
1:10,000 dilution of peroxidase-conjugated 
mouse antibody to rabbit IgG (Jackson Immuno- 
Research), washed, and developed with en- 
hanced chemiluminescence (ECL) (Amersham). 
The exposure times needed for ECL detection 
ranged from 10 s to 5 min, a period of time too 
brief to detect signals from bound w 5 1 .  

26. CD19-containing immunoprecipitates were re- 
solved by SDS-PAGE and transferred to nitrocellu- 
lose filters. We used lysates of Escherichia coli 
containing recombinant p85 fused to the epitope 
tag KT3 at a protein concentration of 1 p,g/ml to 
probe blocked nitrocellulose filters [A. Klippel, J. 
Escobedo, W. Fantl, L. Williams, Mol. Cell. Biol. 12, 
1451 (1992)l. The filters were sequentially incubat- 
ed with a 1:1250 dilution of mouse antibodies to 

KT3 and peroxidase-conjugated rabbit antibodies 
to mouse IgG (Jackson ImmunoResearch) and 
then developed with the ECL reagent. 
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Klippel and L. Williams for the p85-KT3 recombi- 
nant protein and the antibody to KT3, A. Choi for 
assistance with the Betascope, and L. Cantley for 
the use of his high-performance liquid chromatog- 
raphy (HPLC) facility. Supported by grants 
A122833 and A128191 from the National Institute 
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Arthritis Foundation (to R.H.C.) 
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Localization of a Memory Trace in the 
Mammalian Brain 

David J. Krupa,Vudith K. Thompson, Richard F. Thompson 
The localization of sites of memoryformation within the brain has proven to be aformidable 
task even for simple forms of learning and memory. In order to localize a particular site of 
memoryformation within the brain, the rabbit eyeblink response was classically conditioned 
while regions of the cerebellum or red nucleus were temporarily inactivated by microin- 
fusions of the 7-aminobutyric acid agonist muscimol. Cerebellar inactivation completely 
blocked learning but had no effect on subsequent learning after inactivation, whereas red 
nucleus inactivation did not prevent learning but did block the expression of conditioned 
responses. The site of memory formation for this learned response thus appears to be 
localized within the cerebellum. 

A primary goal of neuroscience and psy- 
chology is to acquire an understanding of 
the mechanisms that underlie long-term 
memory formation, storage, and retrieval in 
the mammalian, particularly the human, 
brain (1). An essential prerequisite is iden- 
tification of the sites within the brain where 
particular memories, either distributed or 
localized. are created and stored (the mem- 
ory trace). To date, precise identification of 
loci for memorv storage has remained elu- 
sive (2, 3). w e  rePoit here evidence for 
localization of a long-term memory trace in 
the mammalian brain, specifically within 
the cerebellum. 

We used local microinfusions of the 
y-aminobutyric acid (GABA) agonist mus- 
cimol to reversibly inactivate select regions 
of the brain during the training of rabbits in 
order to localize the memory trace. Musci- 
mol is known to temporarily inhibit activity 
of neurons that express GABA, receptors by 
hyperpolarizing somata and dendrites by in- 
creasing a C1- conductance (4). Muscimol 
has been used for reversible inactivation of 
brain regions, including the cerebellum (5) 
and the red nucleus (6), but generally has 
not been used to localize memory traces. 

The logic underlying the use of revers- 
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ible lesions to localize sites of memory 
formation is as follows. Na'ive animals are 
trained while a region of the brain is inac- 
tivated. If this inactivated region is part of 
the circuitry essential for a given form of 
learning and memory, then expression of 
any learned response will be prevented dur- 
ing the inactivation training. If learning 
occurs during inactivation, as evidenced by 
the immediate expression of learned re- 
sponses in training after inactivation, then 
the site or sites of memory trace formation 
must be afferent (upstream) to the region of 
inactivation in the essential circuitry. If no 
learning occurs during inactivation train- 
ing, then the region of inactivation must be 
the site of memory formation or a manda- 
tory afferent projecting ultimately to the 
site of memory formation. 

