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Effect of Varying the Intensity and Train 
Frequency of Forelimb and Cerebellar Mossy 
Fiber Conditioned Stimuli on the Latency of 
Conditioned Eye-Blink Responses in 
Decerebrate Ferrets 
P~ir Svensson, 1 Magnus Ivarsson, and Germund Hesslow 
Department of Physiology and Neuroscience 

Lund University 

8-223 62 Lund, Sweden 

A b s t r a c t  

To s tudy  the  role  o f  the  m o s s y  f iber  
af ferents  to the  ce rebe l lum in classical  
eye-b l ink  condi t ion ing ,  in  pa r t i cu la r  the  
t iming  of  the  cond i t i oned  responses ,  we  
c o m p a r e d  the  effects o f  v a r y i n g  a p e r i p h e r a l  
cond i t i oned  s t imulus  w i t h  the  effects o f  
c o r r e s p o n d i n g  var ia t ions  o f  d i rect  
s t imula t ion  of  the  m o s s y  fibers.  In one  set 
o f  e x p e r i m e n t s ,  decerebra te  fer re ts  w e r e  
t r a ined  in  a Pavlovian  eye-b l ink  
cond i t i on ing  p a r a d i g m  w i t h  electr ical  
fo re l imb  t r a in  s t imula t ion  as cond i t i oned  
s t imulus  and  electr ical  pe r io rb i t a l  
s t imula t ion  as the  u n c o n d i t i o n e d  s t imulus.  
W h e n  stable cond i t i on ing  h a d  b e e n  
achieved,  the  effect o f  i nc reas ing  the  
in t ens i ty  or  f r e q u e n c y  of  the  fo re l imb 
s t imula t ion  was  tested. By inc reas ing  the  
in tens i ty  f r o m  1 to 2 mA, o r  the  t r a in  
f r e q u e n c y  f r o m  50 to 100 Hz, an  immed ia t e  
decrease  was  induced  in b o t h  the  onse t  
l a t ency  and  the  l a t ency  to p e a k  of  the  
cond i t i oned  r e sponse .  I f  the  cond i t i oned  
s t imulus  i n t e n s i t y / f r e q u e n c y  was  
m a i n t a i n e d  at the  h i g h e r  level, the  r e s p o n s e  
la tencies  g radua l ly  r e t u r n e d  to p re sh i f t  
values.  In a s econd  set o f  e x p e r i m e n t s ,  the  
fo re l imb s t imula t ion  was  rep laced  b y  d i rec t  
t r a in  s t imula t ion  o f  the  middle  cerebe l la r  
pedunc le  as c o n d i t i o n e d  s t imulus .  Vary ing  
the  f r e q u e n c y  o f  the  s t imulus  t ra in  b e t w e e n  

1Corresponding author. 

50 and  100 Hz had  effects tha t  we re  a lmos t  
ident ical  to those  ob ta ined  w h e n  us ing  a 
fo re l imb  cond i t i oned  st imulus.  The 
func t iona l  m e a n i n g  of  the  la tency  effect is 
discussed.  It is also sugges ted  tha t  the  
resul ts  s u p p o r t  the  v iew tha t  the  
cond i t i oned  s t imulus  is t r ansmi t t ed  t h r o u g h  
the  m o s s y  f ibers  and  tha t  the  m e c h a n i s m  
for  t iming  the  cond i t i oned  r e s p o n s e  is 
s i tuated in  the  cerebel lum.  

I n t r o d u c t i o n  

An important feature of the classical or Pavlov- 
ian learning paradigm is the precise temporal regu- 
lation of the conditioned response (CR). In classi- 
cal eye-blink conditioning, where an animal has 
learned to blink in response to a conditioned stimu- 
lus (CS), such as a tone or electrical skin stimula- 
tion, the CR is timed so that the eye is maximally 
closed and, hence, under natural circumstances, 
protected at the time of the unconditioned stimu- 
lus (US), usually an air puff or a periorbital electri- 
cal stimulus. This holds over a wide variety of ex- 
perimental situations. If the interval between the 
CS and the US is changed, the animal will learn to 
change the latency of the CR, so that its protective 
effect is restored (for references, see Mackintosh 
1974). If rabbits are trained with two different tone 
frequencies as CSs, each tone being followed by 
the US at a different interval, the animals will learn 
to emit two CRs with latencies appropriate to each 
CS (Mauk and Ruiz 1992). 

An exception to this rule is the shift in CR 
onset latency that occurs when the animals have 
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been trained to a particular CS and the intensity or 
the frequency of this CS is changed. For instance, 
Pavlov reported that if the frequency of a CS con- 
sisting of rhythmic tactile stimulation was in- 
creased, a conditioned salivation response ap- 
peared earlier (Pavlov 1927, p. 100). More re- 
cently, it has been shown that varying the intensity 
of a tone CS can affect the latency of a conditioned 
nictitating membrane  response (Frey 1969; Leo- 
nard and Monteau 1971). A limitation of these stud- 
ies is that they could not exclude that the latency 
effects were merely secondary to increases in the 
CR amplitude. A gradual change of the CS intensity 
during an individual trial has also been shown to 
change the CR latency. A gradual increase from, as 
well as a decrease to, the training intensity caused 
shorter CR latencies (Kehoe et al. 1995). 

