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The glucose utilization during specific 6 opiate agonist-induced epileptiform phenomena, determined by the [14C]2-deoxyglucose 
technique (2-DG), was examined in various rat brain areas at different time intervals. The peak in EEG spiking response and the most 
intensive 2-DG uptake occurred 5 min after intraventricular (i.v.t.) administration of the 6 opiate receptor agonist. The most pro- 
nounced 2-DG uptake at this time interval can be observed in the subiculum, including the CA1 hippocampal area, frontal cortex and 
central amygdala. A general decrease of glucose consumption, compared to control values, is observed after 10 min, in all regions, 
with exception of the subiculum. 

Since functional activity and 2-DG uptake are correlated, we suggest that the subiculum and/or CA1 area, are probably the brain re- 
gions most involved in the enkephalin-induced epileptic phenomena. 

INTRODUCTION 

There  is evidence that  endorphins  may play a role 

in epi leptogenesis  2,1s. The target  area  of this action 

seems to be the l imbic system 9,~°, and specifically the 

hippocampus3,7. The increase of  neuronal  excitat ion 

caused by opiates  in the h ippocampal  area  is of  par- 

ticular interest ,  since opiates  were found to depress  

neurones in o ther  brain regions I0. Because functional 

activity and energy metabol i sm appear  to be closely 

related in the nervous system 17, local a l terat ions in 

glucose uti l ization accompany and reflect local 

changes in neuronal  activity in the rat  brain it. Studies 

using the [14C]2-deoxyglucose histochemistry with in- 

t racerebrovent r icular  ( i .v. t . )  f l -endorphin  inject ion 

showed the most  dramatical ly  enhanced metabol ic  

activity in the ventral  h ippocampus  and the entorhi-  

nal cortex,  thus favouring these structures as the pos- 

sible sites of origin for the epi lept i form activity 9. 

Using a modif icat ion of Sokoloff ' s  technique 13 and 

a method for isolated removal  of brain tissue 15, we se- 

lected some rat brain areas,  which from l i terature  

and our  previous studies appea red  to be involved in 

the neuronal  excitabil i ty after  i .v.t ,  adminis t ra t ion of 

enkephalins3,4,7, 8. In the present  study,  we util ized 

these methods  to ascertain what  changes occur in the 

metabol ic  rates of different  regions in the CNS, dur- 

ing opioid- induced seizures. Therefore ,  we com- 

pared  the glucose uptake  in some rat  brain areas,  as a 

function of t ime,  during a state of normal  neural  ex- 

citability and during 6 receptor  pept ide  5 (DSTLE)-  

induced epilepsy. D S T L E  as a 6 opia te  receptor  ag- 

onist was selected since the epi lept i form phenomena  

were p roposed  to emerge  from the 6 opia te  receptor  

stimulation2,S and probab ly  not from the/~ opiate  re- 

ceptors4,16. 

MATERIALS AND METHODS 

2-Deoxyglucose uptake 
24 Male  Wistar  rats (175-200 g) were anesthet ized 

by Hypnorm (fluanison/fentanyl base,  Duphar ,  0.4 
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ml/100 g, s.c.). A steel cannula for i.v.t, injections 
(coordinates: AP ---0.1 mm; L +1.5 mm, H 2.0 mm 
from dura, with bregma 06) was implanted stereotax- 

ically. Each cannula implantation was checked with a 
positive passage of artificial cerebrospinal fluid 

(CSF) into the ventricle. All rats were allowed at 

least a 7-day recovery period. Intraventricular injec- 
tions were made by a 5-/A Hamilton syringe. The 2- 
DG experiments were performed according to the 
method of Meibach et al. 13. 

The experimental paradigm consisted of i.v.t, in- 
jections of DSTLE (10/~g/2/A), 0, 2.5, 5 and 10 min 
preceding the intravenous administration of 2-DG 
(10/aCi/100 g). Control animals received CSF (2 ~1, 
i.v.t.) instead of DSTLE. 30 min after the 2-DG in- 
jection, the cannula was withdrawn and the animal 
decapitated. The skull was opened, the brain careful- 
ly removed, frozen in dry-ice and stored at - -70  °C 

before sectioning. 
The brain was cut in 300 pm serial sections in a cryo- 

stat, maintained at - -20 °C. Brain nuclei were 

punched with hollow needles, according to Palko- 
vitslL Nine individual brain regions were taken from 
each rat: frontal cortex (FC), parietal cortex (PC), 
subiculum, including CA1 (S), dentate gyrus (GD),  
CA3 hippocampal area, central amygdaloid nucleus 
(ac), cortical amygdaloid nucleus (aco), lateral septal 
nucleus (SL) and the n. parafascicularis thalami (pf). 

