
Lesions to the mesencephalic reticular for- 
mation attenuate long-term habituation of 
the acoustic startle response (6, 13), but to a 
much lesser extent than did our lesions to 
the cerebellar vermis. In addition, the dece- 
rebrate rat with an intact cerebellum shows 
no long-term but significant short-term ha- 
bituation in this response system (14). If we 
assume that these various lesions interfere 
with the same pathway, a useful working 
assumption, we can conclude that structures 
rostral to the cerebellum are involved and 
that the vermis is an area of convergence or 
focus, but we do not know whether the 
vermis is on the ascending or descending 
limb of the pathway. There are numerous 
pathways into and out of the cerebellum 
that could mediate these effects. There are 
rich auditory projections to the vermis (15, 
16), which were removed by our vermal 
aspirations. The vermis projects widely into 
the reticular formation and throughout the 
brainstem and receives rich projections from 
more rostral brain areas (17). Whatever the 
rostral limb of this pathway may be, it is not 
the classical auditory pathway (18). It is 
interesting to note that the cerebellar ver- 
mis, in contrast to the cerebellar hemi- 
spheres and related structures, is not directly 
involved in conditioning of the rabbit eyelid 
response to an acoustic stimulus (10). 

Our data contribute to the evidence that 
the cerebellum is involved in subtle and 
complex ways in many behavioral processes 
(19). Snider and Stowell (16) noted no 
sensory defects following cerebellar damage 
in spite of its rich auditory, visual, and tactile 
projection areas. They wondered ". . . 
whether loss of the cerebellar representa- 
tions of these three exteroceptive systems 
does not produce objective and subjective 
effects which are so subtle that they have 
escaped present methods of study." We be- 
lieve long-term habituation may be one of 
those subtle behavioral effects. 
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Calcium Antagonist Receptors in Cardiomyopathic 
Hamster: Selective Increases in Heart, Muscle, Brain 

The Syrian cardiomyopathic hamster has a hereditary disease in which a progressive 
myocardial necrosis mimics human forms of cardiac hypertrophy. Lesions are associat- 
ed with calcium overload and can be prevented with the calcium antagonist verapamil. 
Numbers of receptor binding sites for calcium antagonists in heart, brain, skeletal 
muscle, and smooth muscle were markedly increased in cardiomyopathic hamsters. 
The uptake of calcium-45 into brain synaptosomes was also increased in cardiomyo- 
pathic hamsters. The increase in calcium antagonist receptors and related voltage- 
sensitive calcium channels may be involved in the pathogenesis of this cardiomyopathy. 

T HE SYRIAN CARDIOMYOPATHIC 

(CM) hamster (BIO 14.6, Bio Re- 
search, Cambridge, Massachusetts) 

is an inbred strain with a hereditary abnor- 
mality in skeletal and cardiac muscle involv- 
ing ventricular and atrial hypertrophy with 
subsequent development of congestive heart 
failure (1). This strain has been used as a 
model for certain disturbances, such as hy- 
pertrophic obstructive cardiomyopathy and 
Freidrich's ataxia, the latter involving brain 
pathology as well as cardiac hypertrophy 
(2). Calcium overload of myocytes has been 
implicated in the etiology of the cardiac 
abnormalities in these hamsters. The calci- 
um concentration in cardiac myocytes of 
CM hamsters is elevated (3), and calcium 
antagonist drugs such as verapamil are the 
most effective agents in relieving cardiac 
dysfunction (4). Calcium entry into myo- 
cytes and neurons (5) occurs through volt- 
age-sensitive calcium channels (VSCC), 
which are blocked by calcium antagonist 
drugs of several classes including nitrendi- 
pine, verapamil, and diltiazem. specific re- 
ceptors for these drugs can be labeled with 
radioligand binding techniques (5, 6) and 
volta e-dependent calcium entry measured B 
by ca2+ flu determinations. We now 
report a selective increase in numbers of 

skeletal muscle, and smooth muscle of CM 
hamsters. In addition, synaptosomal prepa- 
rations from CM hamster brain show in- 
creased calcium uptake, suggesting a link to 
VSCC. 