To utilize reversible inactivation, one 
must first identify the brain circuitry essen- 
tial (necessary and sufficient) for a given 
form of learning and memory. This has 
largely been achieved for one form of basic 
associative memory in animal studies, aver- 
sive classical conditioning of discrete be- 
havioral responses-for example, eyeblink 
and limb flection (2, 7). In brief, the results 
of lesion, recording, and stimulation studies 
indicate that the conditioned stimulus (CS) 
pathway includes sensory relay nuclei, the 
pontine nuclei, and mossy fiber projections 
to the cerebellum: the unconditioned stim- 

ulus (US) pathway includes somatosensory 
relay nuclei, the inferior olive, and its 
climbing fiber projections to the cerebel- 
lum; and the conditioned response (CR) 
pathway includes the cerebellum, its pro- 
jection from the interpositus nucleus to the 
red nucleus, and red nucleus projections to 
premotor and motor nuclei (8, 9). Unilat- 
eral cerebellar lesions in humans complete- 
ly prevent learning of the eyeblink CR 
ipsilateral (but not contralateral) to the 
lesion (10). 

We used microinfusions of muscimol into 
the ipsilateral lateral cerebellum or the con- 
tralateral red nucleus to temporarily inacti- 
vate these structures during acquisition of the 
classically conditioned eyeblink response of 
the rabbit. Behavioral training comprised 11 
daily sessions in which a tone CS (350 ms, 1 
KHz, 85 dB) was paired with a coterminating 
corneal airpuff US (100 ms, 2.1 N/cm2) (1 1). 
One hour before each of the first six sessions, 
animals received an infusion of (i) muscimol 
into the ipsilateral lateral cerebellum (n = 6), 
(ii) saline (vehicle) into the ipsilateral lateral 
cerebellum (n = 6), or (iii) muscimol into the 
contralateral red nucleus (n = 6) (12). No 
infusions were administered on days 7 to 10 of 
training. All animals received 3 days of rest 
between sessions 6 and 7 to ensure no linger- 
ing effects of infusion. On day 11, all animals 
were infused with muscimol to test retention. 

Control animals that were treated with 
saline had fully learned the CR by the third 
day of infusion training. Neither the ani- 
mals infused with muscimol into the cere- 
bellum nor those infused in the red nucleus 
showed any appreciable number of CRs 
during the 6 days of infusion training (Fig. 
1A). At the beginning of training after the 
infusion sessions (day 7), the animals in- 
fused with muscimol in the cerebellum 
showed no signs of having learned and 
subsequently learned at exactly the same 
rate as the saline-treated control animals 
had learned on the first 4 days of training 
(Fig. 1B). In marked contrast, the animals 
that had had muscimol infused into the red 
nucleus showed asymptotic learning from 
the beginning of training after the infusion 
(Fig. 1B). Infusions of muscimol on day 11 
into the cerebellum (including the control 
animals that had previously been infused 
with saline) or the red nucleus reversibly 
abolished the CRs of all animals. In all 
cases, infusions of muscimol into the cere- 
bellum or the red nucleus during acquisition 
had no effect on UR amplitudes relative to 
controls (1 3) (Fig. 1C). 

Locations of the cannula tips for all 
animals are shown in Fie. 2A. All cerebel- " 
lar cannulae were aimed at the anterior 
interoositus nucleus (AIN). After all train- 
ing, 'four animals (three' infused in the 
cerebellum, one in the red nucleus) re- 
ceived infusions of [3H]muscimol equiva- 
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lent to the doses infused during training. 
An autoradiograph of the largest distribu- 
tion of [3H]muscimol diffusion in the cere- 
bellum is shown in Fig. 2B. This pattern of 
diffusion, extending throughout the AIN 
and upwards into the cerebellar cortex, was 
typical in all cases. These infusions inacti- 
vated both the AIN as well as much of 
hemispheric lobule VI and neighboring re- 
gions of the cortex. In no instance did the 
cerebellar infusions result in labeling out- 
side the cerebellum. Red nucleus infusion 
resulted in labeling throughout the magno- 

cellular division with minimal labeling out- 
side the nucleus. 

