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MARTIN, B J ,  R J MARLEY, L L MINER AND J M WEHNER Classtcal genenc analysts of GABA-related 
selzures PHARMACOL BIOCHEM BEHAV 29(3) 501-507, 1988 --Differences m resistance to 3-mercaptoproplomc aod  
(MP)-mduced seizures extst between DBA/2Ibg and C57BL/6Ibg inbred strmns of mice, C57BL/6Ibg mice are more 
resistant to MP-mduced seizures To determine the mode of inheritance for seizure resistance, a classical genetic analys~s 
was conducted using these two parental strains, their F1, F2, and backcross generations Latenoes to seizure onset and 
tonus after mtrapentoneal (IP) injections of MP (25-40 mg/kg) were quantified For all populations mean latenc~es to onset 
and tonus decreased m a dose dependent manner w~th the hybrid generations exhlbmng a seizure resistant phenotype 
resembhng the C57BL/6Ibg strain In general, female m~ce were less resistant to MP-mduced seizures than males, however, 
a s~gmficant degree of resistance was retained by the C57BL/6Ibg females and their female progeny A quantltatwe 
assessment of the pattern of inheritance for seizure resistance using a weighted least-squares regression approach indicated 
that an addmve-dommance model explained latency to seizure onset data at 25, 35 and 40 mg/kg However, at 30 mg/kg, the 
model required the addmon of an eplstat~c parameter to best describe mean scores at this dose The results of these 
analyses suggest that resistance to MP-mduced seizures is transmitted in a dominant manner 
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D I F F E R E N T I A L  suscep t lbd l ty  to se izure  onse t  m roden t s  
has  b e e n  s h o w n  to ref lect  a s u b s t a n t m l  gene t ic  c o m p o n e n t  
St ra tus  of  l a b o r a t o r y  a m m a l s  h a v e  b e e n  used  to cha rac t e r i ze  
the  h e t e r o g e n e o u s  exp re s s ions  of  c o n v u l s i v e  d i sorders  
w~thln severa l  se~zure-lmtlaUon pa rad igms  In a maJori ty  of  
the  a m m a l  mode l s ,  the  genet ic  p r e d l s p o s m o n  to se izure  
o n s e t  is man i fe s t ed  as an  a l te red  t h r e s h o l d  to se izure  reduc-  
ing sUmuh wh ich  m a y  be  expe r imen ta l ly  m a m p u l a t e d  to trig- 
ger  c o n v u l s i v e  ac t lw t y  T h e s e  inc lude  s ens o r y  st lmull  such  
as loud s o u n d  [4, 6, 31], a bu r s t  of  air  [14], pos tu ra l  s t imula-  
t ion  [11], or  chemica l s  [17, 21, 29] 

The  i n v o l v e m e n t  o f  va r ious  neuro t ransm~t te r s  m the  
pa thogenes~s  o f  se izure  d~sorders ~s c o m p l e x  A t t e m p t s  to 
d e t e r m m e  an  et iological  role for  a n e u r o t r a n s m l t t e r  de fec t  
h a v e  ~mphcated severa l  exc i t a to ry  n e u r o t r a n s m l t t e r s  in the  
regu la t ion  o f  se izure  a cuv l t y  [9] H o w e v e r ,  t he  ev idence  for  
a unda te ra l  excxtatory t r a n s m i t t e r  de fec t  has  b e e n  inconsis-  
ten t .  I t  has  b e e n  p r o p o s e d  t ha t  se izure  p r o d u c t i o n  and  
p ropaga t i on  revo lve  inh ib i to ry  p a t h w a y s  and  tha t  d lsmhlbl -  
t~on of  these  inh ib i to ry  p a t h w a y s  resu l t s  in se izure  act~wty 
[5, 8, 24, 37]. G A B A  ( g a m m a - a m l n o b u t y r l c  acid) is the  ma jo r  
m h l b l t o r y  neuro t r ansm~t te r  m b ra in  Pha rmaco log ica l  ma- 
mpu la t lons  o f  GABA act iv i ty  at  pre-  and  p o s t s y n a p s e s  resu l t  
m changes  in se izure  t h r e sho lds  [1, 7, 13, 26] The  
c h e m o c o n v u l s a n t ,  3 - m e r c a p t o p r o p i o m c  acid (MP),  is a re- 
vers ib le ,  compe t i t i ve  inh ib i to r  o f  G A D  (g lu tamate  decar -  

boxylase) ,  the  r a t e -hml tmg  e n z y m e  tha t  d e t e r m i n e s  
s t eady-s t a t e  levels  of  b rmn  G A B A .  A dec rea se  of  G A D  ac- 
twl ty  due to M P  t r e a t m e n t  resu l t s  m a d e f i o t  m the  a m o u n t  
of  G A B A  avadab l e  for  re lease  in to  the  synapt lc  cleft  
Ka r l s son  et a! [10] h a v e  s h o w n  tha t  a t ime  cour se  of  G A D  
act iv i ty  a f te r  M P  re jec t ion  Is re la ted  to G A B A  levels  and  
se izure  onse t .  The  dura t ion  o f  se tzure  suscep t lbd l ty  corre-  
sponds  to the  t~me cour se  of  e n z y m e  ac t lv l ty  At  15 m m  the 
th re sho ld  of  se izure  suscep t lbd l ty  beg ins  to  inc rease ,  reflect-  
mg the  r eve r sa l  of  G A D  acUvlty to no rma l  levels .  