[3~]Nitrendipine labels the dihydropyri- 
dine class of calcium antagonist receptors 
(5) .  Both heart and brain exhibit 50 to 100 
percent increased [3H]nitrendipine binding 
in 30-day-old CM hamsters compared with 
age- and sex-matched random-bred controls 
(Fig. 1). Scatchard analysis indicates that the 
augmentation is in the number of binding 
sites (B,,,) with virtually no change in 
affinity (KD). [3~]~esmethoxyverapamil la- 
bels high- and low-affinity forms of a second 
type of calcium antagonist receptor, which is 
allosterically linked to the dihydropyridine 
site (6). Saturation analysis reveals more 
than a twofold increase in numbers of both 
the high- and low-affinity [3~]desmethoxy- 
verapamil sites in brain. Binding affinity is 
decreased, but to a lesser extent. Because of 
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high levels of nonspecific binding, we were 
unable to detect a low-affinity site in heart. 
However, B,,, of the high-affinity site was 
doubled, as in brain. 

CM hamsters display abnormalities in 
other types of muscle as well as cardiac 
muscle (1 ) . Calcium antagonist receptor 
binding has been reported in skeletal and 
smooth muscles (7). Both skeletal and 
smooth muscles exhibited increased levels of 
[3~]nitrendipine binding in CM hamsters 
compared with age- and sex-matched con- 
trols (Table 1). Scatchard analysis indicated 
that the augmentation was in B,,, with no 
statistically significant change in KD. 

Dihydropyridine receptor binding is in- 
hibited allosterically by veraparnil and relat- 

ed drugs, whereas the calcium antagonist 
diltiazem and similar agents increasebind- 
ing (5 ) .  To ascertain whether the allosteric 
regulation of dihydropyridine binding is 
altered in CM hamsters. we exdored the 
effects of methoxyverapamil (gallopamil, D- 
600), the dihydropyridine nifedipine, and 
fostedil (BK-966), a diltiazem-like drug (8). 
Inhibition of [3~]nitrendipine binding by 
methoxyverapamil, stimulation by fostedil, 
and Inhibition by nifedipine display es- 
sentially identical concentration-response 
curves in CM and control hamsters (Fig. 2), 
suggesting that presumed subunit interac- 
tions of the receptor complex are not al- 
tered. 

To  determine whether these abnormali- 

L3~1~i trendipine bound (prnollrng) 

Fig. 1. Saturation analysis of [3H]nitrendipine binding in (A) brain and (B) heart of control (0) and 
CM (0) hamsters. [3H]Nitrendipine binding was assayed (15) with 0.2 to 0.5 mg of protein per tube. 
The concentration of nitrendipine varied between 0.05 and 100 nM. The data shown represent typical 
experiments, performed in duplicate. Experiments were repeated five to seven times. The total number 
of binding sites (B,,,) increased in CM hamsters with no change in affinity (Student's t test, two-tailed, 
P < 0.05). 

Table 1. Calcium antagonist drug-binding constants in cardiomyopathic hamsters. Nitrendipine 
binding was assayed as described in the legend to Fig. 1. Skeletal and smooth muscle membranes were 
prepared as described (16). (-)Desmethoxyverapamil binding was assayed in similar membrane 
preparations by existing methods (1 7). The results are expressed as mean + SEM for groups of eight 
to ten animals of each strain for each tissue. No statistically significant differences in labeling with the 
following li ands was seen between control and CM hamsters in brain (P > 0.2): [3H]quinuclidinyl 5 benzylate, [ HIWB-4101, [3H]phorbol dibutyrate, [3H]spi erone, [3H]1-phenylisopropyladenosine, P .  [3H]ouabain, and '251-iodocyanopindolol, and in heart: [ H]qumuclidinyl benzylate, [3H]phorbol 
dibutyrate, [3H]ouabain, and '251-iodocyanopindolol (18). These ligands were measured in four to six 
animals of each strain. Comparisons between CM and control hamsters were made with two-tailed 
Student's t tests. 

fi- 
ity KD ow B,,, (fmolimg protein) 

Tissue Ligand bind- 

control CM Control CM 
- - 

Brain [3H]nitrendipine 0.32 2 0.04 0.30 2 0.03 115 2 7 184 f 12* 
[3H]desmethoxy- High 0.66 + 0.05 1.25 2 0.15t 270 + 19 710 + 48" 

verapamil Low 32 t 7 96 + 13t 3400 + 561 7610+ 928$ 
Heart [3H]nitrendipine 0.60 + 0.13 0.46 k 0.14 187 + 36 355 + 44f 

