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SMOLEN, A , T N SMOLEN, E I OH AND A C COLLINS A srru~n comparison ofphysro/ugrca/ and iocomoror 
respomes of mrw to d~lsc~ppr~~pylfluorophosphalc PHARMACOL BIOCHEM BEHAV U(4) 1077-1082, 1986 -The effects 
of acute treatment wtth the organophosphate. dusopropylfluorophosphae (DFP), were studred m three Inbred mouse 
strams. C57BL. DBA and C3H A battery of phystologtcal and locomotor tests mcluding respiratory rate, heart rate, body 
temperature, Y-maze acttvtty and rotarod performance was used Dose-response and ttme course studtes were camed out 
Approxtmately 15 mm after mIectton the ammals were markedly affected by the drug wtth maxtmal effects occumng 
approxtmately 2 hours after mIectton Stram compansons were made at the 2 hr tune pomt. In all strains, males and females 
were affected about equally except for resptratory rate and rotarod performance m whtch females were shghtly more 
affected Stram compansons revealed that for most of the tests the C57BL mace were most affected by the DFP and the 
C3H mace were least affected For the heart rate test the DBA mace were the most senstttve Prevtous studtes from our 
laboratory have demonstrated a stmtlar rank ordenng of the strams m thetr responses to oxotremonne and nrcotme The 
stram dtfferences m response to these agents IS not easdy explamed by dtfferences m number or affinity of bram muscaruuc 
or mcotmtc receptors. The genettc Influence on cholmergtc drug response may mvolve receptor couphnO mechamsms. 

Dusopropylfluorophosphate DFP Organophosphates Genettcs Hypothermta 
Locomotor acttvtty Heart rate Resptratton rate 

ORGANOPHOSPHATES such as dnsopropylfluorophos- 
phate (DFP) cause an ureverstble mhtbttton of acetyl- 
cholmesterase (AChE) Inhtbttton of thts enzyme results in 
the accumulatton of acetylchohne m cholinergtc synapses 
which causes Intense sttmulatton of these pathways The ex- 
cessive sttmulatton of muscarmtc and mcotmtc receptors re- 
sults m a variety of phystologtcal signs mcludmg lacnmatton, 
urmatton. sahvatton. defecation, tremors, and finally con- 
vulstons and death. 

There are genettcally determmed drfferences m the re- 
sponses of arnmals to organophosphates. The Flmders R- 
(Resistant) and S- (Sensrttve) rat hnes developed by Over- 
street and co-workers [ 12-151 have been used extenstvely to 
study genettc Influences on response to DFP, to muscarmtc 
agomsts, and mechamsms assoctated wtth the acqutsttion of 
tolerance to organophosphates. Our approach has been to 
study DFP acttons on various inbred mouse strams Three 
commonly available strams, C57BU6, DBN2 and C3H have 
been used m these studies We have shown that the C57BL 
mace are very sensrttve to the lethal and temperature- 
lowenng acttons of DFP that C3H mice are very reststant 
and that the DBA stram is mtermedtate m senstttvtty [lb]. 

Thrs dtfferenttal sensmvrty IS apparently not due to strain 
differences m metabohsm of DFP [II] or to the extent of 
brain AChE inhibition [16], but rather to some other CNS 
mechanism which IS not yet known. 

In the study reported here, we have assessed strain 
differences to DFP using several phystologrcal and activity 
measurements. respiratory rate, heart rate, body tempera- 
ture, Y-maze activity and rotarod performance. There IS 

ample evidence m the literature to suggest that these kinds of 
measurements wouM be useful in quantitating genetic mflu- 
ences on acute responses to cholmergtc agonists. The reduc- 
tion of body temperature followmg drug treatment has been 
the most widely used of the phystologtcal measurements. 
Strain dtfferences m temperature response have been re- 
ported for nicotine [8], oxotremorine [7] and organophos- 
phates [ 161. In each case the C3H mice were most resistant 
to the temperature lowenng effects of these chohnergtc 
drugs, and the C57BL mice were found to be most sensttrve 
[ 16) or equal m sensittvtty to the DBA stram [7.8]. 