Tissue pellets were homogenized in 100 #1 of dis- 

tilled water. An aliquot of 10 pl was taken in dupli- 
cate for the measurement of proteins 12. 

Radioactivity was determined of two aliquots of 40 
pl from the homogenate by liquid scintillation count- 
ing. Results are given in pmol/100 ~g protein. Statis- 
tical evaluation was performed by the Mann-Whit- 

ney U-test. 

Electroencephalographic recording 
Six male rats (Wistar strain, 175-200 g) were anes- 

thetized by urethane (1.2 g/kg, i.p.). A tracheal can- 
nula was inserted. A steel cannula for i.v.t, injections 
and electrodes into the subiculum (AP + 3.6 mm, L 
+0.4 mm, H 3.1 mm from dura), lateral septum (AP 
+1.1 mm, L +1.2 mm, H 4.6 mm from dura) and 
central amygdala (AP +0.3 mm, L +4.1 mm, H 
7.1 mm from dura with bregma 06) were implanted 
stereotaxically. In addition the electrocorticogram of 
the frontal and parietal cortices was recorded by 

means of a polygraph Grass model 7. 
The regions were selected on basis of the maxi- 

mum and minimal metabolic rate changes during 
DSTLE-induced epilepsy. Rectal temperature was 
maintained between 36.5 and 37.5 °C with a warm 
light. After the experiment, the placement of the 
electrodes was checked histologically. 

Drugs 
2-[1-14C]Deoxy-D-glucose (2-DG; New England 

Nuclear). 2-DG, 51.1 mCi/mmol, suspended in etha- 
nol-water (9:1) was placed in a vial and the ethanol 
medium slowly evaporated with a gentle stream of 
gaseous nitrogen. The isotope was diluted in sterile 
0.9% saline (250 pCi/2.5 ml). The solution was in- 
jected intravenously. 6 Receptor peptide (D-Tyr- 
Ser-Gly-Phe-Leu-Thr, DSTLE, Peninsula Lab.) was 
dissolved in CSF (10 pg/2 pl) and administered intra- 
ventricularly. 

RESULTS 

2-DG uptake 
Simultaneous injection of DSTLE (10 pl/2 pg, 

i.v.t.) and 2-DG (10 pCi/100 g, i.v.) resulted in an in- 
crease of 2-DG uptake in the frontal cortex, subicu- 
lum/CA1 area and the cortical amygdala, compared 
to the controls, which received CSF, 2 pl (Table I, '0 

min'). In the other selected brain regions, such as the 
central amygdala, parietal cortex, lateral septal nu- 
cleus, gyrus dentatus, CA3 area and the n. parafasci- 
cularis, no differences in the glucose uptake could be 
observed. 

DSTLE administration 2.5 min prior to the 2-DG 
pulse resulted in a general increase of the uptake in 
all regions, most pronounced in the frontal cortex, 
subiculum/CA1 and the cortical amygdala. Less pro- 
nounced uptake of 2-DG occurred in the parietal cor- 
tex, dentate gyrus and CA3. No significant increase 
could be detected in the lateral septal nucleus, cen- 
tral amygdala and the parafascicular nucleus. 
DSTLE injection, 5 min preceding the 2-DG admin- 
istration, induced a further significant increase of 
glucose utilization in the frontal cortex, subiculum 
and central amygdala. However, a tendency for a de- 
crease in 2-DG uptake can already be observed in all 
other areas with the exception of CA3. 10 min after 
the DSTLE injection, glucose utilization decreased 



113 

TABLE I 

Mean values + S.E.M. of  2-DG uptake 

[~C]2-deoxyglucose (2-DG, 10/~Ci/100 g, i.v.) uptake in various rat brain areas of control animals (cerebrospinal fluid, CSF, 2/tl, 
i.v.t.) and at different time intervals after 6 receptor peptide (DSTLE, 10 ~g/2/~1, i.v.t.) administration. 

