
protein into the nerve parenchyma (15) 
may account for the relative indepen- 
dence of the disease induction from the 
level of antibody titer. Initially after im- 
munization with GC, antibodies to GC 
consist predominantly of immunoglobu- 
lin (Ig) M. Immunoglobulin G against GC 
may not rise for several months (27). Al- 
though IgG is able to permeate into the 
endoneurium, IgM, a larger molecule 
than IgG, cannot penetrate the non- 
pathological nerve (28). It is possible that 
the delayed appearance of IgG against 
GC coincided with the induction of the 
demyelinative neuritis. Although GC re- 
portedly does not induce positive skin 
reactions (6), the possible role of cell- 
mediated immunity cannot be excluded. 
However, the absence of perivenular 
cuffings of small lymphocytes in the 
early lesions in this study also supports 
the concept that GC-induced EAN may 
be primarily antibody-dependent rather 
than the result of tuberculin-type de- 
layed hypersensitivity. 

Possible involvement of GC in the im- 
munopathogenesis of EAE and EAN 
produced by whole white matter or 
nerve homogenates, has been implied by 
the detection of antibody to GC in the 
serum of such animals (6-8, 12, 29). 
Antibody to GC was also found in cere- 
brospinal fluid of EAE animals (30). The 
present report provides evidence that 
GC is capable of playing a primary role 
in the production of a demyelinating dis- 
order. 
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The recent availability of muscimol, a 

potent and selective agonist for y-amino- 
butyric acid (GABA) receptors (1) has 

spurred investigations into the role of 
GABA receptors in specific brain regions 
for the control of such diverse functions 
as food intake (2), motor activity (3), 
synthesis of various neurotransmitters 

(4), and release of pituitary hormones 

(5). Moreover, the combined use of mus- 
cimol and the specific GABA receptor 
antagonist bicuculline (1), has allowed 
the exploration of the effects of both aug- 
mentation and reduction in GABA re- 

ceptor function in various brain systems. 
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Recently, evidence has emerged suggest- 
ing that GABA receptors might also be 
involved in the central autonomic con- 
trol of cardiovascular function (6, 7), but 
the role and anatomical site (or sites) of 
such a GABA influence have not been 
characterized. Antonaccio and co-work- 
ers have reported that muscimol, admin- 
istered into the cerebral ventricles, de- 
creased heart rate and blood pressure 
and that this effect of muscimol was re- 
versed by the GABA antagonists bicu- 
culline and picrotoxin (6). In contrast, 
we have reported that bicuculline and 

picrotoxin, administered via the verte- 
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GABA Receptor Control of Parasympathetic Outflow to 

Heart: Characterization and Brainstem Localization 

Abstract. Blockade of y-aminobutyric acid (GABA) receptor function by direct 

microinjection of the GABA receptor antagonist bicuculline into the nucleus am- 
biguus of the brainstem produced a marked, dose-related depression of heart rate 
and blood pressure which was mediated by the vagus nerve. This effect was not 
obtained in other regions of the brainstem and was reversed by the GABA receptor 
agonist muscimol. These data indicate that the nucleus ambiguus may be the site of 
a GABA receptor-mediated inhibition of vagal outflow. 
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bral artery, produced decreases in heart 
rate and blood pressure which could be 
reversed by administering muscimol (7). 
It appears that the GABA agonist-in- 
duced bradycardia is caused by an inhi- 
bition of sympathetic outflow (6) where- 
as the GABA antagonist-induced brady- 
cardia is caused by stimulation of 
parasympathetic function, mediated by 
vagal nerves innervating the heart (7). 
Consistent with the latter observation is 
the finding that the benzodiazepines, 
agents thought to potentiate GABA func- 
tion (8), also inhibit reflex vagal brady- 
cardia (9). Furthermore, initial observa- 
tions have suggested that the GABA re- 
ceptors that influence sympathetic cardio- 
vascular activity are located in the fore- 
brain (6) whereas those involved in 
parasympathetic cardiac function are lo- 
cated in the brainstem (7). Thus, it is 
possible that GABA may be an impor- 
tant neurotransmitter in central auto- 
nomic pathways and that it may have 
critically different actions depending up- 
on the location of the GABA-receptive 
neurons. 