Locomotor activities have been used to study the genetics 
of senstttvtty to muscanmc agorusts (71 and antagonists [ 13, 
17, 181 m the mouse DBA mace are very sensitrve to oxo- 

‘Requests for repnnts should be addressed to Dr Allan C Collms, lnstttute for Behavtoral Genettcs, Campus Box 447. Umvenity of 
Colorado, Boulder, CO 80309 
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FIG 1 Dose-response and t~me course of DFP effects on resparatory rate, body temperature and heart rate an male DBA mnee DFP 13.4, or 5 
mg/kg) was admmtstered, IP. m sahne and at the tames indicated, the mace were tested < b >  represents basal measurements for each test Each 
point as the mean_+SEM for 12 ammals, except temperature for whach n=8 

t r e m o n n e  as m e a s u r e d  by  open  field ac t iv i ty ,  C3H are qui te  
res i s t an t ,  and  the  C 5 7 B L  m~ce are ~ntermed~ate St rmn 
d t f f e rences  ~n senstttv~ty to mcot~ne show a d~fferent pa t t e rn  
The  C3H m~ce are mos t  sens i t ive  to the s t tmula tmg ac t ions  
o f  m c o t m e  as m e a s u r e d  by open  field and  Y-maze  act ivi ty  
t es t s  The  C 5 7 B L  and  D B A  m~ce are abou t  equal ly  sens t t tve  
to the d e p r e s s a n t  p rope r t i e s  of  mcot~ne [6,8] 

We have  been  s tudy tng  the  C57BL,  D B A  and C3H m~ce 
because  o f  the t r  dtfferent~al senstuv~ty to n lcot tne  and oxo-  
t r e m o r m e  In a p r ev tous  p a p e r  we s h o w e d  tha t  they were  
d~fferenttally senstt~ve to D F P  as well  In this  pape r  we re- 
por t  on a ser ies  o f  e x p e r t m e n t s  which  more  fully examine  the 
acu te  ef fec ts  o f  D F P  tn these  mouse  s t ra tns  Thts  ba t t e ry  of  
physio logica l  and  l o c o m o t o r  tes t s  has  been  of  value  tn quan-  
t t ta t lng the  d e v e l o p m e n t  of  to le rance  to m u s c a r m t c  and  
mco t tn tc  drugs  [6-9] and the  resul t s  p r e sen t ed  here  suggest  
tha t  they  wdl be useful  in m e a s u n n g  to le rance  to c h r o m c  
D F P  t r e a t m e n t  as well 

M E T H O D  

Ammals 

M~ce o f  the  C57BL/6Ibg ,  DBA/2Ibg  and  C3H/21bg s t ra tus  
were  b red  at the  Ins t i tu te  for  Behav iora l  Gene t i c s .  Un ,ve r -  
stty o f  Co lo rado ,  Boulder ,  CO The  m,ce were  housed  3-4 
pe r  cage tn a room ma tn t a tned  at 21_+2 ° unde r  a 12 h o u r  
hgh t /da rk  p h o t o p e n o d  Food and  w a t e r  were  avai lable  ad 
hb  A m m a l s  were  60-90 days  o f  age when  tes ted  

Resptratoo" Rate 

Resp i ra to ry  ra te  was  m e a s u r e d  with a C o l u m b u s  Ins t ru-  
men t s  Resp,rat~on M o n t t o r  (Co lumbus .  O H )  MLce were  
p laced  ,nstde a glass  j a r  (10 5 cm d~ameter .  17 cm high).  
c o n t m n t n g  a small  a m o u n t  o f  a s p e n  bedding  Af ter  a 5 m~n 
a c c h m a t , o n  per iod ,  a hd con ta in ing  a pressure-sensLt tve 
t r a n s d u c e r  was  p laced  on  the  j a r  c rea t ,ng  a c losed  sys tem 
The  resp t ra to ry  rate was  r eco rded  five t~mes m a I mm 

per iod s tar t ing 1 mLn af te r  t h e j a r  was  c losed  The  five values  
were  ave raged  and  repor ted  as the  resp i ra to ry  rate 

Heart Rate 

Hear t  rate was  m e a s u r e d  by placing a mouse  tn a re- 
s t rmne r  to al low the  tnsert~on o f  need le  e l ec t rodes  unde r  the 
skin One  e lec t rode  was  p laced beh tnd  the  left foreleg and 
the  o t h e r  ~n f ront  of  the  right h lndleg The  e l ec t rodes  were  
c o n n e c t e d  th rough  a p r eamphf i e r  to a N a r c o  B ,osys t ems  E & 
M Phys lograph  Hear t  ra te  was  measu red  for  6 sec and the 
ra te  was  e s t ima ted  by coun t tng  the n u m b e r  of  QRS com- 
p lexes  

Body leJnperature 

Body t e m p e r a t u r e  was m e a s u r e d  wtth a Badey  Instru-  
m e n t s  (Sadd leb rook ,  N J) The rma le t  T H S  probe  The  probe  
was lubr ica ted  wt th  co rn  o,I and  ~nserted 2 5 cm ,nto the  
r ec tum The  probe  equd lb ra t e s  to body  t e m p e r a t u r e  w~thtn 
10 sec 

