
assessed on six different occasions- 
once on each of the 3 days before the 
kindling subjects were first stimulated 
and once after 24-hour stimulation-free 
periods at the end of weeks 4, 6, and 8. 
On each occasion both reactivity to a 
pencil tap on the base of the tail and re- 
sistance to capture were scored on five- 
point scales from 0 to 4 (8) by an experi- 
menter unaware of each animal's ex- 
perimental history. 

To simplify analysis, the means of the 
three prekindling scores and the three 
postkindling scores for both measures 
were determined for each subject (Fig. 
1). Kindling of the amygdala or hippo- 
campus produced significant increases in 
both measures of aggression, whereas 
implantation and handling (with or with- 
out kindling of the caudate) did not (9). 

In view of the fact that temporal lobe 
structures have been repeatedly impli- 
cated in the control of aggression (10), it 
is not surprising that changes in these 
structures associated with the devel- 
opment of an epileptic focus should have 
some effect on aggressive behavior. 
However, the repeated observation of 
aggressive behavior in temporal lobe epi- 
leptics does not necessarily mean that 
temporal lobe epilepsy is associated with 
a change in the neural substrate for ag- 
gression. It is difficult in clinical situa- 
tions to rule out the possibility that these 
changes in aggressive behavior are a gen- 
eral result of suffering repeated seizures 
rather than a direct consequence of the 
underlying neural changes. In our study, 
however, seizures experienced by the 
caudate animals were similar in number, 
form, and duration to those experienced 
by animals with amygdaloid or hippo- 
campal foci (6), yet only the latter two 
groups of animals displayed increases in 
aggression. 

If the kindling procedure is continued 
for several months, the subjects even- 
tually develop spontaneous epileptic dis- 
charges, which can be recorded from the 
electrode site; these discharges become 
associated with spontaneous motor sei- 
zures similar to those previously elicited 
by the stimulations (11). Our experi- 
ment, however, was concluded before 
this stage of kindling-produced epilep- 
togenesis was reached; spontaneous 
electrographic or behavioral seizures 
were not observed (12). Thus, the spon- 
taneous seizure state does not appear to 
be a necessary condition for the pre- 
disposition toward violent behavior ob- 
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clinical populations. For example, it is 
frequently difficult to determine the 
exact location of epileptic foci, to quan- 
tify the complex and diverse forms of ag- 
gression seen in human subjects, and to 
eliminate the confounding effects of anti- 
convulsant medication. Thus, although 
the results of this study can not be ap- 
plied indiscriminately to human epileptic 
populations, they confirm and extend 
clinical observations that by themselves 
have been unconvincing. Moreover, pro- 
cedures for producing temporal lobe ag- 
gression in laboratory animals should fa- 
cilitate the experimental investigation of 
this important clinical syndrome and in 
so doing provide valuable information 
concerning the neural substrate of ag- 
gressive behavior. 

JOHN P. J. PINEL, DALLAS TREIT 
LOUIS I. ROVNER 

Department of Psychology, 
University of British Columbia, 
Vancouver, Canada V6T IW5 
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mm posterior to bregma, 4.2 mm lateral to the 
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Mammalian circadian rhythms can be 
entrained by environmental light and in 
the absence of light become free-running 
with a periodicity of approximately 24 
hours. The presence of such stable, free- 
running rhythms without environmental 
cues has suggested the existence of a 
central rhythm generator (an endoge- 
nous neural clock) (1). Recent experi- 
ments have strongly suggested that the 
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sagittal suture in the right hemisphere, and 8.8 
mm ventral to the dura; hippocampus, 4.0 mm 
posterior to bregma, 4.9 mm to the right of the 
sagittal suture, and 4.1 mm ventral to the dura; 
caudate, 1.9 mm anterior to bregma, 3.2 mm to 
the right of the sagittal suture, and 4.7 mm ven- 
tral to the dura. Histological examination con- 
firmed that all electrodes were positioned in the 
appropriate target structures. 

