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MARLEY, R J , D GAFFNEY AND J M WEHNER Genetic mfluemes on GABA-related seizures PHARMACOL 
BIOCHEM BEHAV 24(3) 665-672, 1986--Genetic differences in susceptibthty to chemically induced seizures were 
examined in various populations of m,ce Three inbred strains C57BL, DBA, and C3H and a heterogenous stock (HS) of 
mice were tested for sensmv~ty to seizures reduced by 3-mercaptopropmnic acid (MP) and flurothyl Dose response curves 
were constructed for each populatmn of m~ce with each agent by quant~tatmg latencles to speofic stages of seizures 
S,gnlficant strata and sex differences were observed in senstt,v~ty to MP-mduced se,zures Rank order from least sensitive 
to most sensitive was C57BL, HS, DBA, and C3H Sensitivity to flurothyl-induced seizures was also strain dependent, but 
the rank order of sensmvlty was different than for MP The least sensmve strata was C57BL followed by HS, C3H, and 
DBA Analysis of GABA receptors m seven brain regions obtained from C57BL and DBA using ~H-muscimol to measure 
high affimty GABA binding did not reveal significant differences m receptor number between these two stratus It thus 
appears that d~fferent genetic factors influence susceptlblhty to MP-lnduced seizures than to flurothyl-mduced seizures 
Furthermore, there ,s probably little correlation between the number of high affinity GABA receptors and sens,tlv,ty to 
seizures 

Seizures GABA receptors Genetics 

IT is well d o c u m e n t e d  tha t  se izures  are con t ro l led  to some  
ex ten t  by  gene t ic  fac tors  [12,19] Gene t i c  inf luences  on  sei- 
zure  act ivi ty  c an  be a s sessed  by e x a m i n m g  the  r e s p o n s e s  of  
inbred  s t ra tus  of  mice to var ious  se izure - induc ing  agen ts  
P r e v m u s  s tudies  have  d e m o n s t r a t e d  tha t  ce r ta in  inbred  
s t ra ins  of  mice  differ  radical ly  in the i r  r e s p o n s e  to se izure-  
inducing  e n v i r o n m e n t a l  s t imuli ,  such  as loud sound  [2] 
H o w e v e r ,  aud logen lc  se izures  are d e p e n d e n t  on  par t i cu la r  
s tages  of  d e v e l o p m e n t ,  such  tha t  o lder  mice do not  d e m o n -  
s t ra te  the sens i t iv i ty  to aud iogenic  se izures  tha t  is exh ib i t ed  
in 20-30 day old mice [16] The  resu l t s  of  s t ra in  c o m p a r i s o n s  
of  suscept ib i l i ty  to audtogenlc  se izures  lead to the  conc lus ion  
tha t  D B A  mice  are ve ry  se izure - sens i t ive ,  whi le  C57BL are a 
more  r e s i s t an t  s t ra in  The  sens i t iv i ty  of  a s t ra in  to se izures  
should  be  d e p e n d e n t  on  the s t imuli  induc ing  se izures ,  bu t  
there  appea r s  to be  some  cor re la t ion  b e t w e e n  sens i t iv i ty  to 
aud iogen lc  se izures  at a par t i cu la r  d e v e l o p m e n t a l  stage and  
sens i t iv i ty  to e l ec t roconvu l s ive  se izures  [3] 

S ince  the  major i ty  of  se izure  l i te ra ture  us ing  the  m o u s e  as 
a model  has  dea l t  wi th  aud logen lc  se izures ,  less is k n o w n  
abou t  genet ic  in f luences  on  the  suscep t tb lh ty  of  adul t  mice  to 
o the r  se i zu re -p roduc ing  agen ts  In o rde r  to inves t iga te  ge- 
net ic  in f luences  on  se izure  act ivi ty  in adul t  mice and  to 
examine  u l t imate ly  the in f luence  of  var ious  agen ts  on  l a t ency  

to se izure ,  we have  sc reened  a ser ies  of  inbred  m o u s e  s t ra tus  
(C57BL,  D B A ,  and  C3H)  and  a h e t e r o g e n o u s  s tock  of  mice  
(HS) for sensi t iv i ty  to two types  of  chemica l ly - induced  sei- 
zures  

