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FULLER, S. A. AND E. A. STEIN. Effects of heroin and naloxone on cerebral blood flow in the conscious rat. PHARMACOL 
BIOCHEM BEHAV 40(2) 339-344, 1991.--The widespread, heterogeneous distribution of opiate receptors and their endogenous 
ligands in the nervous system are reflective of the variety of central and systemic effects seen after opiate administration. Most 
neurons respond to either systemic or local opiate application with a decrease in firing rate, although increased neuronal activity 
has also been reported in such regions as the caudate, amygdala, ventral tegmentum, and substantia nigra. While regional meta- 
bolic studies have consistently reported neuronal suppression, some portion of this might be secondary to systemic hypercapnia. 
Using a brief blood flow marker, we recently reported a heterogenous increase in activity in more than half of the brain regions 
examined. To extend that study, we report herein the results of a dose-response and antagonist challenge experiment. Rats re- 
ceived an acute injection of one of the following: heroin (0.1, 0.3 or 1.0 mg/kg), naloxone (1.0 mg/kg), a cocktail of heroin (0.3 
mg/kg) plus naloxone or saline. One min after drug administration, 160 ixCi/kg [1-~4C] octanoate, a marker for cerebral blood 
flow, was delivered IV. Rats were sacrificed two min later, brains removed and prepared for autoradiography. Of the fifty-eight 
areas analyzed, heroin caused an increase in blood flow in the caudate, claustrocortex, laterodorsal thalamus and dentate gyrus. 
Decreases were found for the bed nucleus of the stria terminalis, preoptic area, basolateral nucleus of the amygdala, dorsomedial 
and paraventricular hypothalamus, entorhinal and cingulate cortices and dorsal raphe. Naloxone resulted in significant increases in 
the olfactory tubercle and paraventricular nucleus while decreases were seen in the cingulate and basolateral amygdala. 
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OPIATE agonist drugs have multiple actions both centrally as 
well as peripherally. Among their most prominent central effects 
include potent analgesia, sedation, alterations in body tempera- 
ture and increases in food and water consummatory behavior 
(25). They also possess both direct reinforcing properties as well 
as the ability to enhance the affective quality of other reinforc- 
ing agents (e.g., brain stimulation reward) (35). It is likely that 
this multiplicity of actions requires activation at multiple inde- 
pendent brain sites or circuits and is mediated by several opioid 
receptor types (23,24). In addition, numerous nonopioid neuro- 
transmitter systems including, but not limited to, a putative do- 
paminergic involvement in reinforcement (40) are engaged by 
these agents (34). 

Many techniques have been employed to define central loci 
of opiate actions including single and multiunit electrophysio- 
logic recording (8), direct brain microinjections of pharmaco- 
logic agents, selective neuroanatomic lesions or neurochemical 
measures (40). All of the above have greatly enhanced our un- 
derstanding of the sites and mechanisms of opiate action. Their 
biggest drawback, however, is the limited number of brain areas 
that can be assayed from any one animal; in most cases only 
one or two regions. Autoradiographic techniques have the key 
property of being able to reflect activity in numerous and wide- 
spread regions simultaneously. 

Local cerebral glucose utilization (1CGU) studies in experi- 
mental animals have consistently reported either decreases (1, 9, 
18, 33) or no change (17,21) in neuronal activity after opiate 

administration from all brain regions analyzed. However, elec- 
trophysiologic recordings (5, 6, 15, 19, 26), as well as neuro- 
transmitter turnover studies (34), have routinely observed regional 
increases and decreases in activity. In contrast to the lcgu stud- 
ies, we recently reported heterogenous increases in regional ce- 
rebral blood flow (rCBF) 60 s after a single, acute dose of heroin 
in the conscious rat (37). Since opiate action is both dose and 
time dependent (25), we now report the results of a complete 
dose-response experiment in an attempt to reconcile these stud- 
ies and as a first attempt to determine those specific loci respon- 
sible for early opiate-induced effects. 

METHOD 

Subjects were 28 male, Sprague-Dawley derived rats (Holtz- 
man Co., Madison, WI) weighing 250-300 g. Rats were indi- 
vidually housed with food and water available ad lib. Lights 
were on between 1900-0700 h. 

