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ABSTRACT

A major emphasis of research in mental health and neuropharmacology
has been placed upon putative neurotransmitters. Histamine has received
less attention until now partly due to difficulties encountered in
measuring its concentration and turnover rates in discrete brain regions
of rats. The en;ymatic-isotopic assay procedures currently employed now
afford accurate and reliable estimates in various brain regions of rats.

Acute treatment with morphine, methadone, or naloxone did not
induce any significant changes in the endogenous histamine concentrations
in the hypothalamus, midbrain or cortex. |

Endogenous brain histamine concentrations have been found to be
reduced in the hypothalamus, midbrain, and cortex following chronic
morphine administration and these results are exacerbated by withdrawal.
The metabolizing enzyme, histamine methyltransferase, was discovered to
have unaltered activity after such treatments and the activity of the
synthesizing enzyme histidine decarboxylase has been reported to be
enhanced. These findings leave interference with precursor availability,
impairment of histamine storage, increased release, or enhancement of an
alternative metabolic pathway as explanations for the decreases noted in
endogenous histamine concentrations.

The decreases in brain histamine observed following chronic
morphine administration could be prevented or reversed by simultaneous
chronic administration of histidine.

Acute and chronic pentazocine administration have been found to

produce changes in brain histamine concentrations in a fashion parallel
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to the effects of morphine although qualitatively reduced.

Mandrax and its compoments methaqualone and diphenhydramine were
found to induce decreases in endogenous brain histamine concentrations
in the brain regions investigated but these changes were less severe
and shorter-lived following cessation of treatment thatn the changes
noted following chronic morphine treatment.

Chronic amphetamine administration produced a qualitatively
different pattern of changes in brain histamine levels from that seen
following the sedatives. Hypothalamic hsitamine was reduced and mid-
brain and cortical histamine levels were increased significantly.

Tetrahydrocannabinol, either acutely or chronically, did not
induce any detectable changes in brain histamine levels in the brain
regions investigated.

The sedative agents clearly depressed and the central stimulants
significantly elevated the locomotor activities of the rats in these
studies in a dose-dependent manner. The relationships between endogenous
brain histamine concentrations or changes therein and spontaneous
locomotor activities have been discussed.

The current studies illustrate that histamine may be involved in
the abnormal behavioral states induced by the psychoactive drugs used

in these studies as has been proposed for other biogenic animes.
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INTRODUCTION

Histamine the Autacoid

Histamine (HA) like other autacoids possesses an astonishingly
wide range of pharmacological activities in vanishingly small amounts.

No clear pattern has yet emerged which would explain the probable
biological significance of this amine in the mammalian central nervous
system (CNS). Recently the possible involvement of HA in brain function
has been proposed. Histamine in the CNS may or may not function
independently of the HA in the periphery and indeed many of the peripheral
effects of HA may influence its effects within the CNS. To date there
have been observed very large variations in HA levels in various brain
regions even within the same species. Technical difficulties in assaying
procedures and the extremely low levels of HA found in the mammalian CNS
also serve to further complicate matters.

It has been proposed that some of the HA present in the brain is
acting as a neurotransmitter analogous to other monoamines and that it
may be involved in such basic functions as wakefulness, thermoregularion,
cardiovascular regulation, thirst, and hunger. The current studies are
intended to investigate a possible involvement of HA in the pharmaco-
logical actions of various psychoactive drugs.

Before considering the evidence indicating some possible roles
for HA in the abnormal mental states induced by some current drugs of
abuse, it is important to discuss its physiological properties,

localization, and metabolism within the brain.




LITERATURE REVIEW

Physical Properties of Histamine

Histamine exists in two tautomeric forms as seen below. Form "A"
seems to predominate but the presence of "B" can also be inferred from

studies of its metabolites in urine (1, 2).

IIAII HB"

N3-C4~CH,~CH,-NH, H-N, -C5~CH, ~CH, -NH,

6/y VKC C// \é
\/ \ /

N
ll
H

The molecular characteristics of HA could prompt numerous guesses
on how it might interact with tissues. Histamine forms chelates in which
the primary amino group on each side chain and the pyridine-like nitrogen
on the ring bind the cation; complexes of 1:1 or 2:1 are possible. Salt
formation occurs through the primary amino group (3) which is protonated
at physiological pH. Imidazole forms hydrogen bonds through both the
pyridine-like and pyrrole nitrogens, and can form oligomers by inter-
molecular hydrogen bonding; HA should have a similar capacity for hydrogen
bonding. The Cg carbon in tautomer "A" is strongly nucleophilic and the
ease of cyclization of HA rests on this property. The C, carbon is
electron deficient and could attract nucleophilic groups. The calculated

energies of the highest occupied and lowest empty molecular orbitals




suggests that the imidazole ring does not engage in charge transfer
reactions.

