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PIU VIOI s IN\WTIGATIOM of the clTccts of morphine. administered irf riro in pharma- 
cologic dose ranges. on brain cnrymic activity hnvc indicated little or no influence of 
the narcotic on brain metabolic activity.’ Also the addition of morphine. irl ritm to 
homogenates of rat cerebral hemispheres has no effect on a number of enzytncs 
including glucose-6-phosphate dehydrogonase (G-h-PDH) and lactic dehqdrogenase 
(LDH) even at \erq’ high drug conccnlrations.‘.” In other studies. purified enzyme 
preparationsofcytochrome C rcductase alone or in combination M,ith malic dchydro- 
genase(MDH)wercinhibited b! morphine. but the minimal elkctive concentration of 
the drug was 1 x IO ’ M.’ This Icvel is approximately lOO@fold grealer than 
estimates of morphine Icwls in lhc brains of rats aftor subcutaneous injeclioi15 

The ma_ior limitation of the forcgoin g investigations is that inipot&t regionally 

selective cfl’ects of morphine on ccrchral enqmic acti\,ity arc obscured bq studying 
hotnogcnatcs of whole brain. Moreowr. it appears that morphine may act only at 
very discrete loc~i within the brain in producing its pharmacologic efl’ects. Fol 
example. micro-itijcctions oT morphine into discrctc arcas of the h) pothalatnus result 
in dose-dcpendont analgesia and hyporhet-mix \vhich are the principal ctkcls 01 
sqstcmic morphine adiiiinistlatioii.‘~.~ Discrctc sites of the analgesic action ol 

morphine have been localized in the central grcy matter surrounding the third 
ventrick and in structures near Ihc ventricular ~~a11 surrounding the fourth vcntriclc 
tnd the ayueduct.x Recausc of these ohscrvations. it stems clear that cnrymic studies 
onducted on a whole brain level arc lil\el> to obscure potentially important ell’ects 

a regional or micro-regional lcvcl in brain. 
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The present study employing quantitative histochemical techniques was under- 
taken to examine the effect of chronic morphine administration on a number of 

brain enzymes. We have examined the effects of chronic morphine treatment on 
three enzymes representative of major metabolic pathways in brain: the citric acid 
cycle (MDH), glycolysis (LDH) and the pcntose phosphate pathway (G-6-PDH). 
One enzyme from each metabolic pathway was studied. since le\~ls of the enzymes 
within a metabolic group arc relatively proportional”.” and changes in the level 
of one step may reflect an over-all alteration of the pathway. In the present stud\,. 
rats were implanted with morphine pellets and their brains hverc analyzed when both 
tolerance and physical dependence reached peak levels. ’ ’ 

MATLRI~~LS ,\ND hlkTHC)DS 

,-lni~wl,s urltl tw~~t~~w~~r. Malt Sprague Dawlel rats (165 190 g) \vcrc used in thcsc 
studies. Animals were implanted subcutaneously with either 75 mg morphine pullets 

or placebo (lactose) pellets. according to proccdurcs more fully described elscwhcrc. ’ ’ 
Three days after pellet implantation. the point at ivhich tolerance and physical 
dependence reach their peak levels, the animals wcrc decapitated and their brains 
removed. Tissue blocks including h?pothalnliius, temporal lobes. cerebellum and 

liver were dissected out within 2 min and immediatel>~ frozen in liquid freon cooled 
by liquid nitrogen. Tissues were stored at -80 until microtomed at -20 in ;I 
cryostat. 

Q~~nfitati~~ /zi,s~och~~r~~i,sf,~~~, The procedures for obtaining unthawed, unfixed. 
unstained and histologically defined tissues ha\e been described in detail elsewhere.’ ’ 
From 10 bmi thick. frcc~c dried. coronal scctionx. small samples wcrc dissected b> 

hand at 25-50 x magnification from 10 histologically discrete regions of brain and 
also from the periportal area of liver. The regions of brain studied included layer III 
of cerebral cortex, the internal granular layer of ccrebcllum (excluding Purkinje cells), 
and eight specific hypothalamic nuclei.‘” In the case of the ventromedial nucleus of 

Conditions C;-&PDH LDH MDH 

Assay conditions 

PH 
Buffer 
Substrate 
Pqridine nucleotide 
Nicotinamide 
Bovine serum albumin (‘I,,) 

Volumes 
During incubation (~1) 
During reading (ml) 

Fluorcsccncc measurcmcnt 
Exciting light (nm)t 
Emitted light (nm): 

92 

.4MP, (100) 
G-6-P ( 1.0) 

NADP (0.1-I) 

0.0.’ 

7.6 X.6 

Tris ( IO()) Tris (100) 
Pbruvate (14) Oxaloacet3te (2.5) ‘ 
NADH II.01 SADH (7.0) 

(20) I IX) 
0.05 0.05 

5 
i.OI 

365 
460 4X’ 

* Numbers in parentheses arc conccntratlons during Incubation in m-moles I. Enzymic ir 
all enzymes has at 37 for 1.S min (LDH and MDH) or 30 min (G-6-PDH). 

+ Obtained with Corning glass filter No. 5X60. 
: Obtained with Corning glass filters Nos. 5562. 330X and .33X7. ln comhmation. 



