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lnhibi tory Cerebella-Olivary Projections and 
Blocking Effect in Classical Conditioning 

Jeansok J. Kim,*Wavid J. Krupa, Richard F. Thompson 

The behavioral phenomenon of blocking indicates that the informational relationship 
between the conditioned stimulus and the unconditioned stimulus is essential in classical 
conditioning. The eyeblink conditioning paradigm is used to describe a neural mecha- 
nism that mediates blocking. Disrupting inhibition of the inferior olive, a structure that 
conveys unconditioned stimulus information (airpuff) to the cerebellum prevented block- 
ing in rabbits. Recordings of cerebellar neuronal activity show that the inferior olive input 
to the cerebellum becomes suppressed as learning occurs. These results suggest that 
the inferior olive becomes functionally inhibited by the cerebellum during conditioning, 
and that this negative feedback process might be the neural mechanism mediating 
blocking. 

C u r r e n t  thinking about associative leam- 
ing has been profoundly influenced by the  
phenomenon of blocking initially reported 
by L. J .  Kanlin in  1965 (1 ) .  In a typical 
blocking experiment, one conditioned stim- 
ulus ( C S )  ("A") is first extensively paired 
with a n  unconditioned stimulus ( U S )  
( , G U S ) .  T h e n  a second C S  ("B") under- 
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goes a compounii conditioning with A and 
the  same U S  (AB-US) .  Later, when B IS 

tested, virtually n o  (or very little) condi- 
tioning has occurred to  B. However, if A - 
was previously not  (or weakly) conditioned 
with the  US,  then B (as well as A)  accrues 
substantial associative strength during the  
compound conditioning phase. Thus, con- 
ditioning to B d~lr ing the  compound condi- 
tioning is inversely proportional to  the  
magnitude of previous conditioning to  '4. 
T h e  blockiqg effect suggests that if a U S  is 
already fillly predicted by one stimulus, and 
if the  addition of a new stimulus urovides 
n o  new ~nformation about the  US,  then the  

U S  will not activate or support the  learning 
process responsible for establishing a new 
CS-US association (2) .  

Although blocking has been examined 
extensively a t  the  behavioral level (3)  and 
several neural nlodels (4)  have been pro- 
posed, one or more underlying neural mech- 
anisms have yet to be identified. Because 
the  essential neural circuitry involved in  
classical conditioning of eyeblink or nicti- 
tating mernbrane response in the  rabbit has 
been well characterized (5,  6) ,  this para- 
digm is ideal for examining the  blocking 
phenomenon at the  neuronal level (Fig. 1 ) .  
Typically, eyeblink conditioning occurs 
when a C S  (for example, tones or lights) is 
paired with a U S  (for example, airpuffs), 
which elicits a n  unconditioned response 
(UR;  a reflexive eyelid closure). Through 
CS-US association formation, the  animal 
learns to  exhibit a conditioned response 
( C R )  to the  C S  that mimics the  UR,  pre- 
cedes the  U S  in  onset time, and peaks at 
about the  time of U S  onset. 

Several lines of evidence suggest that the  
inferior olive provides the  "reinforcing" U S  
input t i  the  cerebellum, which supports 
eyeblink conditioning (7-1 1 ) .  For example, 
eyeblink conditioning will develop to  a 
tone C S  when  sing inferior olive stimula- 
tion as the  U S  (instead of a peripheral U S )  
(8), and lesioning the  inferior olive in  pre- 
viously trained animals results in extinction 
(9 ,  10)  or abolition ( 1  1 ) of CRs with con- 
tinued CS-US presentations. A n  interest- 
ing property of neurons in  the  inferior olive 
is that they show evoked neural activity to  
the  airpuff U S  (12)  and the  periorbital 
stimulation U S  (13) during the  initial stage 
of CS-US training (before the  animal ex- 
hibits any CRs) ,  but not when the  animals 
perform CRs during CS-US trials. 