Histamine is a strong base with a pKa of about 9.7 for the side
chain amino group and of about 5.8 for the imidazole group. Consequently,
within the physiological pH range, HA will be present almost exclusively
as the univalent cation, the ratio of ionized to unionized molecules
being more tﬁan 100:1. Finally, the interactions of HA with its sites

of action have been found to be pH dependent (4-6).

Localization of Histamine in Mammalian

Central Nervous System

The cerebral concentrations of HA are considerably lower than
those of serotonin (5-HT) and noradrenaline (NA) (7, 8), and do not
differ too significantly among mammals with the exception of the frog.
It has been pointed out that HA may be of significance as a neurotrans-
mitter in other species such as the Octopoda (9). In the Octc ~odu HA
levels have been found to be higher than either 5-HT or NA and perhaps
it plays a more pronounced role.

Knowledge of the cerebral regional distribution of some biogenic
chemicals has aided considerably in achieving an understanding of their
function. The following table shows the regional distribution of HA in
the brains of several species (10). The analytical methods employed are
indicated by the following: (a) bioassay, (b) fluorometric, and (c)
enzymatic-isotopic.

As can be seen, the concentration of HA is highest in the hypo-

thalamus, less in the thalamus and midbrain, and least in the cerebral

————r .



DISTRIBUTION OF HISTAMINE IN THE CNS OF SEVERAL MAMMALS

Species Cat(a) Dog(a) Monkey(b) Rabbit(a) Frog(c)

Means expressed as ng/g wet weight

Structures
Spinal cord <100 < 40 63 100
Cerebellum < 20 < 50 15 60 60
Thalamus . 196

Medial thalamus 250 260 270

Ventrolateral 75

Dorsolateral 350 220

Medial geniculate 370 270

Lateral geniculate 180 140
Hypothalamus 610 1850 700 760

Mammilary body 1150 740

Ventral hypothalamus 800 900

Dorsal hypothalamus 480 460

Preoptic area 430

Median eminance 12500 15100
Cerebral Cortex 90 110 290
Caudate nucleus 50 40 103 150
Hippocampus 60 80 81 90
Hypophysis 2400 900 580

Anterior lobe 2400 750 650

Posterior lobe 1700 1060 400
References 11 12 * * 13

* Personal communication in Ref. 7.




cortex. These are similar to the regional distributions of 5-HT and
NA. Much higher concentratiéns of HA (higher than 5-HT or NA) are
found in all three regions of the hypophysis, ‘especially the hypopyseal
stalk. This is a highly vascular region and the wide variation in the
HA concentration might be explained by variations in the mast cell
population. It might also be noted that the bioassay methods gave

much higher vélues than are now found with the enzymatic isotopic assay.
This might also lead to some difficulties of comparison.

With respect to the biogenic amines, 5-HT and NA, their locali-

zation within the hypothalamus and limbic forebrain enabled investigators

to link them to the regulation of emotional behavior long before there
was strong evidence that they might be neurotransmitters.

Recently, Snyder developed a micro version of the enzymatic-
isotopic assay for HA and was able to explore the regional localization
of HA in monkey brain focussing on individual hypothalamic nuclei and
nuclei of other brain regions (14). As much as a 25-fold variation of
HA levels was found among the various nuclei of the hypothalamus. The
mammillary bodies had the highest levels of HA which was 250 times
greater than the lowest found in the brain, in the cerebellum, and 5
times higher than the concentration found in the infundibulum. While
there was excellent consistency in values for most hypothalamic nuclei,
HA concentrations in the supraoptic nucleus varied as much as 10-fold
in different animals.

Subcellular fractionation is a valuable tool for determining the
intracellular locale and possible function of numerous chemicals in the

brain. The subcellular distribution of HA in mammalian brain has been




repeatedly investigated (15-20). 1In 1963, Carlini and Green (21) found
the microsomal fraction of gﬁinea pig whole brain to be especially rich
in HA. Michaelson and Coffman (22) reported the majority of brain HA

to be confined to the crude mitochondrial pellet. The difference between
these results may be related to the conditions of centrifugation used

for preparing the crude mitochondrial fractions.

Histamine was localized to an area of the gradient corresponding
to the maximal potassium and lactic acid dehydrogenase activity. The
highest levels of HA occurred in a portion of the gradient less dense
than the peak activity for monoamine oxidase, a mafker for mitochondria.
Hypotonic shock released HA into the supernatant fluid. Since potassium
and lactic acid dehydrogenase are markers for cytoplasm occluded within
synaptosomes, and since synaptosomes and not mitochondria, can be lysed
by hypotonic shock, these data indicate that the HA was localized to
synaptosomes (14).

