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SMITH, M. D., W. H. MERIGAN AND R. W. MCINTIRE. Effects of carbon monoxide on fixed.consecutive-number 
performance in rats. PHARMAC. BIOCHEM. BEHAV. 5(3) 257-262,  1976. - Four rats were trained under a 
fixed-consecutive-number (FCN) schedule to make sequences of 20 or more consecutive responses on one lever followed 
by a single response on a second lever. When performance was stable, they were exposed to 200, 400, and 600 
parts-per-million (PPM) carbon monoxide (CO) for either 30 or 60 min before and during a 45-min session. Decreases in 
response rate at CO levels as low as 200 ppm were due to both decreased local response rate and extended pauses. A 
lowered percentage of reinforcement, due to decreases in response sequence length, was also found at CO levels as low as 
200 ppm. This decreased sequence length may reflect effects of CO on response rate, or a disruption of discriminative 
aspects of FCN schedule performance. 

Carbon monoxide Response rate Discrimination schedules of reinforcement 

E X P O S U R E  to c a r b o n  m o n o x i d e  (CO) reduces  the  re- 
sponse  ra te  of  an imals  t ra ined  on  schedules  of  re inforce-  
ment .  This  resul t  has been  ob t a ined  wi th  several re inforce-  
m e n t  schedules,  wi th  b o t h  food  and  brain  s t imula t ion  
r e in fo r cemen t ,  and  in b o t h  ra ts  and  p igeons  [ 1, 2, 3, 4, 5, 
8 , 1 1 ] .  

The p resen t  s tudy  was designed to  e x t e n d  the  analysis  of  
CO effects  on  an imal  behav ior  to  measures  o t h e r  t h a n  
response  rate.  The  f ixed -consecu t ive -number  (FCN)  sched- 
ule used in the  p resen t  s tudy  requi res  t ha t  the  an imal  emi t  
more  t h a n  a specif ied n u m b e r  of  responses  on  one  lever 
before  a single response  on  a second lever p roduces  
r e i n f o r c e m e n t  [9 ] .  This  schedule  genera tes  rapid sequences  
of  responses  on  the  first lever ( runs)  whose  l eng th  is closely 
re la ted to  the  requi red  m i n i m u m .  Thus,  it pe rmi t s  an 
assessment  of  CO effects  on  the  accuracy  of  run  length ,  as 
well as on  response  rate.  

METHOD 

Animals 

Four  180-day-old naive, male Long-Evans  rats  were 
ma in t a ined  at 80% b o d y  weight  by  pos tsess ion  feeding,  and  
had  free access to  wate r  in the  h o m e  cage. 

Apparatus 

The expe r imen t a l  c h a m b e r  was an a l u m i n u m  box ,  24 cm 
by 21.5 cm by  19 cm high,  wi th  a f loor  of  stainless steel 
rods  and  a wire mesh  ceiling. On one  wall of  the  c h a m b e r  

was a cen t ra l ly  m o u n t e d  food  cup and two re t r ac tab le  
levers, one  on  each side of  the  food  cup. Each lever was 5 
cm f rom the  f loor  and  5 cm f rom the  cen te r  of  the  wall and 
requi red  18 g (0 .18N)  for  opera t ion .  A yel low house- l ight  
was located  3.5 cm di rec t ly  above  each lever. Noyes  ra t  
food  pel le ts  (45 mg) were used for r e in fo rcemen t .  