Chronic polyethylene-silastic catheters were implanted into 
the right jugular vein after the method of Weeks (41) under 
Chloropent ® anesthesia (2.5 ml/kg) and externalized dorsally to 
exit between the scapulae. After approximately one week recov- 
ery, rats were placed individually into Plexiglas operant cham- 
bers within a large sound-attenuated room. Following a 5-min 
acclimation period, rats received an IV injection of heroin HCI 
at either 0.0, 0.1, 0.3 or 1.0 mg/kg or naloxone at 1.0 mg/kg or 
a cocktail of 0.3 mg/kg heroin plus 1.0 mg/kg naloxone. Drugs 

339 



340 FULLER A N D  STEIN 

TABLE t 

RELATIVE OPTICAL DENSITY DATA (MEAN _+ S.E.) FROM EACH OF THE DRUG TREATMENT GROUPS 

Heroin Naloxone Cocktail 

I 2 3 4 5 6 
Area 0.0 mg/kg 0.1 mg/kg 0.3 mg/kg 1.0 mg/kg 1.0 mg/kg 0.3/1.0 mg/kg Significance 

Mesocorticolimbic 
Amygdala, Basolateral n. (Anterior) 39.6 0.4 40.7 1.0 40.5 0.6 37.7 0.5 40.4 0.1 39.3 1.0 2,3,5>4 

Amygdala, Basolateral n. (Posterior) 38.4 0.7 38.7 0.8 38.5 0.9 33.6 0.4 34.1 0.3 39.5 1.8 1,2,3,6>4,5 
Amygdala, Central n. 27.5 0.3 29.5 1.4 27.9 0.8 26.3 0.5 29.7 0.4 30.1 1.1 2,6>4 
Amygdala, Cortieomedial n. (Anterior) 33.0 0.3 33.6 1.2 33.3 0.7 30.9 0.3 35.3 0.2 34.5 1.2 5>4 
Amygdala, Corticomedial n. (Posterior) 34.2 0.2 36.3 1.7 36.1 0.6 35.0 1.4 37.2 0.2 37.7 1.4 

Bed Nucleus of Stria Terminalis 32.5 0.8 26.8 1.3 30.2 0.8 28.5 1.0 33.2 0.8 32.9 1.9 1,5,6>2 
Claustrum 58.4 0.9 57.9 1.1 57.7 2.4 59.0 0.8 55.5 5.7 52.4 3.9 
Dentate Gyrus 41.2 0.7 41.6 1.6 44.4 1.5 47.2 1.3 42.2 0.6 44.9 1.4 4>1,2,5 

Diagonal Band of Broca 55.9 1.3 53.8 0.9 54.8 1.1 56.7 0.4 53.2 3.5 53.9 0.8 
Entorhinal Cortex 46.6 0.5 44.7 2.1 40.9 1.1 37.6 1.3 44.8 0.2 43.0 1.2 1,2,5,6>4;1>3 
Hippocampus 29.2 0.3 29.8 1.0 32.1 1.2 32.3 0.6 29.7 0.6 32.0 1.4 

Lateral Septum 38.4 1.6 35.4 0.5 38.4 1.2 38.6 1.1 36.9 0.4 35.4 1.7 
Medial Septum 52.8 0.9 49.3 1.0 50.8 0.7 53.1 1.1 50.8 1.5 48.6 2.3 
Nucleus Accumbens (Anterior) 38.5 1.6 40.4 1.7 39.9 0.5 40.8 1.9 41.5 0.5 40.4 1.5 
Nucleus Accumbens (Posterior) 37.6 2.6 40.4 1.2 40.9 1.6 36.8 1.2 39.4 0.7 38.3 2.3 
Olfactory Tubercle (Anterior) 39.2 2.8 40.6 2.8 39.6 0.3 43.5 1.5 50.1 2.3 42.2 3.5 5>1,2,3,4 

Olfactory Tubercle (Posterior) 42.1 1.3 43.9 2.6 40.6 0.8 41.8 0.6 47.6 2.0 45.2 1.4 
Prepyriform Cortex 49.7 0.9 58.0 1.1 57.9 0.7 58.3 0.5 56.9 1.3 57.6 1.6 
Ventral Tegmental Area 42.2 1.6 45.1 3.8 40.9 1.5 44.7 2.0 45.6 2.1 42.9 0.8 