Recen t ly ,  Mar ley  et a! [17] d e m o n s t r a t e d  s ignif icant  
d~fferences in l a tenc les  to se izure  onse t  and  tonus  a m o n g  
m b r e d  s t ra ins  o f  mice ,  C57BL/6Ibg ,  C3H/2Ibg ,  DBA/2Ibg ,  
and  a h e t e r o g e n e o u s  s tock  of  mice ,  HS ,  w h e n  cha l l enged  
wi th  c o n v u l s a n t  doses  of  MP.  The  resu l t s  of  this  invest iga-  
t ion  ind ica ted  tha t  the  C57BL/6Ibg  s t ra in  was  un ique  a m o n g  
the  four  popu la t ions  t es ted  B o t h  male  and  female  
C57BL/6Ibg  mice  d i sp layed  an  inc reased  r e s i s t ance  to MP- 
reduced  se izures  as c o m p a r e d  to the  o t h e r  s t ra tus  In o rde r  
to de t e rmine  the  pa t t e rn  of  i nhe r i t ance  of  se izure  r e s i s t ance  a 
c lass ical  gene t ic  analys is  was  c o n d u c t e d  us ing  as pa ren ta l  
popu la t ions  two s t ra ins  d e m o n s t r a t i n g  m a x i m u m  d~fferences 
m the i r  se izure  r e s p o n s e s  The  latenc~es to se izure  onse t  and  
tonus  af ter  M P  t r e a t m e n t  were  eva lua ted  m C57BL/6Ibg  
(mos t  res i s tan t )  and  DBA/2Ibg  ( least  res i s tan t )  mbreds ,  the i r  
F1,  F2, and  b a c k c r o s s  gene ra t ions .  
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METHOD 

Ammal.~ 

Male and female mice from two inbred strams 
(C57BL/6Ibg and DBA/2Ibg)  were  used in this analysis Mat- 
mg pairs p roduced  the fol lowing genetic crosses  C57BL × 
D B A = F 1  and the r e o p r o c a l  cross .  D B A  × C57BL,  F1 × 
F I = F 2 ,  F1 × C 5 7 B L = C D X C  (backcross  1). and FI  × 
D B A = C D X D  (backcross  2) All mice were  weaned at 25 
days of  age and housed with two to six hke-sex  ht termates  
Ammals  were  maintained on a 12-hour hght/dark cycle  
(hghts on at 0700 to 1900) and were permit ted free access  to 
food (Wayne Lab Blox) and water  The bedding used in 
housing the ammals  was aspen hardwood chips (Beta-chips.  
Nor theas te rn  Products .  Warrensberg,  NY) All testing was 
done when the mice were  60-90 days old 

Drug 

Three-mercap toprop lon ic  acid (Sigma Chemical  C o ,  St 
Lores,  MO) was dissolved m 0 9% sahne and was admims- 
tered by mt rapen tonea l  (IP) injection m a vo lume of  0 02 
ml/g body weight  The doses  used were  25, 30. 35 and 40 
mg/kg All solutions were  prepared fresh dady 

Setzat e Testmg 

Ammals  were  placed in an mr-condi t ioned testing room 
with 34 watt  overhead  f luorescent  hghtmg at least  one hour 
before  seizure test ing began After  IP injection,  mice were  
individually placed m a 1 5 hter glass ja r  for obse rvahon  
L a t e n o e s  f rom injection to seizure onset  and tonus were  
recorded to the nearest  5 sec 

MP-lnduced seizures are charac ter ized  by distract stages 
of  motor  behavior  (1) clonus is identified as a loss of  ngh tmg 
reflex with convuls ive  movemen t s  in all ext remit ies ,  (2) wdd 
running is purposeless ,  random running and jumping,  and (3) 
tonus Is charac ter ized  by full caudal  hmb extens ion and res- 
piratory arrest  that often results in death It was observed  
that tonus was always preceded  by a bout  of  wdd running 
For  the purposes  of  this study, seizure onse t  was defined as 
clonus or  wdd running,  whichever  occur red  first Observa-  
tion t ime was hmlted to 900 sec after  IP inject ion,  any animal 
not  seizing within this t~me period was given a score o f  900 

Data AllalyM3 

Inmal ly  latencies from IP lnjectmn to seizure onset  and 
tonus were  analyzed separately for all groups using 3-way 
analyses  of  var iance  ( A N O V A )  to de termine  sex,  dose,  and 
generat ion effects Reciprocal  F1 data  were  tested usmg a 
3-way A N O V A  to detec t  the presence  of  maternal  effects  
Subsequent  2-way A N O V A s  were  then conduc ted  sepa- 
rately for male and female onset  and tonus la tency scores  
Fo r  those analyses  in which significant differences were  ob- 
served,  the results were  subjected to T u k e y ' s  Bpo~t-hoc test  
to de termine  the rank order  o f  generat ion responses  

To assess  the extent  to which strata differences at differ- 
ent  doses  are due to the same genetic  influences,  Pea r son ' s  
correlat ions among doses  were  computed  for both males and 
females Mean latencles  at each dose were  correla ted across 
the generat ions,  result ing in a 4×4  correlat ion matrix for 
each sex 