The aim of the present study was to determine 
whether  the effect on CR latency of changing the 
intensity of a peripheral CS could be mimicked 
when  using direct stimulation of the mossy fibers 
to the cerebellum as the CS. Several lines of con- 
verging evidence now suggest that the cerebellum 
plays a key role in the learning as well as the per- 
formance of classically conditioned somatic re- 
sponses. For instance, a large number  of studies 
have shown that lesions to the anterior interposi- 
tus nucleus and of the cerebellar cortex (for re- 
view, see Yeo 1991; Thompson and Krupa 1994), 
as well as pharmacological (Krupa et al. 1993) or 
physiological (Hesslow 1994) inactivation severely 
interfere with eye-blink conditioning. Several in- 
vestigators have suggested that conditioning might 
utilize mechanisms that have been proposed pre- 
viously by Brindley (1964), Marr (1969), and Albus 
(1971) for other forms of motor learning, namely 
that climbing fibers to the cerebellum can modify 
the responsiveness of Purkinje cells to mossy fiber/  
parallel fiber input (for review, see Ito 1984). In 
the context of classical conditioning this would 
mean that the CS activates mossy fibers and the US 
climbing fibers (cf. Fig 1). Several experimental  re- 
suits support this suggestion. For instance, it has 
been shown that stimulation of the pontine nuclei, 
the source of a large group of mossy fibers, which  
enter the cerebel lum via the middle cerebellar pe- 
duncle (MCP), can be used as CS (Steinmetz et al 
1989; Steinmetz 1990). 

Although the evidence is very strong that 
the cerebellum is important for classical condition- 
ing, it is still not clear precisely which  aspects of 
conditioning are controlled by the cerebellum. It 
is possible that the CS information undergoes im- 

./~L"~ NVll i NFI 1 ~ MOP-08 
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Figure 1: Experimental setup with hypothetical wiring 
diagram. Conditioned stimulation was applied to a fore- 
limb (FL-CS) or to the middle cerebellar peduncle 
(MCP-CS). The unconditioned stimulus (US) was ap- 
plied to the periorbital area. The CR was recorded as 
EMG activity from the upper eyelid. The hypothetical 
pathway for the CS is from the forelimb via mossy fibers 
(mf), granule cells (Grc), to the Purkinje cell (Pc). The 
hypothetical pathway for the US from the periorbital 
area is via the trigeminal nucleus (NV), the inferior olive 
(IO), and climbing fibers (cf) to Pc. Output is from the 
cerebellar cortex to the anterior interpositus nucleus 
(NIA), red nucleus (NR), and facial nucleus (NVII) to the 
orbicularis oculi muscle. 

portant processing in the brain stem or 
in forebrain structures before it reaches the cer- 
ebellum. For instance, several investigators have 
suggested that the hippocampus performs a tem- 
poral processing that is utilized by the cerebellum 
(see e.g., Port et al. 1986; Christiansen and 
Schmajuk 1992). It is therefore of interest to deter- 
mine to what  extent conditioning, which  uses di- 
rect stimulation of the mossy fiber input to the 
cerebellum as the CS, resembles conditioning to a 
peripheral CS. 

In the first part of the study, we investigated 
the effects on CR latency of changing the current 
intensity or pulse frequency of a CS consisting of 
a train of electrical stimuli to the forelimb. In 
the second part, we studied the effects of changing 
the frequency of the CS when  using direct stimu- 
lation of mossy fibers in the MCP as the CS. If 
the effects of varying the intensity or train fre- 
quency of a peripheral CS can be mimicked by 
variations in the frequency of direct mossy fiber 
stimulation, this would support the hypothesis that 
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condi t ioning occurs in the cerebe l lum and that the 
CS is t ransmit ted via mossy fibers. It would  also 
indicate that the essential  parts of  the t iming 
mechan i sms  reside in the cerebel lum.  

M a t e r i a l s  a n d  M e t h o d s  

ANESTHESIA AND SURGERY 

The exper iments  were  per fo rmed  on 23 male 
ferrets (0.8-1.8 kg). The animals were  deeply  anes- 
thet ised wi th  isoflurane (Abbot Laboratories Ltd., 
UK, 1.5%-2% in a mixture  of 02 and N20). They 
were  initially p laced in a box  into w h i c h  anesthetic 
gas was directed. W h e n  deep anesthesia  had been  
achieved,  a t racheotomy was per fo rmed  and the 
gas was then  channe led  directly into a tracheal 
tube. The level of  anesthesia was moni tored  regu- 
larly by  testing wi thdrawal  reflexes. 