Brain area CSF 
Controls 

Time intervals between DS TLE and 2-DG injection 

0 rain 2.5 rain 5 min 10 min 

FC 22.7 + 2.5 30.0 + 1.2"* 34.0 + 4.6** 37.4 + 2.9** 25.9 + 2.3 
PC 25.3 + 4.6 24.1 + 3.6 32.2 + 3.8* 24.5 _+ 2.8 24.9 + 2.9 
S 17.0 + 1.7 22.5 + 1.5" 29.6 + 2.1"* 46.8 + 2.2** 26.1 + 1.6"* 
GD 17.3 + 0.9 16.7 + 1.3 24.5 + 2.2* 20.3 + 2.8 19.9 + 0.3 
CA3 18.4 + 3.9 20.4 + 2.0 25.5 + 3.0* 26.9 + 6.7 20.7 + 0.7 
ac 16.6 + 2.6 16.2 + 1.5 20.3 + 1.4 30.8 + 2.6** 14.2 + 1.6 
aco 23.7 + 4.6 31.4 + 1.1"* 31.7 + 4.3** 29.2 + 3.2 20.1 + 1.8 
SL 18.6 + 2.7 16.6 + 1.7 22.1 + 2.9 14.9 + 9.6 15.9 + 3.5 
pf 20.5 + 1.8 21.8 + 0.8 26.1 + 3.9 20.0 + 7.9 21.2 + 2.9 

Note the significant increase of the 2-DG uptake after DSTLE administration in the frontal cortex (FC), subiculum, including CA1 (S) 
and central and cortical amygdala (ac, aco). A less pronounced increase of the 2-DG uptake can be observed in the dentate gyrus 
(GD), CA3 hippocampal region and parietal cortex (PC). The 2-DG uptake in the lateral septal nucleus (SL) and n. parafascicularis 
thalami (pf) was not significantly changed by DSTLE administration. 10 min after the DSTLE injection a general decrease of the 
2-DG uptake occurs. Significant difference compared to controls: **P < 0.001 and *P < 0.05. 

to cont ro l  va lues  in all b ra in  reg ions  wi th  the  excep-  

t ion o f  the  subiculum.  

In the  n. parafascicular is  and  the  la tera l  septa l  nu-  

cleus,  the  2 - D G  u p t a k e  was no t  s ignif icant ly a f fec ted  

by D S T L E .  B e c a u s e  o f  this gene ra l  dec rease  af ter  10 

min,  no  fu r the r  expe r imen t s ,  wi th  l onge r  t ime  inter-  

vals b e t w e e n  the  D S T L E  and the  2 - D G  in jec t ion ,  

were  car r ied  out .  

Electroenecephalographic  ( E E G ) recording 

D u r i n g  the  E E G  record ings  in the  f ron ta l  and pa-  

r ietal  cor t ices ,  the  sub icu lum,  the  cen t ra l  amygda l a  

and the  la tera l  s ep tum,  an onse t  p e r i o d  for  the  

D S T L E - i n d u c e d  epi lep t ic  d ischarges  o f  abou t  30 s 

was obse rved  in the  sub icu lum (Fig. 1). These  exci ta-  

tory  p h e n o m e n a  a p p e a r e d  a few secondg la te r  in the  

cent ra l  amygda la  and f ron ta l /par ie ta l  cor tex.  

In all these  reg ions  wi th  excep t ion  of  the  la tera l  

sep tum,  the  in tensi ty  of  the spiking e x c e e d e d  400/~V 

within  1 min  af ter  the  D S T L E  adminis t ra t ion .  H o w -  

ever ,  the  mos t  in tens ive  and long- las t ing  spiking 

could  be  o b s e r v e d  in the  sub icu lum and cent ra l  

amygdala .  