The  inh ib i to ry  neu ro t r ansml t t e r ,  G A B A  (gamma-  
a m m o b u t y r t c  acid),  has  been  impl ica ted  m the con t ro l  of  
se izure  ac twi ty  [27] b e c a u s e  a var ie ty  of  c o n v u l s a n t  agen ts  
a l ter  G A B A  levels  In the  p r e sen t  s tudy,  two c o n v u l s a n t  
agents  wh ich  h a v e  b e e n  s h o w n  to affect ,  e i the r  d i rect ly  or  
indirect ly ,  the G A B A e r g i c  sys tem,  were  u t thzed  to induce  
se izures  The  first  agent ,  3 - m e r c a p t o p r o p l o m c  acid (MP),  is 
a po ten t  inh ib i to r  of  g lu tamic  acid d e c a r b o x y l a s e  (GAD),  the  
syn the t i c  e n z y m e  for  G A B A  fo rma t ion  The  m h l b m o n  of  
G A D  by M P  is be l i eved  to be  a c r m c a l  fac to r  in the  devel-  
o p m e n t  of  se izures ,  s ince such  t r e a t m e n t  resu l t s  in a de- 
c rease  in the  a m o u n t  of  G A B A  re leased  Into the synapt tc  
cleft  [9] 

A n o t h e r  agen t  which  induces  se izure  act ivi ty  in roden t s  is 
f lurothyl  (b ts [2 ,2 ,2- tnf luroe thyl ]  e ther )  F lu ro thy l  has  b e e n  
used as an  ind ica to r  of  C N S  exci tabi l i ty  w~th the  s tages  of  
se izure  ac t iv i ty  r ep re sen t ing  in te rac t ions  b e t w e e n  neura l  
exc i t a to ry  and  inhib i tory  sy s t ems  [6,25] M y o c l o n u s  is 
t hough t  to ref lect  the  beg inn ing  of  a c lon tc- ton ic  d i scharge ,  
wh ich  is usual ly  ex t inguished  by  inh ib i to ry  m e c h a n i s m s  The  
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latency to f lurothyl- lnduced myoclonus ,  thus. should reflect  
overall  C N S  excl tablhty Clonus,  m contrast ,  appears to rep- 
resent  a b reakdown of the inhibitory system and reflects the 
eff ic iency of  neuronal  inhibitory mechanisms  It has been 
proposed  that the clonic phase of  f lurothyl- lnduced seizure 
act ivi ty is p roduced  by al terat ions in the GABAerg ic  system 
because  the potent  G A B A  antagonist ,  b lcuculhne,  reduces 
the latency to seizures produced by flurothyl [7] Therefore ,  
f lurothyl- lnduced seizures were used here as a second meas- 
ure of  CNS excl tablhty 

Biochemical  differences in the GABAerg lc  system among 
the var ious inbred strains of  mice should lead to differences 
in seizure sensmv~ty Most  biochemical  studies have shown 
no differences in the G A D  activi ty [23], or  G A B A  uptake in 
mice dl f fenng in seizure sensmvl ty  [22] Howeve r ,  Tiku [24] 
has reported that C57BL and D B A  mice differ significantly 
in G A B A  postsynapt ic  receptors  Using ~H-GABA binding 
to character ize  these receptors ,  it was observed  that DBA 
mice had significantly higher binding affinities and lower  re- 
cep tor  densit ies at both the high and low affinity sites of  the 
G A B A  receptor  than C57BL mice Regional brain analysis of  
these receptors  revealed significantly less ~H-GABA binding 
in h lppocampus ,  strmtum, d lencephalon and cerebral  cor tex 
in D B A  mice These  results would suggest  that differences in 
G A B A  receptors  should result  in differential seizure sen- 
SltlVlty to GABA altering agents Therefore ,  m our study, we 
examined whether  the most se izure-sensi t ive  and least  
se izure-sensi t ive  inbred strains differed in their number  of  
G A B A  receptors  by measuring ~H-musclmol binding in 
seven brain regions 

METHOD 

Animals 

Equal  numbers  of  male and female mice (60--90 days of  
age) from three inbred strains (C57/BL/6Ibg, DBA/2Ibg and 
C3H/2Ibg) and one outbred line (HS) were  tested Mice 
which have been maintained in the breeding colony at the 
Inst i tute for Behavioral  Genet ics  for at least 20 generat ions 
were  used In this s tudy All mice were  weaned  at 25 days and 
housed In groups of  l ike-sex h t termates  A 12-hr hght/12-hr 
dark cycle (lights on 7 a m until 7 p m ) was maintained and 
the animals were  al lowed free access  to food (Wayne Lab 
Blox) and water  

Chemtt als 

Flurothyl  (Indoklon),  bis[2,2,2-trlfluroethyl] ether  was a 
generous  gift f rom Ohio Anesthet ics ,  Murray Hill,  NJ  
Three -mercap toprop lomc  acid and musclmol  were  pur- 
chased f rom Sigma Chemical  Co t H - m u s o m o l  was pur- 
chased from N E N  (specific ac t iv i ty=  11-20 Ci/mmol)  