Employing a single-unit recording tech- 
nique, we examined the  complex spike re- 
sponses of cerebellar Purkinje cells (which 
receive climbing fiber inputs from the  infe- 
rior olive) (14) over the  course of the  behav- 
ioral training ( 15, 16).  Recordings were cen- 
tered over Larsell's HVI, because Inany Pur- 
kinje neurons in this region respond to C S  
and U S  presentations (5)  and because HVI 
is i~nportantly involved in eyeblink condi- 
tioning (6). Of the 54 cells recorded in rab- 
bits, 31 were recorded in lobule HVI, 12 in  
anterior lobe (HV) ,  6 in HVIIA (crus I) ,  and 
5 in paramedian lobule (Fig. 2) .  Sixteen of 
these cells (10 in HVI, 5 in anterior lobe, 1 
in HVIIA) exhibited specific evoked com- 
plex spike activity in response to U S  onset 
during US-only trials. Of these, 5 were re- 
corded early in training (before animals per- 
fornled any CRs) and also responded to the  
U S  with complex spikes on paired trials, 
whereas 11 were recorded in trained (CR- 
performing) animals and did not respond to 
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the U S  wth comolex soikes. In anllnals 
presented w i t h  strictly unpaired tone and 
airpuff trials, 20 o f  45 recorded Purkinje cells 
(12 in HVI, 2 in anterior lobe, 2 in HVIIA, 
and 4 in paramedian lobule) res~onded  t o  
the U S  w i t h  complex spikes. Thus, similar t o  
inferior o l ive recording studies (12, 13), it 
appears that  as eyeblink condi t ioning occurs, 
the inferior olive's abil i tv t o  convey U S  i n -  
format ion t o  the cerebellum becomes func- 
t ionally suppressed. 

I t  is conceivable tha t  the  monosynaptic 
y-aminobutyr ic acid (GABA) -con ta in ing  
projections f rom the cerebellum ( that  is, 
the  interpositus nucleus) t o  the  infer ior  o l -  
i ve  (17) may serve a negative feedback 
funct ion,  cont ro l l ing  (or gating) infer ior  o l -  
i ve  act iv i ty and thus mediat ing the  b lock-  
i n g  effect in eyeblink cond i t ion ing (Fig. 1). 
Consistent w i t h  th is view, intra-ol ivary i n -  
f~ ls ions o f  the  GABA antagonist p i c ro tox in  
in wel l - t ra ined rabbits (18) allowed Purk- 

Fig. 1 .  A highly simplified putative circuit of eye- csA 
blink conditioning based on experimental findings 
and the gross anatomy of the cerebellum and the CS, 
brainstem. In brief, the pontine nuclei (via mossy 
fibers) and the inferlor olive (via climbing fibers) C R Eyeblink + - -  - - - - -  
convey information about the CS and the US, Cerebellum i 
respectively, to the cerebellum, where CS-US as- 
sociation formation is thought to take place (5, 6). 
The cerebellum (specifically the interpositus nu- US 

cleus), in turn, sends monosynaptic GABA.com 
taining projections to the inferior olive ( 7  7). According to this model, blockng in eyebink conditionng w I  
occur when a CS (for example, auditory CS,) acquires sufficent associative strength to activate the 
cerebellum, which then inhibits the Inferior olive (via the GABA-mediated cerebeo-olivary pathway) from 
US actvation. Because the input representing the US can no longer reach the cerebellum, it cannot 
support condtonng to a new CS (for example, visual CS,). Thus, the inferor olive (US) nput functions 
as an error-correct)ng algorithm. Accordingly, if the GABA-containing cerebelo-ovary projecton IS 

negated, for example, by infusing GABA antagonists drectly Into the inferior olive. then blocking should 
be prevented. The audtory and visual regions of the pontne nucle are delineated by dotted lines. The 
CR pathway projects from the cerebellum to the eyebnk reflex path that medates the UR (represented 
by dashed Ilnes). Open arrows denote modifiable CS-cerebellum synapses. 
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Fig. 2.  Examples of a raw complex sp~ke recorded from a Purknje cell 
In lobule HV  (lower rlght) and trla by trlal rasters and cumulat~ve per-  
st~mulus t m e  h~stograms (4 ms blns) of d~scrlmlnated complex spke 
actlvlty durlng a~rpuff-only and tone-a~rpuff palred trlals (A) In nalve 
anlmals the arpuff-evoked complex spke 1s observed In both palred 
(CS-US) and US-only trals (B) Durng the CS-US pared trals where the 500 d~ 

an~mals display CRs (NM, nctltat~ng membrane), the alrpuff evoked 
complex spkes are absent [x2(1) = 8 O P < O 01] 5 rnsec 

in je  cells (n  = 3 )  t o  respond t o  the  U S  w i t h  
a complex spike even though the animals 
cont inued t o  perform CRs, indicat ing tha t  
t he  CR- induced i n h i b i t i o n  o f  the  infer ior  
o l i ve  act iv i ty is GABA-med ia ted  (Fig. 3) .  