Neocortical 
Cingulate Cortex (Anterior) 55.0 0.3 49.9 1.0 51.6 1.9 47.9 1.1 48.8 1.1 52.5 1.7 1>4 
Cingulate Cortex (Posterior) 62.9 1.2 60.9 1.2 60.2 1.0 60.6 0.9 57.7 0.9 61.2 1.0 1>5 

Claustrocortex (Anterior) 44.4 0.7 46.9 0.8 48.0 1.1 43.9 0.5 46.1 0.5 43.2 0.6 3>1,4,6;2>6 
Claustrocortex (Posterior) 44.5 0.9 46.4 0.9 43.7 0.9 42.7 0.7 45.1 0.6 44.6 2.7 

Frontal Cortex--2 ° motor cortex (Anterior) 52.5 0.7 50.9 1.9 51.0 1.4 50.9 0.9 48.1 1.9 50.7 1.5 
Frontal Cortex--2 ° motor cortex (Posterior) 59.5 0.9 58.0 1.1 57.9 0.7 58,3 0.5 56.9 1.3 57.6 1.6 
Medial Prefrontal Cortex 63.3 0.8 62.6 1.7 63.4 0.7 64,6 0.6 60.5 0.7 62.4 0.7 

Thalamus and Hypothalamus 
Anterior Hypothalamus 43.3 0.7 40.8 1.2 41.5 0.6 40,5 1.4 43.7 0.3 42.8 1.9 
Arcuate Nucleus 48.4 5.0 43.3 5.0 39.6 1.5 37,3 3.2 39.6 0.6 41.8 3.1 
Dorsal Medial Hyputhalamus 41.4 0.4 37.7 1.8 34.2 0.4 36,0 1.7 42.1 1.0 40.1 1.7 1,5,6>3;5>4 
Lateral Dorsal Nucleus Thalamus 61.9 0.7 60.9 3.7 63.7 1.1 70.7 1.3 63.7 1.8 64.1 1.8 4>2,6 
Lateral Habenula (Anterior) 65.7 1.4 65.1 1.7 64.6 1.6 68,5 0.8 66.9 1.5 65.1 1.2 

Lateral Habenula (Posterior) 68.9 2.5 64.9 1.7 66.0 0.6 65.9 2.0 65.3 0.5 64.6 0.4 
Lateral Hypothalamus (Anterior) 40.8 0.5 41.2 1.3 38.0 0.3 40.0 0.4 40.4 1.0 40.9 2.3 
Lateral Hypothalamus (Mid) 40.6 0.9 40.2 1.5 40.0 0.6 40.3 0.4 40.7 0.6 40.1 0.5 

Lateral Hypothalamus (Posterior) 41.5 1.8 40.3 0.3 38.5 0.3 40.4 0.5 41.0 1.1 40.0 1.5 
Medial Dorsal Nucleus Thalamus 59.9 1.7 55.9 2.5 54.7 0.8 58.7 0.2 57.2 0.4 60.5 1.0 

Medial Habenula (Anterior) 54.7 2.5 53.5 1.5 54.6 1.2 57.5 2.4 57.1 3.4 59.5 2.1 
Medial Habenula (Posterior) 57.0 4.2 51.2 2.5 55.6 1.9 59.5 2.2 58.1 2.7 58.6 2.5 
Medial Preoptic Area 40.2 1.5 35.7 0.5 35.9 1.3 34.1 1.4 40.0 0.2 36.3 2.2 1,5>4 
Paraventricular Nucleus 69.3 0.5 68.8 1.3 68.8 1.6 60.4 1.0 74.5 1.1 69.1 3.8 1,2,3,6,5>4;5>1 
Posterior Hypothalamus 44.7 1.2 47.0 1.8 46.4 1.1 48.1 1.1 49.6 1.7 45.8 1.5 
Reuniens Nucleus 57.7 2.7 58.8 1.4 57.1 0.9 57.9 1.2 63.5 1.6 54.8 2.7 5>6 
Subthalamus 67.4 0.7 67.4 2.7 64.1 1.5 70.7 1.5 67.3 1.5 68.3 0.9 
Ventral Medial Hypothalamus (Anterior) 35.4 0.6 35.6 1.3 33.9 0.8 35.6 0.8 35.9 0.7 35.2 1.4 
Ventral Medial Hypothalamus (Posterior) 35.1 0.7 31.5 1.4 32.6 2.0 33.6 0.8 35.3 1.0 35.3 2.6 
Ventral Posterior Lateral Thalamus 54.3 0.2 54.7 1.3 54.5 0.8 55.9 0.3 55.9 0.4 56.5 0.2 
Zona Incerta (Anterior) 47.6 1.3 51.6 2.2 50.0 0.5 51.2 0.7 50.8 1.0 49.0 0.5 
Zona Incerta (Posterior) 50.1 0.2 53.8 6.3 53.3 1.0 53.5 0.9 53.1 0.7 52.0 2.0 