Pro( edure for 3-Mer~ aptoproptont~ A¢ td (MP)-lndu( ed 
Setzure~ 

Prior to measuremen t  of  seizure susceptibil i ty,  all animals 
were  placed in an Isolated, air condi t ioned,  testing room with 
34 Watt  overhead  f luorescent  lighting for at least one hour 

MP was administered ln t rapentoneal ly  in 0 9% saline at a 
dose  be tween  15 mg/kg and 45 mg/kg in a vo lume of  0 02 
ml/g All solutions were  prepared  fresh dally Mice were  
placed individually in a 1 5 liter Pyrex ja r  for observat ion  of  
seizure act ivi ty  La tenc ies  f rom injection o f  MP to clonus,  
wild running,  tonus,  and death were  recorded  to the nearest  
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FIG 1 Latency to onset of seizures reduced by 
3-mercaptopropionlc acid in various populations of mice Seizures 
were chemically-reduced and measured as described under the 
Method section (mean_+SEM. n=6) (A) Females, (B) males 

5 seconds These  stages of  seizure act ivi ty were  identified as 
follows (1) clonus was the loss of  body posture,  with con- 
vulsive movemen t s  in all extremit ies ,  (2) wild running con- 
sisted of  a bout of  uninhibited running and jumping,  distinct 
f rom the running and jumping  associated with a fear re- 
sponse,  and (3) tonus was character ized by full caudal limb 
extens ion and respiratory arrest  Multiple clonlc seizures 
and bouts  of  wild running were  often observed  during the 
test penods ,  however ,  as tonus was often fatal, multiple oc- 
currences  of  this stage were  uncommon  Tonus  was always 
preceded by a bout of  wild running 

Observat ion  periods were  limited to 900 seconds and any 
ammal not displaying seizure act ivi ty within this period was 
given a score of  900 seconds 

Latencles  from the time of  MP injection to the onset  of  
seizure act ivi ty  and tonus were  analysed initially using a 
three-way analysis of  vanance  (ANOVA)  to assess effects of  
populat ion,  sex, and dose of  MP Sex differences within each 
populat ion and populat ion differences for each sex were 
further  analyzed using two-way A N O V A s  The rank order- 
lag of  the various populat ions was determined by employing 
Tukey ' s  B post  hoc tests fol lowing A N O V A s  in which a 
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significant population effect was observed The analyses of 
population differences were conducted only on the doses of 
MP common to the four populations tested (25 mg/kg 
through 40 mg/kg) Analyses of sex differences within each 
population were conducted on all doses tested at which at 
least one of the sexes seized Differences between popula- 
tions m the type of activity marking the onset of seizure 
activity and in the frequency of death immediately following 
tomc seizures were tested using the Chl-square test [20] 

Pro~ edure for Flurothyl-lnduc ed Seizures 

Susceptlbdlty to seizures induced by inhalation of 
flurothyl (bis[2,2,2-tnfluroethyl] ether) was determined by 
the method described by Smolen et al [21]  Mice were 
placed individually into a modified 435 ml omtment jar  with a 
screw cap hd which had a rubber septum m the middle A 
Plexlglas support located 15 mm below the septum contained 
a 1-cm square piece of Whatman No 1 filter paper Flurothyl 
was injected through the septum m doses ranging from 3 ~1 
to 9/xl  During the test sessions the chamber was kept air 
tight At the end of the session a water aspirator was used to 
flush the chamber w~th air through two glass tubes mounted 
in the hd Latencles to the first mstance of myoclonus and 
clonus were recorded to the nearest second In this expen- 
ment, myoclonus was defined by the first spasm of the neck 
and head musculature, while clonus was characterized by 
the total loss of the ammal's body posture Except at the 
highest doses of flurothyl tested, the components of seizure 
activity were easily distinguished Tonic seizures were not 
observed at any of the doses tested, however, this is prob- 
ably reflective of the protocol which we employed to meas- 
ure susceptlbdlty to flurothyl-induced seizures Trultt et a/ 
[25] have reported induct=on of tonus with flurothyl, but only 
if the animal remained in the jar long enough to recover from 
the lmtml clonlc convulsions To study the tomc phase of 
flurothyl-mduced seizure acuvlty, the agent must be dehv- 
ered to the ammal in a rapid flow of a high vapor concentra- 
tion or administered intravenously As our primary interest 
was m the myoclonlc and clonlc phases of flurothyl-induced 
seizure activity, no attempt was made to specifically reduce 
tonic seizures 

To mlmmtze the effects of c~rcadlan rhythms associated 
with the effects of flurothyl [25], all testing was done be- 
tween 1000 and 1500 hr The mice remained in the test appa- 
ratus until the onset of clonus or for a maximum period of 
five mln after flurothyl admlmstratlon Any ammal not d~s- 
playing myoclonus and/or clonus within this time period was 
given a score of 300 sec 