The animal 's  head was f ixed to a stereotaxic 
frame. The skull was opened  on the left side, 
and the caudal half  of  the right and the left cerebral  
hemisphe res  and a substantial part  of  the thalamus 
on the left side were  removed  by aspiration. 
The aspiration exposed  the left lateral part of the 
cerebe l lum and the superior  and the inferior col- 
l iculus of the brain stem. The animal  was  then  de- 
cerebrated by a section wi th  a blunt  spatula 
through the brain stem 0.5-1 m m  rostral to the 
super ior  colliculus and the red nucleus.  The com- 
pleteness  of the decerebra t ion  was verified in all 
cases by  pos tmor tem examinat ion.  In those ani- 
mals in w h i c h  st imulation of MCP was tested, the 
pedunc le  was exposed  on the left side by remov- 
ing the most  lateral part of the tentorium. This 
p rocedure  also exposed  a small por t ion of the tri- 
geminal  nerve. To further  expose  the MCP, in four 
animals, the most  lateral part  of  the inferior col- 
l iculus was aspirated. Bleeding was control led wi th  
gelfoam. After decerebra t ion  the anesthesia was 
terminated.  The end-expiratory CO 2 concentra- 
tion, arterial b lood pressure,  and the rectal tem- 
perature  were  moni tored  cont inuously  and kept  
wi th in  physiological  limits. Throughout  the experi- 
men t  the animals received artificial venti lat ion and 
a cont inuous  intravenous infusion (50 m g / m l  of 
glucose, isotonic acetate Ringer 's solution, 60 mg/  
ml of Macrodex wi th  NaCI; propor t ion  1:1:1; 1 
ml /kg  per  hour). 

TRAINING PROCEDURES 

MI of the animals were  first t rained wi th  a CS 

consist ing of a 300-msec train of electrical stimuli 
to the left forel imb (FL-CS; 0.2 msec  square wave 
pulses, 50 Hz, 1 mA) appl ied through two subcu- 
taneous needle  electrodes, one p laced laterally and 
the other  medial ly on the left uppe r  forelimb. Later 
in the exper iments ,  changes were  in t roduced in 
the CS parameters,  w h i c h  are descr ibed in Results. 
In six animals the forel imb CS was replaced during 
the exper imen t  by direct st imulation of mossy fi- 
bers using a tungsten wire  electrode (diameter  and 
length  of deinsulated tip were  50 and 75 pm, re- 
spectively) inserted into the MCP (MCP-CS; 0.1 
msec square wave pulses; other  parameters  are de- 
scr ibed in Results). The MCP had been  exposed  
during the surgery, and the electrode could be po- 
sit ioned under  visual guidance on the surface of 
the pedunc le  w h e r e  it enters the cerebel lum. The 
electrode was then  lowered  vertically 0.5-1 mm. 
The dep th  of the electrode tip was adjusted so that 
CRs could be reliably elicited by MCP stimulation. 
The strength required for this varied among ani- 
mals (18-100 pA). If the electrode was lowered too 
deep (1-3 mm),  the tr igeminal nerve was acti- 
vated. As shown  in Figure 6D (below), single-pulse 
st imulation of the tr igeminal nerve at 10 vtA elicited 
short la tency eyelid e lec t romyograph (EMG) re- 
sponses that were  very similar in la tency to re- 
sponses  elicited by  the US ( -4  msec).  The stimula- 
tion site in the MCP was always verified by histo- 
logical examinat ion.  The formaline-perfused 
cerebe l lum was sect ioned and stained wi th  Cresyl 
violet. 

The US consisted of periorbital  electrical 
st imulation through two stainless steel electrodes, 
the tips of  w h i c h  were  inserted into the skin of the 
medial  part  of  the periorbital  area, -5  m m  apart. 
Three square pulses of 0.5 msec duration (50 Hz) 
were  used. The st imulus strength was 3 mA. The 
excitabil i ty of  the eye-blink reflex pa thway  was 
tested in naive animals or during adaptation by 
stimulating the periorbital  area wi th  a low-intensity 
US (one pulse  of 0.5 msec and 0.5-1 mA) wi thout  
a p reced ing  CS. 

The US was appl ied at the terminat ion of the 
CS, so the interst imulus interval (ISI) was 300 
msec. CRs were  obtained in all animals. In previous 
work  wi th  this prepara t ion in our laboratory, nei- 
ther  sensit ization nor  pseudocondi t ion ing  has ever 
been  observed (Hesslow and Ivarsson 1996; Ivars- 
son et al. 1997). 

The intertrial interval (ITI) was kept  constant  
at 20 sec throughout  most  of the exper iment .  To 
exclude  the possibil i ty that the responses  acquired 
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during training were  attributable to temporal  con- 
ditioning, the ITI was occasionally increased to 30- 
60 sec in a p seudorandom m a n n e r  over at least 15 
trials. The acquired CRs always remained  time- 
locked to the CS. This test was per formed in every 
animal. 

The eye-blink responses  were  moni tored  by 
EMG recordings f rom the orbicularis oculi muscles  
through two stainless steel electrodes inserted into 
the eyelid, - 3 - 5  m m  above the lateral margin of 
the left eye. Electrophysiological  recordings and 
analysis were  pe r fo rmed  wi th  compute r  software 
developed in our laboratory. The sampling rate 
was 5 kHz. To reduce  the basel ine shift caused by 
the US, the recordings were  run through a digital 
high-pass Filter before  analysis began. 

CALCULATIONS OF CR MAGNITUDE~ UR 
MAGNITUDE~ AND LATENCY TO CR 
ONSET AND PEAK 

To analyze CR magnitude,  UR magnitude,  and 
CR latency, the EMG signal was rectified. 
The CR magni tude  was def ined as the integrated 
EMG activity f rom 60 to 299 msec  (in CS-US trials) 
or to 700 msec  (in CS-alone trials) after CS onset. 
The UR magni tude  was the integrated EMG activity 
from 4 to 22 msec  after US onset. The UR was 
analyzed only in trials w h e r e  the US was a single 
pulse. 