The  expe r imen ta l  c h a m b e r  was wi th in  a 35 cm by 50 cm 
by  45 cm high a l u m i n u m  enclosure.  R o o m  air was drawn 
t h r o u g h  th is  and  four  o the r  enclosures  and  exhaus t ed  f rom 
the  building.  CO (99 .3% pu r i t y )  was in jec ted  t h r o u g h  a fine 
mete r ing  valve in to  the  in take  s tack of  the  enclosure ,  and  
CO c o n c e n t r a t i o n  wi th in  the  enclosure  was c o n t i n u o u s l y  
m o n i t o r e d  wi th  a Beckman  215 B inf rared  CO analyzer .  
The ana lyzer  was ca l ibra ted  each day using pure  n i t rogen  to 
set the  zero p o i n t  and  a precis ion mix tu r e  of  940  par t s  per  
mil l ion ( p p m )  CO in n i t rogen  to set the  gain. Approx i -  
mate ly  four  m i n u t e s  were requi red  to reach  the  desired CO 
c o n c e n t r a t i o n  wi th in  the  enclosure  or to  comple t e ly  clear 
the  enclosure  of  CO. The  gradient  of  CO c o n c e n t r a t i o n  
wi th in  the  enclosure  did no t  exceed 5%. 

White noise at  58 dB was always p resen t  in the  
expe r imen t a l  room.  All p rog ramming ,  recording,  gas deliv- 
ery and  gas m o n i t o r i n g  e q u i p m e n t  was located  in an  
ad jacent  room.  

Procedure 

Training. During t ra in ing  each rat  was tes ted  in 2 daily 
sessions, which  were t e r m i n a t e d  af te r  120 r e in fo rcemen t s .  
Init ial ly,  all responses  on  the  r ight  lever, lever B, were 

1This research was supported in part by Public Health Service grant #ES00757-02 from NIEH. An earlier version of this paper was 
presented at the Eastern Psychological Association meeting, Philadelphia, 1974. We thank Nancy A. Ator for her technical assistance during 
the course of this research. Reprints may be obtained from Roger W. Mclntire, Psychology Department, University of Maryland, College Park, 
MD 20742. 
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FIG. 1. Response rate on lever A for all animals during exposures to 200, 400, and 600 ppm CO with both 30 and 60 min presessions, 
and during baseline sessions. The mean _+ 1 SD of baseline sessions response rates are shown at B, and the range of baseline sessions is 
indicated by dashed lines. The first exposure is represented by a circle, and the second exposure by a triangle. The first determination at 

400 ppm could not be reported for Rat 1 due to equipment problems. 

re inforced .  Af te r  100 r e i n f o r c e m e n t s  were ob ta ined ,  the  
ra ts  were requi red  to p recede  a response  on  lever B by  one  
response  on  the  left  lever, lever A. The  lever A r e q u i r e m e n t  
was gradual ly  increased un t i l  a m i n i m u m  of  20 consecut ive  
responses  was requi red  before  a lever B response  was 
r e in fo rced  (FCN 20). 

F r o m  this  p o i n t  on,  sessions were t e r m i n a t e d  af te r  45 
min  and  the  n u m b e r  of  sessions per  day was r educed  to 
one,  5 days  a week. A br ief  b l ackou t  was i n t r o d u c e d  before  
each session, and  gradual ly  increased in l eng th  to 60 min.  
Dur ing this  b l a c k o u t  b o t h  levers were r e t r ac t ed  and  
inopera t ive .  

CO probe sessions. When all ra ts  had  been  exposed  to 
these f inal  c o n d i t i o n s  for  a m i n i m u m  of 40 daily sessions, a 
series of  CO p r o b e  sessions was begun.  The  d u r a t i o n  of  CO 
exposure  was e i the r  the  last 30 min  of  the  b l ackou t  and the  
d u r a t i o n  of  the  session (30-min  presess ion exposure )  or the  
ent i re  60 min  of  the  b l a c k o u t  and  the  du ra t i on  of  the  
session (60-min  presess ion exposure) .  The  sequence  of  CO 
p robes  cons is ted  of  two b locks  of  6 exposures  each. Each 

b lock  was composed  of  b o t h  30 and 60 min  presession 
exposures  to 200,  400  and  600  ppm.  The order  of  exposure  
wi th in  a b lock  was n o n s y s t e m a t i c  and d i f fe ren t  for  each 
rat.  CO exposure  sessions were a lways separa ted  by a 
m i n i m u m  of  five days, inc lud ing  at least 3 non-CO sessions, 
to  al low re spond ing  to r e tu rn  to basel ine levels. 