As in the MP-mduced seizure tests, two separate three- 
way ANOVAs were used to assess the effects of population, 
sex, and dose of flurothyl on the latencles to myoclonus and 
clonus Two-way ANOVAs and Tukey's  B post hoc tests 
were then employed to analyze further sex and populatmn 
differences These analyses were conducted only on the 
doses of flurothyl (4/~1 to 7/.tl) common to the four popula- 
tions tested 

Prot edure for GABA Re~ eptor Analysts 

GABA receptors were measured using the potent agonist 
muscimol )H-musclmol has been shown to bind to high af- 
flinty GABA postsynaptic receptors [4] Mice were placed in 
the laboratory for a three hour time period before they were 
sacrificed Animals were sacrificed by cervical dislocation 
and brains quickly removed and placed on ice Brains were 
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M E R C A P T O P R O P I O N I C  A C I D  ( m c J / k q )  

Latency to onset of tonus reduced by 3-mercaptoprop~onlc 
aod m various populations of mice Seizures were chemically- 
induced and measured as described under the Method section 
(mean+__SEM, n=6) (A) Females, (B) males 

dissected into seven parts cerebral cortex, mldbrain, hind- 
brain, hlppocampus, cerebellum, hypothalamus, and 
stnatum Brain parts were weighed and homogenized in ice 
cold 0 32 M sucrose The remaining steps in tissue prepara- 
tion were performed at 4°C The homogenate was cen- 
trifuged at 1,000xg for 10 mln The supernatant was re- 
moved and centrifuged at 20,000×g for 20 min The resulting 
pellet was saved and frozen at -70°C for at least 18 hr to 
destroy GABA uptake sites 

On the day of the assay, the pellet was thawed and resus- 
pended in 75 volumes of  50 mM Tns Citrate (pH=7 1 at 4°C) 
by sonication at setting No 1 on a Branson model sonicator 
for 15 sec To this solution was added 10~ Tnton X-100 to 
give a final concentration of 0 05% (v/v) and the samples 
were incubated at 37°C for 30 rain The extracted membranes 
were spun at 40,000×g for l0 mln The resulting pellet was 
homogenized in Trls Citrate buffer immediately before addi- 
tion to the receptor assay 

~H-Musc tmol Assay 

~H-musclmol binding was done essentially as described 
by Frere et a! [4] For larger brain parts including cortex, 
midbrain, and hlndbraln both B.,.,\ and Kd were determined 
by competition experiments with varying concentrations of 
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FIG 3 Percent lethahty reduced by 3-mercaptoprop=omc ac=d Sei- 
zures were chemically-reduced and measured as described under the 
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TABLE 1 

CONVULSANT AND LETHAL AC'IIVII-X¢ Ol 
3-MERCAPTOPROPIONIC ACID IN M1CI ~ 

CDI00 
Population (mg/kg) 7; Death 

C57 male 45 83 
HS male a0 0 
DBA male 25 0 
C3H male 25 17 
C57 female 35 0 
C3H female 30 33 
HS female 25 33 
DBA female 20 50 

unlabelled musclmol from 6-120 nM and 5 nM ~H-musclmoi 
For smaller brain parts determmatlons were performed at 
two concentraUons of ~H-musclmol, 2 5 nM and 50 nM 
Binding data was analyzed by Scatchard analysis using the 
EBDA program of McPherson modified for the IBM P C 
[ l l ]  

RESULTS 

MP-lndlt~ ed Setzure~ 

Intrapentoneal mjectmns of MP produced clonic and 
tonic seizures m each population of  mice, but the sensmvlty 
to MP varied among populations and between sexes The 
C57 strata was umque among the populatmns studied, in that 
both males and females of  this strata were much more resis- 
tant to MP-mduced seizures than were the other populations 
tested It was also observed that, in general, females were 
more sensmve to the effects of  MP than were the males 

The mean latenctes to onset of seizure activity after ad- 
mlmstratlon of  MP are presented m Fig IA and B as a func- 
tion of  dose of  MP The latency to onset of  MP-mduced 
seizure activity vaned among the inbred stratus and the HS 
stock The effects of dose, sex, and populatmn were all 
highly significant, F(3,160)= 11 0, p < 0  001, F(1,160)=9 4, 
and F(3,160)=51 0, p < 0  001, respectively Comparison of 
the latencles to seizure onset for the individual populatmns 
showed that whale the C57 strata displayed the longest la- 
tency to seizure onset (Tukey's B, p < 0  01), the DBA, C3H, 
and HS populatmns tested did not differ on this measure of 
seizure sensmvlty Addmonally, there were slgmficant sex 
by population, F(3,160)=5 5, p < 0  01, and population by 
dose, F(9,160)=2 3, p < 0  05, interactions Separate analyses 
on data from the different populations and sexes were con- 
ducted to further elucidate the meaning of these interactions 