In summary, animals trained with mus- 
cimol infused into the cerebellum did not 
express CRs, did not learn at all, and 
subsequently learned as though nayve to the 
training situation. Further, they showed no 
learning impairment during training after 
the infusions, which indicates that repeated 
muscimol infusions did not cause significant 
damage to the tissue. On the other hand, 
the animals trained with muscimol infused 
into the red nucleus did not express CRs at 

Fig. 1. Effect of muscimol infusion on A 
CRs and URs. (A) All animals re- 

*= =--<*=:--:&= =---& 
ceived an infusion before training on 
sessions 1 to 6 .  The cerebellar group 
(D) (n = 6)  received muscimol infu- 60 
sions into the ipsilateral lateral cere- w 
bellum, the red nucleus group (A) (n 8 

administered on days 7 to 10. All 
animals received muscimol infusions 
before session 11. Data are ex- 
pressed as percent CRs averaged 
over all animals in each group for 
each training session. (B) Percent 
CRs for sessions 1 to 4 of the saline 

= 6 )  received muscimo~ in the con- 20 
tralateral red nucleus, and the saline 

group and sessions 7 to 10 of the 0' 2 1 ,  =, , I  1 2 3 4  1 2 3 4 5 6  
cerebellar and red nucleus groups. Equivalent session Training session 
(C) UR amplitudes on airpuff-only test 

T,' 
T 

;k~>p~;k,4~ 
i 

- 

trials during the six sessions in which 
infusions were administered. There were no significant differences between groups on these days. 
All data points are means + SEM. Symbols are the same for all charts. 

group (@) (n = 6)  received 1 pI of b 
saline vehicle into the ipsilateral lat- 1 2 3 4  5 6 7 8 9 1 0 1 1  

Training session 
era1 cerebellum. No infusions were - 

Fig. 2. Localization of A 
inactivated regions. (A) 
Locations of all cannu- 
lae tips. Filled squares, 
cerebellar muscimol 
cannulae; open circles, 
saline controls; filled tri- 
angles, red nucleus 
cannulae. The numbers 
above the first three 
sectlons are the dls- 
tances (In m~ll~meters) 
rostra1 to lambda, 
above the last three are 
distances caudal from 
the bregma skull su- 
tures HVI, hemlspherlc 
lobule VI, IN, Interpe- 
duncular nucleus, IP, 
lnterposltus nucleus, 
10, Inferlor ollve, MGN, 
medlal genlculate nu- 
cleus, PAG, perlaque- 
ductal grey, RN, red nucleus, SN, substantla nlgra (B) Dlgltlzed Image of an autoradlograph 
showlng the greatest extent of [3H]musc~mol dlffuslon In the lateral cerebellum Labellng encom- 
passes dorsal aspects of the anterlor interpos~tus and the overlying cortex, lncludlng lobule HVI. In 
no Instance was any labellng found outslde the cerebellum The autoradlograph IS shown 
superimposed upon the N~ssl-stalned sectlon from whlch it was exposed (C) Outllne drawlng of 
micrograph In (6). Hatched area delineates maximal extent of [3H]musc~mol dlffuslon 

all during infusion training but in fact fully 
learned the CR during this training. This 
result demonstrates that normal learning 
can occur with the com~lete absence of 
performance of the learned response during 
training. In no instance did the effective 
cerebellar or red nucleus infusion have any 
effect on reflex responses to the US, either 
on paired trials or on trials with the US 
alone. After the training that followed in- 
fusion, all animals, including all saline- 
treated controls, were given retention tests 
with muscimol infusions (day 11). In all 
cases, the drug produced complete and re- 
versible abolition of the CR, which dem- 
onstrates that the cerebellum is necessary 
for both acquisition as well as long-term 
retention of the learned resDonse. These 
results support conclusions from reversible 
inactivation cooling studies of the cerebel- 
lum and red nucleus (1 4) and the results of 
lidocaine studies (1 5) and contradict results 
reported by Welsh and Harvey, who used 
lidocaine for reversible inactivation of the 
cerebellum during transfer training from a 
light to a tone CS (1 6 ) .  

These results permit the following con- 
clusions. (i) The memory trace cannot be 
formed and stored in the red nucleus; inac- 
tivation of the red nucleus during training, 
which completely prevented expression of 
the CR, did not prevent or interfere with 
learning at all. (ii) The memory trace can- 
not be formed solely before the cerebellar 
area of inactivation in the essential circuit 
or in the reflex pathways; otherwise, learn- 
ing would have occurred during cerebellar 
infusion training and no learning at all 
occurred. 