To standardize the measurements  of  onset  
and peak latency the EMG activity was integrated 
over 5-msec bins. The CR onset  latency was taken 
as the start of  the first 5-msec bin, of  w h i c h  the 
EMG activity exceeded  the spontaneous  activity 
during 100 msec  prior  to CS onset  by  200%. The 
latency to peak was the latency to the start of the 
b in  wi th  the highest  ampli tude.  An example  of CR 
onset  and peak in one trial is indicated in Figure 6B 
(below). To be classified as a CR the EMG response  
had to begin  b e t w e e n  60 msec  and 299 msec after 
the CS onset  and have a CR peak ampli tude of at 
least 200% of the spontaneous  activity. 

Results  

EFFECT OF VARYING THE FL-CS INTENSITY ON 
CR LATENCY 

Animals were  trained until  stable condi t ioning 
had been  achieved.  This took 5-8 hr  (500-1000 

trials) at w h i c h  t ime CRs were  elici ted on at least 
95% of the trials. The onset  la tency of the CRs 
varied among the animals; the range of mean  onset  
latencies was 99-248  msec. The latencies were  
relatively stable in each individual animal; the S.D. 
of  the CR onset  la tency was <30 msec  in 20 of the 
23 animals, 35 msec in two animals, and 41 msec  in 
one animal. 

W h e n  the animals had acquired stable CRs, the 
CS intensi ty was shifted f rom the training level of 1 
to 2 mA. This caused an immedia te  shortening of 
the onset  latency [observed in 23 of 23 animals 
tested; (23/23)].  The size of this effect varied 
among animals. The mean  latency change was 59 
msec, and the range was 15-107 msec. The onset  
latency remained  at the shor tened level until  the 
CS was reset to the original 1 mA after 10-24 trials. 
Results from a representat ive exper imen t  are 
shown  in Figure 2A. A second test in 13 of these 
animals had the same effect. 

Increasing the CS intensi ty also caused an in- 
crease in CR magni tude  (Fig. 2C). The shor tening 
of the onset  latency might  therefore s imply be a 
reflection of an increased CR amplitude.  In that 
case, one would  not  expec t  any change in the la- 
tency to the peak ampli tude of the CR. However,  
the latency to peak was also shor tened by increas- 
ing CS intensity (20/23;  Fig. 2B) by  about the same 
amount  as the onset  latency. The mean  change in 
latency to peak in the 20 animals varied b e t w e e n  
24 and 96 msec  as compared  to 17 and 107 msec 
for the onset  latency change. This poin t  is illus- 
trated further  in Figure 2E, w h i c h  shows represen- 
tative examples  of two smoothed  averages of 10 
rectified CRs each, elicited by  1- and 2-mA CSs, 
respectively. Both the onset  la tency and the la- 
tency to peak of the CR elicited by  the stronger CS 
are shortened.  The records were  taken from CS- 
alone trials to get a clear picture of the topography 
of the CRs. It is no tewor thy  that the increased mag- 
ni tude of these CRs was mainly  attributable to a 
longer duration. 

The change in CR latency was immedia te  and 
did not  require any training. This was illustrated by 
exper iments  in w h i c h  the CS intensi ty was alter- 
nated from trial to trial b e t w e e n  1 and 2 mA. In 
these exper iments ,  the latencies also changed  in a 
regular m a n n e r  f rom trial to trial (11/11) .  An ex- 
ample  is shown  in Figure 2F, w h i c h  shows records 
from five consecut ive trials. 

It is wel l  k n o w n  that w h e n  the ISI is changed,  
the latency to the peak of the CR no longer coin- 
cides wi th  the onset  of the US. After fur ther  train- 

& 
108 

L E A R N / N G M E M O R Y 

 on August 13, 2007 www.learnmem.orgDownloaded from 

http://www.learnmem.org


CS INTENSITY AND CR LATENCY 

A B C 
._. 300.  

E 

o ~ 200 .  t -  
O 

m 100.  

0 

g 70 

60 
E 
"-" 50 

.E_ 40 
0~ 30 

"- 20 n" 
O 10 

i 
8 

o 

o 

l m A 2 m A l m A  

8 o 8 

o 

300 , , . . 9  

E ~ > 8  
v ~ ~ 7 
t- ~ 200 ~0 -o~ 6 .~ 
0~ �9 ~ 5 o o 

e- 4 ,o 

100 ~ 3 @ 
�9 E 2 ~ 
n m 

0 
1 mA 2mA 1 mA 1 mA 2mA 1 mA 

E F cs 
1 

:! 2 mA -! ...... ' t ', 

1 mA -,, ....... 