RESULTS 

The  response  ra te  on lever A dur ing  CO exposure  and  
baseline sessions (all non-CO sessions) is p lo t t ed  in Fig. 1 
for each rat.  This  figure shows response  rates dur ing  
exposure  to  200,  400  and 600  p p m  CO, wi th  b o t h  30 and 
60 min  presessions.  

Exposure  to  CO was cons idered  to have a clear effect  on  
response  rate when  the  response  rate u n d e r  CO was outs ide  
of  the  basel ine  range of  values. All rats  showed  decreases  in 
response  ra te  u n d e r  600  ppm.  Exposure  to 400  p p m  
p roduced  decreased response  rates  in one  session for  Rats  2 
and 4, and  in all 4 sessions for  Rat  3. Only  Rat  3 showed  
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FIG. 2. The percentage of reinforced runs (20 or more consecutive lever A responses followed by lever B response) for all animals during 
exposures to 200, 400 and 600 ppm CO, with both 30 and 60 min presessions, and during baseline sessions. The mean _+ 1 SD for 
baseline sessions are shown at B, and the range of baseline sessions is indicated by dashed lines. The first exposure is represented by a 
circle, and the second exposure by a triangle. The first determination at 400 ppm could not be reported for Rat l due to equipment 

problems. 

response  ra te  decreases  when  exposed  to 200  p p m  CO. The  
e x t e n t  of  the  response  ra te  d e c r e m e n t s  appeared  to be 
s o m e w h a t  greater  a f te r  60- t han  af te r  30-min  presession 
exposure  for  Rats  2, 3, and  4. 

Figure 2 shows the  pe rcen tage  of  re in forced  runs  (20 or 
more  consecut ive  responses  on  lever A before  a lever B 
response)  for  all an imals  for  baseline and  CO sessions. 
Exposure  to 600  p p m  CO p roduced  decreases ou t  of  the  
basel ine range in all sessions for  Rat  1, in 3 of  4 sessions for  
Rat  3, and in 2 of  4 sessions for  Rats  2 and  4. Under  400  
ppm,  Rat  1 showed  a decrease  in re in forced  runs  in 2 of  3 
sessions, and  Rats  2, 3, and  4 in on ly  1 of  4 sessions. 
Exposure  to 200  p p m  p r o d u c e d  decreases  on ly  in 2 of  4 
sessions for  Rat  2. There  appeared  to be no  cons i s ten t  
d i f fe rence  in this  measure  b e t w e e n  the  effects  of  3 0 - a n d  
60-min  presession exposure .  

Run  length  is the  n u m b e r  of  consecut ive  lever A 
responses  t ha t  p receeded  a lever B response.  Figure 3 shows 
the  relat ive f r equency  d i s t r ibu t ion  of  run  lengths  for  all 
an imals  dur ing  the  second exposure  wi th  a 60-min  preses- 
s ion exposure  to  each CO level (solid l ine) and for  the  2 
sessions p receed ing  each CO exposure  ( do t t ed  lines). 
Relative f r equency  was calcula ted by dividing the  n u m b e r  
of  runs  in each ca tegory  by  the  to ta l  n u m b e r  of  runs.  Run  