The rank order of seizure sensmvlty for the females was 
the same as that observed in the overall analysis, that is, the 
female C57 mice showed a greater latency to seizure onset 
than females from the other three populations, but there was 
no difference within these three, F(3,80)=18 8, p < 0  001, 
Tukey 's  B, p < 0  01 The HS males, however,  were more 
resistant to the onset of MP-induced seizures than e~ther the 
C3H or DBA males, but still less resistant than the C57 
males, F(3,80)=34 3, p < 0  001, Tukey's  B, p < 0  05 

Female m=ce from the C57, DBA, and HS groups d=s- 
played a significantly shorter latency to the onset of  MP- 
induced seizures than their male counterparts, F(1,60)=6 2, 
p < 0  02, F(1,60)=23 0, p < 0  001, and F(1,40)= 10 6, p < 0  01, 
respectively, while no sex differences were observed for the 
C3H population on this measure 

The mean latencles to tonus after administration of MP 
are presented in F]g 2A and B As with the latency to sei- 
zure onset, significant main effects of dose, sex, and popula- 
tion were observed, F(3,160)=6 1, p < 0  001, F(1,160)=7 2, 
p < 0  01, and F(3,160)=64 8 , p < 0  001, respectively The C57 
stram again exhibited the greatest resistance to MP, but m 
contrast to the simdarlty in the onset of seizures observed 
among the DBA, C3H, and HS groups, slgmficant differ- 
ences in latency to MP-induced tonus were observed for 
these three populations The overall rank-order for resist- 
ance to MP-lnduced tonic seizures was C57 > DBA ~ HS -- 
C3H (Tukey's B, p<0.01) Significant population by sex in- 
teractions were again observed, F(3,160)= 8 9, p <0 001 

Separate ANOVAs of population differences for each of 
the sexes and sex differences for each of the populations 
were conducted These analyses revealed that both C57 
females and C57 males were significantly more resistant to 
MP-mduced tonic seizures than lndwlduals of the same sex 
from the other populations and that DBA, C3H, and HS 
females and DBA and HS males did not sxgmficantly differ 
on this measure, F(3,80)=34 0, p < 0  001, for the females and 
F(3,80)=39 7. p < 0  001, for the males, Tukey's  B, p < 0  01 
C3H males, however, were much less resistant than males 
from the other groups 

Both DBA and HS males were more resistant to tonus 
than were their female counterparts, F( 1,50)=22 8, p < 0  001, 
and F(1,40)=7 4, p < 0  01, respectively, whde C57 females 
were found to be more resistant than C57 males, 
F(1,60)=7 8, p < 0  01 C3H males and females did not differ 
m their latenctes to MP-mduced tonus 

In addition to these differences in seizure threshold sen- 
sltivlty, certain quahtatlve differences in se=zure activity 
were also observed Most notable among these were differ- 
ences in the type of behavmr marking the onset of  seizure 
act~v=ty and differences in the frequency of deaths ~m- 
mediately following MP-lnduced tonus 

During audlogenlc seizures and seizures induced by maxl- 
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FLUROTHYL (m~ceo l~ te rs )  

FIG 5 Latency to clonus reduced by flurothyl m vanous popula- 
tions of mice Seizures were chemically-reduced and measured as 
described under the Method section (mean_+SEM, n=8) (A) 
Females, (B) males 

mal electroshock treatment, the onset of  seizure activity is 
usually marked by a bout of wild running Among DBA and 
C57 mice, however,  the onset of  MP-lnduced seizure activity 
was always marked by clonlc seizures, followed by one or 
more bouts of wild running For a sigmficant number of the 
C3H and HS mice (16%) onset of seizure activity was charac- 
terized by a bout ofwdd running, rather than clomc seizures, 
X-'(7) = 18 6, p < 0  05 Within the vanous lines, no sex differ- 
ences were observed on this parameter of MP-mduced sei- 
zures 

Differences between populations and sexes were even 
greater for the frequency of tonus-mduced death associated 
with MP treatment In this study, almost all instances of  
lethahty due to MP treatment immediately followed a tonic 
seizure, though all tonic seizures did not necessarily lead to 
death An analysis of the overall frequency of tonic seizure- 
induced death, without regard to dose, revealed that the var- 
ious hnes differ significantly on this measure, X'(3)=28 5, 
p < 0  001 The results of this analysis are presented graphi- 
cally in Fig 3 This difference between populations did not 
seem to be directly related to the observed dffferentml sus- 
ceptlbdlty to MP-lnduced seizures The minimum dose at 
which all animals in a particular population seized (CD100), 
as well as the percentage of animals dying at this dose (% 
Death) are presented in Table 1 No significant correlation 
was observed between these two parameters of seizure ac- 
Uvlty (r=0 40) Interestingly, when the two sexes were 

analyzed separately on these two parameters, substantial, 
but nonslgmficant, correlations were observed The males 
showed a positive correlation (r= 92) and the females a 
negative correlation ( r = - 9 3 )  between seizure sensmvlty 
and lethality 

