology and Toxicology, Merrell Dow Research Institute,
Cincinnati, Ohio, with the exception of the in-life portion and gross pathology exams of the 6
year monkey study, which was done at the Toxicology Laboratory, Merrell Dow Research
Institute, Indianapolis, Indiana. Lot numbers are given with the individual studies.

PHARMACODYNAMICS:

The sponsor's summary is attached.

ADME/PK:

The sponsor's summary which is generally accurate, is attached. Following this are
additional data taken from a sequential neuropathology study in dogs in which dogs were
given 300 mg/kg/day for 1-12 weeks with weekly assay of plasma GVG, CSF GVG and
GABA, and brain GABA, GABA-T, and GAD. Additional exposure data are located with the
results of the toxicity studies. Salient results are discussed in the Summary and Evaluation
sections of this review.
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3. Effects Related to the Therapeutic Indications

Vigabatrin (MDL 71,754, RMI 71,754, y-vinyl GABA) is a relatively specific and irreversible
inhibitor of y-aminobutyrate-oxoglutarate aminotransferase (GABA-transaminase, GABA-T,
Enzyme Commission (EC) 2.6.1.19), the enzyme primarily responsible for the catabolism of the
inhibitory neurotransmitter y-aminobutyric acid (GABA).

x..;The synthesis and degradation of GABA is illustrated.in Figure 5-1 on page 5-38, v1.12 (91 on -2
page 5-1390, v1.15). GABA is synthesized mainly by decarboxylation of L-glutamate catalyzed.

. by L-glutamate-decarboxylase (GAD, EC 4.1.1.15). Catabolism is via transamination with
2-oxoglutarate catalyzed by GABA-T. The resulting succinic semi-aldehyde is further oxidized to
succinic acid which enters the tricarboxylic acid cycle.

citrate

LN

aspartate <> oxaloacetate 2-oxoglutarate glutamate

N/ t vz )|,

succmate n

succmlc

semialdehyde GABA
' homocarmosine
v¥-hydroxybutyric acid homoanserine

Figure 5-1. Synthesis and degradation of GABA.

GABA is thought to exert its CNS depressant effects by binding to two types of GABA receptors,
GABA, and GABAg (173 on page 5-2371, v1.18, 174 on page 5-2381, v1.18).
GABA/benzodiazepine (GABA,) receptors are located postsynaptically on dendrites, the somatic
mermnbrane, and on the axon initial segment. Binding of GABA to the GABA, receptor causes
an increase in Cl- membrane conductance and transient hyperpolarization of the resting mem-
brane potential. The GABAp receptor is found on presynaptic terminals and on postsynaptic
membranes and is coupled to increases in K+ conductance and to decreases in Ca* * entry.
Presynaptically, activation of the GABAg receptor decreases monoamines and excitatory amino
acid release and postsynaptically, receptor activation is associated wnh a K+ mediated slow
inhibitory potential.

AD3810AB*11 5-38, v1.12
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Vigabatrin increases the concentration of GABA in the brain, thereby enhancing GABA
neurotransmission. It has been hypothesized that a deficiency in GABA function may be .
involved in the etiology of both human epilepsy as well as a number of other neurological disor-
ders. Thus, vigabatrin has been evaluated as a potential antiepileptic compound. Except where
indicated, all studies on vigabatrin have been conducted using the racemate, which is the form of
the drug marketed in a number of countries worldwide and being proposed for marketing in the
U.s. _ '

The structures of vigabatfinand GABA (the normal §ubitrate 6t GABA-T) are shown in - ™%
Figure 5-2. As can be seen, the only difference between the two compounds is the presence of a
vinyl group in the vigabatrin molecule, .

H,C=C CH, . COOH CH, /COOH
| {Cﬁ \Cl-/|2 : H2C|3 ~CH,
NH, NH, °
Vigabatrin GABA

Figure 5-2. Structures of 'vigabatrin and GABA.

“Vigabatrin belongs to a class of enzyme inhibitors known as Kz inhibitors or mechanism-based

enzyme inactivators (175 on page 5-2420, v1.18, 176 on page 5-2426, v1.18, 177 on’

page 5-2439, v1.18, 178 on page 5-2459, v1.18, 179 on page 5-2481, v1.18, 180 on .
page 5-2514, v1.18, 181 on page 5-2554, v1.18, 182 on page 5-2609, v1.18). In their adminis-
tered form, these compounds are inert. However, mechanism-based enzyme inhibitors contain
functions that are converted by the target enzyme into reactive forms that bind specifically and
irreversibly to the target enzyme. In this manner, the enzyme, by its highly specific mode of
action, catalyzes its own inactivation. The S(+ )-enantiomer of vigabatrin and not the R(-)-

~ enantiomer has the required stereochemistry to inhibit GABA-T (174 on page 5-2381, v1.18).

A recently proposed mechanism for the irreversible inhibition of GABA-T by vigabatrin is shown
n Figure 5-3 on page 5-40, v1.12. Using 14C-vigabatrin, De Biase and colleagues have shown
that the residue of GABA-T that is permanently covalently labelled during the inactivation
process is the same lysine that normally binds the pyridoxal phosphate coenzyme (183 on

page 5-2619, v1.18). Early studies on the mechanism of GABA-T inactivation by vigabatrin (1
on page 5-281, v1.13, 182 on page 5-2609, v1.18) proposed a scheme which involved azaallylic
i1somerization which .accounted for 70-75% of GABA-T inactivation by vigabatrin by one
patbway. The remaining inactivation proceeded by an alternative pathway in which allylic
isomerization is followed by enamine formation. Later, definitive mechanistic studies were carried
out (184 on page 5-2626, v1.18). ’

AD3810AB*11 5-39, v1.12



- Marion Merrell Dow Inc, m, .

'NDA 20427 " Kansas City, Missousi 64137
Sabril® Oral

(Vigabatrin)

B. Non-Clinical Pharmacology

3. Effects Related to the Therapeutic Indications

The mechanism originally proposed by Lippert (1 on page 5-281, v1.13) left the coenzyme
covalently bound and, in the precise form presented is not consistent with DeBiase’s results. An
alternative Michael addition mechanism, proposed by Metcalf (185 on. page 5-2636, v1.19),is
consistent with DeBiase’s results and, with the minor addition of hydrolysis of the final ketimine
to account for the liberation of pyridoxamine phosphate observed by DeBiase and colleagues, is
presented as path (a) in Figure 5-3. Path (b) in Figure 5-3 is a modification of the basic mech-
~ anism of Lippert. In this mechanism the protonated ketimine, formed by transfer of a proton
from «-C of inhibitor to 4’-C of the coenzyme, is 2 Michael acceptor to which the nucleophile
- -lysine adds-at y-C. Release of pyridoxamine phosphate requires that the Lipgert. mechanism be
modified by a step involving protonation at 8-C and the subsequent rearrangement to form the
protonated ketimine. Whichever mechanism occurs, the failure of borohydride to reduce the
imine and make the bond with the coenzyme permanent indicates that the release of cofactor
must occur in a rapid process. ' ‘
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Figure 5-3. Proposed mechanism for the irreversible inhibition of GABA-T by
vigabatrin. R=-(CH)CO0,H. Compound (/) is Lys-NH-CH-(CH,)-CO-(CH,H).
Compound (/) is Lys-NH-(CH,),-CO-(CH,},-CO,H.