5. The kindling effect does not occur unless stimu- 
lations are distributed [G. V. Goddard, D. C. 
Mcintyre, C. K. Leech, Exp. Neurol. 25, 295 
(1969)1. 

6. There were no significant differences in the rates 
of kindling attributable to the site of stimulation 
(P > .10) in contrast to the observations of G. 
V. Goddard, D. C. McIntyre, and C. K. Leech 
(5). However, the current intensity used in the 
Goddard study (50 ,ua) may not have been high 
enough to reliably elicit afterdischarges from all 
sites. In our study, the 400-,/a stimulations nev- 
er failed to elicit an afterdischarge. 

7. J. Seggie, J. Comp. Physiol. Psychol. 74, 11 
(1971). 

8. Resistance to capture: 0, remains calm when ap- 
proached and grasped; 1, shys from hand when 
grasped; 2, avoids hand by running, struggling 
when captured, or both; 3, leaps to avoid cap- 
ture and struggles vigorously when captured; 4, 
leaps and struggles and bites when captured. Re- 
sponse to tail tap: 0, no response; 1, flinches or 
twists; 2, flinches and moves away rapidly; 3, 
jumps; 4, jumps at least 6 inches. 

9. The mean score of each kindled group was com- 
pared to the mean score of its nonstimulated 
control group both before and after epileptogen- 
esis. None of the three experimental groups was 
significantly different from its respective con- 
trols on either of the two measures before kin- 
dling began (all P's > .05). However, post- 
kindling means of the hippocampal and amygda- 
loid groups were significantly greater than those 
of their respective controls (resistance to cap- 
ture: amygdala, t = 3.38, P < .003; hippo- 
campus, t = 5.04, P < .00009; reactivity to tail 
tap: amygdala, t = 3.18, P < .005; hippo- 
campus, t = 5.84, P < .00002). In contrast, the 
postkindling means of the caudate group were 
not significantly greater than those of their con- 
trols (both P's > .05). 

10. K. E. Moyer, in The Control of Aggression and 
Violence, J. L. Singer, Ed. (Academic Press, 
New York, 1971), p. 61. 

11. J. P. Pinel, R. F. Mucha, A. G. Phillips, Physiol. 
Psychol. 3, 127 (1975). 

12. Animals were observed three times a day, 6 
days a week, and electrographic activity was 
monitored once every 2 weeks. At no time was 
there evidence of spontaneous behavioral or 
electrographic seizures. 
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suprachiasmatic nuclei (SCN) may play 
an important role in the neural genera- 
tion and regulation of circadian rhythms. 
For example, ablation of the SCN results 
in (i) elimination of the circadian 
rhythmicity in adrenal corticosterone 
content (2), in pineal N-acetyltransferase 
activity (3), drinking behavior and lo- 
comotor activity (4), and (ii) in alteration 
of sexual functions (5). In addition, the 
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Suprachiasmatic Nucleus: Use of '4C-Labeled Deoxyglucose 

Uptake as a Functional Marker 

Abstract. Glucose consumption of the rat suprachiasmatic nuclei (SCN) was stud- 
ied under various experimental conditions by means of the [14C]deoxyglucose (DG) 
technique. The results show that glucose consumption of the SCN, in contrast to 
other brain structures, is a function of both the time of day and environmental light- 
ing conditions. These data are consistent with the hypothesis that the SCN have an 
essential role in circadian rhythm regulation and indicate that the DG technique may 
provide a novel approach for the study of the central neural mechanisms underlying 
circadian rhythm regulation. 
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demonstration of a retino-hypothalamic 
pathway to and terminating in the SCN 
(6) is consistent with the expectation that 
there should be a visual input to the en- 
dogenous neural oscillator for the en- 
trainment of rhythms. 