Genett~ Analysts 

Latencles  t o  s e i z u r e  o n s e t  a n d  t o n u s  w e r e  m e a s u r e d  m 

T A B L E  1 

GENETIC MODELS FOR MEAN ANALYSIS 

Genetic Models 

Additive- Full Model With 
Generation Dominance Eplstasts 

PI (C57BL) m + [d] m + [d] + [1] 
P2 (DBA) m - [d] m - [d] + [1] 
F~ m + [hi m + [hi + [I] 
F2 m + 1/2[hi m + 1/2[hi+ 1/411] 
B~ (CD × C) m + l/2Id] + 1/2[hi m + l/2[d] + 1/2[hi + 1/4[~] 

+ 114131 + 1/411] 
B2 (CD × D) m - l/2[d] + l/2[h] m -  l/2[d] + l/2[h] + 1/411] 

- 1/4[.1] + 1 /411]  

Genetic models used to estimate genetic parameters m, m~dpa- 
rent value. [d]. summauon of addmve genetic effects, [h]. summa- 
tlon of dominance devmtlons, [l], eplstatlc interactions between 
homozygous combinations of alleles at different loci, [j]. eplstatlc 
interactions between homozygous and heterozygous combinations 
of alleles at different locL and [1], eptstatlc interactions between 
heterozygous combination of alleles at different loo 

the two parental strams,  C57BL/6Ibg and DBA/2Ibg,  their  
F1, F2 and backcross  generat ions to determine  the mode  of  
inheri tance for seizure resis tance Mean latencles to tonus 
resulted m the max imum latency (900 sec) for at least one 
populat ion per  dose This lack of  var iance within generat ions  
for tonus p reven ted  genetic assessment  o f t onus  data There-  
fore,  genetic  analyses  were  under taken  for latency to onset  
scores only Latency  scores were  t ransformed by a natural 
log scale t ransformat ion to meet  the assumptions  of  normal-  
~ty and homoscedas t~oty  The t ransformed data were  then 
subjected to a means analysis p roposed  by Mather  and Jmks  
[18] This model  utlhzes a weighted least-squares  regression 
approach to es t imate  genetic parameters  as shown in Table  
1 Weights  are calculated from the reciprocals  of  the van-  
ances  of  the observed  means  The es t imated parameters  in- 
clude mldparent  value (m). an addit ive genetic effect  [d]. 
and dominance  deviat ions [h] In addition, three parameters  
account ing for eplstas~s, or  non-allelic interact ions,  can also 
be es t imated interact ion be tween  homozygous  combina-  
tions at different loci [1],  be tween  homozygous  and 
heterozygous  combinat ions  [.1]; and be tween  he terozygous  
combinat ions  [1] The fit of  the model  is evaluated  statisti- 
cally by means  of  a Chl-square test  applied to the observed  
and expec ted  populat ion means  First  a simple addit ive- 
dominance  model  (estimating m. [d], and [h]) is fitted to the 
data This model  can be re jec ted  by a slgmficant  Chl-square,  
indicating a stgmficant difference be tween  the expec ted  and 
observed  means  More  complex  models  can be formulated 
with the addit ion o f  the eplstat~c parameters  The  interact ion 
parameters  may be added one or  two at a t ime m any combi-  
nation to best  explain the data Th~s method  leads to the 
select ion of  the best  fitting, most  pa rs lmomous  model  

Differences  m male and female seizure onset  responses  
were  indicated by a slgmficant main effect  m the initial 3-way 
A N O V A  H o w e v e r ,  no 2-way or 3-way interact ions that in- 
cluded sex as a factor  were slgmficant This suggests,  that 
al though males and females differ m the degree of  susceph-  
bdlty to MP-mduced  seizures,  they do not demonst ra te  dif- 
ferent  neurochemlca l  mechanisms m thew regulahon of  sel- 
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FIG 1 Latency to seizure onset induced by IP rejections of 
3-mercaptoproplonlc acld In two parental inbred strains of mice, 
their F1, F2 and backcross generations Latencles were scored as 
descnbed under the Method section (mean_+SEM, n=6-13) 

zure act lvl ty  across  doses  and/or  generat ions A similar 
mechan ism of  act ion be tween  the sexes  implies that the pat- 
tern o f  m h e n t a n c e  for seizure res is tance ~s the same for both 
sexes.  F o r  this reason,  t ransformed male and female means  
and var iances  were  averaged at each  dose to create  one 
mean and one vanance  for each  generat ion to be used in the 
means  analysis.  An  average  o f  male and female var iances  
was used instead of  a pooled  populat ion var iance at each  
dose m order  to restr ict  the var iance  to within sex variat ion,  
excluding any be tween  sex var ia t ion 

RE S UL T S 

Seizure Onset 

Latenc les  to seizure onse t  after IP mject~on decreased  in 
a dose dependen t  manner  for all genera t ions  (Fig 1) Ini- 
tially, tests of  s lgmficance using a 3-way A N O V A  for the full 
complement  o f  data  resul ted in highly stgmficant group,  sex, 
and dose effects ,  F(6,474)=22 9, p < 0  001, F(1,474)=13 4, 
p<0 .001 ,  F(3,474)=44.6,  p < 0  001, respect ive ly .  The signifi- 
cant  sex differences in the original parental  data and hybrid 
generat ions  resul ted m separate  analyses  for males and 

