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SHULZ, D., D. CHERNICHOVSKY AND C. ALLWEIS. A novel method fin" quantij~,ing passive-awffdance behavior 
based on the exponential distribution of step-through latencies. PHARMACOL BIOCHEM BEHAV 25(5) 97%983, 
1986.--1n the extensive literature dealing with the one-trial passive-avoidance task the data are usually represented by the 
median latency to respond. We propose here a novel representation and analysis of passive-avoidance data which is based 
on the observation that the complement of the cumulative distribution of step-through latencies (i.e., the fraction of animals 
remaining in the safe compartment) decays exponentially with time from the onset of the trial. A remarkably close fit of this 
complementary distribution is seen when the best-fitting straight line is drawn through the data points plotted on semilog 
coordinates. The slope of this line k, which we call " the step-through rate constant ,"  (or alternatively, the Tw_. which is 
equal to 0.69/k) provides an accurate description of the population behavior as a whole in most cases. In view of the 
exponential distribution of passive-avoidance data this treatment appears to be more appropriate than the widely-used 
measures of central tendency, the median and mean. It is applicable to research on the effects of drugs on passive- 
avoidance memory, and probably appropriate to other behavioral paradigms and species. 
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T H E  aim of  this pape r  is to p ropose  the use of  an  exponen t i a l  
s ta t is t ical  desc r ip t ion  and  ana lys i s  for da ta  ob ta ined  with the  
one- t r ia l  p a s s i v e - a v o i d a n c e  paradigm.  

The  data  usually r eco rded  wi th  this  wide ly -used  parad igm 
is two s t ep - th rough  la tenc ies  (STLs)  for  each  animal ;  the  
first for  t ra in ing  and the  s econd  for  test .  T h e s e  S T L s  vary  
great ly  f rom animal  to animal .  In work ing  up the  data ,  the 
first s tep usually t aken  is the  r educ t ion  o f  g roup  da ta  to a 
single va lue  s o m e t i m e s  wi thou t  any  m eas u r e  of  d i spers ion .  

A r a n d o m  sampl ing o f  40 r e sea rch  pub l i ca t ions  deal ing  
wi th  p a s s i v e - a v o i d a n c e  b e h a v i o r  f rom B a m m e r ' s  rev iew [1] 
r evea led  tha t  a b o u t  40% of  these  inves t iga to rs  e x p r e s s e d  
the i r  resul t s  as means  and  abou t  60% e x p r e s s e d  t hem as 
med ians .  Seven  o f  the paper s  p r e sen t ed  bo th  m e a n s  and 
med ians  for  good measure .  The re  was  also a small  n u m b e r  of  
au tho r s  who  dec l ined  to use e i the r  of  these  m e a s u r e s  and  
ins tead  p re fe r red  to use  an a rb i t ra ry  cu t -o f f  poin t  or  cr i ter ion 
to d e m a r c a t e  b e t w e e n  two s ta tes ,  - r e m e m b e r s "  and 
" f o r g e t s . "  Var ious  n o n - p a r a m e t r i c  tes t s  of  s igni f icance  were  
appl ied to the  cont ro l  and  tes t  data ,  the mos t  popu la r  be ing  
the  M a n n - W h i t n e y  U-tes t .  T he  S T L s  o f  indiv idual  an ima l s  
are rarely given.  

The  a b o v e  d a t a - t r e a t m e n t s  seem to be c h o s e n  in view of  
the  n o n - n o r m a l  and  highly skewed  d i s t r ibu t ion  o l  these  
STLs .  The  s i tuat ion is compl i ca t ed  by a rb i t ra ry  cu t -of f  of  
very  large STLs.  

Dur ing the  course  of  an  inves t iga t ion  des igned  to find out  
if ou r  four -phase  model  of  m e m o r y  conso l ida t ion  which  was  
der ived  with the use of  an ac t i ve - avo idance  parad igm [2] was  
appl icable  to the p a s s i v e - a v o i d a n c e  parad igm we used a dif- 
f e ren t  stat ist ical  da ta  t r e a t m e n t  which  has  a n u m b e r  of  ad- 
van tages .  This  t r e a t m e n t  is based  on  the o b s e r v a t i o n  tha t  the 
f rac t ion  of  the an imals  in a g roup  that  had  not  yet  s tepped-  
t h rough  as a funct ion  of  t ime from the  onse t  of  the  trial can  
be fi t ted very  closely indeed  by an empir ica l  func t ion  of  the 
f o r m ~  