In view of the lesion studies implicat- 
ing the SCN as the possible locus of a 
neural clock, it is important to show that 
a directly measurable property of the 
SCN in intact (unlesioned) animals 
would be affected by environmental light 
and exhibit circadian rhythmicity. Since 
regional brain functional activity is 
closely coupled to regional brain energy 
utilization (7) and since brain is depen- 
dent on the continuous provision of glu- 
cose for its energy (8), we have in'vesti- 
gated the possibility of using the rate of 
SCN glucose consumption as a marker 
for the level of functional activity in the 
nuclei. We now present evidence that al- 
terations of the rate of SCN glucose con- 
sumption occur in association with ex- 
perimental alterations of both environ- 
mental light and photoperiod. 

Glucose consumption was measured 
by the method (9) which allows for si- 
multaneous, in vivo determination of the 
rates of glucose consumption of individ- 
ual structures within the central nervous 
system with the use of tracer amounts of 
[14C]deoxyglucose (DG). Deoxyglucose 
and glucose are mutually competitive in- 
hibitors; DG is transported from blood 
to brain by the same carrier that trans- 
ports glucose, and it is phosphorylated 

Table 1. Optical densities of DG x-ray film 
autoradiographs of rat suprachiasmatic nucle- 
us. Lighting during the 45 minutes after in- 
jection is indicated by "off' and "on." N.S., 
not significant at P = .05 

Injec- Lighting Relative 
Group* tion after RDt p 

time injection 

A 0900 On 2.84 + 0.09 - 
B 2100 Off 1.39 ? 0.07 <.01 
C 0900 Off 2.68 + 0.41 N.S. 
D 2100 On 3.64 + 0.71 N.S. 
E: 0900 Off 2.40 + 0.41 N.S. 

*All rats were maintained in light for 12 hours (0600 
to 1800) followed by dark for 12 hours (1800 to 0600) 
for 7 days before the injection of DG. tThe data 
are expressed as a ratio (mean ? standard deviation) 
of optical density of suprachiasmatic nucleus (OD 
SCN) to optical density of ventral hippocampal com- 
missure (OD VHC). Similar data were obtained 
when OD SCN was expressed relative to the OD of 
the corpus callosum or the OD of the anterior com- 
missure. Three animals were used for each value. 
Calculated P values, with the use of Dunnett's 
multiple comparison procedure for testing several 
treatments with a control (14), compare the relative 
OD in group A to those for groups B to E. tin 
group E, the lights were not turned on at 0600 of the 
morning of injection, and the rats remained in con- 
tinual darkness until their injection and for the 45 
minutes afterward. 

within cells to [14C]deoxyglucose-6- 
phosphate (DG-6-P) by brain hexoki- 
nase. Forty-five minutes after a single 
pulse of the tracer is injected intra- 
venously, more than 90 percent of the to- 
tal tissue 14C-labeled activity is in the 
form of DG-6-P. The 14C activity is es- 
sentially trapped and accumulates as 
DG-6-P since this substance is not me- 
tabolized further and does not leave the 
brain over the time of measurement. The 

Fig. 1. DG autoradiographs of coronal brain sections from injected rats (a and c). All rats were 
maintained in diurnal light, 0600 to 1800 for 7 days prior to injection. The autoradiograph in (a) is 
characteristic of the brains of rats of group A, which were injected during the daytime (0900), 
and the lights remained on for the 45 minutes after injection. A pair of dark spots [arrow in (a)] 
corresponds in location to the SCN on an adjacent Nissl section [arrow in (b)]. The autoradio- 
graph in (c) is characteristic of the brains of rats of group B; they were injected during the 
nighttime (2100), and the lights remained off for the 45 minutes after injection. The SCN are no 
longer visible [arrow in (c)], even though an adjacent Nissl section demonstrates their presence 
[arrow in (d)]. Nissl sections were stained with cresylecht violet. 
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amount of accumulated DG-6-P is pro- 
portional to the tissue's net rate of glu- 
cose phosphorylation, which in a steady 
state is equal to its rate of glucose utiliza- 
tion. The concentration of DG-6-P can 
be measured quantitatively from auto- 
radiographs, made from x-ray film ex- 
posed to sections of a brain from an in- 
jected animal. The autoradiographs can 
be used to calculate the rates of glucose 
consumption of all the visualized brain 
structures or, alternatively, to compare 
pictorially the relative rates of glucose 
consumption of such structures with one 
another (Fig. 1, a and c). The greater the 
optical density (OD) of a particular area 
on an autoradiograph, the higher is the 
glucose consumption of that area. 