T o  test whether the  G A B A - c o n t a i n i n g  
cerebello-olivarv ~ r o i e c t i o n  is i ~ l v o l v e d  in 

, A ,  

blocking, rabbits were implanted w i t h  m i -  
lateral guide cannulae just above the con- 
tralateral infer ior  o l i ve  (Fig. 4) .  An imals  
were subjected t o  Kamin's standard two- 
stage b lock ing procedure: phase I, anilnals 
received seven daily sessions o f  tone-airpuff 
condi t ioning; phase 11, animals underwent 
f i ve  sessions o f  tone- l ight-airpuff  compound 
cond i t ion ing whi le  either p i c ro tox in  ( P T X )  
or  art i f ic ia l  cerebrospinal f l u i d  ( A C S F )  was 

I 1 1 1 / 1 1 1 1 1 1 1  1  11 

C 
T o ,  ",puff, 

Fig. 3. Example of an Isolated Purkinje cell in a 
well-trained rabbit before and after nfusions of 
PTX into the Inferior olive. (A) During the US-only 
trials, the Purklnje cell responded to the airpuff 
with a complex spike in a time-ocked pattern. (8) 
The same cell, however, did not respond to the 
airpuff w t h  a complex spike when the animal dis- 
played CRs during the palred CS-US trials. (C) 
When PTX was ~nfused into the inferlor olive, the 
cell began to respond to the airpuff with a complex 
spike even though the animal continued to per- 
form CRs, ndcatng that the CR-nduced lnhbi- 
tion of the complex spikes had been prevented by 
PTX. 
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infused directly into the inferior olive (1 9). 
Controls experienced only the second 
phase of the blocking procedure. Afterward, 
all animals were presented with light-airpuff 
pairings to assess whether conditioning to 
the light had accrued during compound 
conditioning (phase 11). 

The mean percent CRs during the 7 days 

Fig. 4. Transverse brain sections stained with 
cresyl violet and Prussian blue from rabbits with 
(A) effective (<1 rnrn dorsal) and (B) ineffective 
(-2 mm dorsal) guide cannulae implanted effec- 
tively and ineffectively above the dorsal accessory 
portion of the inferior olive. Arrows indicate can- 
nulae tip positions. 

of tone-airpuff conditioning (Fig. 5A), the 
5 days of tone-light-airpuff compound con- 
ditioning (Fig. 5B), and the 5 days of light- 
airpuff savings test (Fig. 5C) from PTX, 
ACSF, and control groups are shown. Both 
control and PTX animals exhibited signifi- 
cant learning to the light CS compared 
with the ACSF animals [F(2,22) = 6.60, 
both P's < 0.01, Newman-Keuls] (Fig. 5C). 
In fact, the control and PTX groups showed 
immediate responses to the light CS, and 
the overall percent CRs to the light CS in 
the PTX group was not statistically different 
from controls (56 and 64%, respectively), 
indicating that blocking did not occur in 
the PTX group. In contrast, ACSF animals 
demonstrated blocking; they did not show 
evidence of conditioning to the light (dur- 
ing compound conditioning) and subse- 
quently learned the CR to the light over 5 
days of light-airpuff training. PTX had no 
effect on the performance of CRs (Fig. 5B) 
and URs (Fig. 5D) during the compound 
conditioning, indicating that PTX selec- 
tively affected blocking. 

It is likely that infusions of PTX into 
the inferior olive during compound tone- 
light-airpuff training impeded the tone- 
induced cerebellar inhibition of US- 
evoked inferior olive responses, allowing 
animals to condition to the light CS, 
thereby preventing blocking. In the con- 
trols that did not receive tone-airpuff 
training beforehand, conditioning to the 
light stimulus occurred during compound 
training because there was no cerebellar 
inhibition of inferior olive activity in re- 

sponse to incoming US information. 
Our results indicate that the GABA- 

containing cerebello-olivary projection 
(1 7) plays a crucial role in mediating block- 
ing in eyeblink conditioning. Forms of 
learning dependent on other structures may 
employ a similar negative feedback mecha- 
nism to regulate the US or "reinforcing" 
input (20, 21 ). For example, it has been 
reported that many dopamine neurons in 
the substantia niera and the ventral tee- - - 
mental area show phasic responses to the 
delivery of liquid reward in monkeys under- 
going a spatial delayed response task. How- 
ever, once learning is established (that is, 
the animal learns that a light cue predicts 
the reward), the delivery of the reward no 
longer elicits phasic responses in dopamine 
neurons (21). Such negative feedback cir- 
cuits in the brain mav well ~rovide the 
neuronal instantiation of behavioral inter- 
pretations of blocking (1 , 2). 