Fluroth~ I-lndu( ed Seizure 

Inhalation of flurothyl resulted m myoclonic and clonlc 
seizures m all populations of mice tested As w~th MP- 
Induced seizures, there are defimte genetic differences in 
sensitivity to flurothyl, with the C57 strata again being the 
most resistant to chemically induced seizures However,  
when flurothyl was the seizure-inducing agent, sex differ- 
ences in seizure sensitivity within the vanous populatmns 
were observed in only the HS 

The mean latenoes to flurothyl-induced myoclonus as a 
function of flurothyl dose are presented in Fig 4A and B 
The main effects on myoclonus for dose, sex and populatmn 
were all significant, F(3,224)=31 9, p < 0  001, F(1,224)=7 1, 
p < 0  01, and F(3,224)=38.6,p<0 001 The C57 strata was the 
most resistant, overall, to flurothyl-lnduced myoclonus, 
while the DBA strata was the least resistant (Tukey's B, 
p < 0  01) No slgmficant difference was observed between the 
HS line and the C3H strain on this measure of seizure sen- 
sltlvlty There were significant dose by population and dose 
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T A B L E  2 

MUSCIMOL RECEPTOR BINDING IN INBRED STRAINS OF MICE 

Region 

A Affinities and Binding Capaohes 

Bm i~ 
K~ (nM) (pmol/mg protein) 

C57 DBA C57 DBA 

Cerebral 
Cortex 

MIdbraln 
Hmdbram 
Cerebellum 

73 1_+ 14 2 3 1 ±  5 4 2 7 ± 0 6  4 8 ± 0 9  

3 7 4 ±  8 4 9 0 ±  14 2 9 3 ± 0 4  2 8 ± 0 1  
1 6 5 ±  4 2 1 3 _  + 4 1 8 0 ± 0 4  17_+01  
5 7 ±  1 4 6 ±  2 603 + 12 5 9 ±  13 

Regmn 

B Specific musclmol binding (pmol/mg protein) 

['H- 
Musclmol] C57 DBA 

Hlppocampus (2 5 nM) 0 03 _+ 0 01 0 06 ± 0 03 
(500nM) 037 ± 0 10 075 ± 038 

Stnatum (2 5 nM) 0 07 _+ 0 02 0 05 ± 0 01 
(500nM) 069 ± 014 067 ± 024 

Hypothalamus (2 5 nM) 0 06 ± 0 03 0 05 _+ 0 01 
(500nM) 072 ± 029 082_+ 034 

'H-musomol binding was measured as described under the 
Method section 

A Saturatmn curves were generated using final concentrations of 
6--120 nM musclmol Bm,~ and Kj~ were determined by Scatchard 
analysis Data are expressed as mean _+ S E M (n=41 

B ~H-muscImol was assayed at 2 5 nM and 50 nM m various brain 
regions Data are expressed as the mean ± S E M (n=4) 

by sex interact ions,  F(3,224)=6 9, p < 0  001 and 
F(3,224)=4 7, p < 0  01, respect ive ly  

Separate  analysis of  populat ion differences for the two 
sexes  revea led  slgmficant populat ion differences within the 
individual sexes,  F(3,112)=20 3, p < 0  001, for the males,  and 
F(3,112)=19 2, p < 0  001, for the females  The rank order  of  
these popula tmns ,  however ,  differed f rom that observed  in 
the overal l  analysis for the females ,  but not  the males 
Among  the females ,  there was no difference be tween  the 
C3H,  HS,  and D B A  populat ions m their  latencies to myoc-  
lonus,  but the C57 females  were  slgmficantly more resistant  
(Tukey ' s  B, p < 0  01) 

While the overal l  analysis suggested the presence  of  sig- 
nificant sex differences for this measure ,  analysis of  sex 
differences within the mdwldual  popula tmns found males 
and females  dfffenng in their  m y o c l o m c  latencles  only within 
the HS  populat ion,  where  the males  were  observed  to be 
much more  resistant  to f lurothyl- induced myoc lonus  than 
the females ,  F(1,56)=4 4, p < 0  05 