A total of 15 female Sprague-Dawley 
albino rats, weighing approximately 150 
g each, were divided into five groups of 
three rats each. All rats were housed in 
individual cages, given free access to 
food and water, and maintained in diur- 
nal light (lights on from 0600 to 1800). Af- 
ter 1 week of this light: dark (LD) sched- 
ule, rats were transferred to individual 
covered plexiglass holders and injected 
intravenously through the tail vein with 
50 utc of DG (New England Nuclear; 
specific activity 53 c/mole) in 0.25 ml of 
normal saline while they were alert and 
unanesthetized. As shown in Table 1, the 
five animal groups were characterized by 
different injection times and lighting con- 
ditions after the injection. For all rats, a 
small fluorescent desk lamp was turned 
on briefly (<30 seconds) for positioning 
the intravenous needle. Animals were re- 
strained in individual holders for 45 min- 
utes after injection and then killed with 
an overdose of sodium pentobarbital. 
Brains were removed quickly and frozen 
in isopentane cooled to -70?C with solid 
CO2. Frozen sections (30 /um) of brain 
were cut on a cryostat, dried quickly, 
and autoradiographed on x-ray film as 
described (10). 

The autoradiographs of the sectioned 
brains were visually inspected for any 
changes of OD associated with the ex- 
perimental conditions. The only changes 
observed were in the SCN (Fig. 1); in or- 
der to compare changes of OD of SCN 
between experimental groups, the OD of 
white matter was measured as an inter- 
nal reference for each rat brain. The OD 
of each brain structure was determined 
directly on the autoradiographs by 
means of a Leitz MPV microscope pho- 
tometer with an aperture of 0.1 mm. 
Twenty readings of light transmittance 
(T) were recorded for each structure in 
each animal, averaged for each struc- 
ture, and the average OD for each struc- 
ture was calculated as log10 (1/T) (11). In 
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Table 1, the OD for the SCN is ex- 
pressed relative to that of the ventral hip- 
pocampal commissure (VHC). Similar 
analyses with the OD's of the corpus 
callosum or anterior commissure as ref- 
erences yielded comparable results (not 
illustrated). The data in Table 1 show 
the relative changes of the rate of SCN 
glucose consumption under these experi- 
mental conditions; the data do not repre- 
sent quantitative determinations of the 
actual rate of SCN glucose consumption. 

Our initial finding was that the auto- 
radiographs of the brains from those rats 
injected with DG during the daytime 
(0900) and kept in the light (group A in 
Table 1) showed a pair of dark spots (ar- 
row, Fig. la) which corresponded in lo- 
cation to the SCN on an adjacent Nissl 
section (arrow, Fig. lb). The relative OD 
of the SCN in group A rats is shown in 
Table 1. In contrast, the autoradiographs 
from those rats injected during the night- 
time (2100) and kept in the dark (group B 
in Table 1) showed barely visible SCN 
(arrow, Fig. 1, c and d), and their relative 
OD was significantly less than that of the 
nuclei in rats of group A (Table 1). Thus, 
comparing day and night values (group A 
compared to group B, respectively), 
there was a twofold increase in relative 
OD of the SCN during the daytime. The 
SCN's appear to have been selectively 
influenced by the light schedule, since no 
other brain structures appeared to exhib- 
it this dramatic contrast in relative OD 
(Fig. 1). 