T A B L E  2 
CORRELATIONS OF L A T E N C Y  TO SEIZURE ONSET AMONG DOSES 

25 30 35 40 
mg/kg mg/kg mg/kg mg/kg 

Males 

25 mg/kg 1 00 83* 92* 83* 
30 mg/kg 1 00 67 41 
35 mg/kg 1 00 87* 
40 mg/kg 1 00 

Females 

25 mg/kg 1 00 85* 69 26 
30 mg/kg 1 00 73* - 06 
35 mg/kg 1 00 - 19 
40 mg/kg 1 00 

Pearson's correlation matrices for latency to seizure onset scores 
among doses of 3-mercaptoproplomc acid common to two parental 
inbred strams of mice and their F1, F2 and backcross generations 
(n=6, *p<0 05) 

females In addit ion,  a 3-way A N O V A  of  the reciprocal  
cross latencles to seizure onset  and tonus indicated no ma- 
ternal effects Consequent ly ,  the F1 data were  combined  in 
subsequent  analyses 

Figure 1 presents  the mean latencies to seizure onset  as a 
function of  MP doses  common  to all male populat ions The 
mean score for C57BL/6Ibg males at 25 mg/kg IS at ceiling, 
with the hybrid generat ions clustering be tween  830 and 730 
sec Group and dose effects  were  both highly significant, 
F(5,239)=9 8, p < 0  001, and, F(3,239)=25 2, p < 0  001 

The mean latencles for the female populat ions presented 
m Fig 1 demonst ra te  a slmdar dose dependent  pat tern of  
seizure act ivi ty,  however ,  females seized below the 900 sec 
t~me hmlt at all doses,  indicating that on average,  females  
display a decreased  resis tance to MP-induced seizures A 
2-way A N O V A  also resulted m significant group and dose 
effects,  F(5,234)=4 5, p < 0  001, and, F(3,234)=19 6, 
p <0  001, respect ive ly  

For  both males and females  the mean responses  to seizure 
onset  of  the d e n v e d  generat ions are similar to those exhib- 
ited by the C57BL/6Ibg strain Post-hot analyses conf i rmed 
no differences among these five generat ions ,  in contrast ,  
male and female DBA/2Ibg mice were  significantly less resis- 
tant to MP-lnduced seizures (Tukey ' s  B, p < 0  05) 

The correlat ions presented  in Table 2 indicate that strain 
differences are posi t ively corre la ted among doses,  suggest- 
lng a c o m m o n  genetic mechan ism operat ing for all doses  of  
MP For  females ,  the correlat ions are substantial  for doses  in 
the low to middle range (doses 25 and 30 mg/kg, 25 and 35 
mg/kg, and 30 and 35 mg/kg). H o w e v e r ,  the correlat ions In- 
volving 40 mg/kg are low because  of  a maximal  response  at 
which the female generat ions are no longer  differentiated 

Tonlls 

The mean latencies to tonus shown in Fig 2 Indicate that 
across  all doses at least one generat ion of  males  is at celhng 
of  900 sec, and with the except ion  of  the substantml decrease  
exhibi ted by the DBA/2Ibg mbreds  at 40 mg/kg, all o ther  
groups clustered be tween  725 and 900 sec As with seizure 
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FIG 2 Latency to onset of tonus reduced by IP rejections of 
3-mercaptopropiomc acid m two parental inbred stratus of m~ce, 
their F1. F2 and backcross generations Latencles were scored as 
described under the Method sectmn (mean_+SEM, n=6-13) 

onset, the effects of group and dose are highly slgmficant, 
F(5,239)=16 2, p < 0  001, and, F(3,234)=15 0, p < 0  001 

Figure 2 presents the significant group and dose effects 
for the female generations, F(5.234)=27 9, p < 0  001, and, 
F(3,234)=6 8, p < 0  001 Like the male populations, female 
C57BL/6Ibg and hybrid generations cluster above 675 sec, 
however,  by 40 mg/kg no group is at ceiling The high pro- 
portion of maximum mean latencies (900 sec) precludes a 
post-hoe analysis of tonus scores 

Genetic Analyst~ 

Transformed mean latency scores for seizure onset were 
fit to the simple additive-dominance model shown m Table 1 
Parameter estimates and tests of significance for each dose 
are presented m Table 3 The nonslgmficant Chi-square es- 
timates at doses 25, 35 and 40 mg/kg suggest that the 
addmve-dommance model adequately explains the data at 
these doses However ,  at 30 mg/kg the model required the 

addition of an eplstatlc parameter, [1], indicating the pres- 
ence of interactions between heterozygous pmrs of alleles 

DISCUSSION 

The results of  a classical genetic cross between a seizure 
susceptible strata, DBA/2Ibg, and a seizure resistant strain, 
C57BL/6Ibg, indicate that the hybrid populations display a 
phenotype that resembles the C57BL/6Ibg strain This is the 
case regardless of  whether the measure is latency to seizure 
onset or latency to tonus This is interesting in light of  our 
previous work which showed that the level of seizure sus- 
ceptibility in three other genetic stocks of mice more closely 
resembled the DBA/2Ibg strain [17] This investigation 
demonstrates that the genotype responsible for seizure re- 
sistance within the GABAergic system is inherited m a 
dominant fashion 