Y-Maze A~ ttvttv 

Both  l o c o m o t o r  and rear ing  a c t w m e s  were  d e t e r m t n e d  m 
a symmet r i ca l  Y-maze  The  maze  cons t s t s  of  three  a rms .  26 
cm long,  6 1 cm w~de and  102  cm h~gh Each  arm ts sub- 
d lwded  into two equal  sec t ions  The  a p p a r a t u s  ~s con-  
s t ruc ted  o f  red ( top and  bo t tom)  and  b lack  acrylnc plastic and 
ts unde rh t  t h rough  the  f loor  w~th two 8 wat t  f luorescen t  
l amps  

Tes t ing  was c o n d u c t e d  for  3 mtn dur ing  which  t tme both  
c ros ses  and  rears  were  coun t ed  A cross  was coun t ed  when  
an ammal  en t e red  an a rm (all four  legs) or  c ros sed  the mtd- 
point  mark  on  an a rm m e t the r  dnrectton The  act tv t ty  score  
repor ted  ~s the sum of  the c ros ses  dur ing  the 3 mtn test  
per iod Rear ing  was a s sessed  as the n u m b e r  of  u m e s  the 
mouse  hfted ~ts front  paws  off  the f loor  durLng the tes t  
per iod 
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FIG 2 Dose-response and tnme course of DFP effects on Y-maze actnvuty, Y-maze rears and ronarod performance m male DBA mtce DFP (3, 
4, or 5 rag) was admnmstered, IP, m sahne and, at the ttmes md~cated, the m~ce were tested for thetr response <b> represents basal 
measurements for each test Each ponnt us the mean±SEM for 12 ammals 

Rotarod Test 

The mnce were tranned to walk on a rotatnng rod (Rotarod, 
Ugo Basde Co., Mdan, Italy) untd they were capable of re- 
roaming on the apparatus for two successwe 100 sec test 
periods. The rotatnon speed was 8 rpm Once trained, thenr 
performance remains adequate for several days. To test for 
drug effect, the mnce were nnjected with DFP and, at the 
umes mdncated m the figures, were placed on the rotating rod 
for 100 sec or untd they fell off. 

Trine- and Dose-Dependent Effects of  DFP 

Prior to nnjectnon of  DFP (Sigma Chemical Co.) nn sahne, 
a basehne value was determined for each ammal for each 
test After the baselnne values were determmed, the ammal 
was tnjected w~th salnne or DFP (3, 4 or 5 mg/kg) and was 
retested 0 25, 0.5, I, 2, 3, 4, 5 and 6 hours later Each ammal 
was gnven only one drug solutnon and was used for only one 
test. 

Data Analysts 

Data were analyzed by one or two way analysts of  van- 
ance (ANOVA) as appropriate If a sngmficant overall F 
(p<0 05) was obtanned, differences nn mdwndual group 
means were assessed usnng Duncan's New Multtple Range 
test 

RESULTS 

Fngure ! shows the effect of  DFP on physnologncal meas- 
ures m male DBA m~ce. DFP caused a dose-dependent re- 
ductnon of respnratory rate, body temperature and heart rate 
Depending on the test and the dose of DFP used, maxnmum 
decrements occurred between 15 mm (respnratory rate) and 2 
hours. The effects of  DFP on these physnolog|cal responses 
were reversible, since after 6 hours the animals were at, or 

were returnnng to, baseline levels. Thns ns clearly evident for 
respnratory rate (3 and 4 mg/kg) and body temperature (3 
mg/kg) 

Fngure 2 shows the effect of  DFP on act|vnty measure- 
ments m male DBA mnce. The sahne curve shows that re- 
peated exposure to the apparatus has the effect of gradually 
reducing the two actnvnty scores Total Y-maze actiwty and 
rearing m the Y-maze were markedly reduced wnthm 15 rain 
following DFP admmistratnon. For total activity, the dose- 
response curve ns rod|cared by an mmal decrement of  actnv- 
nty whnch becomes more severe wnth increasing dose. The 
rate of return of activity ns snmdar for the 3 and 4 mg/kg 
doses Ammals treated wnth these doses of DFP have act~vn- 
tnes which approxnmate those of saline-treated controls by 6 
hours. Reanng actwnty was vtrtuaily ehmmated at each dose 
of  DFP The dose-dependent nature of thns effect ns seen by 
the dnfferent~al rate at whnch reanng actwity increases 
towards baseline. 