Since the experiments in daytime 
(group A) and nighttime (group B) were 
performed in the presence and absence 
of environmental light, respectively, the 
possible effects of light during the experi- 
mental period were examined in experi- 
ments represented by groups C and D. 
Group C rats were injected at 0900. As 
usual, the lights had been on since 0600 
of the morning of injection, but (unlike 
the experiment at 0900 with group A 
rats) the lights were turned off immedi- 
ately after injection and remained off for 
the next 45 minutes. In these rats, the 
SCN were still clearly visible on the 
autoradiographs (not illustrated), and 
their relative OD was not significantly 
different from that of the nuclei in rats of 
group A (Table 1). Group D rats, on the 
other hand, were injected at 2100. As 
usual, the lights had been off since 1800 
of the evening of injection, but (unlike 
the experiment at 2100 with group B rats) 
the lights were turned on immediately af- 
ter injection and remained on for the 
next 45 minutes. In these rats, the SCN 
became very dark on the autoradio- 
graphs (not illustrated), and their relative 
OD was in fact higher than that of nuclei 
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in rats of group A (Table 1). Therefore, 
turning off the lights after injection dur- 
ing the day had no significant effect on 
the relative OD of the SCN (group A 
compared to group C on Table 1), where- 
as turning on the lights after injection 
during the night produced a 2.6-fold in- 
crease in the relative OD of the SCN 
(group B compared to group D in Table 
1). The latter effect of environmental 
light is consistent with the activation of a 
retino-hypothalamic pathway to the 
SCN (6) and with the report of the rapid 
effect of light exposure during the night 
on N-acetyltransferase activity in the 
pineal gland (12). 

The above finding that there was no ef- 
fect of turning off the lights after in- 
jection in daytime-injected animals 
(group C in Table 1) led us to investigate 
the possibility that the SCN were already 
active metabolically at this time (0900) 
independent of environmental light cues. 
That is, the SCN may have increased 
their glucose consumption at 0900 as a 
result of an entrained endogenous 
rhythm. The experiment represented by 
group E rats addressed this possibility. 
In this experiment, after the usual 7-day 
LD schedule, the lights were not turned 
on at 0600 of the morning of injection. 
The rats remained in the dark until their 
injection (0900) and for the 45 minutes af- 
terward. In these rats, the SCN were 
clearly visible on the autoradiographs 
(not illustrated), and their relative OD 
was not significantly different from that 
of the nuclei in rats of group A (Table 1). 
Thus, this experiment shows that the in- 
creased daytime SCN glucose consump- 
tion occurs even in the absence of envi- 
ronmental light cutes. 

We have presented the results of ex- 
periments in which SCN glucose con- 
sumption has been used as a marker for 
SCN functional activity. We have found 
not only that the SCN increase their glu- 
cose consumption during exposure to 
light but also some evidence compatible 
with an endogenous rhythm of SCN glu- 
cose consumption even in the absence of 
environmental light cues. We do not 
know what proportion of SCN glucose 
consumption occurs in each of the com- 
partments of the nuclei (such as glia, per- 
ikarya, and unmyelinated fibers). We al- 
so do not know what proportion of SCN 
glucose consumption is accounted for by 
each of the many energy-demanding 
processes involved with increased SCN 
functional activity (transmitter release 
and uptake, ion pumping, intracellular 
transport, macromolecular synthesis, 
and the like). Since direct electrical and 
photic stimulation of the optic nerve pro- 
duces both excitatory and inhibitory 

electrophysiological activity in the SCN 
(13), we are unable to determine whether 
excitation or inhibition is responsible for 
the increased SCN glucose consumption 
during exposure to light. 

Many more experiments are necessary 
before the existence of an endogenous 
circadian rhythm of SCN glucose con- 
sumption is proved-for example, DG 
injection at various clock times and un- 
der specific entrainment schedules (1). 
However, we do believe that the DG 
technique may offer an opportunity in in- 
tact, unlesioned animals to test the hy- 
pothesis that the SCN play an essential 
role in the neural control of endogenous 
rhythms (5, 6). The evidence for this hy- 
pothesis thus far has come from brain le- 
sion studies (2-6), and the DG technique 
may provide a useful alternative for fu- 
ture work on the neural structures re- 
sponsible for the generation and mainte- 
nance of circadian rhythms. 