In general, the quantitative assessment of the pattern of 
inheritance for resistance to seizure onset supports an 
addltive-dommance hypothesis However ,  the addition of 
one epistat~c parameter at 30 mg/kg suggests that more than 
one gene may be responsible for the degree of resistance to 
MP-induced seizures observed in this study The lack of ln- 
terallehc interaction parameters at the other doses does not 
necessarily indicate a single gene effect The activity of  sev- 
eral genes may be expressed concurrently m an additive 
and/or dominant manner representing a sum of independent 
effects In addition, Mather and Jmks [18] suggest that scale 
transformations that satisfy hnearlty may dilute non- 
independent gene effects A fit of the additwe-dommance 
model to transformed data wdl permit an interpretation of 
average independent gene effects and will also retain predlc- 
twe value, particularly when the results can be legitimately 
tested against results generated from other statistical 
analyses The po~t-ho~ analyses of the untransformed data 
show a clear pattern of dominance for seizure resistance, the 
C57BL/6Ibg mice appear to confer a degree of seizure 
protection to their progeny 

Sex differences observed in the present study show that 
female mice are less resistant to MP-induced seizures than 
males, however, a comparative degree of  resistance is re- 
tained by the C57BL/6Ibg females and their female hybrid 
progeny The greater degree of variation among the female 
generations for seizure onset at 25 mg/kg as compared to the 
male generations at this dose, and the opposite pattern of 
generation responses at 40 mg/kg, suggests that the dose 
response curve for females is shifted to the left These results 
are consistent with recent investigations demonstrating In- 
creased sensitivity in female mice [17] and female rats [23] to 
the effects of  drugs that affect GABAergic transmission De- 
creases in GAD activity due to estradiol benzoate treatment 
have been reported in discrete brain areas in rat [36] mclud- 
ing substantia nlgra [20,22], a region which has been imph- 
cated In seizure propagation [5,8] In addition, sex differ- 
ences observed m seizure sensitivity to plcrotoxln are age 
dependent, occurring in sexually mature mice, but not m 
immature or old animals [15] 

Others have attempted to characterize the mode of sei- 
zure inheritance using other models of seizure mduct~on 
Sensory stimuli will trigger seizure onset m some inbred 
stratus of mLce (e g , 2 I-day-old DBA/2J mice) [4, 6, 31] and 
selected lines such as the GEPR (genetically epilepsy-prone 
rat) [12] and AUZ (Umversity of Arizona) rats [2] These 
animals are primarily sensitive to acoustic stimuli, however.  
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T A B L E  3 

GENETIC ANALYSIS OF TRANSFORMED LATENCY TO SEIZURE ONSET SCORES 

25 mg/kg 30 mg/kg 

Generation Observed Expected ( O - E )  Observed Expected ( O - E )  

P~ (C57BL) 6 69 6 58 11 
P2 (DBA) 5 51 5 71 - 20 
F L 6 54 6 57 - 03 
F2 6 45 6 36 09 
BI (CD × C) 6 45 6 58 - 13 
Bz (CD × D) 6 38 6 14 24 

Xz(3)=4 34, p > 0  20 

35 mg/kg 

Observed Expected ( O - E )  

P1 (C57BL) 5 93 5 91 02 
P2 (DBA) 5 20 5 29 - 09 
F1 5 95 6 02 - 07 
F2 6 04 5 81 23 
BI (CD × C) 5 83 5 96 - 14 
B2 (CD × D) 5 74 5 66 08 

X2(3)=3 34, p > 0  10 

6 20 5 97 23 
5 29 5 32 - 03 
6 13 6 13 00 
6 23 6 25 - 02 
6 05 6 41 - 36 
6 36 6 08 28 

X~(2)=4 78. p > 0  05 

40 mg/kg 

Observed Expected ( O - E )  

5 97 5 94 03 
5 22 5 23 - 01 
5 68 5 68 00 
5 53 5 63 - 10 
5 90 5 8O 10 
5 49 5 45 04 

Xz(3)=0 83, p > 0  80 

Genetic Parameter Estimates 

25 mg/kg 30 mg/kg 35 mg/kg 40 mg/kg 

m=6 14-+ 012 m =565- +  0 14 m=560_+ 0 11 m = 5 5 8  _+ 0 12 
[d]=0 43 -4- 0 12 [d]=0 32 _+ 0 13 [d]=0 31 _+ 0 l0 [d]=0 35 +- 0 12 
[h]=0 42 +_ 0 19 [h]=l  92 -+ 0 64 [h]=0 42 _+ 0 17 [ h ] = - 0  09 +_ 0 17 

[l] = - 1 4 4 - + 0 6 2  

Male and female latency to seizure onset scores from the dose response curves shown m Ftg 1 were 
transformed by a natural log scale transformation Male and female means and variances averaged at 
each dose were fit to the genetic models presented in Table 1 The nonsignificant X 2 estimates at 25, 35 
and 40 mg/kg indicates a good fit of the simple additive-dominance model The addltmn of one ep~statlc 
parameter was required at 30 mg/kg Genetic parameters estimated are m, mldparent value _+SE. [d], 
summatmn of additive genetic effects - S E ,  [h], summation of dominance deviations _+SE. and [1], 
ep~statlc mteractmns between heterozygous pairs of alleles _+SE 

they  also exh ib i t  a genera l i zed  p red i spos i t i on  to e l ec t rocon-  
vu l s ive  shock ,  k indl ing  [25] and  chemica l  c o n v u l s a n t s  [12] 