In the present study, we sought to 
demonstrate a relationship between 
GABA receptors and cardiac parasym- 
pathetic function by determining the spe- 
cific anatomical site (or sites) where 
GABA receptor-mediated influences on 
vagal outflow could occur. Of particular 
interest to us was the nucleus ambiguus, 
since several electrophysiological stud- 
ies have indicated that this nucleus may 
contain the cell bodies of preganglionic 
vagal neurons projecting to the heart 
(10). Furthermore, cells in the nucleus 
ambiguus have been reported to contain 
significant amounts of GABA (11). By 
monitoring heart rate and using a micro- 
injection technique to apply bicuculline 
methiodide and muscimol into this nucle- 
us as well as into other brainstem nuclei 
associated with central vagal pathways, 
we were able to identify a selective re- 
sponse to these compounds which was 
specifically localized to the region of the 
nucleus ambiguus. 

Cats were anesthetized with a-chlora- 
lose (70 to 80 mg per kilogram of body 
weight, intravenously) and artificially 
ventilated with room air. The femoral ar- 
tery was catheterized for recording 
blood pressure and limb leads were 
placed on the extremities for recording 
the electrocardiogram. Both were mon- 
itored on a Beckman Dynograph record- 
er. Rectal temperature was maintained 
between 36? and 38?C by intermittent 
warming of the cat with radiant heat. 
Cats were then mounted in a stereotaxic 
instrument and the dorsal surface of the 
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lower brainstem was exposed by a limit- 
ed occipital craniotomy. Coordinates 
taken from Berman (12) were used to lo- 
cate the nucleus under study. The shaft 
of a 26-gauge Quincke-Babcock spinal 
needle that had been cut from its base 
and filed smooth was guided stereo- 
taxically at a 42? angle into the nucleus 
area. This needle was attached to a 10 ,l 
Unimetrics syringe by PE 20 tubing. 
Drugs were dissolved in 0.9 percent sa- 
line and administered by infusing (Sage 
infusion pump) at rates ranging from 0.02 
,ul/min for 5 minutes to 0.1 ,tl/min for 1 
minute to give a total volume of 0.1 t1l of 
infusate. For control infusions, saline 
alone was used. At the termination of 
each experiment 5 to 10 gl of 10 percent 
formalin was infused into the injection 
site followed by 1 /l of concentrated 
methylene blue dye. The animal was 
then killed and the brain was removed 
and placed in 10 percent formalin. Fro- 
zen 25-,tum sections were cut and 
mounted on slides. From these sections, 
the cannula track was identified and veri- 
fication of the injection site was made. 

Microinjections of the GABA antago- 
nist bicuculline methiodide were made 
into the following nuclei thought to com- 
prise part of the central pathways influ- 
encing vagal outflow to the heart: nucle- 
us ambiguus, external cuneate nucleus, 
and the regions of nucleus tractus soli- 
tarius and dorsal motor nucleus of the 
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vagus. Injections into only one of these 
nuclei-namely, nucleus ambiguus- 
produced a pronounced slowing in heart 
rate. Significant effects were observed 
with doses as little as 1 ng of bicuculline 
methiodide, and doses between 4 and 20 
ng of bicuculline methiodide produced 
reliable dose-related decreases in sinus 
rate ranging from 27 to 60 beats per min- 
ute (mean values). Slowing in heart rate 
produced by these injections lasted from 
2 to 76 minutes with the largest doses 
producing the longest duration of re- 
sponse. In addition, maximal brady- 
cardia was often accompanied by sinus 
arrest and junctional escape rhythms. Fi- 
nally, injection of an equivalent volume 
of saline into nucleus ambiguus had no 
significant effect on heart rate (13). 