AD3810AB*11 540, vi.12
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a. Primary Activity

i. In Vitro Biochemical Activity of Vigabatrin
a). Effect on GABA-T

The irreversible inhibition of GABA-T by vigabatrin was examined in various in vitro prepara-
. tions.(1.on page 5-281, v1.13, 2 on page 5-288, v1.13 3 on page 5-483xv1.13, 185 on - -
page 5-2636, v1.19). Incubation of vigabatrin (0.05-1.0 mM) with mammalian GABA-T ,
resulted in a rapid time- and concentration-dependent irreversible inhibition of GABA-T activity,
as shown in Figure 5-4 on page 5-42, v1.12. Enzymatic half-lives ranged from 11 minutes to

1 minute with concentrations of inhibitor between 0.05 and 1 mM (1 on page 5-281, v1.13).
Only the pyridoxal form of the enzyme was susceptible to inhibition by vigabatrin. After exten-
sive dialysis for 4 days, only 5 to 10% of the initial enzyme activity was regenerated, confirming
the irreversible action of vigabatrin (1 on page 5-281, v1.13).

AD3810AB*11 5-41, v1.12
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Figure 5-4. Time-dependent inhibition of rat brain GABA-T by vigabatrin. ‘Rat brain
GABA-T was incubated with 0.05-1.0 mM vigabatrin at 25°C. At the indicated

times, aliquots of the incubate were taken and immediately assayed for resi-
dual GABA-T activity.

b). Specificity of GABA-T Inhibition

The effects of vigabatrin on the activities of rat brain GABA-T, GAD, aspartate transaminase,
and alanine transaminase were examined (1 on page 5-281, v1.13, 182 on page 5-2609, v1.18).
At a concentration of 0.5 mM, vigabatrin produced a rapid inhibition of GABA-T activity
(Figure 5-5on page 5-43, v1.12). In contrast, neither GAD nor aspartate transaminase activities
were affected by incubation for > 40 minutes with 10 mM vigabatrin (1 on page 5-281, v1.13).
A small degree of inhibition of alanine transaminase activity did occur when this enzyme was

* incubated with 10 mM vigabatrin. However, the rate of inactivation of ‘alanine transaminase by

AD3810AB*11 542, v1.12
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vigabatrin was approximately 1000 times slower than that of GABA-T. Other studies have
shown that vigabatrin had no effect or only a weak effect on the activity of ornithine
transaminase (182 on page 5-2609, v1.18). Furthermore, bacterial GABA-T isolated from
Pseudomonas fluorescens was unaffected by concentrations of vigabatrin up to 10 mM (1on

page 5-281, v1.13). These studies demonstrate the preferential action of vigabatrin for inhibition
of mammalian GABA-T.

- -

141.
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Flgure - 5-5. ' The effect of vigabatrin on rat brain glutamic acid decarboxylase
(GAD), aspartate transaminase (Asp—T) alanine transaminase (Ala-T),
and GABA-T. Glutamic acid decarboxylase (A ), aspartate transaminase (m),
and alanine transaminase(e) were preincubated with 10 mM vigabatrin, while
.GABA-T (o) was preincubated with 0.5 mM vigabatrin:

AD3810AB*11 5-43, v1.12
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c). Effect on Binding, Ugtai(e, and Release of GABA

The ability of vigabatrin to inhibit the uptake of GABA by sodium-dependent transport systems
was examined by investigating the effect of the test drug on the binding of 3H-GABA to intact
synaptosomes from whole rat brain (4 on page 5-489, v1.13). The effect of vigabatrin on the

-sodium-independent binding of GABA to synaptic receptors was studied in a similar fashion using

rat brain synaptic membranes (4 on page 5-489, v1.13). The uptake of 3H-GABA was found to
be inhibited by vigabatrin, with the IC, being approximately 100 uM. In contrast, vigabatrin
only weakly intiibited the binding of 3H-GABA to-synapfi¢ receptors (ICs,=4 fiM).” A compre-
hensive assessment of the effect of vigabatrin on 38 different receptor assays is presented in

“a. Receptor binding activity” on page 5-86, v1.12. The effect of vigabatrin on subtypes of
GABA receptors has been examined. In a study of GABA-induced ganglion depolarization, it
was concluded that vigabatrin was neither an agonist nor an antagonist at GABA, receptors (186
on page 5-2646, v1.19).

In addition to its effects on uptake, vigabatrin was found to cause a dose-dependent release of
GABA from rat cortical synaptosomes, with the minimal effective concentration of the test drug
being 250 uM (S on page 5-497, v1.13). Paralle] studies using a superfusion method for
synaptosomes (where reuptake of neuroactive amino acids is reduced) showed that lower concen-
trations of vigabatrin (100 zM) were effective in releasing preloaded GABA (6 on

page 5-526, v1.13, 7 on page 5-539, v1.13). In a subsequent study using cultured mouse
neurons, preincubation of the cells with vigabatrin (25 uM) for 24 hours caused a more than
100% increase in the evoked release of endogenous GABA (8 on page 5-547, v1.13).

The effect of vigabatrin on the accumulation of GABA levels in rat hippocampal slices was
examined (9 on page 5-557, v1.13). At a concentration of 100 zM vigabatrin, GABA levels
increased to 251% of control. GABA levels were only 128% of control at a vigabatrin concen-
tration of 1 mM, suggesting that GAD inhibition may occur at higher concentrations. In brain
slices from different brain regions, the rate of accumulation of GABA was found to be in the
range of 0.2 to 0.6 nmoles/mg protein/min after treatment with 100 uM vigabatrin (187 on
page 5-2654, v1.19). .