The  specif ic  m o d e  o f  i nhe r i t ance  r e spons ib l e  for  the  sei- 
zure  p r o n e  and /o r  se izure  r e s i s t an t  p h e n o t y p e  has  b e e n  de-  
t e r m i n e d  in re la t ive ly  few an imal  mode l s  Quan t i t a t ive  
a s s e s s m e n t s  of  gene t ic  t r a n s m i s s i o n  o f  aud logen lc  se izure  
suscep t lb lh ty  in mice  have  p r o d u c e d  a v a n e t y  of  h y p o t h e s e s  
rang ing  f rom single a u t o s o m a l  d o m i n a n t  to single au to soma l  
r eces s ive  to a mul t i fac tor la l  mode l  o f  i nhe r i t ance  [30] Re- 
cen t ly ,  a gene t ic  ana lys i s  us ing  C57BL/6J  × DBA/2J  r ecom-  
b i n a n t  i nb reds  ha s  re fu ted  the  single locus  h y p o t h e s i s  and  
suppor t s  a po lygen ic  sys t em,  a lbe i t  w i th  a smal l  n u m b e r  of  
loci i nvo lved  [31]. S imi lar  mul t i fac tor la l  h y p o t h e s e s  h a v e  
b e e n  p r o p o s e d  for  h igh p r e s s u r e  neurolog~c s y n d r o m e  
( H P N S )  type  2 se izures  in mice  [19] and  i son iaz id - induced  
se izures  in 8-week-old  mice  [34] 

In c o n t r a s t  to  the  pa t t e r n  of  d o m i n a n c e  for  se izure  resis t -  
ance  o b s e r v e d  in ou r  inves t iga t ion ,  o t h e r  c lass ical  gene t ic  
mode l s  us ing  c h e m o c o n v u l s a n t s  such  as  n ico t ine  [21] and  
caffe ine  [28,29] h a v e  ind ica ted  a single gene  effect  wi th  
d o m i n a n c e  for  se izure  suscept ib i l i ty  In  addi t ion ,  a r e c e n t  

c lass ical  gene t ic  analys is  inves t iga t ing  the  co inc iden t  sen- 
SltlVity to se izures  i nduced  by  two agents ,  caffeine and  the  
b e n z o d i a z e p l n e  inverse  agonis t ,  m e t h y l  6 ,7-d lmethoxy-4-  
e t hy l -be t a - ca rbohne -3 -ca rboxy l a t e  ( D M C M ) ,  has  ind ica ted  
t ha t  h y p e r e s p o n s l v e n e s s  to the  p r o c o n v u l s a n t  ac t ions  of  
D M C M  is l n h e n t e d  in a d o m i n a n t  m a n n e r ,  d e t e r m i n e d  by  a 
single a u t o s o m a l  gene  [27] The  d i rec t ion  of  d o m i n a n c e  in 
our  resul ts  may  also represen t  m e c h a n i s m s  wi th  the  G A B A /  
b e n z o d l a z e p l n e  (BZ) s y s t e m  ref lec t ing the  ind i rec t  ac- 
t ions  of  M P  on  G A B A  syn thes i s ,  r a t h e r  than  a d i rec t  Influ- 
ence  at  the  r e c e p t o r  level  

E x t e n s i v e  cha r ac t e r i z a t i on  of  the  G A B A e r g l c  sys t em in 
se izure  suscep t ib le  and  se izure  r e s i s t an t  mice  has  b e e n  per-  
fo rmed  Ear ly  s tudies  on  G A D  act iv i ty  and  G A B A  up take  
did not  r evea l  s igmficant  d i f fe rences  b e t w e e n  se izure  sus- 
cept ib le  and  r e s i s t an t  s t ra ins  [32,33] S tudies  m e a s u n n g  high 
affinity G A B A  b ind ing  us ing  [3H]-muscImol  in C57BL/6Ibg  
and  DBA/2 Ibg  mice resu l ted  in no  r e c e p t o r  d i f fe rences  be-  
tween  the se  two s t ra ins  [17] H o w e v e r ,  low affmity G A B A  
b ind ing  p a r a m e t e r s  as m e a s u r e d  by  [3H]-GABA did defter 
b e t w e e n  these  s t ra ins  In b o t h  aff ini ty and  r e c e p t o r  n u m b e r  
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[35] Other  strain d i f ferences  s lmdar  to ours  have been  
demons t r a t ed  for  b icuculhne (Bic)-mduced se izures  
(GABA~ r ecep to r  antagonis t ) ,  C57BL/6Ibg mice were  signif- 
Icantly more  res is tant  than C3H/2Ibg mice [3] This relative 
res i s tance  to B~c-induced se izures  paral leled the res i s tance  
to Blc- lnduced ept lept l form ac t lwty  obse rved  m h lppocam-  
pal shce  p repara t ions  f rom these  m b r e d  strains [3] In addi- 
t ion, a recen t  invest igat ion that  examined  coupling b e t w e e n  
the G A B A  recep to r  and the benzodmzep ine  r ecep to r  m five 
genetic s tocks  of  mice [16], including C57BL/6Ibg and 
DBA/2Ibg,  de t e rmined  that  e n h a n c e m e n t  of  [~H]- 
f lunl t razepam (FNZ)-b tnding  by G A B A  was posi t ively corre-  
lated with the degree  of  res i s tance  to M P - m d u c e d  se izures  
Mice that  exhib i ted  a grea te r  degree  of  seizure res i s tance  
(C57BL/6Ibg) also d e m o n s t r a t e d  a grea ter  degree  of  
e n h a n c e m e n t  of  [3H]-FNZ binding Whe the r  these  differ- 
e n c e s  at the G A B A / B Z  barbi turate  r ecep to r  complex  reflect  
the d i f fe rences  obse rved  by o thers  m low affimty G A B A  
b m d m g  [35], a variat ion in the molecular  p roper t ies  of  the BZ 
recep tor ,  or some fundamenta l  d i f ference  m membran e  m~- 