From this work it appears that the true distribution of HA
resembles that of the other putative neurotransmitter NA. In order to
verify this conclusion direct positive identification techniques would
need to be employed. These techniques might include an electronmicro-
scopic histochemical method and perhaps mass spectrometric determination
of the contents of these tissues.

Although redistribution of HA during homogenization interferes
with studies of its intracellular localization, it is evident that a
major portion of brain HA is localized in nerve terminals which is an
important piece of evidence in support of the case for HA as a possible

neurotransmitter in the brain.
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Unlike the situation of the minor peaks of HA in sucrose gradi-
ents of adult rat brain, there is no evidence of redistribution of

neonatal brain HA during homogenization.

Mast Cell and Non Mast Cell Histamine

Before the physiological functions of brain HA may be understood,
its precise i&entification in specific cells along with details of its
synthesis and storage are required. Although there is a gross corre-
lation between the concentration of HA and the number of mast cells in
the three portions of the hypophysis, there is reason to think that HA
in the anterior lobe of the hypophysis is retaine& in cells different
from mast cells, whereas HA in the posterior lobe and stalk is found at
least in part in mast cells (11). It appears relevant that the rabbit,
which is deficient in mast cells, possessed less HA in the posterior
lobe of its hypophysis than is the case in other species (23).

From studies on the adult rat brain, there is extensive evidence
of HA in a neuronal system developing after birth other than mast cells
(24). In conjunction with this hypothesis of a dual localization of HA
in neurons and mast cells, it has been found that slices of mouse brain

(25) or rat hypothalamus (26) incubated in a physiological medium,

released both HA and endogenously synthesized 3H-HA (27) when depolarized.

This HA is believed to arise from neurons and not mast cells. Unfor-
tunately, the mechanism of HA release from mast cells is similar in many
ways to the transmitter release mechanisms from nerve endings (28).

The importance of mast cells as a potential storage site for HA

has been overlooked for a long time. Owing to the low levels of HA in
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the brain, a relatively small number of mast cells conéaining HA in
amounts similar to typical péritoneal mast cells could account for the
entire amine content. Recently several authors have reported the
occurrence of mast cells in the mammalian brain (29-32) and it appears
that there is some regional variation in their occurrence which might

to a certain extent parallel the variations in HA levels. These studies
do not howevef, give any idea as to the percentage of cerebral HA in
mast cells or closely related cells. In the neonatal rat brain, mast
cells could well be a major storage site for HA (33). In neonatal
animals, neurons actively proliferate and most neurotransmitters increase
in concentration with age (34-36) but in contrast ﬁA levels in the brain
of neonatal rats is at least five times higher than in adults (37, 38)
yet the function of this HA is not yet certain. Perhaps it plays some
role in the rapid growth processes of the brain and is involved with
functions of the nucleus in regulating growth. Histamine is a very basic
compound as are the polyamines and perhaps HA may play an analogous

Tole to that proposed for the polyamines which have been proposed as

regulators of nucleic acid function in rapidly growing tissues.

Histamine Formation and Metabolism

White (39) and Adam (40) have reported that the hypothalamus of
cats did not concentrate HA but was capable of synthesizing it. In 1959,
White (41) showed that the rate of HA formation was by far the greatest
in hypothalamic tissue, the area postrema was less, and the cerebral
cortex showed slight but detectable activity.

The substrate of HA formation is L-histidine which contains an

imidazole ring that animals are incapable of synthesizing. Histamine is

.
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then formed by decarboxylation of histidine and although this is not a
major degradative pathway for histidine it is perhaps the only pathway
for HA synthesis within the body. As it does not easily pass the blood
brain barrier, almost all HA in the brain must be formed intracerebrally
(37, 42, 43).

The greatest histidine decarboxylase (HD) activity among nervous
tissue was found in the hypothalamus of cats, dogs (39-41), pigs (41),
humans (42,435 and the rat fetus (44, 45). High levels of HD were
found in the hypothalamus, cerebral cortex, and hippocampus of rats, but
not in the cerebellum and cervical ganglia (44). The regional differ-
ences were more distinct for HD than for HA. In céontrast to HA onto-
genesis, HD shows an increase from birth to adulthood parallelling
synaptogenesis.

There are at least two histidine decarboxylases, both of which
require pyridoxal-5’-phosphate (46) and are found in the soluble portion
of the cell. Histamine can be formed by the specific HD and by the
non-specific HD (aromatic amino acid decarboxylase) and probably both
types were measured in the homogenates in earlier experiments. Due to
the large amount of HA formed daily by rat tissues, it is difficult to
suppose that it is formed only by the specific HD. The specific HD has
a high affinity for histidine and does not decarboxylate dihydroxy-
phenylalanine (DOPA) or 5-hydroxytryptophan (5-HTP). It is not
inhibited by alpha-methyldopa whereas the non-specific decarboxylase is
(47). The activities of both decarboxylases are very temperature and
pH dependent (48). The specific HD can be inhibited by alpha-hydrazino-
histidine or NSD-1055; however, the lowering of brain HA by these

treatments could represent displacement or some other effect rather
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than inhibition of synthesis. The rate of decline of HA may reflect the
turnover rate of at least a portion of brain HA and if this is so, it

appears to be turning over much more rapidly than 5-HT or NA.