2 mA " 
" ', @ ~:~'~ ~ . . . . . . . .  ,~,., 1 mA 

,, 

0 ~00 'msmlmv 
1 mA 2mA 1 mA 

Figure 2: Effect of FL-CS intensity on the CR latency. The diagrams in A-D are from the same animal and show the effects 
on onset latency (A), latency to peak (B), CR magnitude (C), and CR rise time (D) when the CS intensity was 1 mA, 
increased to 2 mA, and then reset to 1 mA, respectively. Each circle corresponds to one trial, and the horizontal bar is the 
corresponding mean. The effect on CR topography is illustrated in E by rectified and averaged EMG recordings from 
CS-alone trials with a stimulation intensity of first 1 mA (solid line, n = 10) and then 2 mA (broken line, n = 11). These 
records were smoothed by applying a running average of 19 values, corresponding to 3.8 msec. (F) Five consecutive EMG 
records from the upper eyelid in another animal when the CS intensity was alternated from trial to trial. 

ing the CR latency changes  until  the peak again 
coincides  wi th  the postshift  US onset. Because in- 
creased CS intensi ty also causes a subopt imal  CR 
(with  latency of the CR too short to give maximal  
protect ion)  it may be asked if this subopt imal  CR, 
wi th  fur ther  training, will  return to the original 
latency. This suggestion is suppor ted  by an obser- 
vation made  in some exper iments ,  namely  that 
w h e n  the CS intensi ty was reset to the original 1 
mA, after 10 trials or more  at h igh  CS intensity, the 
CR latencies were  actually slightly longer than dur- 
ing the first control  per iod (6/10).  An example  can 
be seen in Figure 2, A and B. The slightly longer  
la tency may indicate an adaptat ion to the h igh CS 
intensity. 

Accordingly, adaptabil i ty of  CR latency was 
tested in 10 animals that had previously shown  a 
latency shift on increased CS intensity, by increas- 
ing the CS intensi ty f rom 1 to 2 mA and then  main- 
taining it at 2 mA. The increase in CS intensi ty from 
1 to 2 mA immedia te ly  induced  a decrease in CR 
onset  latency and latency to peak, as descr ibed 
above. As the CS intensi ty was mainta ined at 2 mA, 

however ,  both  the onset  and peak latencies were  
gradually pro longed  and eventually re turned to the 
control  level. To estimate the rate of this adapta- 
tion, we  divided the training per iod into five trial 
sessions and calculated the average latencies dur- 
ing each session. The n u m b e r  of sessions required 
until  the onset  latencies had increased to at least 
95% of the average latency during a p reced ing  con- 
trol per iod varied b e t w e e n  4 and 22 (20 and 110 
trials). We chose to illustrate this wi th  plots f rom 
two ext reme cases, wi th  the one in Figure 3A be- 
ing an animal  wi th  fast adaptation, and in Figure 3B 
an animal wi th  s low adaptat ion of the CR latency. 
A second and third test in one of these animals had 
the same effect. The results are summarized in 
Table 1. 

& 
1 0 9  

EFFECT OF VARYING FL-CS TRAIN FREQUENCY 
ON CR LATENCY 

W h e n  the intensi ty of natural skin st imulation 
is increased, the n u m b e r  of activated afferent fibers 
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Figure 3" Adaptation of CR latency to high FL-CS in- 
tensity. When CS intensity was increased from 1 to 2 
mA, the CR onset latency (�9 and latency to peak (Q) 
were immediately shortened. When the CS intensity was 
maintained at 2 mA, the onset latency and the latency to 
peak gradually returned to control levels. (A) A case with 
a fast return; (B) a case with a slow return to control 
latency. Each data point represents the mean +S.E.M of 
five consecutive trials. 

and also the impulse  f requency  in these fibers will  
usually increase. As increasing the intensi ty of elec- 
trical skin st imulation decreases CR latency, it may 
be expec ted  that changing the f requency  of such 
stimulation would  be comparable  to changing the 
intensi ty and hence  have the same effect on CR 
latency. Previous studies of the effect of  CS fre- 
quency  on the latency of eye-blink CRs have only 
used tone as the CS. But changing the f requency  of 
the tone CS is not  comparable  to changing the 
intensi ty and cannot  be compared  to varying the 
f requency  of  electrical skin stimulation. Different 
tones are coded in the cochlea  by  different, al- 
though overlapping,  populat ions  of hair cells and 
may be v iewed  as different  CSs. Changes in CS 
f requency  can then  be in terpre ted as a test of  gen- 
eralization b e t w e e n  two closely related CSs. This is 
indicated by exper iments  w h e r e  test trials wi th  in- 
creased CS tone f requency  decreased the likeli- 
hood  of a CR but  not  the CR latency (Kehoe and 
Napier  1991). 

We tested the effect of  increasing the fre- 
quency  of the CS train f rom 50 to 100 Hz in 13 

animals. The effect was very similar to that of in- 
creasing the CS intensity (Fig. 4). Both the CR on- 
set and peak latencies were  shor tened by increased 
CS train f requency (13/13) .  The mean  change of 
latency to onset was 67 msec and varied b e t w e e n  
animals f rom 21 to 123 msec. The mean  change in 
peak latency was 40 msec and varied from 12 to 94 
msec. The test was repeated in five of these ani- 
mals and gave the same result. The effect of  CS 
train f requency was also tested by alternating be- 
tween  high and low train f requencies  f rom trial to 
trial. This resulted in immedia te  changes  in CR la- 
tencies (12/12).  

W h e n  the CS train f requency  was mainta ined 
at 100 Hz in four animals, the CR latencies gradu- 
ally re turned to at least 95% of the preshift  latency 
wi th in  2-21 sessions (10-105 trials). This is illus- 
trated wi th  results from two animals in Figure 4, C 
and D. A second and third test in one of these 
animals had the same effect. The results are sum- 
marized in Table 1. 