c roenv l ronmen t  remains  to be de te rmined ,  as well as how 
these  d i f fe rences  funct ion m genotypic  regulatmn of  seizure 
th resholds  

In summary ,  the results  o f  a classical  genet ic  cross  be- 
tween  a seizure suscept ible  strata and a seizure res is tant  
strain indicate  that  the geno type  respons ib le  for  res is tance  to 
MP- lnduced  se izures  is t ransmi t ted  in a dominant  fashion A 
quant i ta t ive a s s e s s m e n t  of  the data suggests  that  an 
ad d l t w e -d o ml n an ce  model  adequate ly  explains the pat tern  of  
gene ra tmn  r e sponses  

ACKNOWLEDGEMENTS 

We thank Dr John DeFrles for helpful suggestions dunng the 
course of this work This work was supported by predoctoral 
traineeships to B J M ,  L L M  and R J M  (NIMH grant MH- 
16880, NICHD grant HD-07289) and BRSG grant No RR-07013-19 
and -20 awarded by the Biomedical Research Support Grant pro- 
gram. Division of Research Resources, NIH to the University of 
Colorado 

R E F E R E N C E S  

1 Chapman, A G ,  M J Croucher and B S Meldrum Antlcon- 
vulsant activity of intracerebroventncularly admlmstered val- 
proate and valproate analogues A dose-dependent correlation 
with changes m brain aspartate and GABA levels in DBA/2 
mice Blo them  Pharma t o l  33: 145%1463, 1984 

2 Consroe, P ,  A thcchlonl and L Chin Audlogenlc seizure sus- 
ceptible rats Fed Proc 38: 2411-2416, 1979 

3 Freund, R K ,  R J Marley and J M Wehner Differential 
sensitivity to bicuculhne in three inbred mouse strains Brain 
Re~ Bull 18: 657-662, 1987 

4 Fuller, J L ,  C Eas lerandM Smith Inherltanceofaudmgenlc 
seizure susceptibility m the mouse Genett~ ~ 35: 622-631, 1950 

5 Gale, K Mechanisms of seizure control mediated by gamma- 
amlnobutync acid role of the substantla nlgra Fed Prot 44: 
2414-2424, 1985 

6 Hall, C S Genetic differences in fatal audmgenlc seizures J 
Hered  38: 2-6, 1947 

7 Horton, R W ,  J F Collins, G M Anzelark and B S Mel- 
drum Convulsant and antlconvulsant actions in DBA/2 mice of 
compounds blocking the reuptake of GABA Eur J Pharrnat ol 
59: 75-83, 1979 

8 Iadarola, M J and K Gale Substantia nlgra site of antlcon- 
vulsant activity medmted by gamma-aminobutync acid 5~ ten~ e 
218: 1237-1240. 1982 

9 Jobe, P C and H E Laird Neurotransmltter abnormahtles as 
determinants of seizure susceptlbihty and intensity m the ge- 
netic models of epilepsy Btot hem Pharmat  ol 30:3137-3144 ,  
1981 

10 Karlsson, A , F Fonnum, D Malthe-Sorenssen and J Storm- 
Mathisen Effect of the convulsive agent 3-mercaptoproplonlc 
acid on the levels of GABA, other amino acids and glutamate 
decarboxylase in different regions of the rat brain Blot hem 
Pharmacol  23: 3053-3061, 1974 

11 Kohsaka, M , M Hlramatsu and A Mort Brain catecholamine 
concentrations and convulsions In El mice Adv B mchem esy -  
~hopharmacol  19: 38%392, 1978 

12 Laird, H E ,  J W Dalley and P C Jobe Neurotransmltter 
abnormaht|es in genetically epileptic rodents Fed  Pro~ 43: 
2505-2509, 1984 

13 Loscher, W Comparative assay of antlconvulsant and toxic 
potencies of sixteen GABAmlmetlc drugs Neuropharma~ ology 
21: 803-810, 1982 

14 Loscher, W Anticonvulsant action of GABA agomsts and 
prodrugs on minor and major seizures In epileptic gerbils Com- 
parison with mouse models of seizure states Arch lnt  Phar- 
macodyn  276: 263-270, 1985 