Injection of bicuculline methiodide in- 
to the external cuneate nucleus and into 
the regions of nucleus tractus solitarius 
and dorsal motor nucleus of the vagus 
failed to produce any significant slowing 
in heart rate. Bicuculline methiodide (5 
to 10 ng) was also infused into a series of 
sites within a coronal plane passing 
through the nucleus ambiguus. The ex- 
perimental results obtained are depicted 
in Fig. 1 and indicate that responses to 
bicuculline methiodide are limited to a 
discrete area corresponding to the nucle- 
us ambiguus. Microinjections made at a 
site as little as 0.5 mm from this nucleus 
usually yielded negative results. 
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Fig. 1. Coronal section of the brain passing through the nucleus ambiguus (the unlabeled struc- 
ture), nucleus tractus solitarius (NTS), dorsal motor nucleus of the vagus (DMV), external cu- 
neate nucleus (CUX), cuneate nucleus, rostral division (CUR), hypoglossal nucleus (12), para- 
median reticular nucleus (PRN), inferior olivary complex (10), lateral reticular nucleus, internal 
division (LRI), and lateral reticular nucleus, external division (LRX). Data shown by the sym- 
bols 0 and + represent results of injections of bicuculline methiodide (5 to 10 ng) made at 0.5- 
mm intervals along vertical (one experiment) and horizontal (one experiment) axes passing 
through the nucleus ambiguus. Circles represent areas where no significant bradycardia was 
produced (decrease of less than 10 beats per minute) whereas plus signs represent sites where 
significant bradycardia was produced (greater than 20 beat-per-minute decrease). The axis at the 
left represents stereotaxic coordinates taken from the atlas of Berman (12). The axis at the right 
represents corrected stereotaxic coordinates as determined by examination of histological sec- 
tions. 
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A representative experiment depicting 
the heart rate and arterial blood pressure 
effects of two doses of bicuculline meth- 
iodide injected into nucleus ambiguus is 
depicted in Fig. 2. As can be seen, 4 ng 
of bicuculline methiodide produced an 
immediate reduction in heart rate; this 
was associated with a fall in blood pres- 
sure. Effects on both rate and pressure 
reached a nadir 5 minutes after the start 
of injection and persisted. Administra- 
tion of 20 ng produced an even greater 
reduction in rate and pressure. Once the 
effects of the larger dose were attained, 
an injection of the specific GABA recep- 
tor agonist, muscimol, was made. This 
agent given in a dose of 2 ng caused a 
slight reversal of the rate and pressure 
responses induced by bicuculline meth- 
iodide. Administration of a second and 
larger dose of muscimol (10 ng) com- 
pletely reversed the negative chrono- 
tropic and hypotensive effects produced 
by bicuculline methiodide. In other ex- 
periments microinjection of 20 ng of 
bicuculline methiodide alone produced 
effects lasting for 60 minutes. Micro- 
injection of 2 to 10 ng of muscimol alone 
had no effect on either heart rate or 
blood pressure. The bicuculline-induced 
depression of heart rate and arterial pres- 
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sure was abolished by bilateral transec- 
tions of the cervical vagus. 