F~t(t) = c.e  gt, 

whe re  F , ( t )  is the f rac t ion  of  an imals  which  have  not  yet 
s t e p p e d - t h r o u g h  (i.e.,  f rac t ion  remain ing)  at any  g iven  t ime t 
and  c is a c o n s t a n t  which  has  a va lue  close to 1. Th i s  obser-  
va t ion  implies  an exponen t i a l  d i s t r ibu t ion  of  STLs .  H e n c e  
the b e h a v i o r  of  a g roup  in th is  task  can  usually be desc r ibed  
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FIG. 1. The distribution of training and test step-through latencies. Five-second 
bins were used. 

by a single parameter ,  its k value.  This was found to be true 
for both training and test data. The data t rea tment  descr ibed 
here is a special case of  survival  analysis [3]. 

METHOD 

Experimental Animals 

White local male rats (Sabra strain) weighing 120-150 g 
were  used. Animals  rece ived  from the animal house were  
kept in groups of  5 to a cage until the learning session (no 
more than 5 days) and were  al lowed free access  to dry food 
pellets and water .  Rats were  first in t roduced to the experi-  
mental room 1 day before training began. All rats were trained 
in a one-trial s tep-through pass ive-avoidance  task. 

Training Apparatus 

The apparatus consis ted of  a wooden  box 61 cm long 
d iv ided  into a small white  start  box (18x24×41  cm high), 
and a b lack shock box (43×24x41  cm high) by a wall with 
a 9 cm diameter  hole at the bot tom and a guillotine door. The 
white s ta r t -compar tment  was i l luminated by a 75 Watt  lamp 
situated above  it. The black shock compar tmen t  was 
covered  with a black ceiling. Both compar tments  contained 
separate  grid floors consist ing of  0.5 cm d iameter  rods I cm 
apart.  The black box grid could be electrif ied by a high volt- 
age, constant  current  device .  During the training both volt- 
age and current  were moni tored  on an osci l loscope and regis- 
tered with a Grass Polygraph.  

Training Procedure 

Rats were placed in the white compar tment  facing the 
wall opposi te  the door  with the guillotine door  open.  Rats 
were  al lowed to step through and the latency to cross into 
the dark compar tment  with all four  paws was recorded (train- 
ing s tep-through latency).  Immedia te ly  after having entered 
the black box, a constant  current  footshock (50 cps, 0.7 mA 

peak-to-peak) was delivered until the rat escaped to the white 
safe box. The " la tency to e scape"  shock was timed. After the 
rat had escaped the shock the sliding door  was closed and the 
animal was removed  from the apparatus 30 sec later. Rats 
which did not enter  the black box within 20 sec of  being 
placed in the apparatus or  did not escape the punishing foot- 
shock within 20 sec (3.5%) were discarded from the experi-  
ment.  Be tween  training and test, animals were housed indi- 
vidually and were not handled or disturbed. All behavioral  
manipulat ions were conducted  be tween  9 a.m. and 5 p.m. 

Test Procedure 

Rats were tested for their retention of  the task at several 
different training test intervals be tween  30 and 240 min. They 
were placed in the white start box and the t ime until the 
animal crossed into the black box (four paws) was measured.  
The latency to enter  at test will be called: " t e s t  s tep-through 
l a t ency"  (test STL).  Animals  not entering the black box 
within 180 sec were removed and assigned a score of > ! 80. An 
increase in test STL compared  to training STL indicates re- 
tention of  the learned task. 

RESULTS 

Since detailed analysis failed to show any significant 
differences between groups tested at different t imes during the 
interval from 30 min to 240 min, the training and testing 
results were pooled separately.  The distribution of  training 
and testing latencies obtained is presented in Fig. 1. 

It may be noticed that as a result of  training there is a 
great change in the distribution of  STLs.  The STLs  of  the 
trained animals are distributed throughout  the whole period 
of  180 sec of  observat ion,  and a significant fraction remain in 
the safe compar tment  at the end of  this period. 