Performance on the rotarod (Fng 2) was markedly re- 
duced wnthm 15 mm of mjectnon of DFP. The decrement of 
actnv~ty was greater wnth increasing dose and the mabdity to 
walk on the rotarod remained at a reduced level for approx- 
nmately 2 hours Four hours after treatment w~th DFP, the 
ammars  performance had returned to near predrug levels. 

Prehm~nary studnes nndncated that the tnme course of  DFP 
responses was stmdar for all three stratus. From the time 
course and dose response studnes on male DBA m~ce shown 
m Fngs I and 2, a routine procedure to screen for DFP 
effects m mice was devnsed Each ammal was tested on each 
measurement 2 hours following a 4 mg/kg nn.lectnon of  DFP. 
The results of thns testing procedure on three inbred mouse 
stratus ts shown m Ftg 3. 

Two way (strain-by-sex) analys~s of variance showed 
mann effects of strmn on basal respnratory rate, basal heart 
rate and basal reanng score, F(2,66)=6.53, 504, 4.13; 
p < 0  01, 0 01, 0 05, respectively In each case, the C57BL 
and C3H mnce were the extremes nn basal measurements 
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FIG 3 Strata comparison of DFP effects Following basehne measurements. 12 m~ce of both sexes 18 for temperature) 
were rejected wtth 4 mg/kg DFP and tested on each apparatus 2 hours later 

There  was no strain dtfference de tec ted  ~n basal Y-maze ac- 
uv~ty or  body tempera ture  

Followtng a 4 mg/kg dose o f  DFP,  mare effects  of  strata 
on respiratory rate,  heart rate,  Y-maze acuv~ty and Y-maze 
reanng  score,  F(2,66)=22 18, 3.79, l l .60, 5 35, p < 0  01, 
0.05, 0 01, 0 01, respect tvely ,  were  de tec ted  These  s~gmfi- 
cant  d~fferences were  due to C3H mtce having h~gher scores 
(less affected) than the o ther  two strmns. There  was no strata 
d~fference on rotarod act ivi ty following D F P  

Mare effects  of  sex were  found for basal heart rate, basal 
Y-maze  acuwty ,  respiratory rate fol lowmg D F P  and rotarod 
per formance  following DFP,  F( I ,66)=4  75, 13 94, 5 10, 5 74, 

p < 0  05, 0.01, 0 05, 0 05, respect tvely Females  were  lower  
than males for each of  these measurements  

If  the data  were analyzed as the percent  o f  basal values 
fol lowing DFP,  the results obtained were  the same as those 
ob tamed  using the raw score analysm except  that the mmn 
effect o f  strata on heart rate was not s~gmficant, 
F(2,66)=2 61, and the matn effect o f  sex on respiratory rate 
was not stgmficant,  F( I ,66)=0.  The rank o rdenng  of  the 
strains remmned the same ,n the case o f  heart rate. For  the 
respiratory rate test,  the females  were  shghtly more resistant 
than the male 

A detaded study of  the tempera ture  response  to D F P  has 
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been published [16]. The response to a 4 mg/kg dose, which 
was used in the test battery, is shown in Fig. 3. There were 
no main effects of strain or sex on basal body temperature. 
Two hours following DFP administration, strain differences 
were evident, F(2,42)=8.42, p < 0  01, but no sex differences 
were evident The C57BL mice were most and the C3H least 
affected by DFP. 

In general, the data of Fig. 3 show that the C57BL mice 
are most affected by DFP, C3H the least. The only exception 
is the heart rate measurement for which the male DBA mice 
are most affected by DFP. Sex differences are small com- 
pared to strain differences, and for all practical purposes, the 
two sexes can be considered identical in their responses to 
DFP. 

DISCUSSION 

These studies show significant differences in response to 
the acute effects of DFP among mouse strains In nearly all 
cases the C3H mice are least affected by DFP, the C57BL 
mice are most affected. The DBA strain is generally inter- 
mediate in its response to DFP In an earlier study [16] which 
concentrated on the lethal and temperature-lowenng effects 
of DFP on these strains we found a similar rank order of 
these three strains in response to DFP 

Sex differences in response to DFP are not marked. In the 
present study, males and females were affected about 
equally. The males were slightly more resistant to DFP than 
females for respiratory rate and rotarod tests when the raw 
data scores were used for comparison. However, when the 
data were analyzed in terms of percent reduction from basal 
levels, the sex difference for the effect of DFP on respiratory 
rate disappeared For the other four tests the females were 
more resistant than the males, but these differences did not 
reach a level of statistical significance In general, we have 
found that female mice are somewhat more resistant to the 
debilitating effects of chohnergic drugs than are males. We 
have reported similar sex effects previously for DFP [16], 
oxotremorme [7] and nicotine [8] 