15 Manev, H , D PerlclC and S Anic-Stojlljkovic Sex differences 
in sensitivity of CBA mice to convulsions Induced by GABA 
antagomsts are age-dependent P~ y~ hopharmac ology ~ Berlm) 
91: 226--229, 1987 

16 Marley, R J and J M Wehner Correlation between the 
enhancement of flumtrazepam binding by GABA and seizure 
susceptibility in mice Life Set 40: 2215-2224, 1987 

17 Marley, R J , D Gaffney and J M Wehner Genetic influences 
on GABA-related seizures Pharma~ol  Bm~hem BehaI' 24. 
665-672, 1986 

18 Mather, K and J L Jlnks lntrodu~tum to Btometrt~al Genet- 
u ~ Ithaca, NY Cornell University Press, 1977 

19 McCall, R D and D Fnerson High pressure neurologic syn- 
drome type 2 seizures in mice J Hered  76: 8%94, 1985 

20 McGinnls, M Y ,  J H Gordon and R A GorskI Time course 
and locahzatlon of the effects of estrogen on glutamlc acid de- 
carboxylase activity J Neuro¢hem 34: 785-792, 1980 

21 Miner, L L ,  M J Marks and A C Collins Classical genetic 
analysis of nicotine-reduced seizures and nicotinic receptors J 
Pharmacol  E~:p Ther 231: 545-554, 1984 

22 NIcolettI, F and J L Meek Estradiol benzoate decreases nlg- 
ral GABAerglc activity in male rats Brain Re~ 332: 17%183. 
1985 

23 PerlclC, D ,  H Manev and N Laklc Sex differences in the 
response of rats to drugs affecting GABAergic transmission 
LtJe S~I 36: 541-547, 1985 

24 Peterson, G M ,  C E Rlbak and W H Oertel A regmnal 
increase in the number of hlppocampal GABAerglc neurons and 
terminals in the seizure-sensitive gerbil Bram Re~ 340: 384--389, 
1985 

25 Savage, D D ,  C C Relgel and P C Jobe Angular bundle 
kmdhng is accelerated in rats with a genetic predlspostlon to 
acoustic stimulus-reduced seizures Bram Re~ 376. 412-415, 
1986 

26 Schechter, P J ,  Y Tranier, M J Jung and P Bohlen 
Audlogenlc seizure protection by elevated brain GABA concen- 
trations m mice, effects of gamma-acetylenIc G A B A  and 
gamma-vinyl GABA, two irreversible GABA-T lnhibitors E u r J  
Pharmacol  45: 31%328, 1977 

27 Seale, T W ,  K A Abla, T H Rodenck, O M Rennertand J 
M Carney Different genes specify hyporesponslveness to sei- 
zures mduced by caffeme and the benzodiazepine inverse 
agonist, DMCM Pharmaco lB tochem Behav 27: 451-456, 1987 



G E N E T I C  A N A L Y S I S  O F  G A B A - R E L A T E D  S E I Z U R E S  507 

28 Seale, T W ,  J M Carney, O M Rennert, M Flux and P 
Skolnlck Coincidence of seizure susceptlbdlty to caffeine and 
to the benzodmzepme reverse agonlst, DMCM, m SWR and 
CBA mice Pharmacol Blochem Behav 26: 381-387, 1987 

29 Seale, T W , P  Johnson, T H Rodenck, J M Carney andO 
M Rennert A single gene difference determines relative sus- 
ceptiblhty to caffeine-induced lethahty in SWR and CBA inbred 
mice Pharma~ol Biochem Behav 23: 275-278, 1985 

30 Seyfned, T N Convulsive &sorders In The Mouse tn Blomed- 
t~al Research New York Academic Press. 1982. pp 97-124 

31 Seyfrled. T N ,  R K Yu and G H Glaser Genetic analysis of 
audlogenic seizure susceptibility in C57B1/6J × DBA/2J recom- 
binant inbred stratus of mice Genett~s 94: 701-718, 1980 

32 Spyrou, N A ,  S A Prestwich and R W Horton Synap- 
tosomai [~H]GABA uptake and [aH]nIpecotlc acid binding m 
audlogenic seizure susceptible (DBA/2) and resistant (C57B1/6) 
mice Eur J Pharmacol 100: 207-210. 1984 

33 Syles, C C and R W Horton Cerebral glutamlc acid decar- 
boxylase activity and gamma-ammobutync aod concentrattons 
in mice J Neuro~hem 39: 1489--1491, 1982 

34 Taylor, B Genetic analysis of susceptlbdlty to lsomazld- 
induced seizures in mice Genen~ ~ 83: 373-377, 1976 

35 Tlcku, M K Differences m gamma-aminobutync acid receptor 
sensitivity in inbred strains of mice J Neurochem 33: 1135- 
1138, 1979 

36 Walhs, C J and W G Luttge Influence of estrogen and 
progesterone on glutamic acid decarboxylase activity in discrete 
regions of rat brain J Neuro¢hem 34: 609-613, 1980 

37 Woodbury, D M Neurotransmltters and epdepsy dlstmgmsh- 
ing characteristics and umfymg precepts Fed Pro~ 43: 2529- 
2531, 1981 