EFFECT OF VARYING FL-CS INTENSITY AND 
TRAIN FREQUENCY ON UNCONDITIONED 
RESPONSE MAGNITUDE 

It might  be claimed that the decrease in CR 
latency was a result of  an increase in the general  
excitabili ty or arousal induced  by the increased in- 
tensity, and not  specific to the CS-CR pathway. To 
test this possibility, the effect of  increasing CS in- 
tensity on eye-blink reflex excitabil i ty was studied 
in naive, noncondi t ioned  animals. Three naive, 
nont ra ined  animals received first US alone trials 
(one pulse of 1 msec; 0.5 mA). Then  the animals 
received paired CS-US stimulation but  wi th  a weak  
US (one pulse of 1 msec; 0.5 mA). 

The weak  US elicited submaximal  uncondi-  
t ioned responses  (URs), smaller  than  those elici ted 
by 3 mA. Preceding the US wi th  a weak  (1 mA) or 
a strong (2 mA) CS had no significant effect on the 
ampli tude of the UR (Fig. 5A). This suggests that 
the CR latency decrease was not  attributable to a 
general  increase in excitabili ty or arousal. 

A similar test was per formed to exclude  that 
the adaptation of the CR latency to a pe rmanen t  
high-intensity CS was attributable to a change  in 
excitability. Thus, UR magni tude  was measured  be- 
fore, during, and after such adaptation, again wi th  
no systematic effects on excitabil i ty (Fig. 5B). 

Equivalent tests of  the effects of  CS parameters  
on UR magni tude  were  per formed in three animals 
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Table 1: Long-term adaptation of CR latency during high CS intensity or frequency 

CR latency a 

control first test session b 
Sessions 

required for adaptation c 

Animal no. onset peak onset peak onset peak 

Forelimb CS, intensity 

1:1 1 0 6 + 7  2 3 1 + 1 8  9 3 + 2  1 3 1 + 7  5 5 
1:2 1 2 0 + 4  2 2 9 + 1 4  9 3 + 3  131 + 7  6 5 
2 1 9 5 + 1 0  2 4 4 + 1 0  9 9 + 6  1 4 2 + 6  8 6 
3 248 + 4 273 + 4  180 + 3 226 + 2 9 9 
4 99 + 1 253 + 10 84 + 17 238 + 16 10 2 
5 2 2 1 + 3  2 5 2 + 3  1 0 8 + 3  2 1 0 + 5  10 8 
6 225 + 3 262 + 4 139 + 6 207 + 7 11 10 
7 150 + 5 245 + 9 105 + 5 172 + 16 12 11 
8 109 + 4 245 + 5 72 + 3 210 + 17 14 4 
9 190 + 7 257 + 6 115 + 3 205 + 11 16 4 

10 203 + 9 237 + 9 121 + 7 207 + 19 22 10 

Forelimb CS, frequency 

1:1 2 0 2 + 4  2 6 1 + 6  1 3 1 + 1 7  2 2 9 + 9  2 2 
1:2 200 + 9 262 + 11 137 + 25 250 + 16 2 2 
1:3 200 + 5 253 + 12 164 + 12 232 + 10 3 2 
2 1 6 3 + 7  2 3 5 + 8  1 1 4 + 1 0  2 0 2 + 1 1  5 2 
3 1 1 3 + 9  2 1 0 + 1 0  81 + 1 0  1 8 3 + 4 8  10 5 
4 250 + 5 276 + 6 127 + 3 182 + 17 21 15 

MCP-CS, frequency 

1 2 1 2 + 1 4  2 5 6 + 7  1 3 6 + 1 8  1 7 3 + 9  4 4 
2 107 + 9 240 + 9 59 + 2 161 + 24 5 4 
3:1 1 7 1 + 4  2 6 9 + 3  1 0 7 + 9  2 2 8 + 7  4 4 
3:2 195 + 5 266 + 4 91 + 12 182 + 4 9 7 

Note that three animals were tested more than once. 
amsec, mean + S.E.M. 
bTest session with high intensity (2 mA) or high frequency (100 Hz). One session is five trials. 
CNumber of sessions until the average session latency was at least 95% of control latency. One session is five trials. 

by changing the f r equency  instead of  the intensity 
of the CS. The results (not  illustrated) we re  identi- 
cal, that  is, no significant effects we re  observed.  

EFFECT OF VARYING MCP-CS TRAIN FREQUENCY 

ON CR LATENCY 

In six of  the animals that had been  condi t ioned 
to a FL-CS, this CS was  replaced by 50 Hz stimu- 
lation of  the MCP. Figure 6A shows  the posit ion of 
the stimulation e lectrode in a typical exper iment .  
The records  in B and C w e r e  obtained f rom trials 
wi th  a FL-CS and MCP-CS respectively, in the 

same animal. The record  in Figure 6D shows a 
short-latency response  to a single-pulse stimulus 
w h e n  the e lectrode had been  placed directly on 
the tr igeminal nerve.  The MCP-CS elicited CRs 
wi th in  < 10 trials at stimulus s trengths b e t w e e n  18 
and 100 pA. The CRs elicited by MCP-CS w e r e  
similar to those elicited by FL-CS wi th  respect  to 
both  onset  and peak  latencies. 