were dissolved in saline and injected in a volume of 0.25 ml 
followed by 0.1 ml saline to flush the catheter. One min later, 
160 txCi/kg of the blood flow marker [1-14C] octanoic acid was 
delivered IV in 0.25 ml saline. Two min later, rats were sacri- 
ficed via decapitation, brains rapidly removed, frozen in isopen- 

tane ( -  40°C) and stored at - 8 0 ° C  until sectioned. Frozen serial 
sections were cut at 16 Ixm, thaw mounted onto glass slides, 
dried for 10 min at 50°C on a warming tray and apposed to 
X-ray film (MR-l;  Kodak) for 8-10 weeks. 

Autoradiograms were analyzed by computer densitometry us- 
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TABLE 1 (continued) 

Heroin Naloxone Cocktail 

1 2 3 4 5 6 
Area 0.0 mg/kg 0.1 mg/kg 0.3 mg/kg 1.0 mg/kg 1.0 mg/kg 0.3/1.0 mg/kg Significance 

Nigrostriatal System and Related Extrapyramidal Areas 

Caudate Nucleus (Anterior) 37.8 0.6 35.8 1.1 34.5 0.8 35.5 1.2 33.6 0.5 37.3 1.5 
Candate Nucleus (Mid) 39.0 0.4 39.9 0.4 37.8 0.7 38.3 0.9 37.8 0.2 37.9 1.1 
Candate Nucleus (Posterior) 40.9 0.3 43.4 0.7 40.8 0.5 41.7 0.8 40.2 0.5 40.9 0.9 2>1,5,6 
Endopiriform Nucleus (Anterior) 29.2 2.4 30.7 0.9 31.6 0.8 29.7 1.1 29.4 0.9 29.9 2.6 

Endopiriform Nucleus (Posterior) 28.8 0.9 30.1 1.1 29.0 0.9 27.2 0.5 28.9 1.3 22.3 1.7 

Globus Pallidus 28.3 0.9 28.2 1.2 26.1 0.6 30.6 1.3 28.8 0.4 30.7 0.6 4>3 
Substantia Nigra pars reticulata 32.1 0.6 32.6 1.7 31.0 1.0 34.9 0.7 32.7 1.2 30.2 1.4 

Substantia Nigra pars compacta 35.7 0.5 38.8 1.5 35.7 0.2 39.2 0.6 39.2 0.6 35.5 1.6 

Midbrain and Brainstem 

Central Gray 42.4 1.7 39.6 1.2 39.4 1.0 40.9 2.1 43.3 2.0 42.3 1.0 

Dorsal Raphe 55.2 2.5 51.2 1.2 46.9 3.4 55.0 2.6 61.4 0.6 58.5 2.4 4,5,6>3;5>2 
White matter 8.9 0.5 7.6 0.7 7.9 0.4 7.5 0.5 7.3 1.0 7.2 0.1 

Brain structures of interest are grouped roughly into functional units. Significance, as determined from analyses of variance and tests for simple 
effects (Newman-Keuls), are indicated by treatment group codes. 

Values are mean --- s.c. represented as a relative optical density score. Group sizes were: gpl (n=4), gp2 (n=5), gp3 (n=5), gp4 (n=5), gp5 
(n=5), gp6 (n=4). 