Analysis ofResults 

In our  exper iments  the infinite number  of  times from the 
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FIG. 2. The fraction of animals remaining plotted as a function of 
time from the onset of the trial. Circle and rhombus symbols corre- 
spond to training and test data respectively. 
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FIG. 3. The log of the fraction of animals remaining plotted as a 
function of time from the onset of the trial. Values for F,(t) are also 
indicated on the same logarithmic scale. Circle and rhombus repre- 
sent training and test data respectively• rl,,,~ =- .994,  standard error 
of estimate-0.018; r,~,,1--,988, standard error of estimate=0.044. 

onset  of  the trial at which an animal may step through may 
be regarded as a cont inuous  random variable whose  distri- 
bution funct ion F(t) is a cont inuous  funct ion which repre- 
sents the probabili ty to step through in less than t ime t: 

F(t) = P(STL<t ) .  

In pract ice we sum all STLs  which are equal to or  less 
than any time t. The resulting distribution function is often 
called a Cumula t ive  Probabili ty Funct ion (CPF).  The com- 
plementary  distr ibution funct ion of  this CPF  is the fraction of  
animals which have not yet s tepped- through up to any point t 
in t ime, i.e.,  the Fract ion Remaining F~¢(t). 

In the graphic representation of  our experimental  data, the 
fraction of  animals remaining was plotted as a function o f  
time at each point in t ime when an animal s tepped-through.  
Thus the time at which each animal s teps-through will be 
represented  as a point on the graph (Fig, 2). Our  data is 
plotted in this way in Fig. 2 except  that the training data 
points  represent  the fraction of  animals stepping-through 
during each success ive  second due to the difficulty of  plot- 
ting a large number  of  data in such a small area. 

The plotted fract ion of  animals remaining F~¢(t) seems to 
fall exponent ia l ly  with time, suggesting that the data  can be 
descr ibed mathemat ical ly  by an empirical  function of  the 
form: 

F d t )  c.e kt (1) 

We tested this idea by using a logarithmic t ransformation,  
since if the data fits the exponent ia l  model  then log Fs(t) 
would decay linearly with t ime according to the following 
linear equat ion:  

log F~(t) = kt. log (e) + log (c) (2) 

A regression program was used to draw best-fit lines 
through the points plotted on a semilogari thmic graph. The 
plots obtained are presented  in Fig. 3. The remarkable  close 
fit of  the points to their  lines indicated that the exponent ia l  
model  was acceptable  both for train and for test data. 

The fact that Fl~lt) is exponent ia l  implies that its 
Probabili ty Density Funct ion (PDF) (i.e., the probabili ty o f  
animal s tepping-through at any point in time) is also expo-  
nential.  This is so because  the PDF is the negat ive der ivat ive 
o f  F~(t) and hence retains the exponential  form although the 
constants  change so that: 

PDF = c.k.e kt (3) 

The ratio function obtained by dividing the PDF by its F~(t) 
represents  the fraction of  animals s tepping-through at a given 
t ime divided by the fraction remaining (i.e., not yet stepped- 
through at that time). It expresses  the probabili ty that 
animals which remain till some t t ime will s tep-through at 
that t ime. Since in the present .case  the F~(t) funct ion and its 
PDF are exponent ia l  this ratio function remains constant  
ove r  time and is equal  to k. 

Equat ion (1) includes a parameter  c (which is the inter- 
cept of  Fs(t) with the Y axis at t=0)  the value of  which in the 
relation to the value k de termines  the delay time of  onset  o f  
the exponent ia l  decay as follows: 

t,l,,my = Iog(c)/k.log(e) (4) 

If c is equal to 1 the exponent ia l  process  begins without  
delay. If c is smaller  than I the delay takes a negat ive value. 
The meaning of  this is that ( 1 - c )  fract ion o f  the populat ion 
steps through immediate ly  at t = 0  prior to the onset  of  the 
exponent ia l  process.  

When c is greater  than 1 it signifies a delay, before the 
onset  o f  exponent ia l  s tep-through behavior .  

In our  case the regression analysis indicated small delays 
of  about  2 sec for training data and about 5 sec at test. To 
simplify the model ,  the parameter  c can be restr ic ted to 1 
since no significant deter iorat ion in the c loseness  of  fit re- 
sults. H o w e v e r  the decis ion whether  to neglect the delays or  
not depends  on the level of  accuracy  aimed at and whether  
one is interested in the delays themselves .  