As shown  for a representat ive case in Figure 
7, the effect of increasing the f requency  of  the 
MCP-CS train f rom 50 to 100 Hz was  quite simi- 
lar to that  of  changing the intensity or  the fre- 
quency  of a FL-CS. Both onset  latency and la tency 
to peak  w e r e  decreased  by the high-frequency 
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Figure 4: Effect of increasing the frequency of the FL- 
CS train on CR latency. The plot in A shows CR onset 
latency (O) and latency to peak ( I )  when the CS fre- 
quency was 50 Hz, increased to 100 Hz, and reset to 50 
Hz in a representative animal. (B) Sample records from 
each session in A. C and D show Adaptation of CR 
latency when the train frequency of the CS was main- 
tained at 100 Hz. (C) A case with a fast return; (D) a case 
with a slow return to control latency. 

MCP-CS in five out of  five tested animals. Repeat- 
ing the test a second t ime in four animals had the 
same effect. The mean  change  in onset  latency 
varied from animal to animal  b e t w e e n  8 and 145 
msec  and in latency to peak b e t w e e n  28 to 99 
msec. Alternating b e t w e e n  h igh  and low f requency  
trains of  stimuli to the MCP caused immedia te  
changes  in CR latency as descr ibed above for the 
FL-CS. 

As shown  above for FL-CS, w h e n  the h igher  
MCP-CS train f requency  was maintained,  the CR 
onset  latencies gradually adapted and re turned to 
the pretest  levels wi th in  four to n ine  sessions (20-  
45 trials; Fig. 7C,D). This was observed in three out 
of  three tested animals. A second test in one of 
these animals had the same effect. The results are 
summarized  in Table 1. 

Discussion 

The main  result  of  the first part  of  this study is 
the f inding that an increase in the intensi ty of a 
FL-CS causes a reliable reduct ion of the CR la- 

tency. This effect was not  just a reflection of an 
increased CR ampli tude or strength, as suggested 
by Mackintosh (1974, p. 61), because  the reduc- 
tion in the latency to peak was similar. Because the 
change in CS intensi ty did not  affect the magni tude  
of UR elicited wi th  a weak US, it is also unlikely 
that the latency effects were  attr ibutable to a non- 
specific increase in excitability, for instance, be- 
cause of increased arousal. 

Changes in the f requency  of the forel imb CS 
had effects that were  virtually indist inguishable 
from the intensi ty changes.  Increasing the fre- 
quency  from 50 to 100 Hz caused an immedia te  
shor tening of the CR latency. The similarity of 
these effects probably  reflects a c o m m o n  mecha- 
nism. An increase in the f requency  of the forel imb 
CS is likely to be translated into an increased firing 
f requency  in the neurones  of the afferent pathway.  
Although the high-intensity st imulus p resumably  

40ms 12001~V A 
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Figure 5: (A)Effect of CS intensity on UR magnitude in 
a naive subject. The first and fifth bars show the magni- 
tude of URs elicited by a single 0.5-mA periorbital 
stimulus in naive animals. Addition of a 1- or 2-mA CS 
(second and fourth bars) did not change the UR magni- 
tude. (B) Effect of maintaining high FL-CS intensity on 
UR magnitude. The CR magnitude was measured on 
US-alone (1 pulse, 0.5 mA) trials before the CS intensity 
was increased (first bar), during adaptation to the higher 
intensity (second bar), and after the CR latencies had 
returned to the control level (third bar). 
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warn us against approaching predators or insects, 
usually indicate the distance to the sound source 
and therefore the time available for a protective 
response. Although this is a speculation, it would 
be wrong to dismiss the possibility that the latency 
effect described above is an important adaptive fea- 
ture of classical conditioning. 

The mechanism behind the timing of the CR is 
not known. A very simple hypothesis is that the CR 
latency reflects the time required for a temporal 
summation of postsynaptic potentials in modifiable 
synapses in the CS-CR pathway to reach firing 
threshold. A sudden increase in CS frequency or 
intensity would be expected to cause a reduction 
in the time required for reaching the threshold for 
eliciting a CR. This hypothesis is not new, and sev- 
eral theories and real time models have utilized 
similar ideas (cf. Desmond and Moore 1988; Gross- 
berg and Schmajuk 1989). 

We do not want to claim that this is the only 
mechanism governing CR timing. In fact, there is 
convincing evidence that some other timing 
mechanism must also be present. When the ISI is 
increased, the latency of the CR is also increased, 

Figure 6: Placement of the electrode in the MCP in a 
representative experiment. (A) Photograph and a recon- 
struction of a histological section. The electrode track in 
the MCP is indicated by an arrow. Also indicated are the 
trigeminal nerve (NV) and the inferior cerebellar pe- 
duncle (ICP). B and C show CRs elicited by FL-CS and 
MCP-CS, respectively in the same animal. The arrows in 
B show the latencies to onset (195 msec) and peak (255 
msec) of the CR as determined by the computer soft- 
ware. When the electrode was too deep, direct activa- 
tion of the trigeminal nerve by a single 10-1JA stimulus 
elicited a short-latency reflex response in the orbicularis 
oculi muscle (D). 

also recruited a larger population of afferent fibers 
in the forelimb, this might also be translated into a 
frequency code along the afferent pathways to the 
central locus of association. 