ing an MCID Image Analyzer (Imaging Research, St. Cather- 
ines, Ont.). Each defined brain structure was represented by 
bilateral readings from five separate sections spaced 50 to 80 ~m 
apart. The corresponding thionin-stained sections were used to 
define structures anatomically. Optical densities (OD) were con- 
verted to a relative optical density score (ROD) according to the 
method of Gallistel et al. (11). Briefly, to obtain an ROD of an 
area, a frequency histogram is generated consisting of the num- 
ber of pixels at each of the possible 256 gray scale OD values 
for the entire digitized brain section. This distribution is then 
converted to a cumulative frequency histogram by sequentially 
adding up all the pixels in the histogram. By dividing the new 
distribution into a percent, the mean OD of the anatomic struc- 
ture can then be converted to an ROD by its position on the 
curve. Thus an ROD value of a region represents its density rank 
relative to the other pixels comprising the entire autoradiogram 
such that an ROD of 0.6 would mean that the average pixel OD 
of the structure of interest is darker than 60% of the pixels in 
that section. This analysis technique has been shown to be more 
robust and sensitive than a simple gray/white ratio, accounts for 
the nonlinear relationship between OD and radioactivity, and al- 
lows standardization to be made to the brain section from which 
an area is analyzed (11). 

Since the ROD is a percent, an arc sine transform was per- 
formed prior to analyses of variance to insure independence of 
variance (30). Post hoc comparisons were performed with the 
Student Newman Keuls test. Significance was set at p<0.05.  

RESULTS 

Table 1 depicts the results of the single, acute injection of 
heroin (0.1, 0.3 or 1.0 mg/kg), naloxone (1.0 mg/kg) or the 
cocktail injection of  naloxone plus heroin on metabolic activity 
in the rat brain. Data are expressed as the mean relative optical 
density score (ROD) for each treatment. Sixteen of the 58 struc- 
tures analyzed were significantly altered by either heroin or 
naloxone. Heroin-induced increases in oetanoate labeling were 
seen in the caudate nucleus and claustrocortex at the low dose 
and laterodorsal nucleus of the thalamus and dentate gyrus only 

at the highest (1.0 mg/kg) dose (Fig. 1). Heroin-induced de- 
creases were seen at the lowest threshold in the bed nucleus of 
the stria terminalis, after the middle dose in the dorsomedial nu- 
cleus of the hypothalamus, dorsal raphe and entorhinal cortex, 
and only after the highest heroin dose in the cingulate cortex, 
basolateral nucleus of the amygdala and the medial preoptic and 
paraventricular nuclei of the hypothalamus (Fig. 2). Naloxone- 
induced increases in labeling were seen in the olfactory tubercle 
and hypothalamic paraventricular nucleus, while decreases were 
seen in the posterior cingulate cortex and basolateral nucleus of 
the amygdala (Fig. 3). 

DISCUSSION 

The use of labelled octanoate (OCTO) as a metabolic marker 
was first introduced by Rowley and Collins (32). This 8-carbon 
free-fatty acid is rapidly cleared from blood and ultimately 
B-oxidized to produce a labelled pool of glutamate. As it is 
known that glutamate synthetase is found predominantly within 
protoplasmic astrocytes (28), it is likely that OCTO accumula- 
tion is due to its entry into astrocytes lining cerebral capillaries 
and thus reflecting changes in blood flow. The conversion to 
glutamate requires about 6 min and therefore sacrifice times ear- 
lier than that will reflect trapped label in these glial cells. The 
sequence by which changes in astrocytes might reflect neuronal 
activity is suggested by the observation that increases in extra- 
cellular potassium accumulation after neuronal activation leads 
to an increase in intracellular astrocyte pH, thus suggesting a 
mechanism for local alterations in CBF (4). Despite the inability 
at present to directly quantify blood flow via OCTO accumula- 
tion or metabolism, the relative regional accumulation of tracer 
appears to provide a useful and accurate indicator of rapid func- 
tional activity in brain (32, 38, 39). 

It should be pointed out that a potential flaw in using a rela- 
tive (normalized) measure of octanoate labeling might exist if 
the treatment had a generalized effect on cerebral blood flow. 
If, for example, heroin globally decreased blood flow, then ar- 
eas showing an increase using the ROD method might be unaf- 
fected when using full quantification. To test for this possibility, 
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FIG. 1. Ability of heroin to increase local blood flow as measured by 
OCTO labeling in specific rat brain nuclei. Data presented are the mean 
relative optical density (ROD) for each treatment group expressed as a 
percent of the saline control group. Significant treatment alterations in- 
clude increases after 0.1 mgkg in the caudate nucleus; 0.1 and 0.3 
mgkg in the claustrocortex and 1 .O mgikg in the laterodorsal nucleus of 
the thalamus, and dentate gyrus. 

we calculated an overall mean OD value for each of the six 
treatment groups by averaging the data across all 58 areas of 
interest. An analysis of variance on these data revealed no sig- 
nificant differences between groups, F(5,27) = 1.144, pcO.37. It 
thus appears that global drug effects were not responsible for the 
alterations in regional blood flow reported herein. 