Since the vigabatrin-induced increase in the GABA content of brain tissue is a relatively long-term
process (hours), while the GABA-releasing action of vigabatrin can be seen within a few minutes,
it appears that there is no obligatory coupling between raised GABA content and the .
GABA-releasing action of vigabatrin. Thus, these in vitro studies suggest that vigabatrin, in addi-
tion to its effects on GABA metabolism, inhibits synaptic GABA reuptake and augments release
properties of GABA. -

ii. In Vivo Biochemical Acti'vity of Vigabatrin

a). Effects on Brain GABA-T Activity, GAD Activity, and Whole Brain GABA Concentration

(i). Single Dose Studies

AD3810AB*11 544, v1.12
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When administered orally (PO) or parenterally to laboratory animals, vigabatrin can produce a
long-lasting, dose-dependent inhibition of brain GABA-T activity, and an increase in brain
GABA concentrations (1 on page 5-281, v1.13, 10 on page 5-563, v1.13, 188 on
page 5-2657, v1.19). In mice, a single intraperitoneal (IP) dose of 1500 mg/kg vigabatrin
produced a rapid decrease in brain GABA-T activity (to approximately 20% of control) in less
than four hours after administration (Figure 5-6 on page 5-46, v1.12) (10 on page 5-563, v1.13).
- This level of inhibition was maintained for at least 48 hours, at which time a slow retum toward
control values occurred. Brain GABA concentrations increased rapidly after a single IP dose of

" ‘vigabatrin. The maximal increase in brain GABA ({ineasured 4-6 hours after dosittg With  ©
vigabatrin) was a 5-6 fold elevation over control (Figure 5-6 on page 5-46, v1.12). This level of
GABA was maintained for at least 24 hours, then declined slowly. However, even four days after
injection, the brain GABA concentration of these animals was still more than twice that of
control. Whole brain GAD activity decreased slowly, reaching a minimum of 70% of control 48
hours after a single IP dose of 1500 mg/kg vigabatrin. GAD activity then gradually recovered
toward the control level over the next 96 hours (Figure 5-6 on page 5-46, v1.12). This result
was somewhat unexpected, since vigabatrin had no inhibitory effect on GAD activity in vitro (1
on page 5-281, v1.13). This decrease in GAD activity in vivo, however, was much less than that
observed for GABA-T, and may be due to feedback inhibition by GABA.

AD3810AB*11 545, vi.12
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Figure 5-6. Effect of a single IP dose of vigabatrin (1500 mg/kg} to mice on whole
brain GABA-T and GAD activities and GABA concentrations. Each value
represents the mean and SE (as vertical bars) of five animals.

Vigabatrin (1500 mg/kg) was also effective at inhibiting GABA-T activity and increasing brain

GABA concentrations in mice when given intravenously (IV), intramuscularly (IM),
subcutaneously (SC) and PO as shown in Table 5-2 on page 5-47, v1.12.

AD3810AB*11 546, v1.12
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Table §5-2. Effect of the Route of Administration of Vigabatrin on GABA
Metabolism in the Mouse Brain. (Data from Reference 10 on
page 5-583, v1.13)

Route of Adminis- GABA-T Activity " GAD Activity _ GABA
tration (% of Control) (% of Control) (% of Control)

Intravenous ' 16.9+1.0 89.0+3.3 808418

! ntraperitoneal - 20.0+2.0 T 95.04+2.0 ) ‘759i36

Intramuscular 15.0+1.0 89.0+5.4 742425

Subcutaneous ’ 21.5+1.6 88.5+2.0 8914-31

Gavage 28.14+0.3 96.0+1.5 © 557+16

Measurements were made four hours after acute administration of 1500 mg/kg
vigabatrin. The control values were respectively: 83+0.6 pmol/g/hr for GABA-T,
43.5+0.6 pumol/g/hr for GAD, and 21145 ra/g for GABA concentration.

(MeanitSEM, n=25). Values listed in the table are mean+SEM of five separate determi-
nations.

The effect of increasing doses of vigabatrin on brain GABA metabolism was also assessed in mice
(10 on page 5-563, v1.13). Groups of male mice were given vigabatrin at single doses of
100-3200 mg/kg IP, and were sacrificed eight hours later for determinations of whole brain
GABA concentrations and GABA-T and GAD enzyme activities. As shown in Figure 5-7 on
page 5-48, v1.12, GABA-T activity was significantly reduced (45-90%) in a dose-related fashion
eight hours after administration of vigabatrin. GAD activity was marginally reduced, compared to
that of GABA-T. Whole brain GABA concentrations were increased significantly in a dose-
dependent manner, ranging from a 66% increase after 100 mg/kg to a 720% increase after

3200 mg/kg. ‘

AD3810AB*11 547, vi.12
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Flgure 5-7. Dose-effect of vigabatrin on GABA metabolism 8 hours after
treatment. Shown are GABA-T and GAD activities and GABA concentrations
in brain determined 8 hours after IP injection of various doses of vigabatrin.
GAD activity was determined in supernatants of brain homogenates. The
control activities were 82.440.8 umol/g/hr for GABA-T and 48.7+0.3 umol/g/hr
for GAD. Control GABA levels were 21740.4 pg/g. All points represent the
mean=+SE of five animals except 3200 mg/kg where N=3.

(ii). Repeat Dose Studies

Three key studies investigating the effect of repeated administration of vigabatrin on brain GABA
- concentrations as well as brain GABA-T and GAD activities were carried out in mice. In the first
study (10 on page 5-563, v1.13), S mice/group were given 1-6 doses of vigabatrin

(100 mg/kg, IP). Animals were dosed every 12 hours, and were killed 12 hours after their last
injection. Results from this study are shown in Figure 5-8 on page 5-49, v1.12. As can be seen,
the repeated administration of vigabatrin had cumulative effects. GABA-T activity was decreased
by 45% after the first dose, and 65% after the sixth dose. Brain GABA concentration increased
with the number of doses, reaching a value approximately three times that of control after the
sixth dose. GAD activity, which was not significantly decreased after the first dose, fell with sub-

sequent injections, reachmg a value significantly different from control (P < 0.05) after the fourth
dose.

AD3810AB*11 5-48, vl1.12
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Figure 5-8. Effect of repeated administration of vigabatrin on brain GABA .
metabelism. Mice were injected IP every 12 hours (8 AM and 8 PM) with 1-6
doses of vigabatrin (100 mg/kg). Twelve hours after the last dose, GABA-T
and GAD activities and GABA levels were measured in whole brain. GAD
activity was estimated in supernatants of brain homogenates. Control
animals received either 1 or 6 doses of saline. The enzyme activities from
pooled controls were 71.14:1.3 umol/g/hr for GABA-T and 36.241.5 pmol/g/hr
for GAD; control GABA levels were 20244 ug/g. Points represent the

- meantSEM of five animals except for pooled controls where N=10.

The effect of increasing doses of vigabatrin were examined in a second study (11 on

page 5-571, v1.13). Single daily IP doses of 10 to 1000 mg/kg vigabatrin were administered for
ten days. As shown in Figure 5-9 on page 5-50, v1.12 vigabatrin produced dose-related decreases
in whole brain GAD and GABA-T activities at doses of 10 mg/kg/day and higher, with the
maximal effects being obtained at 400 mg/kg/day. Whole brain GABA concentrations were
110-120% of control at 10-50 mg/kg/day, and then showed a steep rise at doses greater than

100 mg/kg/day.