It is generally assumed that the timing of the 
CR, such that the peak amplitude is reached at or 
just before the onset of the US, maximizes its pro- 
tective effect. If so, the shortened latency that oc- 
curs when  CS strength is increased might be 
thought to be dysfunctional. But there is another 
possibility. The intensity of a cause is often associ- 
ated with a shorter temporal delay of the effect. 
The intensity of sounds, for instance, which  may 

Figure 7: Effect of increasing the frequency of the 
MCP-CS train on CR latency. The plot in A shows CR 
onset latency (�9 and latency to peak (0) when the CS 
frequency was 50 Hz, increased to 100 Hz, and reset to 
50 Hz in a representative animal. (B) A sample record 
from each session in A. C and D show adaptation of CR 
latency when the CS train frequency was maintained at 
100 Hz. (Q A case with a fast return; (D) a case with a 
slow return to control latency. 
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so that after a per iod of training, it again occurs just 
before  the expec ted  US. This change in latency can 
occur  in two different  ways. Sometimes the change 
has been  descr ibed as a gradual shift of the CR 
onset  la tency toward the postshift  US, wi th  no con- 
comitant  change in CR probabi l i ty  (Coleman and 
Gormezano 1971; Norman  et al. 1974). Other  in- 
vestigators have observed a disappearance of the 
preshift  CR fol lowed by the appearance  of " n e w "  
CRs appropria te ly  t imed to the postshift  US 030- 
neau 1958; Ebel and Prokasy 1963; Prokasy and 
Papsdorf  1965; Leonard and Theios 1967). This 
suggests that the t iming is an integral part of what  
is learned w h e n  a CR is acquired.  A CR would  thus 
be learned to occur  at a specific time. A change in 
CR latency to fit a n e w  ISI wou ld  therefore require 
ext inct ion of the inappropr ia te ly  t imed CR and ac- 
quisit ion of a n e w  CR wi th  a la tency appropriate  to 
the n e w  ISI. 

If the t iming of the CR was de te rmined  by tem- 
poral  summat ion  of postsynapt ic  potentials,  
changes  in the size of these potentials  would  cause 
a gradual change in CR latency rather than extinc- 
tion and reacquisi t ion at a n e w  latency. The obser- 
vat ion of the present  s tudy- - tha t  the adaptation of 
the CR latency that occurs after a long-term in- 
crease in CS intensi ty involves a gradual sliding of 
the CR toward the n e w  later US--fits wel l  wi th  the 
first description.  This also supports  the idea that 
there  is a m e c h a n i s m  for CR t iming that is inde- 
penden t  of ext inct ion and acquisition. 

A possible conclus ion  is that there are at least 
two different t iming mechanism.  Perhaps the ex- 
t inct ion and reacquisi t ion m e c h a n i s m  accounts for 
adjustment  to large ISI shifts, whereas  the mecha- 
n ism studied here  can only operate on small t ime 
differences and therefore mere ly  fine-ttmes the CR 
latency. In the mode l  suggested by Fiala et al. 
(1996) bo th  mechan i sms  could be operative at the 
parallel f iber-Purkinje  cell synapse. 

The similarity b e t w e e n  FL-CS and MCP-CS 
was striking. The CRs elicited by  the two kinds of 
CS had surprisingly similar latencies, and the ef- 
fects of  varying the CS parameters  were  virtually 
identical.  W h e n  the f requency  of the MCP-CS train 
was increased,  the effects were  the same as those 
obta ined w h e n  changing the parameters  of a FL- 
CS. The onset  la tency and the latency to peak of 
the CR were  decreased by the increased MCP train 
f requency,  and w h e n  the h igh  f requency  was main- 
tained, the latencies re turned to the original levels 
wi th in  a t ime span that was very close to that ob- 
tained wi th  the FL-CS. This similarity of effect be- 

tween  FL and MCP stimulation is highly suggestive 
of a similarity in mechanism.  

As men t ioned  in the Introduction, previously it 
has been  shown  that st imulation of the pont ine  
nuclei  or mossy fibers can funct ion  as a CS. Such 
results support  the hypothesis  that the CS is trans- 
mit ted to the cerebe l lum via the mossy fibers, but  
there are also other  interpretations. Stimulation of 
pont ine  nuclei  will  probably  activate fibers of  pas- 
sage. Mossy fiber st imulation will  cause ant idromic 
activation and may, via axon collaterals, inadvert- 
ently excite many  other  brain stem structures, one 
of w h i c h  might  be part of the actual CS pathway.  
The more  closely direct mossy fiber st imulation 
can mimic  a per ipheral  CS, together  wi th  converg- 
ing evidence suggesting a key role for cerebe l lum 
in classical conditioning, the less likely such alter- 
natives become;  hence,  the present  findings sug- 
gest that the mossy fibers are the CS pathway.  

Several investigators have suggested that al- 
though some of the essential condi t ioning mecha- 
nisms are located in the cerebel lum,  some process- 
ing of the CS information in forebrain structures, 
such as the h ippocampus ,  is never theless  required 
for the p roper  t iming of the CR. The similarity in 
latency b e t w e e n  CRs elicited by  a FL-CS and a 
MCP-CS, as wel l  as the similarity b e t w e e n  the ef- 
fects of  varying FL-CS and MCP-CS parameters,  
suggests that the CS information requires surpris- 
ingly little process ing before enter ing the cerebel- 
lum. Although we  cannot  exclude that ant idromic 
activation of the MCP has been  important ,  our re- 
sults suggest that the essential t iming mechan i sms  
are located in the cerebel lum. 
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