If we decide to restrict  the value of  the parameter  c to I, 
the behavior  of  a populat ion in the pass ive-avoidance  
paradigm may be adequate ly  and pars imoniously  descr ibed 
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by a single parameter ,  its K-value ,  which will be termed " t h e  
s tep-through rate cons t an t . "  Otherwise ,  two parameters ,  k 
and c, are needed to descr ibe the data. 

The parameter  k may be est imated by two different 
methods:  (1) The maximum likelihood method of  est imation:  

n 

15, = d/xZ STL, 15) 
i=l  

where  k, is the max imum likelihood es t imator  of  k, d is the 
number  of  animals which s tepped-through within the obser- 
vation interval within 180 sec or  20 sec for test or  training 
respect ively) ,  and ~STL~ is the sum of  observed  step- 
through latencies of  all animals in the exper iment  [3]. 

(2) The slope of  the regression line for the logari thmically 
t ransformed data may also be used for k-value est imation.  
The slope of  the best fitting line (b) is equal  to k.log(e) in 
equat ion (2). Hence  k is equal  to b/log(e) or  2.3b. 

Both methods  gave closely comparable  k values.  The re- 
sults obtained with the second method only are presented 
below (Table 1) since it was supplied by the regression pro- 
gram which also gives the value of  the intercept  if it is differ- 
ent  from 0. 

The exponent ia l  behavior  of  the populat ion enables us 
to es t imate  from the logplot the t ime at which one-hal f  of  the 
populat ion has a l ready stepped through. We designate this 
s tat is t ical ly-derived es t imate  as T,/2. If the parameter  c is 
restr icted to 1, there is a reciprocal  relation be tween  Tw_, and 
k such that: 

T1:2 = 0.69/k (6) 

Hence  the es t imated T~:._, is an equally valid measure  of  
the populat ion behavior ,  and it is also presented  in Table I. 

I f  the paramete r  c is not restr icted to 1 then the relation of  
T to k is descr ibed by the fol lowing equat ion:  

log (1/2) - log (c) 
TL,~ (7) 

log (e) k 

DISCUSSION 

The convent ional  reduct ion of  passive avoidance  data by 
resort  to means or  medians seems to be based on the notion 
that S T L  is a s t imulus- to-response interval  and that the indi- 
vidual members  of  an ideal homogeneous  populat ion would 
all have the same S T L  in this test.  Converse ly ,  variability in 
STLs  within a given populat ion seems to be regarded as 
unavoidable  " n o i s e "  of  exper imenta l  origin super imposed 
on a signal of  definite value. This " n o i s e "  which is man- 
ifested in the highly-skewed wide dispersion of  the experi-  
mental  data is therefore  discarded at the first step of  data 
analysis by resort  to means  or  medians.  

We advance  the suggestion that since it is possible to 
descr ibe the behavioral  data of  the populat ion as a whole 
very  accurately  by a rate constant  (i.e.,  the ratio of  the 
number  of  animals s tepping-through at some point in time 
divided by the number  of  animals which have not yet 
s tepped-through) it is bet ter  to use this " ' s tep-through rate 
cons t an t "  or  a measure  which is based on it rather than use 
an index of  central  tendency which is inappropriate  to the 
data distribution. 

The  "ha l f - t ime, ' "  T~/2, descr ibed above  is an al ternat ive 
measure  of  group behavior  der ived from the step-through 

T A B L E  1 

VALUES OF THE CONSTANTS DERIVED BY FITTING 
EXPONENTIAL FUNCTIONS TO TRAINING AND TEST DATA 

Train Test 

No. of rats 97 94 
K _+ S.E. 0.183 + 0.0039 0.0086 ± 0.00011 
"l~,e + S.E. 6.2 + 0.9 84.6 ~ 7.5 
c _+ S.E. 1.3 + 0.012 1.04 ± 0.0042 

rate constant.  It is usually a more reliable est imate of  the 
t ime at which 5W~ of  the population have s tepped-through 
than is a median whose  value is subject to fluctuation of  the 
t ime at which one or  two " 'cent ra l"  animals of  the group 
happen to step-through.  Only providing that (1) the median 
STL is less than the cut-off  STL (180 sec) and that (2) the 
" 'central  an imal"  happens to fall close to the regression line, 
the value of  this median will be close to that of the statisti- 
cally der ived Tv._,. 