AD3810AB*11 549, vi.12
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Figure 5-9. Dose-effect of vigabatrin on brain GABA metabolism after 10 daily
' doses. Shown are GABA-T and GAD activities and GABA concentrations (all
expressed as percent of control) in brain measured 24 hours after the 10th
single daily dose of vigabatrin administered IP in various daily doses. Given
are mean values+SEM (as vertical bars) of 10 to 15.mice each.

In the third study (12 on page 5-580, v1.13), 5 mice/group were given 0, 100 or 500 mg/kg
vigabatrin IP for 1, 2, 4, 6, 8, 10 or 12 days. The results showed that brain GABA-T and GAD
activities were maximaily reduced by the second to sixth day of administration, and remained at
these lower levels with continued dosing (Figure 5-10 on page 5-51, v1.12). Whole brain GABA
concentrations increased after the first dose of vigabatrin, and after -12 days of dosing were twice
that of control with 100 mg/kg/day and almost six times that of control with 500 mg/kg/day.

AD3810AB*11 5-50, v1.12
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Figure 5-10. Effect of single daily doses of vigabatrin on mouse brain GABA-T and
GAD activities and GABA levels. Shown are GABA-T (A) and GAD (B)
activities and GABA concentrations (C) in brajn determined after 1 to 12 daily
doses of 100 mg/kg/day or 500 mg/kg/day of vigabatrin. Given are mean
values+S8E of five mice each. The control activities were 60.74-1.0 umol/g/hr
for GABA-T and 30.040.8 umol/g/hr for GAD.

In rats (13 on page 5-591, v1.13), vigabatrin given subcutaneously at a dose of 100 mg/kg/day for
11 days also produced a decrease in GABA-T (26% decrease) and GAD (22% decrease) activities
in brain as well as a more than 2-fold increase in central levels of GABA.

AD3810AB*11 5-51, v1.12
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Thué, these in vivo studies in mice and rats show that chronic administration of vigabatrin is effec-
tive in both producing and maintaining an elevated brain GABA level without the development
of tolerance. .

iii. Site of Action Studies

GABA is located in the body and terminals of nerve cells and also in glial cells. A simplified
picture-ofsthe different GABA pools around-a GABAergic synapse is-given in-Figure~5-11 (91 on

page 5-1390, v1.15).

glial cell

Glu + SSA-CGABAT [oapn

post synaptic cell

- .GABA

GABA-T

SSA + Glu

CSF, serum-€

recsptor

Glu—gzp >

nerve ending SSA + Glu

Figure 5-11. Simplified representation of the different GABA pools around a
GABAergic synapse.

-In mice, only 3% of whole brain total GABA and 12% of GAD and GABA-T activities are
found in the synaptosomal fraction (14 on page 5-598, v1.13). The effect of vigabatrin on the
GABA content of nerve terminals may be a more relevant factor than its effect on whole brain’
GABA in explaining its clinical effect. A number of studies have examined the changes in the
subcellular distribution of GABA levels following vigabatrin administration.

Changes in synaptosomal and non-synaptosomal GABA concentrations were determined in brain

cortex homogenates from mice treated with a single IP dose of 750 mg/kg vigabatrin (15 on
page 5-607, v1.13). At 6 hours after drug administration, the synaptosomal GABA pool had

AD3810AB*11 5-52, v1.12
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increased by 175%, while the non-synaptosomal GABA ‘pool had increased by only 120%. In a
study by Loscher (14 on page 5-598, v1.13), a single IP dose of 1900 mg/kg in mice caused a
300% increase in GABA concentrations in both whole brain and synaptosomes, 6 hours -
postdose. The differences in GABA increases between these two studies are most likely a dose
effect. However, there were also slight differences in the synaptosomal preparations used.
Loscher (14 on page 5-598, v1.13) used a purified synaptosomal preparation while Sarhan and
Seiler (15 on page 5-607, v1.13) used a crude synaptosomal fraction containing nonsynaptic
mitochondria. :

Iadorola and Gale (16 on page 5-632, v1.13) compared increases in GABA found in the
substantia nigra at different time points after an IP dose of 900 mg/kg vigabatrin in rats with
intact substantia nigra and with transected substantia nigra (lacking in GABA nerve terminals).
As shown in Figure 5-12 on page 5-54, v1.12, the increase in nigral GABA 12 hours postdose
was independent of nerve terminal GABA. However, at 36 hours, a net increase in nerve terminal
GABA was observed and at 60 hours, the increase in nerve terminal GABA became even larger,
In addition, the ability of vigabatrin to protect against seizure models was correlated with the
increase in nerve terminal GABA (16 on page 5-632, v1.13). Further evidence pointing to the
increase in a physiologically-relevant pool of GABA after vigabatrin treatment has been shown by
elevations in the potassium-evoked release of GABA after vigabatrin pretreatment (17 on

page 5-642, v1.13, 18 on page 5-665, v1.13, 19 on page 5-703, v1.13, 189 on :
page 5-2663, v1.19). In a study by Neal and Shah (189 on page 5-2663, v1.19), the K +-evoked
release of GABA from cortical slices in rats pretreated with 250 mg/kg vigabatrin IP was 8-fold
higher than the resting release of GABA. This high GABA release was inhibited by baclofen (10
M), a GABAg agonist, suggesting that stimulation of GABAg-autoreceptors may induce feed-
back inhibition of GABA release after vigabatrin pretreatment.

AD3810AB*11 5-53, vi.12
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Figure 5-12. The effect of vigabatrin on nerve terminal and non-nperve terminal
GABA. The GABA content in the denervated substantia nigra was sub-
tracted from that in the intact substantia nigra to obtain the nerve terminal
associated GABA level. The control level of GABA in the nerve terminal and
non-nerve compartments is shown by the dotted lines. The net increase due
to drug treatment, in both compartments is shown by the shaded portion of ‘
each bar. Each group represents the mean of at least 6 rats treated with
.800 mg/kg vigabatrin, IP. (Data adapted from Reference 16 on
page 5-632, v1.13).

AD3810AB*11 5-54, v1.12
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When the effect of vigabatrin (1500 mg/kg, IP) on GABA metabolism in different areas of the rat
brain was evaluated, GABA-T inhibition appeared to be relatively uniform in all regions studied,
varying from 60 to 82% (2 on page 5-288, v1.13). However, the increase in GABA levels varied
between 242% of control in the medulla to 825% of control in the hippocampus. There were
also some differences in GAD activity, with the residual activity being the lowest in the olfactory
tubercles (56% of control) and the highest in the medulla (110% of control).