In two separate experiments, GABA 
synthesis was inhibited by the micro- 
injection of 70 ,ug of isoniazid (8) (in a 
total volume of 0.5 ,ul infused over 5 min- 
utes) into nucleus ambiguus. The effect 
of isoniazid resembled that produced by 
bicuculline, with a 45-beat-per-minute de- 
crease in heart rate in one cat and a 70- 
beat-per-minute decrease in the second. A 
lower dose of isoniazid (10 jtg) produced 
a slightly less marked effect. In contrast 
to the rapid onset of bradycardia ob- 
served after GABA receptor blockade, 
the decrease in heart rate observed after 
inhibition of GABA synthesis was ob- 
served only after a latency of 20 to 30 
minutes from the time of isoniazid in- 
fusion. This delay is most likely a reflec- 
tion of the time course of GABA deple- 
tion after isoniazid which reaches a max- 
imum after 30 minutes (8). In one 
experiment, the bradycardia produced 
by isoniazid was found to be completely 
reversed by 10 ng of muscimol infused 
into the nucleus ambiguus. Reversal of 
the isoniazid-induced bradycardia began 
immediately after muscimol infusion, 
and heart rate returned to normal base- 
line level within 20 minutes. 
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Fig. 2. Effect of muscimol on bradycardia and hypotension induced by microinjections of bicu- 
culline methiodide (BMI) into the nucleus ambiguus; top, heart rate response; bottom, blood 
pressure response. All drugs were injected in volumes of 0.1 ,ul over 1 minute as indicated by 
the arrows on the horizontal axis. As can be seen, 4 and 20 ng of bicuculline methiodide 
produced increasing degrees of bradycardia and hypotension. Muscimol (2 ng) microinjected 
into the nucleus ambiguus arrested and partially reversed the falling heart rate and arterial 
pressure. A larger dose (10 ng) produced sharp increases in both parameters and resulted in a 
return to the control baseline values within 15 minutes after administration. 
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To assess the specificity of the re- 
sponse of nucleus ambiguus to bicucul- 
line and isoniazid, the glycine antagonist 
strychnine hydrochloride was injected 
into the same sites where bicuculline or 
isoniazid were found to elicit a pro- 
nounced degree of cardiac slowing. This 
was done in three animals with molar 
amounts of strychnine up to twice the 
molar amounts of bicuculline. Amounts 
ranging between 10 and 60 ng produced 
variable heart rate effects. A dose of 10 
ng of strychnine decreased rate by 10 
beats per minute in one cat, while a dose of 
60 ng increased rate by 19 beats per minute 
in the second cat and decreased rate by 25 
beats per minute in the third. 

Our present findings with microinjec- 
tions of bicuculline methiodide, isonia- 
zid, and muscimol thus confirm and ex- 
tend those from our earlier experiments 
with vertebral arterial injections of bicu- 
culline, picrotoxin, and muscimol. Our 
observation that nucleus ambiguus is the 
site where drugs affecting GABAergic 
transmission influence parasympathetic 
cardiac function is consistent with the 
proposal that this nucleus contains the 
cell bodies of the vagal projection to the 
heart (10). 

Specificity of the muscimol reversal of 
the bicuculline- or isoniazid-induced 
bradycardia and hypotension was in- 
dicated by our previous observation that 
the bradycardia and hypotension in- 
duced by clonidine is not reversed by 
muscimol but instead can be reversed by 
the a-adrenergic receptor antagonist pi- 
peroxan (7). Conversely, piperoxan did 
not antagonize the bicuculline-induced 
bradycardia and hypotension, which 
suggests that the GABA receptor re- 
sponse we have described is not mediat- 
ed by a-adrenergic neurons. 

Although muscimol antagonized bicu- 
culline- or isoniazid-induced decreases 
in heart rate and blood pressure, mus- 
cimol alone had no effect when placed in 
the nucleus ambiguus. Such a situation 
would be expected if the vagal outflow 
from the nucleus ambiguus is normally 
maintained in an inhibited or inactive 
state. This in fact appears to be true in 
the cat, as indicated by electrophysiolog- 
ical recordings made from cardiac vagal 
units (14). Therefore, in our experiments 
it was not until the parasympathetic re- 
sponse was activated by bicuculline or 
isoniazid that an inhibitory action of 
muscimol could be demonstrated in the 
nucleus ambiguus. 