WILLIAM J. SCHWARTZ* 

Laboratory of Neurophysiology, 
National Institute of Mental Health, 
Bethesda, Ma;yland 20014 

HAROLD GAINER 

Section on Functional Neurochemistry, 
Behavioral Biology Branch, National 
Institute of Child Health and Human 
Development, Bethesda 20014 

References and Notes 

1. C. S. Pittendrigh, in The Neurosciences: Third 
Study Program, F. 0. Schmitt and F. G. Word- 
en, Eds. (MIT Press, Cambridge, Mass., 1974), 
p. 437; M. Menaker, inibid., p. 479; R. Y. Moore, 
in ibid., p. 537; F. Halberg,Annu. Rev. Physiol. 
31, 675 (1969). 

2. R. Y. Moore and V. B. Eichler, Brain Res. 42, 
201 (1972). 

3. R. Y. Moore and D. C. Klein, ibid. 71, 17 (1974). 
4. F. K. Stephan and I. Zucker, Proc. Natl. Acad. 

Sci. U.S.A. 69, 1583 (1972). 
5. M. H. Stetson and M. Watson-Whitmyre, Sci- 

ence 191, 197 (1976). 
6. R. Y. Moore and V. B. Eichler, Psycho- 

neuroendocrinology 1, 265 (1976). 
7. D. H. Ingvar and N. A. Lassen, Eds., Brain 

Work (Academic Press, New York, 1975), p. 
520. 

8. L. Sokoloff, in Basic Neurochemistry, G. J. Sie- 
gel, R. W. Albers, R. Katzman, B. W. Agranoff, 
Eds. (Little, Brown, Boston, 1976), p. 388. 

9. C. Kennedy, M. H. Des Rosiers, J. W. Jehle, M. 
Reivich, F. Sharp, L. Sokoloff, Science 187, 850 
(1975); M. Reivich, L. Sokoloff, C. Kennedy, 
M. H. Des Rosiers, in Brain Work, D. H. Ingvar 
and N. A. Lassen, Eds. (Academic Press, New 
York, 1975), p. 377; F. Plum, A. Gjedde, F. E. 
Samson, Eds., Neurosci. Res. Prog. Bull. 14, 
457 (1976); L. Sokoloff, M. Reivich, C. Ken- 
nedy, M. H. Des Rosiers, C. S. Patlak, K. D. 
Pettigrew, 0. Sakurada, M. Shinohara,J. Neuro- 
chem. 28, 897 (1977). 

10. M. Reivich, J. Jehle, L. Sokoloff, S. S. Kety, J. 
Appl. Physiol. 27, 296 (1969). 

11. A. W. Rogers, Techniques of Autoradiography 
(Elsevier, Amsterdam, 1973), p. 168. 

12. D. C. Klein and J. L. Weller, Science 177, 532 
(1972); J. Axelrod, ibid. 184, 1341 (1974). 

13. H. Nishino, K. Koizumi, C. M. Brooks, 
Brain Res. 112, 45 (1976); H. Nishino and K. 
Koizumi, ibid. 120, 167 (1977); Y. Sawaki, ibid., 
p. 336. 

14. C. W. Dunnett, J. Am. Stat. Assoc. 50, 1096 
(1955); Biometrics 20, 482 (1964). 

15. We thank K. D. Pettigrew for help with the sta- 
tistical analysis of the data. 

* Present address: Laboratory of Cerebral Me- 
tabolism, National Institutes of Health, Bethes- 
da, Md. 20014. 

2 February 1977; revised 16 May 1977 

1091 


	Cit r177_c249: 
	Cit r181_c253: 
	Cit r188_c264: 