Later studies indicated that inhibition of GABA-T by vigabatrin was more pronounced in retina
than in the frontal cortex or the striatum-{20-0n page 5-709, v1.13): Single treatment with

250 mg/kg vigabatrin IP, caused a 5-fold elevation in retinal GABA, 18 hours posttreatment. In
retina, vigabatrin not only increased the neuronal GABA pools in amacrine cells but also caused a
large GABA increase in glial Miiller cells (21 on page 5-717, v1.13).

a). GABA Concentrations in Cerebrospinal Fluid and Brain

In order to determine whether changes in the levels of cerebrospinal fluid (CSF) GABA reflect
altered concentrations of GABA in the brain, experiments were conducted to determine the
relationship between the GABA concentration in the brain and CSF in animals treated with
vigabatrin. In the CSF of untreated animals, GABA exists predominantly as a constituent of
several conjugates (22 on page 5-722, v1.13, 190 on page 5-2672, v1.19). In untreated rats, the
amount of free GABA (654 12 pmol/ml) is a small fraction of total conjugated GABA
(2885+100 pmol/mi). Homocamosine is the best studied and major GABA conjugate
(2110+110 pmol/ml) found in the CSF (23 on page 5-734, v1.13).

After IP administration of vigabatrin to rats, CSF concentrations of both free and conjugated
GABA increased in a dose-dependent manner (see Figure 5-13 on page 5-56, v1.12); similar
results were obtained in cats (22 on page 5-722, v1.13). In the rat, whole brain GABA levels
were found to be linearly correlated with CSF levels of both conjugated GABA and total GABA
and exponentially correlated with CSF levels of free GABA (22 on page 5-722, v1.13,23 on
page 5-734, v1.13). As there exist 2 number of technical difficulties in the accurate measurement
_ of both free and conjugated levels of GABA in human CSF (191 on page 5-2689, v1.19, 192 on
page 5-2697, v1.19), total CSF levels of GABA would appear to be the preferred index of brain
 GABA concentrations (191 on page 5-2689, v1.19). In particular, homocarnosine is subject to
enzymatic cleavage by homocarnosinase in human CSF leading to overestimates of the free
GABA content (192 on page 5-2697, v1.19). Thus, measurement of total CSF GABA levels
may be useful for estimating increases in brain GABA concentrations in patients on vigabatrin
therapy. The application of these results to other disease states in which brain GABA levels are
decreased should, however, be treated with caution. For example, in Huntington'’s chorea, there
is no evidence to suggest that a decrease in brain GABA levels is associated with a decrease in
CSF GABA (193 on page 5-2699, v1.19).

AD3810AB*11 5-55, v1.12



) Maﬁon Merrell Dow Inc.

NDA 20-427 " Kansas City, Missoud 64137
Sabril® Oral
(Vigabatrin)

B. Non-Clinical Pharmacology
3. Effects Related to the Therapeutic Indications

14 4 Conjugated CSF GABA
—~ :
=€ 12-
§B
32 191
< J =
oy 8
SE -
O]
=1
S 44
moO
2

0 250 500 © 1000 2000
Dose of Vigabatrin (mg/kg)

Figure 5-13. GABA in the brain and free and conjugated GABA in the CSF 18 hours
after the intraperitoneal injection of various doses of vigabatrin to
rats. Points are means+SEM (N>5).

b). GABA-T Inhibition in Platelets and Brain

Platelet GABA-T inhibition was examined as a tool for assessing the therapeutic effect of
vigabatrin. When rats were treated with 0 to 1600 mg/kg vigabatrin IP, a correlation between
platelet and brain GABA-T inhibition was significant after 1 day (r = 0.40, p < 0.01), but not
after 8 and 28 days of treatment (24 on page 5-740, v1.13). With chronic treatment, platelet
GABA-T was totally inhibited at doses of vigabatrin that caused partial inhibition of brain
GABA-T. In addition, recovery of GABA-T activity differs in brain and platelets in that brain
tissue requires new protein synthesis whereas platelets require regeneration of cells. The use of
platelet GABA-T inhibition as an indicator of brain GABA-T inhibition may, therefore, not be
valid. i

c). Effects on Cerebrospinal Fluid Amirio Acids and Neurotransmitters

A single dose of vigabatrin in rats (1000 mg/kg, IP) caused a parallel increase in CSF levels of
vigabatrin and concentrations of the inhibitory neurotransmitters glycine and taurine, 5 hours
postdose. Increased levels of the excitatory amino acids glutamate and aspartate were also
detected but occurred 96 hours postdose in the presence of markedly low vigabatrin concen-
trations (25 on page 5-749, v1.13). The latter effects could be related to signs of CNS
hyperexcitability which have been reported after vigabatrin withdrawal (32 on page 5-807, v1.14).

AD3810AB*11 5-56, v1.12
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A study on the effects of vigabatrin (500 mg/kg IM) on amino acids in the CSF of baboons
yielded somewhat different results (26 on page 5-755, v1.13). Decreases in concentrations of
glutamate, aspartate, asparagine and alanine were detected at various time points up to 24 hours
postdose; later time points were not examined. :

iv. Anti-Seizure Activity

.The characterization of GABA as a major-inhibitory neurotransmitter in the mammalian CNS-- - -

suggested that administration of GABAergic drugs which elevate central GABA levels may
improve experimental seizure manifestations. Inhibitors of GABA-T such as vigabatrin have been
shown to be effective anticonvulsants in animal seizure models and in human epileptic disorders
(for review, see 194 on page 5-2703, v1.19, 195 on page 5-2721, v1.19, 196 on '

page 5-2738, v1.19, 197 on page 5-2764, v1.19). Unlike other anticonvulsants, the adminis-
tration of vigabatrin alone does not produce obvious CNS excitation. After a 1200 mg/kg IP
dose in rats, EEG recordings become hypersynchronized up to 24 hours postdose (27 on

page 5-765, v1.14). Myoclonus and convulsions have only been scen at higher IP doses of 3000
to 3500 mg/kg vigabatrin in mice (188 on page 5-2657, v1.19).

Human seizures have been classified into broad categories based on whether their onset 1s partial
(focal) or generalized (198 on page 5-2777, v1.19). Subdivisions within these categories are
defined by seizure characteristics such as stiffening and rhythmical jerking (generalized tonic-
clonic), loss of awareness (complex partial) or blank stares (generalized absence). As shown in
Table 5-3 on page 5-58, v1.12, pumerous animal models have been developed to mimic many of
the types of human epilepsies. Clinical efficacy of antiepileptic drugs shows some correlation with
their ability to suppress seizures in experimental animals (199 on page 5-2812, v1.19). However,
positive results in a given model do not always predict anticonvulsant activity in humans since the
pathophysiology leading to seizure symptoms is generally unknown. The data presented here
describe the efficacy of vigabatrin in protecting against seizure manifestations in animal models of

complex partial seizures, generalized tonic-clonic seizures, and generalized absence seizures.

AD3810AB*11 5-57, v1.12
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Table 5-3. Animal Models of Epilepsy. (Derived from Reference 198 on page 5-2777, v1.19)

Genetically epilepsy prone rats

Simple Partial, Acute Generalized Tonic-Clonic Complex Partial
Topically-applied penicillin Genetic Kainic Acid
Other focai convulsants: Photosensitive baboons Tetanus toxin
Bicuculline Audiogenic seizures in mice Injection into area tempesta
Plcrotoxin B Totterer and &l mice Kindling
Strychnine Brain slices

Cholinergies .. «.: .