The la tency to clonus after admims t rauon  of  f lurothyl is 
shown in Fig 5A and B. The  main effects for dose,  sex, and 
popula tmn were  all highly slgmficant,  F (3 ,224)=707 ,  
p < 0  001, F(1,224)=12 0, p < 0  001, and F(3,224)=104 5, 
p < 0  001 The overall  rank order  of  the groups in latency to 
clonus was very similar to that observed  for myocionlc  la- 
tency  The C57 strain again displayed a longer  la tency and 
the D B A  a shorter  la tency to clonus H o w e v e r ,  in contrast  to 
the la tency to myoc lomc  seizures,  C3H and HS  populat ions 
were  significantly different In their  suscept lblhty to c lomc 

seizures (Tukey s B, p < 0  01), with the HS line being more 
resistant This rank order  was the same for both males and 
females Significant dose by populat ion interactions were 
also observed  in this compar ison,  F(9,2241=5 4, p < 0  001 

Separate  analyses for males and females revealed signifi- 
cant populat ion effects for both sexes,  F(3 ,1121-459 ,  
p < 0  001, for the males,  and F(3 ,112)-58 7, p,- 0 001, for the 
females  With the except ion of  the C57 strain, no sex differ- 
ences  were  observed  m the various populat ions C57 females 
were more resistant  to f lurothyl- lnduced clonus than were 
C57 males,  F(1,56)=8 9, p < 0  01 

Lethal i ty  was not observed  in any of  the populations 
tested after exposure  to flurothyl 

~H-Mu,~t tmol Binding 

High affimty G A B A  receptors  can be measured in brain 
using the hgand ~H-musclmol Seven  brain regions were re- 
moved  from D B A  and C57BL mice and analyzed for recep- 
tor number  and the affinity of  these receptors  for musclmol  
D B A  and C57BL mice were selected for analysis because in 
three out of  the four  measures  of  seizure sensi t lwty using MP 
and flurothyl,  D B A  were the most  seizure sensit ive and 
C57BL were the most  resistant The results of  the G A B A  
receptor  analysis are shown in Table 2 There  were no slgmf- 
icant differences in B ..... or Kd be tween  D B A  and C57BL in 
any brain region excep t  in cerebral  cor tex,  where  DBA had 
significantly higher affimty for muscimol  than C57BL 
¢o<0 05) 

DISCUSSION 

It is well es tabhshed that genetic factors influence the 
susceptlblhty of  animals to seizures [12,19] Most  often these 
studies in mice have been per formed by reducing seizures 
with audlogemc stlmuh H o w e v e r ,  audiogemc seizures are 
not only Influenced by the genotype  of  mice,  but  also by 
deve lopmenta l  factors [5,16] Usual ly,  only two inbred 
strains of  mice have been compared  for seizure sensitivity 
and these are most  commonly  C57BL and D B A  [15-18] The 
results of  these studies have  indicated that C57BL are a re- 
sistant strain and D B A  a sensit ive strain The results of  our 
studies also indicate that C57BL mice are highly resistant  to 
the induction of  seizures,  deviat ing substantially from the 
other  groups In their  high threshold of  seizure sensitivity 
D B A  mice,  in contrast ,  appear  to be about  equally sensitive 
compared  to the C3H strain and the HS mice 

The overall  s lmdanty  of  the DBA and C3H strmns and the 
HS mice in their reponse to these chemical ly-reduced sei- 
zures suggests that these groups reflect a more  common  level 
o f  seizure sensit ivity in the mouse  Adult  D B A  mice.  thus. 
do not appear  to be part icularly se lzure-sensmve to some 
commonly  used chemical  agents as might be predicted from 
their  known deve lopmenta l  sensit ivity to audlogemc st~muh 
Moreover ,  Deckard  et a! [3] have provided evidence  that 
the deve lopmenta l  period of  sensit ivity to audlogemc and 
e lec t roconvuls lve  seizures observed  for D B A  mice is also 
observed  in o ther  stratus of  mice The only strain not exhibit- 
lng a deve lopmenta l  period of  high seizure sensmvl ty  was 
the C57 strata,  again indicating that it is the C57, not the 
D B A  strata, that may be qmte  d~fferent in its abdlty to with- 
stand seizure promot ing act~vzty These  results suggest that 
some aspect  of  the functioning of  the central  nervous  system 
in C57 mice is umque  in its lack of  response to seizure- 
reducing agents 
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By companng the responses of the tested mouse popula- 
tions on two dLfferent seizure-inducing agents that are 
thought to involve the GABAerglc system, several conclu- 
sions relating to the genetic influences regulating sensitivity 
are evident First, in overall sensitivity the rank order com- 
parison demonstrates that the same genetic factors are not 
regulating the two types of seizures While C57BL are al- 
ways the more resistant strata, the rank order of the other 
strains vanes according to seizure-reducing agent Further- 
more, while females were found to be generally more sensi- 
tive to MP than males, only hmited sex differences were 
observed when the seizure-inducing agent was flurothyl 
These dlsslmdantles in responses to the two agents provide 
support for the conclusion that the mechanisms by which the 
two agents operate may be quite different The GABAerglc 
system has been shown to be involved in both types of sei- 
zures [7,9], but other neurotransmltter systems may also be 
altered by either, or both, of the chemical agents Alterations 
m other neurotransmltter systems may be a direct effect of 
the chemical agents, or may be the result of an tmbalance 
created by a reduction in GABA For example, glutamate 
levels may be changed m response to the GAD inhibitor MP, 
whereas flurothyl working through a different mechanism 
may alter another neurotransmttter system Others have 
demonstrated that the chohnerglc system, as well as the 
GABAerglc system, may be involved m flurothyl-induced 
seizures [7] 

