
cia1 layers of the superior colliculus and 
lamina I1 of the spinal cord and extreme- 
ly light immunoreactivity was present in 
the cerebellar molecular layer. Staining 
of these regions may represent localiza- 
tion of a different antigen with the same 
antigenic determinant as we found in the 
limbic system, or may indicate a true 
functional relation between these and the 
other classically defined limbic struc- 
tures. For example, the stain in lamina I1 
is present on cells innervated by affer- 
e n t ~  concerned with sensations that have 
a strong emotional component, such as 
pain and sex. 

The density of 2G9 staining varied 
among areas (Table 1). At the light mi- 
croscopic level, the immunofluorescence 
appeared to reside on the surface of 
neurons and their dendritic processes 
(Fig. 1C). Glial cells were not immuno- 
positive. Preliminary electron micro- 
scopic immunocytochemical data on pre- 
frontal cortex and amygdala confirm the 
presence of stain on the soma and den- 
drites of the neurons; thus far, we have 
not seen immunoreactivity on axons in 
these regions. 

We have identified, therefore, a mole- 
cule whose distribution in the vertebrate 
brain is correlated with the conventional 
anatomic organization of the limbic sys- 
tem. In addition to its possible functional 
importance, the antigen may serve as a 
marker during the assembly of limbic 
pathways. Only in invertebrates have 
monoclonal antibodies previously been 
generated that detect neurons composing 
a functional system (12). Thus, the lim- 
bic system antigen is part of an increas- 
ingly complex cell-surface molecular or- 
ganization in the vertebrate CNS. In 
previous studisq three groups of surface 
molecules have been described: (i) cell 
class-specific molecules such as those 
on neuronal or glial cells (3); (ii) cell 
type-specific molecules, which may be 
present on one type of neuron in mans)" 
different brain regions (I); and (iii) mole-" 
cules that are nonspecific with respect to 
cell type, but whose distribution in the 
CNS may be related to a specific devel- 
opmental event (4 ,5 ) .  We now propose a 
fourth class, molecules distributed in a 
system-specific manner on neurons that 
are interconnected. 
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Activation of Pontine Cholinergic Sites Implicated in 
Unconsciousness Following Cerebral Concussion in the Cat 

Abstract. Low levels of cerebral concussion in the cat produce reversible behavior- 
al suppression presumably associated with unconsciousness. This injury is also 
associated with increased rates of glucose utilization in regions within the dorsome- 
dial pontine tegmentum. Microinjection of carbachol into these regions produced 
behavioral suppression resembling that following concussion. These data, together 
with previously published observations on cholinergic responses to brain injury, 
suggest that concussive unconsciousness may be attributable in part to activation of 
cholinergic pontine sites. 

Cerebral concussion is usually defined sciousness. The neurophysiological ba- 
as a reversible syndrome occurring with- sis of the concussive syndrome is not 
out detectable pathology and principally known. Most investigators have related 
characterized by immediate loss of con- the consequences of cerebral concussion 

Table 1. Local cerebral glucose utilization (LGU) in midbrain regions of uninjured control cats 
(N = 4) and cats subjected to experimental cerebral concussion (N = 4). Values of LGU are 
means (t standard errors) of readings from four to eight sections studied in each cat. All 
differences between control and injured animals were statistically significant (I-tests for 
independent samples, a = 0.05). Regions correspond to those from P1.O to P2.0 (Fig. 1B). 

Area 
Glucose utilization 

(kmole per 100 g per minute) Change 
(%I 

Control Concussion 

Gray matter 
Inferior colliculi 
Ventral central gray 
Central superior nucleus 
Locus coeruleus 
Tegmental reticular nucleus 
Dorsomedial pontine tegmentum 
Nucleus of lateral lemniscus 

White matter 
Pyramidal tract 
Brachium conjunctivum 
Medial longitudinal bundle 

All regions 



to neuronal injury and reduced brain 
activity (I). We now present evidence 
that at least some components of the 
behavioral suppression associated with 
the reversible loss of consciousness fol- 
lowing low levels of concussive brain 
injury may be attributable to the activa- 
tion of cholinergic pontine sites. 

Concussion was produced by a device 
that produces graded brain injury associ- 
ated with brief distortion of neural tissue 
(2). The effects of similar magnitudes of 
injury on cerebral glucose metabolism 
and behavior were studied in two sepa- 
rate groups of cats. Pontomesencephalic 
lesions are a significant prognostic fea- 
ture of closed head injury in humans (3). 
Systematic transections of the brain 
stem have indicated that functional 
changes in pontomesencephalic sites are 
necessary to produce components of spi- 
nal reflex suppression following concus- 
sion (4). Thus, analyses of changes in 
glucose metabolism focused on this re- 
gion. Behavioral effects of microinjec- 

tion of drugs into pontine sites were 
examined in a third group of cats. 