Results from this experiment utilizing octanoate appear to 
bridge those obtained previously using the blood flow marker 
iodoantipyrene (IAP) and the metabolic marker 2-deoxyglucose 
(2-DG). Opiate agonists are generally regarded as CNS depres- 
sants with such measures as behavioral and neuronal activity and 
cerebral metabolism generally becoming depressed after admin- 
istration (25). In contrast, many regions of the brain have been 
demonstrated to be activated by opioids with consequent in- 
creases in cerebral blood flow. The four regions which were ac- 
tivated by heroin in this experiment-the caudate nucleus, 
laterodorsal thalamus, claustrocortex and dentate gyrus-also 
demonstrated an increase in regional cerebral blood flow (rCBF) 
after 0.2 mg/kg heroin in our previous IAP study (37). Blum et 
al. (2) observed an increase in rCBF in basal ganglia, cerebel- 
lum, pons, parietal and frontal cortex (but not hippocampus, oc- 
cipital cortex or medulla) in miniature swine after infusion of 
methionine enkephalin, although as the time course was rather 
long in their study, the authors note that such alterations may 
either have reflected metabolic consequences of the peptide or a 
direct action on the cerebral vasculature. Increases in blood flow 
have also been reported in rabbit caudate nucleus, thalamus, 
colliculi, pons and cerebellum after 2 mg/kg IV morphine (20). 

In contrast, while the decreases in octanoate labeling reported 
here do not generally reflect these prior results, they do gener- 
ally agree with both our previous octanoate study (39) and sev- 
eral 2-DG reports of decreases in lcgu (1, 9, 33). The latter 
generally report these decreases in such areas as the striatum, 
basal ganglia, thalamus and substantia nigra. In contrast, a 
handful of studies have reported increases in lcgu after mor- 
phine. Ito et al. (18) observed increased activity only in the sub- 
stantia nigra pars reticulata and mammillary body after SQ 
morphine. In addition, while Glick et al. (13) found a selective 
increase in striatum in rats self-administering morphine, since 
passive morphine delivery in yoked controls did not alter metab- 
olism in this area, it is likely that other behavioral events were 
reflected in their reported increase in lcgu. 

We found four regions altered by naloxone-the cingulate 
and basolateral nucleus of the amygdala displayed decreased 
blood flow, while the olfactory tubercle and paraventricular nu- 

Bed n HYP. dm n rapile 

FIG. 2. Heroin-induced decreases in blood flow. Data are presented as 
in Fig. 1. Areas decreased by the highest heroin dose (1 .O mg/kg) in- 
clude the cingulate cortex, medial preoptic area, paraventricular nucleus 
of the hypothalamus, and basolateral nucleus of the amygdala, the bed 
nucleus of the stria terminalis was depressed only by the lowest dose 
(0.1 mgkg), the dorsomedial of the hypothalamus and dorsal raphe at 
the mid (0.3 mgkg) dose while the entorhinal cortex was depressed by 
the mid and high dose 

cleus had increased OCTO labeling. Other studies have reported 
a naloxone-induced decrease in CBF in entorhinal cortex in the 
resting state (37), and increases after anoxic challenge (29), and 
after withdrawal from chronic naltrexone in cortex, cerebellum, 
thalamus and pons (but not hippocampus, hypothalamus or me- 
dulla) (3). Acute naltrexone has also been reported to decrease 
CBF (14). In contrast, no naloxone-induced alterations in glu- 
cose uptake have been reported for any forebrain structure ex- 
amined (12), nor any alterations in lcgu from a survey of 58 
brain regions in the rat (10). However, naloxone-induced de- 
creases were seen in 18 brainstem nuclei (16), and a decrease in 
lcgu in the striatum (but not 6 other regions) have been reported 
during chronic naltrexone administration (7). 

The significance of naloxone-induced alterations in blood 
flow is not clear at this time. Such alterations would seem to 
imply that cells in these regions have a significantly higher en- 
dogenous opiatergic tone with appreciable intrinsic activity which 
is then reversed by naloxone. It is curious, however, if there is 
such an endogenous tone, that the administration of naloxone 
generally results in such unremarkable behavioral alterations 
(25). It may be that the behavioral assays utilized are not suffi- 
ciently sensitive or do not measure appropriate parameter to re- 
flect these putative tonic, cellular modulatory effects of opioids. 