[3H]desmethoxy- High 1.64 rt 0.41 1.69 k 0.79 79 -+ 35 158 + 54 
veraparnil 

Skeletal r3H]nitrendipine 4.4 + 0.6 4.4 2 0.9 1500 + 205 2300 + 320t . - 

musde 
Smooth [3H]nitrendipine 1.2 2 0 . 2  1.0 + 0.1 250+ 57 4835  l l f  

muscle 

ties are selective for calcium antagonist re- 
ceptors, we measured ligand binding to 
several neurotransmitter receptors (Table 
1). In the brain, [3H]quinuclidinyl benzilate 
( [ 3 ~ ] ~ ~ ~ )  binding to muscarinic choliner- 
gic receptors, [ 3 ~ ]  WB-4101 binding to ul 
adrenoceptors, [3~]spiperone binding to 
dopamine D2 receptors, [3H]phenylisopro- 
pyladenosine ( [ 3 ~ ] ~ ~ ~ )  binding to adeno- 
sine A, receptors, and '25~-cyanopindolol 
binding to p-adrenoceptors was essentially 
the same in CM hamsters as in control 
animals. In the heart we also found no 
statistically significant difference between 
CM hamsters and controls in [ 3 ~ ] Q ~ B  or 
'25~-cyanopindolol binding. 

To ascertain whether other membrane 
proteins associated with the control of ion 
flu are altered, we monitored [3H]phorbol- 
dibutyrate ( [ 3 ~ ] P D B ~ )  binding to protein 
kinase C, a calcium-regulated site, and 
[3H]ouabain binding to Na+,K+-dependent 
adenosine triphosphatase (ATPase) in both 
brain and heart (Table 1). Binding associat- 
ed with protein'kinase c and t h i  sodium- 
potassium ATPase is essentially the same in 
CM hamsters and controls f i r  both brain 
and heart. 

If the augmented numbers of calcium 
antagonist receptors reflect an increase in 
the number or function of voltage-depen- 
dent calcium channels, one might anticipate 
an increase in voltage-dependent calcium - - 
fluxes. Accordingly, we measured the uptake 
of 4 5 ~ a 2 +  in synaptosomal preparations 
from the brain (Fig. 3); 4 5 ~ a 2 '  uptake in 
synaptosomes in the presence of 5 rnM 
potassium was essentially the same in CM 
hamsters and controls. To assess voltage- 
dependent calcium flux, we measured the 
uptake of 4 5 ~ a 2 +  after depolarizing the syn- 
aptosomal preparations with 57.5 mM po- 
tassium. In depolarized synaptosomes, 
4 5 ~ a 2 +  uptake was increased significantly in 
CM hamsters compared with controls. 
However, the technique used to assess 
45Ca2+ flux in synaptosomes does not differ- 
entiate between uptake through VSCC and 
transport mediated by the sodium-calcium 
antiport system. 

A critical auestion is whether the ob- 
served abnormalities are secondary to cardi- 
ac damage. This is improbable for two rea- 
sons.  he cardiac becomes most 
apparent after 35 to 40 days of age ( I ) .  We 
compared calcium antagonist receptor bind- 
ing and 45Ca2+ synaptosomal uptake in 30- 
day, 60-day, and 90-day-old hamsters. 
[3H]Nitrendipine binding and synaptosom- 
a1 45Ca2+ uptake were augmented to essen- 
tially the same extent in animals at all three 
ages. Examination of hearts from these ham- 
sters, by light microscopy, confirms that 
cardiac abnormalities are minimal in 30-day 
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hamsters and become progressively severe in 
60- and 90-day animals. In both 60- and 90- 
dav animals, kxtensive tissue necrosis and 
infiltration with inflammatory cells was ap- 
parent, whereas such abnormalities were 
much reduced in 30-dav hamsters. 

Second, the fact thit abnormalities in 
calcium antagonist receptors and 4 5 ~ a 2 +  UP- 
take occur in the brain indicates that the 
described abnormalities are not secondary to 
cardiac pathology. It is not yet possible to 
link conclusively distinct behavioral patterns 
to occupation of calcium antagonist recep- 
tors in brain. However, various studies sug- 
gest that calcium channel blockers and acti- 
vators can influence behavior (9). Because of 
the increased levels of calcium antagonist 
receptors in brain, the CM strain may be 
useful for assessing the behavioral signifi- 
cance of VSCC in brain. Preliminary analy- 
sis of open-field behavior reveals a higher 
level of general activity in CM hamsters than 
in controls. Friedrich's ataxia, a genetic dis- 
order with cardiac hypertrophy resembling 
the abnormalities in CM hamsters. also in- 
volves central nervous system disorders. 