When these condi t ions  are met.  the median becomes  a 
measure  of  group behavior  which owes its validity not its 
convent ional  significance as a measure  of  central tendency 
of  a normally distributed populat ion,  but to the fortuitous cir- 
cumstance  that the data obtained in this test happens to have 
an exponent ia l  distribution and in this context  only, and 
under the restr icted c i rcumstances  stated above,  the median 
S T L  happens to be numerical ly close to T,:._,. 

However ,  in many publications the median of  the test 
S T L S  has the value of  the cut-off  time. This reduces the 
validity of  this measure  compared  with T~:e which can be 
extrapola ted from the regression line. In contrast  to the me- 
dian, Tt/._, is not a measure  of  central tendency;  it is a concise 
quant i ta t ive descript ion of  the F d t )  distribution. 

Regarding the influence of  cut-off  values on the analysis: 
in the usual way of  reducing the data to a mean,  the arbitrary 
cut-off  values contr ibute spuriously in greater  or smaller  
measure to the value of  the mean. It is one of  the advantages 
of  the new approach we describe here, that the cut-off  popu- 
lation contr ibutes  legitimately to the definition of  the regres- 
sion line from which the population step-through latency is 
derived.  

As ment ioned in the introduction,  almost  half of  the au- 
thors sampled from Bammer ' s  review reduced their STL 
data to a mean. This is not an appropriate way to treat the 
results since there is no central  tendency and the exponent ia l  
distribution of  STLs  causes the value of  the mean to be 
unduly influenced by the larger S T L  values. ( l /k is some- 
times referred to as the " 'mean"  of  an exponential  distribution 
[3], however ,  its value is often quite different fi'om the value 
of  the mean as usually calculated.  As the K value decreases ,  
the difference be tween the two " ' m e a n s "  becomes  larger. In 
our  case the l/k of  the test data presented in Fig. 3 is 116 sec 
whereas  the statistical mean is 96 sec.) 

The change in the step-through rate constants  from train- 
ing to test indicates that learning has occurred.  We consider  
the change in k or  T~:._, to be the best quali tat ive measure  of  
this learning. 

Since the effect of  a t reatment  can be assessed by com- 
parison of  the slopes of  t reated vs. non-treated populations 
there is no need to adopt  an arbitrary cri terion for amnesia.  

The most f requent ly used test of  the significance of  differ- 
ences  between groups in publications o f  pass ive-avoidance 



Q U A N T I F Y I N G  PASSIVE AVOIDANCE BEHAVIOR 983 

data is the non-parametric Mann-Whitney U-test. Since in 
our analysis a k value is sufficient to describe the population 
behavior a test of significance based on k values alone is 
called for. The likelihood ratio parametric test or Cox F test 
may satisfy this requirement, however various non- 
parametric tests which have been used in survival analysis 
for data with an exponential distribution may also be appli- 
cable. These tests include (I) The Desu test and (2) Gehan's  
nonparametric test. For a description of these tests see [3] 
and [4]. Thus the data treatment described here enables the 
use of various tests of significance which cannot be used 
with the conventional method of data treatment. 

There is no theoretical basis that we know of to support 
the use of an exponential function to describe the data 
points. The only justification is the fact that it fits the 
highly-skewed population data very well and therefore pro- 
vides a concise, accurate and convenient metric for the de- 
scription of the behavior of a population in this paradigm. 
The fact that the Iogplots display all of the data points and 

are easily made with readily available computer programs 
such as SPSS are further points in favour of their use. 

In the absence of any convincing theory to support it, the 
use of a more complicated function to fit the data even more 
closely would not seem to be warranted, since the aim of 
data analysis is to quantify the test and training behavior of 
control and experimental groups for comparison. 

There are three main ways in which drug treatments or 
other experimental procedures might alter the population 
distribution. They might change the value of the step- 
through rate constant, they may change the distribution 
function itself to some other distribution function or they 
may partition the population into two (or more) sub-groups 
with different step-through rate constants. It is a further ad- 
vantage of our method of analysis that all three effects can be 
detected from the data. In the last case, the different sub- 
populations may in some cases be resolved by fitting an ex- 
ponential expression with two (or more) terms to the data 
using graphical or computerized curve-fitting methods. 
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