FIG. 1. Frozen section of rat brain hypothalamus (X 35) at level of ventromedial nucleus. Section 
was air-dried and then stained by the Richardson technique. I5 111 third ventricle; VMM, ventro- , 

medial nucleus, pars medialis; VML, ventromedial nucleus. pars lateralis. 
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the hypothalamus. samples were obtained from both the medial and lateral portions 

as depicted in Fig. 1. The dry weight of the dissected samples ranged from 10 to 
30 ng as determined on a quartz-fiber “fish-pole” balance. ls 

Che177ictrl wtlwtls. The measurement of MDH. LDH and G-6-PDH was based 
on the formation of a fluorescent product of the oxidized pyridine nucleotide in a 
stronplh alkaline solution.‘” Incubation conditions and volumes are summarized in 

Table I. Assays were performed without knowledge of which animals were morphine 
dependent. 

Sftrristi~trl ~17c~thorla. Means and standard errors were calculated from 14 to 21 
values pooled from the two animals in each group and therefore include both 
biologic and measurement variability. Prior work indicates that inter-animal varia- 
tion is minimal so that repeated determinations on a small number of animals seem 
to have general validity according to Lowry c’t ~1.‘~ The probability levels were 
determined b> the two-tailed r-test from the standard error of the difference of 
Illc;LIls.' x 

RFSI LTS 

The activities of G-6-PDH. MDH and LDH in the eight hypothalamic nuclei 
examined. and in the cortex. cerebellum and liver are shown in Table 2 for the 
mc~rl~hine-dependent and control rats. ‘4s shown in this Table. in the medial ventro- 

medial nucleus of the hypothalamus. G-6-PDH activity was 20 per cent lower in 
the morphine-dependent animals than in the controls (1.32 M/kg,ihr vs 1.66 M/kg:‘hr, 
P < 0.001). This is the only change detected which is significantly different at the 
0.01 level or less for any of the three dehydrogenases in any of the regions or 
organs assayed. In the lateral ventromedial nucleus and in the six other hypothalamic 
nuclei assayed. there were small variations in G-6-PDH activity (3-13 per cent). 
but the only difference significant at the 0.05 level is the 13 per cent decrease in the 
dorsomedial hypothalamus (1.59 M,‘kg,‘hr vs 1.82 M,‘kg per hr. 0.01 < P < 0.05). 
In cortex. cerebellum and liver. G-6-PDH activity was not affected by morphine 
depcndcncc (intergroup \uriation less than 3 per cent 1. The lariation betLveen 

morphine-dependent and control rats for MDH and LDH activities was less than 
8 per cent in each region assayed, and none of these differences are significant at 
the 0.01 level. Some differences of small magnitude were significant at the 0.05 level: 
thus there was a 6 per cent increase in MDH activity in the anterior nuclei of 
morphine-dependent animals compared to controls (375 vs 354 M;kg per hr. 
0.025 < P < 0.05). a 6 per cent decrease in LDH activity in the lateral ventromedial 
nucleus of morphine-dependent rats compared to controls (69.4 vs 73.7 M/kg per hr. 
0.01 < P < 0.02). and a 3 per cent decrease in LDH activity in the paraventricular 
nucleus of morphine-dependent rats compared to controls (66.5 vs 68.8 M/kg per hr. 
0.025 < P < 0.05). 

DISCUSSION 

The most striking finding from this study is that the only change in morphine- 
dependent rats which is significant at the 0.01 level or less is the reduction in the 
level of one specific enzyme. G-6-PDH, in one discrete brain region, the medial 
ventromedial nucleus of the hypothalamus. There were few other differences 
significant at the 0.05 level and these changes represented variations of only 3-13 
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per cent of control activity and are of doubtful physiological significance. Our data 
indicate that chronic morphineadministration does not produce a generalized change 
in the activity of enzymes representative of three major metabolic pathways in either 
brain or liver. This result emphasixs the possibility that the biochemical events 
which result in morphine tolerance and dcpcndence may well be both regionally and 
metabolically selective. 

The impact of diminished G-6-PDH activity in the ventromedial hypothalamus 

(VM H) may be evaluated in terms ofthe known physiology of that region. Intravenous 
glucose administration increases the unit activity of single neurons in the VMH 
but not other h\,pothalamic or cortical neurons; the rate of discharge is corrclatcd 
with the arterial WIIOLIS glucose difference rathcr than with the blood glucose lcvcl 
/“‘I’ SC’. “I It has been shown that stereotaxic iiijection of G-6-P into the VMH 
results in increased electrical activity recorded from a monopolar cannula implanted 
in the VMH.‘” The fact that G-6-PDH is the specific en/me that oxidiLcs G-6-P 
suggests the possibility that the regionally selective change in G-6-PDH activit) 

reflects an involvement of the VMH in some aspects of the development of 
dependence on narcotics. Thus. the docrcased oxidation of G-6-P may lead to its 
local accumulation and thereby increase the activity of the G-6-P sensitive neurons 
in the VMH. 

The hylx~thesis that morphine dependence may involve. at least in part. functional 
activation of the VMH is supported b>, other work on hypothalamic lesions in 
morphine-dcpcndcnt rats. Kerr and Pozuclo” reported that the development of 

physical dcpendcnce on morphine was suppressed or markedly reduced by bilateral 
Icsions which destroyed ;I major part of each ventromedial ~LICICLIS. Definitive 
conclusions cannot be drawn at this time. however. since other work indicates 
specific regions both within and outside the hypothalamus may be important in 
mediating some of the effects of morphine.‘.‘,“,‘” The inter-relationships betwecn 

changes in different regions require further study. In addition. studies of G-6-P levels 
and control point enzymes. such as hexokinase. phosphofructokinase and trans- 
ketolasc. \\ ill bc of particular interest. 

In vie, of the highly selective metabolic and regional efrccts of morphine found 

in this study. further investigations utiliAng quantitative histochcmical tcchniqucs 
seem warranted to clarify the critical /(xi involved in the pharmacologic ctrects of 
morphine as well as in the development of tolerance and physical dependence. 
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