Female mice of the strains used in this study have higher 
serum chohnestrase activity than the males Ill ,  and Russell 
and Overstreet have reported that female rats of the Fhnders 
R- and S-hnes also have more serum chohnesterase activity 
than the males [13] Russell and Overstreet suggested that 
this might contribute to the relative resistance of the females 
since less DFP could penetrate to the CNS This protectant 
effect is not likely to occur to any significant extent in mice 
since we have previously shown that, for a given dose of 
DFP, brain AChE was reduced to the same level in both 
male and female mice of all three strains [16]. Thus, the 
relative resistance of female mice to DFP is likely due to 
CNS resistance to the increased synaptic acetylchohne con- 
centrat~ons following DFP administration and not to any 
sex-associated dlspositlonal differences for DFP. 

It is also unlikely that differences in DFP disposition 
among the three strains accounts for much of the strain 
differences observed. For a given dose of DFP, the brain 
AChE activity is reduced to the same extent in all three 
strains which indicates that a similar proportion of the ad- 
ministered drug reaches the CNS [16]. We have also pre- 
sented preliminary evidence that there is little difference in 
the serum enzyme responsible for DFP hydrolysis, DFPase 
(paraoxonase), in these inbred mouse strains I l l ]  In addi- 
tion, if differences in metabolism of DFP are responsible for 
the strain differences in response, the relative rank order of 

the three strains for the various tests should be the same. 
This is not the case m that the DBA mice were most respon- 
sive in the heart rate test and intermediate m response for the 
other tests. All of these observations lead to the conclusion 
that strain and sex differences in response to acute DFP 
administration are centrally mediated, with the likely excep- 
tion of heart rate, and that metabolic factors play a minor 
role in determining sensitivity to organophosphates in the 
mouse 

The strain differences reported here are similar to the 
rank order of the strmns for sensitivity to the muscanmc 
agomst oxotremonne [7] and to the nicotinic agonist nicotine 
[8]. These earlier studies from our laboratory showed the 
C3H strain to be least affected and the C57BL strain to be 
most affected by oxotremorine. For nicotine, the C57BL and 
DBA are about equally sens~tive, the C3H mice are, again, 
quite resistant. It is interesting that brain muscarinic recep- 
tor numbers measured by aH-L-qumuchdmyl benzllate bind- 
mg are very simdar in the three strains [7]. Similarly, brain 
nicotinic receptors measured with aH-mcotme binding are 
virtually identical in the three strains [8]. Differences in 
brain, pnmardy h~ppocampal and mldbram, '~l-a-  
bungarotoxln binding have been observed but the strain 
which is least sensitive to DFP, the C3H, has the greatest 
number of these brain nicotinic receptors [8]. The strains did 
not differ in Ko values for any of these hgands m any of the 
seven brain regions tested. These results indicate that the 
strain differences m acute responses to DFP cannot be easily 
explained by differences in receptor density. However, these 
receptor density measurements were made in homogenates 
obtained from seven brain regions. Differences in specific 
brain nuclei may not have been detected using this method. 
Clearly, additional studies of the relationship between 
cholmergic drug response and brain chohnergic receptors 
must be carried out before an unequivocal answer concern- 
mg the relationship between drug response and receptor 
number can be obtained. 

Chronic treatment with organophosphates is known to 
result in a decrease in the number of brain muscarmic recep- 
tors [3, 4, 5] which occurs in parallel with the acquisition of 
tolerance Thus, an argument could be made that strain 
differences in response to an acute dose of DFP should be 
relatable to differences m brain muscannic receptors How- 
ever, as discussed above, we have not detected such differ- 
ences [7] nor have we detected differences in brain nicotinic 
receptors [8] which explain the strain differences in response 
to DFP. In view of the fact that the strain differences m 
response to DFP parallel the strain differences in response to 
oxotremorme and mcotme, it seems reasonable to suggest 
that the genetic influence on chohnergic drug response is 
linked to chohnerglc receptors or pathways in some manner. 
Perhaps the genetic influence on chohnerglc drug response 
relates to a receptor coupling mechanism There are a 
number of mechanisms through which receptor activation 
can lead to neuronal and behavioral responses [10]. Each of 
these represents a potential site for regulation of differences 
in responses to chohnergic drugs Clearly, additional studies 
are needed to provide an explanation for the strain differ- 
ences in response to DFP Such studies could be useful in the 
rational design of antidotes to the organophosphates and in 
understanding mechanisms which allow for the selection of 
resistant strains of target organisms 
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