In terms of lethality, the two agents are also different MP 
produced death in a high percentage of animals, but there 
was no significant correlation between seizure sensmvtty 
and lethality This suggests that the setzures and death are 
independent aspects of MP's actions Mice appear to be 
more sensitive to the lethal effects of MP since previous 
studies with rats indicated only a 30% mortality rate after 
exposure to MP [10] Flurothyl, on the other hand, is much 
less lethal While other investigators have observed the in- 
frequent occurrence of tonus-mduced death, in mice, follow- 
ing flurothyl treatment (A Smolen, personal communica- 
tion), no instances of tonus or death were observed in the 
present study 

Some investigators have explored potentml differences m 
the GABAerglc system between seizure-prone mice such as 
the DBA strain and seizure-resistant mice such as C57BL 
Syles and Horton [23] analyzed GABA levels and GAD ac- 
ttvtty in mice which are either susceptible or resistant to 
audlogemc seizures They observed no differences between 
the two types of mice in the abdlty of these strains to syn- 
thesize or store GABA Spyrou et a! [22] detected no differ- 
ences between DBA and C57BL m synaptosomal ~H-GABA 
uptake or m the binding of the uptake inhibitor, ~H-mpecotlc 
acid 

Differences have been reported for Na÷-lndependent 
binding at the postsynaptic G A B A  receptor between DBA 
and C57BL mice Ticku [24] examined the binding of  ~H- 
G A B A  to lugh and low affinity binding sites m membranes 
prepared from C57BL with membranes prepared from DBA 
mice He observed significant differences between these two 
inbred lines in both numbers of receptors and their binding 
affinities These studies suggest that agents that alter GABA 
levels may produce differential seizure effects in various in- 
bred strains because these lines differ m their number of 
postsynaptlc receptors 

The failure of our studies using ~H-musclmol to measure 
dLfferences m GABA receptor density and affinity m all brain 
regions except for the K~ difference in cortex may be reflec- 
tive of a number of considerations, any of which could be 
relevant toward understanding the relaUonshlp between the 
GABAerglc system and seizure susceptlblhty 3H-Musclmol 
is believed to reflect primarily the h~gh affinity state of the 
GABA receptor and is relatively insensitive to the lower 
affinity states [4] 

A more important difference may be the preferential blnd- 
mg of musclmol to the blcuculhne-sensltwe, chloride- 
dependent, GABA~ receptor subtype [1,13] ~H-GABA 
binds to both the GABA~ subtype and to the blcuculline- 
insensltwe, baclofen-speclfic GABAa receptor subtype It Is 
possible that the greater differences m the number of recep- 
tors observed using ~H-GABA, as opposed to 3H-musclmol, 
may reflect differences m GABAB, but not GABAA receptor 
subtypes The evidence presented here would suggest that it 
may be important to distinguish between the " A "  and " B "  
subtypes of GABA receptors m future analyses 

Robertson [15] has examined DBA and C57BL for differ- 
ences in benzodlazeplne receptors and has observed in- 
creased ~H-flunltrazepam binding in DBA during the time 
period which these mice are sensitive to audlogenic seizures, 
but they did not observe this difference in adult mice More 
recently, the opposite trend was observed by Olsen et a/ 
[14] They used receptor autoradlographlc techniques to 
evaluate ~H-flunltrazepam binding In brain slices from DBA, 
C57BL, and a seizure-resistant recombinant inbred line and 
demonstrated reduced binding m the mldbraln region in the 
DBA brain The role of the GABA/BZ system in the genetic 
regulation of seizure sensitivity may be understood with 
further examination of GABA receptors subtypes, the en- 
dogenous factors which regulate the GABA/benzodiazepme 
receptor complex, and the coupled CI- channel Such studies 
would be facilitated by the use of multiple Inbred strains that 
exhibit dLfferentml seizure sensitivity or by classical genetic 
analysis of crosses generated from a seizure-sensitive and 
seizure-resistant strain 
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