lengths  to  the  r ight  of  the  vert ical  l ines were fol lowed by 
r e in fo rcemen t .  In basel ine sessions, the  m o d e  of  the  
d i s t r ibu t ion  of  run  lengths  on  lever A was cons i s ten t ly  at  or 
above the  m i n i m u m  requi red  for  r e in fo rcemen t .  At  600  
p p m  CO, the  moda l  r un  lengths  of  Rats  1, 3 and  4 shif ted 
f rom values equal  to  or greater  t han  the  m i n i m u m  required 
for  r e in fo rcemen t ,  to  values less t han  the  m i n i m u m  
requ i r emen t .  Such moda l  shifts  to the  left  occur red  in 10 of  
16 exposures  to  600  ppm.  In 3 of  the  16 cases at 600  ppm,  
the  d i s t r ibu t ions  shif ted to  the  left,  a l t h o u g h  moda l  run  
length  was no t  changed  (non -moda l  shift) .  At  400  ppm,  
modal  run  l eng ths  shif ted to values less than  the  m i n i m u m  
required for  r e i n f o r c e m e n t  in 6 of  16 cases. Non-moda l  
shifts  to  the  left  occur red  at  400  p p m  in 4 of  16 cases (e.g. 
Fig. 3, Rat  1). In 1 case ou t  of  16, there  was a modal  shif t  
to  the  left  at  200  ppm,  and 3 n o n - m o d a l  shif ts  to  the  left. 
Only 2 cases of  moda l  shif ts  to  the  r ight,  and  a single case 
of  a n o n - m o d a l  shif t  to  the  r ight  were seen, all at 200  ppm.  

A more  deta i led p ic ture  of  r e spond ing  u n d e r  this  
schedule  can be seen in the  cumula t ive  response  records  of  
Fig. 4. Records  of  Rats  2 and 3 were chosen  to i l lus t ra te  
baseline p e r f o r m a n c e  and  various degrees of  d i s rup t ion  
u n d e r  CO which  were represen ta t ive  of  f indings  wi th  all 
rats. In basel ine sessions, r e spond ing  on  lever A occur red  at  
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FIG. 3. Relative frequencies of run lengths for all animals during the second exposure to 200, 400 and 600 ppm CO with 60 min 
presessions (solid lines), and during the two sessions preceeding each CO exposure (dotted lines). Run length was recorded in categories of 
3 responses, all runs of more than 30 consecutive responses were recorded in the last category. These categories are represented on the 
abcissa (e.g. the first category is 0 to 3, the second is 4 to 7, etc.). Relative frequency was calculated by dividing the number of run 
lengths in each category by the total number of run lengths. Run lengths to the right of the vertical lines were followed by reinforcement. 

a h igh s teady rate ,  and  r e i n f o r c e m e n t  dens i ty  was h igh 
t h r o u g h o u t  the  session. Two changes  in th is  p a t t e r n  of  
r e spond ing  were seen cons i s t en t ly  dur ing  exposure  to  400  
and  600  p p m  CO. The  local ra te  of  response  ( response  ra te  
dur ing  a run)  was decreased in Rats  1, 2, and 4 at  400  p p m  
and  in all rats  at  600  ppm.  The record  of  Rat  2 at  400  p p m  
in Fig. 4 i l lus t ra tes  such a decrease  in rate.  

The  second  change  seen in the  cumula t ive  response  
records  was the  appea rance  of e x t e n d e d  pauses  or a 
comple t e  cessa t ion of  responding .  Such pauses  were the  
ma jo r  c o n t r i b u t o r s  to the  r educed  response  ra te  u n d e r  CO 
seen in Fig. 1, and  they  were f o u n d  in all CO exposure  
sessions in which  r e spond ing  was be low the  basel ine  range. 
In Figure 4, mul t ip le  pauses  can be seen in the  record  of  
Rat  2 at  600  ppm,  and  a cessa t ion of  r e spond ing  in the  
record  of  Rat  3 at 600  ppm.  These  pauses  appea red  earlier 
in sessions wi th  h igher  CO levels t han  in sessions wi th  lower  
CO levels. For  Rats  2, 3 and  4, such e x t e n d e d  pauses  
typica l ly  fo l lowed a per iod  of  low or zero rate of  
r e i n fo r cemen t .  Rat  1 c o n t i n u e d  to r e spond  t h r o u g h o u t  
mos t  CO sessions despi te  shor t  run  lengths  and lowered 
r e i n f o r c e m e n t  densi ty .  