The discrepancies between the blood flow and glucose me- 
tabolism studies reviewed above can likely be accounted for by 
methodologic considerations. One possibility is that cells which 
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FIG. 3. Alterations in blood flow as a consequence of 1.0 mg/kg nalox- 
one administration. Data presented as in Fig. 1. Increases in flow were 
seen in the olfactory tubercle and paraventricular nucleus of the hypo- 
thalamus. Decreases in flow were found in the posterior eingulate cortex 
and basolateral nucleus of the amygdala. 

are activated by opiates are too few and widely dispersed within 
structures to be resolved by the relatively coarse grain resolution 
of metabolic autoradiographic mapping and/or are not of suffi- 
cient magnitude to influence the large amount of either nonreac- 
tive or inhibited tissue which surrounds these zones (21). While 
this is certainly a possibility, our previous report of increases in 
rCBF (37) and that of Smith and colleagues (34) of increases in 
regional neurotransmitter turnover levels would argue against 
this suggestion. Probably the largest contributors to the disparate 
results are the time windows employed, the markers used and 
methodologic constraints these different techniques engender and 
the routes of drug administration employed across these studies. 
The pharmacodynamics of heroin indicate that it is very time and 
dose dependent such that after high doses neuronal and behav- 
ioral depression are seen immediately and excitation somewhat 
later, while excitation appears immediately after low doses (25). 
It is thus difficult to compare results between studies when label 
latencies after drug have varied from 0 to 60 min, sacrifice times 
after label from 1 rain to 2 h, and route of drug delivery either 
IV, SQ or IP. What is clear from these studies, however, is that 
issues of pharmacodynamics must be considered when designing 
and interpreting metabolic mapping studies of drug effects. For 
example, after the administration of high doses of IP cocaine, 

London et al. (22) observed cocaine-induced activation mainly 
within extrapyramidal structures, while Porrino et al. (31), uti- 
lizing lower doses of IV cocaine, reported predominantly activa- 
tion of mesolimbic and mesocortical structures. Thus, apparently 
due to differences in dose and drug routes, the mix of structures 
activated in these studies was quite distinct. Others have also 
demonstrated that route of administration is a significant vari- 
able in the establishment of conditioned place preference in rats 
(27,36). 

Most of the structures inhibited by heroin in this study are 
constituents of, or receive projections from limbic structures. 
Many hypothalamic nuclei were inhibited including the paraven- 
tricular nuclei which, with its outputs to the median eminence 
and posterior pituitary, may reflect some of the inhibitory influ- 
ence of opiates on neuroendocrine functions (25). 

Four regions were activated by heroin in this study; the den- 
tate, caudate, claustrocortex and laterodorsal nucleus of the thal- 
amus. That opiates can activate neuronal elements is not a 
unique observation. Electrophysiologic experiments have re- 
vealed that cells within the ventral tegmentum, substantia nigra, 
periaqueductal gray, amygdala and caudate can all be excited by 
opiate administration (5, 6, 15, 19, 26). The lack of complete 
concurrence between these sets of data may be partially recon- 
ciled by differences in measurements--electrophysiology vs. 
rCBF--each having its own time, sampling and sensitivity con- 
straints. The advantages of global autoradiographic techniques 
must be considered in light of the excellent temporal resolution 
and real time analysis of single cell recording following either 
systemic or iontophoretic drug application. 

At least three of the regions which we found to be excited 
by heroin are strongly interconnected--the dentate and laterodor- 
sal thalamus communicates with the hippocampus and entorhinal 
cortex, while the claustrocortex interconnects with the caudate 
and entorhinal cortex. Smith and colleagues (34) have proposed 
two putative reward circuits based on their neurotransmitter 
turnover experiments: one from hippocampus to nucleus accum- 
bens to amygdala to entorhinai cortex and back to hippocampus 
and a second from frontal cortex to striatum to globus pallidus 
back to frontal cortex. Taken together with additional pharmaco- 
logic and behavioral manipulations, the overall goal of this type 
of metabolic mapping research is to be able to ultimately hy- 
pothesize putative CNS circuits mediating various aspects of the 
pharmacologic profile of opiate agents. 
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