The method of Sokoloff et al. (5) was 
used to examine changes in rates of local 
cerebral glucose utilization (LGU) after 
concussive injury. ['4C]Deoxyglucose 
(DG) was injected intravenously (75 pCi 
per kilogram of body weight) 1 hour after 
injury (N = 4) or completion of surgery 
(N = 4). Timed plasma samples of DG 
and glucose were taken to calculate 
LGU. Forty-five minutes after injec- 
tions, animals were killed by a barbitu- 
rate overdose, and their brains were pre- 
pared for autoradiographic analyses by 
standard DG techniques. Horseradish 
peroxidase was injected intravenously 
(50 to 75 mglkg) 5 minutes before injury 
to assess the status of the blood-brain 
barrier and the presence of contusions or 
hemorrhage (6). Alternate serial sections 
were collected for korseradish peroxi- 
dase visualization and hematoxylin and 
eosin staining. Heart rate, mean arterial 
blood pressure, arterial blood gases, in- 

Fig. 1. (A) Photomicrographs of DG autoradiographs from midbrains (P2.0) of an uninjured 
control cat (top) and a cat subjected to experimental cerebral concussion (bottom). Uptake of 
DG increased in a region caudal to the ventral tegmental nuclei (VTN) in the injured cat 
(arrows). (B) Schematic representation of the behavioral consequences of microinjection of 
carbachol into midbrain loci of awake, unanesthetized cats. Behavioral M scores indicate the 
maximum response elicited by noxious mechanical stimulation: 0, normal responsiveness; 1 ,  
ability to orient to and localize stimulation by supporting body weight but noticeable weakness; 
2, ability to orient to and localize stimulation with head or limbs but unable to support weight; 3, 
ability to move including reflexive responses but not to orient to and localize stimulation; and 4, 
no response to stimulation. Microinjections into regions caudal to and including VTN produced 
temporary behavioral suppression resembling that seen after concussive injury; during suppres- 
sion, animals were unresponsive even to intense stimulation. Suppression resulting from 
microinjections into the regions including and caudal to VTN, corresponding to postconcussion 
hypermetabolic foci (modal score 2 M3) was significantly greater than that seen after injections 
into surrounding zones including the paralemniscal tegmental field (FTP) (modal score 5 M2) 
[X2(1) = 6.7, P < 0.051. Abbreviations: IC, inferior colliculi; LC, locus coeruleus; and BC, 
brachium conjunctivum. 

tracranial pressure, and cortical electro- 
encephalogram (EEG) were continuous- 
ly monitored. In behavioral experiments, 
four cats were injured and four were 
surgically prepared but not injured. Cats 
were removed from the injury-inducing 
device, surgical wounds were sutured, 
and behavioral assessments of 5 hours' 
duration were begun within 60 minutes 
after injury or completion of surgery. 
Behavior was assessed at 12-hour inter- 
vals for the next 6 days. Behaviors stud- 
ied included reflex function as well as 
assessments of muscle tone, locomotion, 
and oculomotor responses (7). 

Concussive brain injury decreased 
LGU in every area studied (Table 1 and 
Fig. 1A) except the dorsomedial pontine 
tegmentum ventromedial to the locus 
coeruleus. This hypermetabolic zone, 
which was not associated with histopa- 
thology, extended bilaterally from the 
vicinity of the ventral tegmental nuclei of 
Gudden and coursed caudally for 0.5 to 
1.5 mm. Systemic cardiovascular varia- 
bles, blood gases, intracranial pressure, 
and EEG were normal and stable for the 
45 minutes after injection of DG. Brain 
injury temporarily (< 5.0 minutes) abol- 
ished corneal and blink reflexes. As re- 
ported by others (8), concussion tempo- 
rarily suppressed EEG. Alpha activity 
was suppressed more than other fre- 
quency ranges. Slow-wave activity did 
not increase after concussion. For as 
long as 12 hours after injury, resting 
muscle tone decreased, righting and 
placing reflexes were disturbed, and 
thresholds to flexion reflexes increased. 
Cats were unable to locomote, produce 
organized escape responses, or track or 
blink to visual stimuli. Palpebrae were 
relaxed, nictitating membranes extend- 
ed, and pupils miotic. No cats showed 
signs of decorticate or decerebrate pos- 
turing. By 48 hours after injury, cats 
were behaviorally normal. Control ani- 
mals showed no acute changes in muscle 
tone or oculomotor or reflex function, 
and they were behaviorally normal with- 
in 12 hours after surgery. 