DISCUSSION 

The  E E G  responses  and the  resul ts  of  the  2 - D G  

up take  in this s tudy,  indicate  that  the  f ronta l  cor tex ,  

~ ~ z ; - 7 ; ~ ; - . ~ ' , _  . . . . . . .  " - - , - ' - - r r " " ~  r" ~ ' - r ~ ' ~ ' q " l  | l 

IP~ ~ . . . . . .  ~ -  r .  ~ . . . . . . . . . . . . . . . .  ~/ '~"~"r  T ~ ' I " T ' r ' I " r ' ~ F ' F " I  

Fig. 1. Electroencephalographic responses of the lateral septum (LS), central amygdala (CEA), subiculum (S), parietal cortex (PC) 
and frontal cortex (FC), before and after intraventricular (i.v.t.) administration of 6 receptor peptide (DSTLE). Note the unequal 
spiking activity in the various brain regions at the different time intervals. 
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central amygdala and the subiculum/CA1 region, are 
the main areas involved in the DSTLE-induced epi- 
leptic phenomena. These results are generally in 
accordance with the [IaC]2-DG autoradiographic 
study of Henriksen et alP, who demonstrated a 
marked increase of 2-DG uptake in the amygdalo- 

hippocampal area after i.v.t, administration of fl-en- 
dorphin. Of particular interest is the subiculum, 
which in this study, includes the pyramidal cell layer 
of the C A 1 .  In this area the intensity and duration of 
the increased 2-DG uptake is most pronounced. The 
electrophysioiogical responses of this hippocampal 

region showed the shortest onset of DSTLE-induced 
epileptiform discharges as well as long-lasting EEG 
spiking. 

Based on electrophysiological studies, it is sug- 
gested that opiate evoked epileptiform activity in the 
limbic system arises from pyramidal cell activity in 
the hippocampal formation 3.20. This leads us to sug- 

gest that the hippocampus and particularly the subi- 
culum or CA1 area are the probable trigger-zones for 
seizures induced by an i.v.t, administration of en- 
kephalins. It is not excluded that these regions play 
an important role in the opiate-modulated neuronal 
excitability also in physiological and/or pathological 
conditions in humans. Other hippocampal areas, like 
CA3 and the dentate gyrus, showed only a moderate 
and gradual increase of the 2-DG uptake after 

DSTLE administration. Although the uptake is sig- 
nificant, it is less intensive compared to the glucose 
utilization in the subicular region during the epileptic 

phenomena. 
In the lateral septum, we did not find an increase of 

2-DG uptake after DSTLE administration, which is 
in contrast to the data of Henriksen et al. 9. This con- 
troversy might be due to the different activities of fl- 
endorphin and the enkephalin-analogue, the 6 opiate 
receptor agonist, DSTLE. However, of particular 
importance is the fact that in this study the lower lev- 
el of energy metabolism correlates with the short- 
lasting and less intensive epileptic discharges in the 

EEG, compared to the responses of other brain 
areas. Increase of glucose utilization in the cortical 
and central nucleus of the amygdala could be due to 
the fact that the central nucleus is activated following 
stimulation of different parts of the subiculum. These 
pathways have been demonstrated by Watson et 
al. 19. Furthermore, the central nucleus of the amyg- 

dala is rich in enkephalin-containing fiber systems 
and opiate receptors 14. 

The peak of the 2-DG uptake in the cortical amyg- 
daloid nucleus occurs at about 2.5 min after DSTLE 

administration; however, for the central nucleus the 
peak appears 2.5 min later. Possibly, the activation 
pathway runs from the cortical to the central nucleus 
of the amygdala. The increase of glucose utilization 
in the frontal cortex after DSTLE administration is 
probably a reflexion of the excitation of the hippo- 
campal area. Namely, using the 2-DG technique, 

pronounced labelling of the frontal cortex following 
elicitation of seizures in the hippocampus has been 
demonstrated 19. 

Based on these results, we suggest that the hippo- 
campal formation but particularly the subiculum 
and/or CA1 are the probable trigger zones for sei- 
zures induced by i.v.t, administration of endorphins. 
Furthermore, the results indicate a strong 
relationship between the electrophysiological re- 
cordings, the functional activities and glucose utiliza- 
tion/energy metabolism in different rat brain areas, 
which also supports our earlier observations concern- 
ing the brain regions involved in the endorphin-in- 
duced epilepsy7.L 
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