A

. Mongolian gesb - xn .- oome

Rodent in vitro hippocaspal stices

Anticholinergics Drosophila shakers solated cell preparations
- Acute electrical stimulation Maxdimal electroshock Human neurosuhgiwl tissue
GABA-withdrawal Chemical convulsants: '
Neocortical brain slices Pentyienetetrazol
Penicillin (systemic) Generalized Absence
Bemegride Thalamic stimulation.
Picrotoxin Bilateral cortical foci
Simple Partial, Chronic Bicuculline Systemic penicillin
Cortically implanted metals: Methionine sulfoximine y-Hydroxybutyrate
Aluminum hydroxide Other: Intraventricufar opiates
Cobatlt p-carbolines THIP
Tungsten * Decahydroquinoline-5-carboxylic Genetic rat models
acid epimers
Zinc Flurothyl
Iron Hydrazone
Cryogenic injury isoniazid

Ganglioside antibody injection

isosolaftoridine

Systemic focal epileptogenests

Mercaptopropienic acid

Status Epilepticus

Muscimoi

Lithium-pilocarpine

Metabolic derangements:

Cobalt-homocystine

Hypoxia Recurrept stimulation
Hypoglycemia Methionine sulfoximine
Hyperbaric oxygen Pilocarpine
Hypercarbia

Uremia

Drug withdrawal

High temperature

The efficacy of vigabatrin in these seizure models has been primarily studied after IP adminis-

tration. As described in Section 3.a.ii.a.i. on page 5-44, v1.12, vigabatrin is equally effective at

inhibiting brain GABA-T activity and increasing brain GABA concentrations in mice when
administered by oral or parenteral routes.

AD3810AB*11 5-58, v1.12



_ Marion Merrell Dow Inc. o ape———112

NDA 20-427 " Kansas City, Missouri 64137
Sabril® Ogal
(Vigabatrin)

B. Non-Clinical Pharmacology
3. Effects Related to the Therapeutic Indications

a). Complex Partial Seizure Models
{i). Kindled Seizures

The kindling seizure model in animals involves repetitive electric stimuli which usually leads to a
generalized clonic motor seizure (200 on page 5-2820, v1.19). Amygdala kindling in the rat ini-
tially elicits a focal afterdischarge recorded on an electroencephalogram (EEG). Repeated stimu-
lation then causes behavioral seizures of increasing intensity which fall into defined classes (201 on

.-, page 5-2827%-v1.19); 1. facial clonus;:2:-head-nodding; 3. forelimb clonus; 4.-refring; and B

5. rearing and filling. Once kindling has been induced, animals are thought to remain perma-

- nently sensitized. After discharge and class 1 and 2 manifestations mimic human complex partial

seizures (also referred to as limbic seizures). Activity during classes 4 or 5 corresponds to a
secondarily generalized complex partial seizure.

(a). ' Kindled Seizure Development

Vigabatrin was administered to rats prior to kindling stimulations in order to assess the preventive
effects of vigabatrin on kindling development (27 on page 5-765, vl1.14, 28 on page 5-774, v1.14,
29 on page 5-784, v1.14, 30 on page 5-790, vl.14). Kindling was induced by repetitive stimu-
lations to the amygdala.

Systemic IP administration of vigabatrin (800 to 1500 mg/kg) to rats.resulted'in a marked
increase in the number of stimulations required to induce full amygdala kindling, 4 to 16 hours
postireatment. A dose of 100 mg/kg vigabatrin had no effect on kindling development, 8 hours
posttreatment (28 on page 5-774, v1.14). A greater number of stimulations to establish kindling
were also required when vigabatrin (5 pg) was injected bilaterally into the substantia nigra (30 on
page 5-790, v1.14), suggesting that this brain region may play a key regulatory role in kindling
development. Behavioral changes including sedation and decreased food and water intake
occurred after systemic administration of vigabatrin, but were not linked to changes in kindling
parameters. S :

(b.) Suppression of Kindled Seizures

The efficacy of vigabatrin as an anticonvulsant was assessed by examining its suppressive effects in
fully kindled anirals. In addition to the amygdala, the hippocampus and the piriform cortex are
areas of the brain that have low thresholds for seizure discharge and are used in kindling models
(31 on page 5-798, v1.14). - :

Systemic IP administration of vigabatrin (300 to 1500 mg/kg) to fully kindled rats (28 on

page 5-774, v1.14, 29 on page 5-784, v1.14, 32 on page 5-807, v1.14, 33 on page 5-822, vl.14,
34 on page 5-839, v1.14) resulted in suppression of the motor manifestations of seizures (inci-
dence and duration) and a longer latency for their appearance. A dose of 100 mg/kg vigabatrin
had weak anticonvulsant properties. Effects on focal afterdischarge were inconsistent since both
decreases and increases in afterdischarge duration were observed among different investigators as
well as in rats within the same study. Considerable variations in the timing of the maximal
suppressive effect of vigabatrin were reported, ranging from 8 to 56 hours postdose. These dis-
crepancies could be related to differences in experimental conditions, animal breeds or elevations

AD3810AB*11 5-59, v1.12
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of total brain GABA versus nerve terminal GABA. The former undergoes a sustained elevation 4
to 24 hours postdose (see Section 3.aii.ai. on page 5-44, v1.12) while the latter is elevated

60 hours postdose (see Section 3.adii. on page 5-52, vl. 12) Studies of specific brain areas in rats
and cats (31 on page 5-798, vi.14, 35 on page 5-846, v1.14, 36 on page 5-853, v1.14, 37 on
page 5-857, v1.14, 38 on page 5-867, v1.14, 39 on page 5-892, v1.14, 40 on page 5-898, v1.14)
showed that suppressive effects on motor parameters were also obtained when vigabatrin was
microinjected into the rat amygdala or the endopiriform nucleus (37 on page 5-857, v1.14, 38 on
page 5-867, v1.14, 39 on page 5-892, v1.14). Microinjection of vigabatrin into the rat substantia

- nigra had more pronounced effects on focal activity elicited-fom the amygdala thar on more ~* = ~ . *

general motor manifestations (35 on page 5-846, v1.14). The development of tolerance to
vigabatrin was reported in a chronic 17-day study in rats (33 on page 5-822, v1.14). As with
kindling development, behavioral effects such as hypothermia, piloerection, sedation and
decreased food and water intake were only observed after systemic administration of vigabatiin.

(ii). Pilocarpine

Pilocarpine, a cholinomimetic alkaloid, has been shown to induce limbic convulsions in rats a.fter
IP administration (41 on page 5-901, v1.14).