Behavioral, anatomical, and pharma- 
cological features of bilateral microinjec- 
tions of drugs into the brain stem were 
studied in 20 cats. Two guide tubes (26 
gauge) were permanently implanted bi- 
laterally into regions encompassing the 
dorsomedial pontine tegmentum. Cholin- 
ergic neurons were diffusely scattered 
throughout this area (9), which includes 
zones that showed increased LGU after 
concussive injury. After recovery from 
surgery, carbachol (0.4 pg per 0.2 p1) 
was microinjected into 58 brain sites of 
awake, unanesthetized cats through 33- 
gauge injection cannulas. Atropine sul- 
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fate (1.2 pg per 0.6 p1, N = 9) or meca- 
mylamine hydrochloride (0.4 to 1.2 pg 
per 0.6 p1, N = 9) was also microinject- 
ed at the same sites into which carbachol 
had been injected 8 to 16 minutes earlier. 
Atropine (0.5 to 1.0 mglkg, intravenous, 
N = 4) was also administered systemi- 
cally after carbachol injection. Tetra- 
caine hydrochloride (0.5 pg per 0.5 p1, 
N = 4) or normal saline (0.2 to 2.0 p1, 
N = 4) were microinjected at the same 
sites at which carbachol produced maxi- 
mal behavioral effects. Six hours of be- 
havioral assessments and EEG monitor- 
ing, as described above, began after 
completion of injections. 

Carbachol injected into areas corre- 
sponding to hypermetabolic foci seen in 
DG studies produced relatively greater 
behavioral suppression than that pro- 
duced at other sites (Fig. 1B). This sup- 
pression resembled that seen after con- 
cussion. Within 8 minutes after injec- 
tions in these regions, there was a com- 
plete loss of muscle tone and abolition of 
flexion, righting, and placing reflexes. 
Corneal and blink reflexes were relative- 
ly unaffected. Palpebrae were relaxed, 
nictitating membranes extended, and pu- 
pils miotic. Cats were unresponsive to 
intense stimuli. EEG's were desvnch- 
ronized. Cats appeared responsive with- 
in 30 to 90 minutes after receiving injec- 
tions. The behavioral effects of carba- 
chol were antagonized by atropine either 
microinjected or administered systemi- 
cally. Tetracaine or saline had no behav- 
ioral effects. 

These data indicate that low levels of 
concussive injury in the cat are associat- 
ed with increased LGU in the dorsome- 
dial pontine tegmentum. It is likely that 
this increased LGU represents a func- 
tional activation of those regions (10). 
The behavioral effects of carbachol mi- 
croinjection also probably resulted from 
local activation of neurons since no be- 
havioral suppression resulted when tet- 
racaine was microinjected at doses that 
produce reversible inactivation of other 
neural systems (11). Spontaneous activi- 
ty of neurons in the dorsomedial pontine 
tegmentum also increases during cholin- 
ergically produced decreases in muscle 
tone (12). 

This research demonstrates that sites 
showing postconcussion increases in 
LGU were the most effective in produc- 
ing cholinergically mediated behavioral 
suppression resembling that following 

concussion. Other investigators have re- - 
ported that carbachol microinjected into 
pontomesencephalic sites can produce a 
transient behavioral state showing some 
characteristics of coma (13). However, 
these studies did not relate the behavior- 
al consequences of microinjections to 
traumatic unconsciousness, nor did they 
precisely localize the most sensitive in- 
jection sites for producing a coma-like 
state. Cholinergic stimulation of other 
pontine tegmental regions can also sup- 
press behavior, although not so pro- 
foundly. This observation has been dis- 
cussed in relation to neural processes 
mediating desynchronized sleep and cat- 
alepsy (14). Additional anatomical fea- 
tures of these data are incomplete since 
connections of the hypermetabolic brain 
regions have not been described (15). 

Other researchers have reported that 
concentrations of acetylcholine in the 
cerebrospinal fluid of experimentally in- 
jured animals increase (16, 17) and that 
systemic atropine administration can an- 
tagonize the behavioral suppression seen 
in concussed cats (17). Our observations 
further suggest that components of the 
feline behavioral response to minor con- 
cussive injury are mediated by increased 
functional activity of pontine cholinergic 
neurons. However, other processes such 
as neuronal damage could contribute to 
certain neurological consequences of 
head injury, especially to prolonged 
coma or permanent neurological distur- 
bances following higher magnitudes of 
brain trauma. Our studies provide no 
data on neural processes accompanying 
concussion in humans, although concen- 
trations of acetylcholine in cerebrospinal 
fluid have been reported to be negatively 
correlated with the clinical states of pa- 
tients with head injuries (18), and atro- 
pine has been reported to abolish or 
reduce coma after human head injury 
(19). 
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