The augmented number of calcium antag- 
onist receptor binding sites and the in- 
creased voltage-dependent calcium accumu- 
lation in CM hamster tissues suggest that 
these abnormalities may be responsible for 
the pathologic alterations. The increased 
influx of calcium through VSCC may cause 
calcium overload, which appears linked to  
the cardiac pathology in CM hamsters. His- 
tologically, Syrian hamster cardiomyopathy 
resembles reperfusion necrosis, which is as- 
sociated with calcium overload 110). In ad- 

\ ,  

dition, isoproterenol stimulates calcium in- 
flux and produces a cardiomyopathy that 
closely resembles the abnormalities in CM 
hamsters (1 1 ) . Endogenous calcium levels 
are greatly increased in hearts of CM ham- 
sters (3). CM hamsters display a prolonged 
cardiac action potential that seems to be 
related to augmented activity of voltage- 
dependent calcium channels (12). Finally, of 
the many drugs that have been administered 
to CM hamsters, calcium antagonists have 
been the most effective in relieving abnor- 
malities in cardiac fhction. whereas the B- 
adrenoceptor antagonist prdpranolol is in&- 
fective ( 4 ) .  Similar abnormalities in VSCC's 
mav be involved in human conditions. such 
as hypertrophic obstructive cardiomyopa- 
thy, whose pathophysiology resembles that 
of CM hamsters. 

Could the increased number of calcium 
channels be secondary to some other pri- 
mary abnormality? A reduced activity of 
sodium-potassium ATPase has been report- 
ed in CM hamsters (13). This reduced cata- 
lytic activity of the enzyme is not necessarily 
incompatible with the normal levels of 

[3~]ouabain  binding observed in this study, 
as these reflect the number of enzvme mole- 
cules. Conceivablv, the sodium-potassium 
ATPase changes &e secondary to calcium 
overload of cells, causing mitochondria1 
damage and thus deplehg energy re- 
sources. Microvascular spasm followed by 
reperfusion might cause calcium overload. 
Although no specific histological abnormali- 
ties in microvascular structure have been 
identified, functional spasm of the microcir- 
culation has been demonstrated (14). In- 
creased microvascular spasm observed in 
CM hamsters may be secondary to the aug- 
mented voltage-dependent calcium uptake 
by vascular smooth muscle. It has not yet 
been possible to distinguish between a sec- 
ondary effect on heart by vascular smooth 
musc~k or a direct effect on heart. This issue 
can be addressed by calcium flux studies. 

0 8 Fostedil 

' A Nifedipine 

Drug concentration (log M )  

Fig. 2. Interaction of drugs that allosterically 
modulate [3H]nitrendipine binding in brain 
membranes. Interactions with the dihydropyri- 
dine-labeled receptor complex were similar in 
control and CM hamsters. 

5 57.5 57.5 

KC1 concentration (mM) 

Fig. 3. Synaptosomal 45Ca2+ uptake, measured as 
described (19). Values are the means of eight to 
ten experiments performed in triplicate, presented 
as mean +. SEM. The asterisk indicates a signifi- 
cant difference from control, Student's t test, two- 
tailed, P < 0.05. 
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Gene Transfer and Molecular Cloning of the 
Human NGF Receptor 

After 2 weeks in HAT [hypoxanthine (15 
kglml), arninopterin (1  yglml), and thpmi- 
dine (5 yglml) selection medium, the tk' 
colonies were screened with the rosette assav 

Nerve growth factor (NGF) and its receptor are important in the development of cells 
derived from the neural crest. Mouse L cell transformants have been generated that 
stably express the human NGF receptor gene transfer with total human DNA. AfIinity 
cross-linking, metabolic labeling and immunoprecipitation, and equilibrium binding 
with lZ5I-labeled NGF revealed that this NGF receptor had the same size and binding 
characteristics as the receptor from human melanoma cells and rat PC12 cells. The 
sequences encoding the NGF receptor were molecularly cloned using the human Alu 
repetitive sequence as a probe. A cosmid clone that contained the human NGF receptor 
gene allowed efficient transfection and expression of the receptor. 