EEG recordings and behavioral assessments were made in rats treated with 380 mg/kg
pilocarpine, IP. At this dose of pilocarpine, rats undergo akinesia, ataxia, tremors, gustatory
automatisms, wet dog shakes and motor limbic seizures leading to a severe status epilepticus. The
effect of vigabatrin was assessed in this model by bilateral microinjection of 5 ug vigabatrin pnor
to pxlocaxpme into the substantia nigra. This treatment suppressed all components of limbic sei-
zures in 8 out of 9 rats. Vigabatrin did not have any protective effects after bilateral injection into
the striatum. EEG recordings were modified by vigabatrin in that spikes in the hippocampus
spread to cortical recordings but did not become synchronized with hippocampal activity. Treat-
ment with pilocarpine alone caused neuronal degeneration and disruption of the neuropil. There
were no neuropathological changes in animals protected against limbic seizures with microin-
jected vigabatrin.

b). Generalized Tonic-Clonic Seizure Models

(i). -Genetic

(a). Audiogenic Seizures

A model of audiogenic seizures has been developed in genetically susceptible mice (202 on

page 5-2842, v1.19). The DBA/2 mouse at the age of 20 to 39 days responds with a series of
convulsions when exposed to a loud mixed-frequency sound. The following stages have been
defined: 1. a wild runrning phase; 2. clonic convulsions; 3. tonic extensions and 4. respiratory
arrest or recovery. Although changes in a single neurotransmitter system have not been conclu-
sively linked to this genetically altered strain, seizure responses in DBA/2 mice are altered by
various GABAergic agents.

In a detailed study by Schechter et al. (42 on page 5-918, v1.14), vigabatrin produced a time and
dose-related protection against audiogenic seizures in DBA/2 mice. The IP EDj; for decreases in

AD3810AB*11 5-60, v1.12
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seizure incidence and seizure intensity (four hours after dosing) were 990 mg/kg and. 540 mg/kg,
respectively. The duration of antiseizure activity paralleled the duration of elevation in whole
brain GABA concentration and persisted for more than 24 hours (see Figure 5-14 on

page 5-62, v1.12). A significant (P <0.005) linear correlation exists between brain GABA
increase and both suppression of seizure incidence and attenuation of seizure intensity.

AD3810AB*11 5-61, v1.12
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Figure 3-14. Effects of vigabatrin (1500 mg/kg |IP) on whole brain GABA concen-
trations in CD-1 mice and on audiogenic seizures in DBA/2 mice at
various times after injection. Shown are (A) whole brain GABA concen-
tration in pg/g brain tissue (N=6 per point), (B) percent of absolute pro-
tection from seizures relative to controls, and (C) intensity of seizures as
percent of controls at various times after injection of vigabatrin. (Intensity of
seizures was scored 0-8 for individual mice and the group score was calcu-
fated by multiplying the mean individual score by 10, maximum possibl
score =80.) -
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Seizure intensity was reduced by 50% when brain GABA levels were increased to 264% of
control by vigabatrin, while seizure incidence was reduced by 50% when brain GABA levels were
increased to 324% of control by vigabatrin. The EDj, values for seizure incidence and intensity
were markedly decreased by chronic administration of vigabatrin, being 36 mg/kg and 30 mg/kg,
respectively, when five IP doses of vigabatrin were administered at 12-hour intervals. The findings
described in this section have been reported in a number of review articles (188 on

page 5-2657, v1.19, 194 on page 5-2703, v1.19, 197 on page 5-2764, v1.19, 203 on

page 5-2847, vl. 19)

In a.nother study of the eﬁ’ect of vigabatrin on audxogemc seizures in DBA/2 mice, doses of 200 to
1200 mg/kg vigabatrin, IP, were tested up to 72 hours posttreatment (43 on page 5-930, v1.14).
A reduction in seizure response (clonic and tonic phases) occurred after 4 hours at the higher
doses (800 and 1200 mg/kg). Audiogenic seizure responses were unchanged 72 hours

posttreatment.

GABA neurotransmission is also thought to play an important role in the development of
dependency and withdrawal symptoms of ethanol addiction (44 on page 5-936, v1.14). Rats
undergoing ethanol withdrawal are subject to andiogenically induced clonic-tonic seizures.
Vigabatrin (450 and 900 mg/kg IP) was inactive against ethanol withdrawal audiogenic seizures
(44 on page 5-936, v1.14). However, in this study, vigabatrin was administered 90 minutes prior
to audiogenic testing which would not have allowed 2 sufficient amount of time to cause a large
increase in brain GABA levels and to assess the full antiepileptic potential of vigabatrin.

(b). Photic-Induced Seizures

Papio papio baboons are spontaneously epileptic when exposed to photic stimuli (45 on

page 5-943, vl1.14). Other drugs which are effective against photic epilepsy in the baboon are
effective against reflex epilepsy and primary generalized seizures in man. This model may there-
fore predict anticonvulsant activity'in these types of seizures. ‘Motor responses in baboons
induced by photic stimulation were graded on a scale of 0 (no myoclonus) to S (a tonic-clonic

.. seizure). Vigabatrin (450-950 mg/kg, IV) offered complete protection against photosensitive

- epilepsy. A maximal protective effect was observed 1 to 3 hours postadministration and partial

. protection continued up to 24 hours. No signs of acute toxicity were observed. Priming with
allylglycine, an inhibitor of GAD, facilitated the seizure response but did not affect vigabatrin effi-

cacy.
(c). Seizure-Prone Animals o -

The protective effect of vigabatrin against genetically determined epileptic seizures has been
studied in chicks (46 on page 5-949, v1.14) and gerbils (47 on page 5-956, v1.14). In 2- to
S-day-old chicks with an autosomal recessive mutation, febrile convulsions can be evoked by
raising their body temperature (46 on page 5-949, v1.14). This type of seizure resembles human
febrile seizures which occur predominately in young children. The febrile convulsions in chicks
begin with upward and backward extension of the head and neck followed by violent uncoordi-
nated clonus of the wings and legs. The effect of vigabatrin on febrile seizures (100 mg/kg, IP)
was tested 3 to 8 hours postadministration. Vigabatrin caused a significant (P < 0.05) reduction in
the incidence of epileptiform seizures after 5 hours and in the latency to seizure expression after 3
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hours. The mean body temperature at which seizures occurred was higher in vigabatrin-treated
chicks than in untreated chicks. Brain GABA levels were measured at the 5-hour and 8-hour
time. points and were increased 4- to 8-fold. The efficacy of a low dose of vigabatrin (100 mg/kg)
in this model could be due to an underdeveloped blood brain barrier in chicks.