D I S C U S S I O N  

C a r b o n  m o n o x i d e  exposure  resul ted  in decreased re- 
sponse  ra te  and  a d i s rup ted  p a t t e r n  of r e spond ing  at values 
as low as 200  ppm.  In 3 rats  the  CO effec ts  were pr imar i ly  

on response  rate ,  and  in the  f o u r t h  rat  pr imar i ly  on run  
length.  Rats  2 and  3 showed  slightly greater  d e c r e m e n t s  in 
response  ra te  wi th  60-rain than  wi th  30-min  presession 
exposure  to CO. 

The f inding of  reduced  response  rate u n d e r  CO exposure  
is similar to  resul ts  f rom m a n y  previous  studies of CO 
effects  on  ope ran t  behav ior  [1, 2, 3, 4, 5, 8, 11] .  Two 
types  of  behaviora l  changes  c o n t r i b u t e d  to this  r educ t i on  in 
response  rate.  The local ra te  of  response  was slightly 
decreased in mos t  CO sessions and  the  e x t e n t  of the  
decrease was re la ted to  the  c o n c e n t r a t i o n  of CO. Despi te  
this  decreased local rate,  run  lengths  early in the  session 
remained  appropr i a t e  to the  r e q u i r e m e n t ,  and re inforce-  
m e n t  dens i ty  r emained  high. In the  la t ter  par t  of  CO 
sessions shor t  run  lengths  led to a decrease in r e i n f o r c e m e n t  
dens i ty ,  and  three  of  four  rats  showed  e x t e n d e d  pauses. 

The presen t  f indings  of  reduced  local response  ra te  and 
e x t e n d e d  pauses  can on ly  be compared  to previous  s tudies  
which  r epo r t ed  deta i led  charac ter i s t ics  of  r e spond ing  u n d e r  
CO. Merigan and Mclnt i re  [11]  used a progressive rat io  
schedule  which  genera tes  h igh rates  of  r e spond ing  similar to  
those  seen on  the  lever A in the  p resen t  s tudy.  They  found  
decreases in local response  rate and e x t e n d e d  pauses  caused 
early t e r m i n a t i o n  of  the  session ~t CO levels as low as 330  
ppm.  Behavioral  ef fects  of  CO have also been  s tudied  wi th  a 
d i f fe rent ia l  r e i n f o r c e m e n t  of  low rate ( D R L )  schedule  
which  genera tes  very low rates  of  r e spond ing  [2 ] .  Under  
this  schedule ,  local response  rate was una f fec t ed ,  and the  
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FIG. 4. Representative cumulative response records for Rats 2 and 3 during a baseline session, and during exposures to 
400 and 600 ppm CO. Both pens moved to the right with time. The top pen moved upward with each lever A 
response, and was deflected down with each response on lever B. The base pen was deflected downward with each 

reinforcement. 

major finding w a s  the appearance of  ex tended pauses 
during CO exposure.  

Presession exposure of  60 min was somewhat  more 
effective than a 30 min presession in reducing response rate 
in the present study. However,  run length was not  
differential ly affected by the different  periods of  exposure.  
Relative ca rboxyhemoglob in  (COHb) levels for the two 
lengths of  presession can be est imated from measurements  
of  the rate of  COHb uptake by Long-Evans rats [ 11 ]. With 
30 rain pre-exposure,  the COHb level was approximate ly  
65% of  equi l ibr ium at the beginning of  the session and over 
90% at the end. After  60 min pre-exposure,  levels ranged 
from about  90% of  equil ibr ium at session onset to close to 
100% at session end. Thus, mean COHb level was greater 
after 60-min presession exposure,  but  the rate of  change of 

COHb was greater after 30-min presession exposure.  The 
greater effect  of  the longer presession on response rate is 
consistent with the c o m m o n  assumption that  behavioral 
disruption is related to COHb level and not  to the rate of  
change of  COHb level. 