N ERVE GROWTH FACTOR (NGF) 
and its receptor play an essential 
role in the survival and mainte- 

nance of sympathetic and sensory neurons. 
NGF action is initiated by the interaction of 
NGF with a specific receptor on the neuro- 
nal cell surface. Receptors for NGF have 
also been found on nonneuronal derivatives 
of the neural crest, including melanoma cells 
(1, 2), pheochromocytoma cells (3), 
Schwann cells, and neurofibroma cells (2). 
The NGF receptor has been characterized in 
sympathetic nerve cells (4), pheochromocy- 
toma (PC12) cells (3, 5, 6), and melanoma 
cells (2, 7). Immunoprecipitation and pho- 
toaffinity cross-linking studies indicate that 
it has a molecular size of 70,000 to 80,000 
daltons (2, 7) and can also exist in a dimeric 
form of about 200,000 daltons (2, 5, 7). 
The receptor can occur in both high and low 
affinity forms (3, 8). Further characteriza- 
tion of the human receptor indicates that it 
is a glycoprotein and is phosphorylated on 
serine resides (9). 

DNA-mediated gene transfer has been 
used to express and clone the human NGF 

receptor. Unlike other techniques, this 
method does not depend on messenger 
RNA (mRNA) enrichment, but requires the 
availability of an appropriate recipient cell 
line and a means of identifying cells which 
have taken up and expressed the gene. To 
screen the recipient cells, we used an immu- 
nological rosette assay in which cells are 
incubated with monoclonal antibody to hu- 
man NGF receptor (2) and then with sec- 
ond antibody [rabbit antibody to mouse 
immunoglobulin G (IgG)] coupled to 
erythrocytes. This assay is quite sensitive 
since rosettes can be observed with the 
human neuroblastoma cell line SYSY, which 
expresses fewer than 1000 receptors per cell 
(10). When mouse fibroblast L cells are 
assayed in the same manner no rosettes are 
observed. 

High molecular weight DNA was isolated 
from human neuroblastoma SYSY, human 
melanoma A875 cells, or human T cells and 
mixed with the purified herpesvirus thymi- 
dine kinase (pTK) gene to produce a calci- 
um phosphate precipitate for transformation 
of mouse fibroblast L cells (Ltk-) (11). 

(12). Positive colonies were observed at a 
frequency of 1 per 12,000 tk' colonies with 
DNA from all three cell types. The positive 
L cell colonies were isolated with cloning 
cylinders and purified by two rounds of 
rkscreening with the rosebe assay. The pri- 
mary transformants were then grown in 
bulk, and four clones were analyzed further 
for the presence of NGF receptor (see be- 
low). HAT selection was maintained 
throughout the purification and growth of 
the cells. The transformant lines were stable 
over many generations and did not lose the 
foreign NGF receptor gene or display de- 
creased recemor ex~ression. 

To reduce the amount of extraneous hu- 
man DNA, one of the primary transfor- 
mants was transferred through a second 
round of transformation.  he- positive cell 
line N21, which was generated from human 
neuroblastoma DNA, was used as the source 
of DNA for a second round of transforma- 
tion. High molecular weight DNA was iso- 
lated from N21 and used with pTK for 
transformation into mouse Ltk- cells. A 
secondary transformant, N2 1- 11, was isolat- 
ed with HAT selection and the rosette assay. 

We used affinity cross-linlung with 12'1- 
labeled NGF (5-7) to test for NGF receptor 
in the L cell transformants that had been 
identified bv the rosette assav. Cells in sus- 
pension were incubated with '25~-labeled 
NGF at 0°C and then treated with ethyldi- 
methylisopropylcarbodiimide to cross-link 

-- - 

M. V. Chao, C. R. Buck, A. Sehgal, De artment of Cell 
Biolo and Anatomy and Divismn of Remaro~ogy and 
OncoKgy, Cornell University Medical School, New 
York, NY 10021. 
M. A. Bothwell and A. A. Lanahan, Department of 

and Biophysics, University of Washington, 
:%%:#A 98195. 
A. H. Ross and H.  Koprowski, Wistar Institute, Phila- 
delphia, PA 19104. 

SCIENCE, VOL. 232 