Acute and repeated administration of vigabatrin was studied in the seizure-susceptible Mongolian
gerbil (47 on page 5-956, v1.14). Gerbils were stimulated once weekly by exposure to a blast of
compressed air. Baseline criteria were reproducible grade 5 seizures (generalized tonic-clonic sei-

= . zZures)yin resporse to air blasts for at least 4.consecutive-weeks. s For the acute studies, vigabatrin. - - - =

(20 to 80 mg/kg, IP) was administered 6 hours prior to seizure induction. The protective effect of
acute vigabatrin against seizures was dose-dependent with an EDg, of 50 mg/kg. Vigabatrin was
equally potent after acute oral dosing. Subchronic vigabatrin treatment was tested with daily oral
doses of 50 mg/kg and 100 mg/kg and with every other day and every third day oral 100 mg/kg
doses. The daily 50 mg/kg dose had a moderate anticonvulsant effect 18 hours
postadministration. The daily 100 mg/kg dose was initially more effective, but tolerance devel-
oped over time. With every other day or every third day dosing, no tolerance developed, but the
anticonvulsant activity was lost between dosing intervals. The effect of subchronic vigabatrin
treatment on seizure development was not strictly correlated with increases in brain GABA.
.However, regional GABA increases after subchronic treatment with 100 mg/kg vigabatrin were
generally lower than after subchronic treatment with 50 mg/kg vigabatrin. The high sensitivity of
the gerbil to low doses of vigabatrin in this model suggests that abnormal GABAergic function
may be predommately involved in seizure induction.

(d). Synergism

The potentiation of the anticonvulsant effect of vigabatrin by the inhibitory neurotransmitter
glycine was tested in an audiogenic model (48 on page 5-965, v1.14). A susceptible strain of rats
was subjected to audiogenic seizures and the following behavioral patterns were recorded:

(a) indifferent response; (b) wild running; (c) tonic phase.

Vigabatrin alone (200 mg/kg, IP) or glycine alone (750 mg/kg, IP) administered 5 hours and 1
hour, respectively, prior to seizure induction did not affect wild running. A nonsignificant (25%)
protection against tonic seizures was measured. Combined treatment with the same doses of
vigabatrin and' glycine did not affect wild running but significantly (P < 0.05) protected 63% of the
rats against tonic seizures.

v. Electrically-Induced Seizures

a). Electroconvulsive Threshold

The seizure threshold in mice was determined by the amount of voltage required to induce an
extension of the hindlimbs (49 on page 5-973, v1.14, 50 on page 5-985, v1.14, 51 on

page 5-991, v1.14, 52 on page 5-1000, v1.14). Vigabatrin (2000 mg/kg, IP) caused a gradual
dose-dependent increase in seizure threshold up to 20%, 6 hours postdose. The maximal increase
in whole brain GABA was 6-fold, 8 hours after vigabatrin treatment. The loss of efﬁcacy seemed
to parallel GAD inhibition which occu:red after peak GABA levels were reached.

AD3810AB*11 5-64, v1.12



Marion Merrell Dow Inc, g

NDA 20-427 . Kansas City, Missouri 64137
Sabril® Oral
(Vigabatrin)

B. Non-Clinical Pharmacology
3. Effects Related to the Therapeutic Indications

In a study of chronic dosing in mice, vigabatrin was administered via the drinking water for
periods of 1, 4, 8 and 12 days and the electroconvulsive threshold was determined (204 on

page 5-2863, v1.19). A low dose group (70 to 80 mg/kg/day) maintained an elevation in seizure
threshold for 12 days. A higher dose group (170 to 200 mg/kg/day) had an elevation in seizure
threshold equivalent to the lower dose group up to 8 days, but this effect was gradually lost and a
return to control levels was observed after 12 days. : :

b). Maximal Electroshock

 Seizures induced by maximal electroshock (MES) are characterized by a sequential tonic flexion
and extension of the fore and hindlimbs (198 on page 5-2777, v1.19). The endpoint of
convulsant activity is usually measured as the duration of tonic hindimb extension (THE).

Administration of vigabatrin (600 to 1600 mg/kg, IP) to rats had no effect on seizures induced by
MES, 12 hours postdose (54 on page 5-1032, v1.14). In mice, doses up to 640 mg/kg orally
were ineffective 4 hours postdose (2 on page 5-288, v1.13). However, when longer treatment
periods were examined in rats, a 1600 mg/kg IP dose of vigabatrin caused a reduction in the
THE duration at the 36-hour time point and complete suppression of THE ‘at the 60-hour time
point (54 on page 5-1032, v1.14). The EDs, for THE suppression at the 60 hour time point was’
900 mg/kg. The degree of seizure protection was highly correlated (r=.93) with the increase in
nerve terminal GABA but not with changes in total GABA. This correlation was obtained with
IP doses of vigabatrin. If the direct microinjection route is used, time to peak anticonvulsant
activity and concomitant elevation of nerve terminal GABA occurs 6 to 24 hours after vigabatrin -
treatment (196 on page. 5-2738, v1.19). In contrast with rats, no protective effect of vigabatrin
against MES-induced seizures was observed in mice pretreated 1 to 60 hours with vigabatrin

(1500 mg/kg, IP) (53 on page 5-1010, v1.14).

Vigabatrin was microinjected into forebrain, midbrain and hindbrain to try to delineate a more
precise location for the protective effect of elevated GABA against MES seizures (550n

page 5-1038, v1.14, 56 on page 5-1043, v1.14, 57 on page 5-1049, v1.14, 58 on

. page 5-1057, v1.14, 59 on page 5-1062, v1.14). In rats, microinjection of vigabatrin (10 ug

- unilaterally or 5 pg bilaterally) into the ventral midbrain tegmentum caused a complete block of
- THE, 6 hours posttreatment. This effect lasted for 72 hours and was no longer present by 96
bours. GABA elevation in ‘midbrain tegmentum paralleled the time course of anticonvulsant
activity (56 on page 5-1043, v1.14). Rats microinjected into the forebrain (bilaterally) or
hindbrain (unilaterally) with 20 ug vigabatrin were not protected at the 6-hour or 24-hour time
point (55 on page 5-1038, v1.14, 60 on page 5-1068, v1.14). The <critical role of the midbrain,
particularly the substantia nigra, in MES-induced seizures in rats was confirmed by other investi-
gators. Bilateral microinjection of 30 pg vigabatrin into the anterior thalamus (58 on

page 5-1057, v1.14) or 10 ug into the deep prepiriform cortex (59 on page 5-1062, v1.14) had no
effect on THE whereas vigabatrin (30 g) microinjected bilaterally into the substantia nigra sup-
pressed THE by 74% to 83% (57 on page 5-1049, v1.14, 58 on page 5-1057, v1.14).

Norepinephrine neurons are thought to play a role in the electroshock suppressive effects of nigral
vigabatrin microinjection (61 on page 5-1080, v1.14). Vigabatrin (5 #g) microinjected bilaterally
into the substantia nigra in rats caused a 38% suppression of THE which was abolished by
idazoxan, an «,-receptor antdgonist. - )
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