The importance of responding selec- 
tively to those stimuli (for example, CSs) 
which reliably predict biologically sig- 
nificant events (for exam~le.  USs) offers . . 
a functional explanation for associative 
learning in an animal's adaptation to its 
environment. In the interest of efficiency 
and simplicity, animals should avoid form- 
ing associations with other stimuli that 
provide no new information about the US. 
The behavioral phenomenon of blocking, 
which appears to use a heuristic negative 
feedback Drocess. serves to circumvent 
such redundant learning. 
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Role of Dynarnin in the Formation of Transport 
Vesicles from the Trans-Golgi Network 

Steven M. Jones, Kathryn E. Howell, John R. Henley, 
Hong Cao, Mark A. McNiven* 

Dynamin guanosine triphosphatases support the scission of clathrin-coated vesicles 
from the plasmalemma during endocytosis. By fluorescence microscopy of cultured rat 
hepatocytes, a green fluorescent protein-dynamin I1 fusion protein localized with clath- 
rin-coated vesicles at the Golgi complex. A cell-free assay was utilized to demonstrate 
the role of dynamin in vesicle formation at the trans-Golgi. Addition of peptide-specific 
anti-dynamin antibodies to the assay mixture inhibited both constitutive exocytic and 
clathrin-coated vesicle formation, lmmunodepletion of dynamin proteins also inhibited 
vesicle formation, and budding efficiency was restored upon readdition of purified 
dynamin. These data suggest that dynamin participates in the formation of distinct 
transport vesicles from the trans-Golgi network. 

T h e  dynamins comprise a family of 100-kD 
guanosine triphosphatases that have been 
implicated in severing clathrin-coated in- 
vaginations from the plasma membrane 
based on the shibiret" mutant of Drosophilcl 
melanogaster (1) and studies of a mutant 
dynamin isoform overexpressed in mamma- 
lian epithelial cells (2-4). Originally dy- 
namin was thought to be a neuronal specific 
protein. However, three distinct dynamin 
genes recently have been identified in 
mammals: dynamin I (Dynl) is expressed 
exclusively in neurons (5, 6);  dynamin I1 
(Dyn2) is found in all tissues (6);  and dy- 
namin 111 (Dyn3) is restricted to the testis, 
the brain, and the lung (7). Each dynamin 
gene encodes at least four alternatively 
spliced isoforms (8). Whether all these dy- 
namin gene products function solely at the 
plasma membrane or also mediate other 
vesicle scission events at distinct cellular 
sites is unknown (8). Recently, a dynamin 
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has been localized to the Golgi complex of 
mammalian cells by biochemical, immuno- 
logical, and morphological techniques (9 ,  
10). To  provide additional evidence sup- 
porting the Golgi localization of a specific 
dynarnin isoform, we linked Dyn2 (spliced 
form "aa") to green fluorescent protein 
(GFP) and expressed it in a rat hepatocyte 
cell line. Subsequently, its distribution was 
followed in viva by fluorescence microscopy 
(1 1-1 3 )  (Fig. 1) .  In parallel, untransfected 
cells were labeled with a Dyn2-specific 
antibody and a Pan-dynainin antibody 
(MC63),  which recognizes a conserved re- 
gion of the dynamins (14). A prominent 
punctate staining at the plasma membrane 
and the Golgl region was observed with 
both experimental protocols [GFP-Dyn2 
in vivo (Fig. 1, B and D) and endogenous 
Dyn2 after fixation and iinmunolocaliza- 
tion (Fig. 1, A, B ' ,  C, and D')] .  Thus, the 
transfection process did not alter the dis- 
tribution of the endo~enous  Dvn2 com- 
pared with untransfected cells. 1lAportant- 
ly, the overlap between the two images 
(Fig. 1 )  suggests that a Dyn2 isoform is 
localized to vesicles at both the nlasma 
membrane and the Golgi complex. 

T o  define more precisely the localization 
of Dyn2 at the Golgi region, cells expressing 
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