Further work is required to determine 
the source of the neuronal GABA (11) in 
the nucleus ambiguus, since very little is 
known about the neurotransmitter path- 
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ways in the brainstem which are in- 
volved in central regulation of para- 
sympathetic function. In previous exper- 
iments we found that the response to 
GABA antagonists was not altered by a 
midcollicular transection (7), which sug- 
gests that the mechanisms involved in 
this response are located within the hind- 
brain. Whether GABA is released from 
the terminals of neurons intrinsic to the 
nucleus ambiguus, or from neurons pro- 
jecting to this nucleus from more distant 
sites in the brainstem, it appears likely 
that GABA, by interacting with recep- 
tors on neurons in the nucleus ambiguus, 
may inhibit parasympathetic outflow to 
the heart. 
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In normal cats the orientation prefer- 
ences of single units in visual cortex are 
uniformly distributed (1). Blakemore and 
Cooper reported that rearing animals in 
horizontally or vertically striped cylin- 
ders altered this distribution (2). Most of 
the cells in the visual cortex preferred 
stimuli with the orientation seen during 
rearing. This finding has been replicated 
in both Blakemore's (3) and Pettigrew's 
(4) laboratories, but Stryker and Sherk 
have failed to replicate it (5). Stryker and 
Sherk found a uniform distribution of 
preferred orientations in animals reared 
in striped cylinders. Hirsch and his col- 
leagues have altered the distribution of 
preferred orientations by rearing cats 
wearing striped goggles; one eye saw 
vertical stripes and the other eye saw 
horizontal stripes (6). This procedure 
controlled the orientation preferences of 
cortical cells with great precision so that 
even cells preferring diagonals were ex- 
tremely rare. Stryker et al. (7) confirmed 
and extended this result. 

Because there have been no detailed 
reports comparing cylinder- and goggle- 
reared animals from the same laborato- 
ry, it is difficult to determine whether 
goggle rearing is, in fact, substantially 
more effective at shaping cell properties 
than cylinder rearing. There are at least 
two important differences between the 
two rearing procedures. (i) In animals 
reared with goggles, the orientation of 
stripes on the retina is practically con- 
stant, the only changes being those due 
to torsional eye movements. In contrast, 
in animals reared in cylinders, the orien- 
tation of stripes on the retina changes 
when the animal tilts his head or when he 
looks at the distant top or bottom of the 
cylinder. (ii) The effects of symmetric in- 
put (both eyes seeing the same orienta- 
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infusion of saline at rates higher than those used 
in the present study often elicited profound 
bradycardia. These artifacts, presumably due to 
mechanical stimulation [see H. I. Chen and C. 
Y. Chai in (10)], were excluded in the present 
study by (i) placing the cannula at least 5 min- 
utes before drug injection, and (ii) testing the ef- 
fects of saline infusion at the same rates used for 
drug injection. 
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tion) versus asymmetric input (the 
stripes seen by each of the two eyes are 
perpendicular) have not been investi- 
gated systematically. In particular, all 
cylinder experiments have used symmet- 
ric binocular input, while goggle experi- 
ments have used both types. 

In the experiments described in this 
report we have compared goggle and cyl- 
inder rearing under conditions of sym- 
metric and asymmetric binocular input. 
We reared four groups of animals (i) 
goggle reared, one eye seeing horizontal 
and one eye seeing vertical (HV goggle), 
(ii) goggle reared, both eyes seeing hori- 
zontal (HH goggle), (iii) cylinder reared, 
one eye seeing horizontal, one eye 
seeing vertical (HV cylinder), and (iv) 
cylinder reared, both eyes seeing hori- 
zontal (HH cylinder). 

All animals were put into a dark room 
at about the time of natural eye opening. 
At about 3 weeks of age stripe rearing 
began. For 1 hour per day, the animals 
wore goggles or were placed in a striped 
cylinder. All but one of the cats was 
reared with alternating occlusion. For 
HV cats this meant that on alternate 
days one eye was exposed and the ani- 
mal saw horizontal stripes or the other 
eye was exposed and the animal saw ver- 
tical stripes. One HV goggle animal was 
reared with simultaneous exposure; one 
eye saw horizontal stripes at the same 
time as the other eye saw vertical 
stripes. 

When a cat was used in more than one 
recording session, it was usually main- 
tained in the dark before the second and 
subsequent experiments (ten experi- 
ments). In six experiments, the animals 
received daily exposure to the goggles or 
cylinders between experiments. 

Control data were obtained from ani- 
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Abstract. Rearing cats so that each of the two eyes sees stripes of a different 
orientation alters the orientation preference of visual cortex cells. This result can be 
obtained by rearing the cats in striped cylinders or with goggles attached to their 
faces, but a tighter control of orientation preference is achieved by the goggles. 
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