The extended pauses seen in the cumulat ive records of  
Rats 2, 3, and 4, during CO sessions typically fol lowed a 
period of short run lengths on lever A and reduced density 
of  re inforcement .  The regularity of  this pat tern suggests 
that the extended pauses may have been secondary to the 
reduced re inforcement  rate. This also suggests that  the 
relative insensitivity to CO of  the reinforced run length 
measure (see Fig. 2) is due to the rapidity with which 
pauses fol low unreinforced runs. The per formance  of  Rat 1 
supports the not ion  that pausing reduces the impact  of  CO 
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on the  pe rcen tage  or r e in forced  runs.  This rat  was apparen t -  
ly more  res i s tan t  to  n o n r e i n f o r c e m e n t  since it showed  no 
long pauses  despi te  f r equen t  shor t  un r e i n f o r ced  run  lengths .  
Inspec t ion  of  Figs. 1 and  2 reveals t ha t  the  response  ra te  of  
this  rat  was insensi t ive to CO while  pe rcen t  r e in forced  runs  
were s t rongly  reduced.  

U n d e r  the  FCN schedule ,  lever B r e spond ing  is d i f feren-  
tially re in forced  (d i f f e r en t i a t ed )  a long the  d imens ion  of  
n u m b e r  of  responses  on  lever A. It has  been  argued t ha t  the  
d i f f e r en t i a t i on  of  a response  a long any  d imens ion  necessar- 
ily involves a d i sc r imina t ion  of  a s t imulus  cor re la ted  wi th  
tha t  d imens ion  [ 1 2 ] .  Unde r  the  FCN schedule  e i the r  
n u m b e r  of  responses ,  or t ime  spent  r e spond ing  on  lever A 
could p rov ide  such  a s t imulus .  Rilling [13]  and  LeFever  
[7] have of fe red  evidence tha t  the  organism d iscr imina tes  
n u m b e r  of  responses  w h e n  r e spond ing  on  this  schedule  and 
no t  the  passage of  t ime.  Thus ,  FCN schedule  p e r f o r m a n c e  
may  be seen as a d i sc r imina t ion  of  s t imul i  arising f rom the  
organ ism's  own  behav io r  [ 6 ] ,  and the  present  f inding of  
r educed  run  leng ths  u n d e r  CO exposu re  as a d i s rup t ion  of  
tha t  d i sc r imina t ion .  

On the  o the r  hand ,  the  shor t e r  run  lengths  u n d e r  CO 

might  be due to direct  ef fects  of  CO on response  rate on  
one  or b o t h  levers. A rate  increase on lever B would by 
def in i t ion  decrease  run  du ra t i on  ( t ime to comple t e  a run  on  
lever A) Which might  in tu rn  result  in a decrease in run  
length.  Previous s tudies  have shown  tha t  run  dura t ion  on  
FCN schedules  is decreased b o t h  by drugs [10] and by 
increases in depr iva t ion  [9 ] .  However ,  run  length  was 
f o u n d  in b o t h  of  the  above  s tudies  to  be i n d e p e n d e n t  of  
changes  in run  dura t ion ,  suggesting tha t  run  length  changes  
in FCN schedules  are no t  re lated in a s imple way to 
response  rates on  the  second lever. 

Of course,  if run  du ra t ion  remained  c o n s t a n t  in the  
present  s tudy,  decreases  in run  length  migh t  be due simply 
to the  decreased response  ra te  on  lever A u n d e r  CO. A 
careful  inspec t ion  of  cumula t ive  response  records  revealed 
m a n y  ins tances  of  changes  in local response  rate wi th  no  
change  in r e i n f o r c e m e n t  dens i ty ,  as well as changes  in 
r e i n f o r c e m e n t  dens i ty  wi th  no changes  in local response  
rate (see Fig. 4, Rat  2, 400  ppm) .  Thus,  it is unl ikely  t ha t  
run  l eng th  changes  were due solely to  changes  in lever A 
response  rate.  
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