The mandatory CR pathway has been 
identified: intemositus nucleus via su~erior 
cerebellar peduncle to magnocellular red 
nucleus to motor nuclei. In brief, neurons 
in the critical region of the interpositus, 
where unilateral lesions completely and 
permanently abolish acquisition, retention, 
and relearning of the ipsilateral CR with no 
effect on the UR. develo~ a learnine-in- u 

duced increase in discharge frequency that 
forms an amplitude-time course model of 
the behavioral CR that precedes and pre- 
dicts the occurrence and form of the CR 
both within trials and over the trials of 
training (8, 1 7). Microstimulation of the 
critical interpositus region elicits eyeblinks 
in untrained animals and lesion of the 
superior cerebellar peduncle (projection 
from the interpositus to the red nucleus) 
abolishes this stimulation-elicited response; 
the CR circuit is hard-wired from interposi- 
tus to behavior (1 7, 18). Such lesions also 
abolish the CR learned to peripheral CSs 
(1 9). Unit recordings from the critical re- 
gion of the red nucleus (in the magnocellular 
division) develop the same learning-induced 
model of the CR as do neurons in the 
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interpositus, and very small lesions in this 
region of the red nucleus also abolish the CR 
with no effect on the UR (9, 18). In trained 
animals, lidocaine or cold-probe inactiva- 
tion of the interpositus abolishes both the 
behavioral CR and the learning-induced 
neuronal model in the red nucleus; inactiva- 
tion of the red nucleus abolishes the behav- 
ioral CR but has no effect on the learning- 
induced neuronal model in the interpositus 
(14, 20). Our results demonstrate that the 
memory trace must be formed at or beyond 
the cerebellar site of inactivation but before 
the red nucleus. On the basis of these results 
and data cited (15). we conclude that the . ,, 

memory trace for eyeblink conditioning 
must be localized to the i~silateral lateral 
cerebellum. Our findings strongly support 
the hv~othesis that the memorv traces for , . 
learned movements are formed aAd stored in 
the cerebellum (2 1). 
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Induction of Gai2-Specific Antisense RNA in Vivo 
lnhib~ts Neonatal Growth 

Christopher M. Moxham,* Yaacov Hod, Craig C. Malbon 
Guanosine triphosphate-binding regulatory proteins (G proteins) are key elements in 
transmembrane signaling and have been implicated as regulators of more complex bio- 
logical processes such as differentiation and development. The G protein Ga, is capable 
of mediating the inhibitory control of adenylylcyclase and regulates stem cell differentiation 
to primitive endoderm. Here an antisense RNA to Ga, was expressed in a hybrid RNA 
construct whose expression was both tissue-specific and induced at birth. Transgenic mice 
in which the antisense construct was expressed displayed a lack of normal development 
in targeted organs that correlated with the absence of Ga,,. The loss of Ga, expression 
in adipose tissue of the transgenic mice was correlated with a rise in basal levels of 
adenosine 3',5'-monophosphate (CAMP) and the loss of receptor-mediated inhibition of 
adenylylcyclase. These data expand our understanding of G protein function in vivo and 
demonstrate the necessity for Ga, in the development of liver and fat. 

G proteins propagate signals from cell sur- 
face receptors to a diverse group of effectors 
that includes adenylylcyclase, phospholi- 
pase C, and cation channels (1-4). Visual 
transduction, neuronal signaling, cell 
growth and differentiation, and metabolic 
pathways such as glycogenolysis and gluco- 
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neogenesis are mediated by way of G pro- 
teins. The G protein G q 2  has been impli- 
cated in the inhibition of adenylylcyclase 
and oncogenesis (5-7). In order to suppress 
Gai2 expression in vivo, we adopted the use 
of a construct to express Gq2-specific an- 
tisense RNA instead of gene disruption. To 
enhance the accumulation of the Gai2 an- 
tisense RNA, the target sequence was insert- 
ed in the 5'-untranslated region of the rat 
phosphomlpyruwate carboxykinase (PEPCK) 
gene. The PEPCK gene was selected for 
three reasons. (i) The 2.8-kb hybrid 
PEPCK-Ga, antisense RNA would be more 
stable than a comparatively short-lived an- 
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