Histamine Formation from Exogenously Administered Histidine

Histamine formation in vivo can be studied after intraventricular
administration of *H- or !*C-histidine (14, 49). Schayer and Reilly (50)
reported '“C-histamine formation in whole mouse brain but such data only
reveal the sum of all the changes occurring after treatment and possible
opposite effects of drugs on HA concentrations in various brain regions
cannot be detected. The advantage of the intraventricular method lies
in the very small quantities of precursor that must be administered in
order to detect the radioactivity of the 3H- or 1¥C-histamine formed in
different brain regions of the rat. Intravenous radiolabeled HA formation
requires prohibitive amounts of expensive precursor. Several serious
objections have been raised against this method considering the nonphysio-
logical route and whether the distribution would be the same as the
naturally occurring substance. In addition, this procedure itself induces
considerable stress in unanesthetized animals or the anesthetics themselves
may introduce changes in normal brain function and hence neurotransmitter
levels, or distribution.

It appears that the mean concentration of free histidine in brain
tissues [around 5x107° according to Levi et al. (51)] is not sufficient
to saturate the HD (Km 107*M) which is a similar situation to that of
central serotonergic neurons in which the enzyme tryptophan hydroxylase
is not saturated by its substrate. The assumption that the biosynthesis

of HA might be influenced by the level of L-histidine in the plasma
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appears to be confirmed by the effects of histidine loads. Such treat-
ment markedly increased the cerebral HA levels in various brain regions
and subcellular fractions (52, 53).

Following acute histidine administration, HA levels have been
found to be increased 2-3 times in all brain regions except the medulla
oblongata-pons where there was no alteration in the HA content (14,
54-56). The greatest formation of HA from exogenously administered
histidine in tﬂe hypothalamus coincides with the highest brain concen-
trations and the rapid turnover of HA found in this brain region (14).

After HA is formed in the soluble portion of the cell it must be
protected in order to escape degradation by the catabolizing enzymes
present (57). It is possible that in the soluble cytoplasm HA is in
complex with acidic material which prevents its catabolism or possibly
the decarboxylation occurs at or near the surface of the particulate
material to which HA attaches. These problems are not peculiar to HA

but they exist as well for the other biogenic amines.

Histamine Catabolism

Some possible routes of HA metabolism (58) are shown in the
diagram on the following page and it can be seen that HA may be metabolized
by either oxidative deamination or methylation.

In most species including man, there is some direct oxidative
deamination of HA by histaminase to produce imidazoleacetaldehyde. Almost
all of the aldehyde is converted by aldehyde dehydrogenase to
imidazoleacetic acid but a small portion is reduced by alcohol dehydro-
genase to imidazole ethanol (histidol). In the brain, however,

histaminase activity is low or absent in some regions (59-61) and this
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supports the view that the pathway of HA degradation in the brain under
physiological conditions may not involve oxidative deamination. One
cannot exclude the possibility that histaminase may be localized in very

specialized cerebral structures and the examination of the whole brain
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so dilutes the activity that it is impossible to detect. Further
examinations are necessary using more sensitive and more specific
methods on certain structures especially nerves and nerve terminals in
order to be certain.

The most important route of catabolism of HA is via methylation
to methylhistamine with S-adenosylmethionine as the methyl donor and
histamine methyltransferase (HMT) as the converting enzyme. The methyl-
histamine is then oxidatively deaminated to form methylimidazole
acetaldehyde and from this by the action of aldehyde dehydrogenase the
major urinary product of HA catabolism results (methylimidazoleacetic
acid). Methylation plays a significant role in brain (62, 63) being
found in the cat (39, 64), mouse (65, 50), rat (66) and guinea pig (67).
In the rat brain, the predominance of methylation as the major metabolic
pathway (68, 69) is indirectly emphasized by finding very low diamine
oxidase activity (70, 71). There are however, considerable differences
in HA metabolism in other species and even in various organs within the
same species (72, 73).

Methylhistamine is the HA methylation product (62, 63, 74, 75},
but it is also possible that methylhistamine may be formed by a decarboxy-
lation of methylhistidine. This metabolic pathway described by Schwartz
(76) is five times slower than the pathway methylating HA, however, we
cannot overlook the significance of this pathway in those species or

tissues in which HMT activity is very low. The existence of this pathway

has not been demonstrated in the CNS .
Quantitative Importance of Histamine as a Neurotransmitter

The great volume of research published in recent years on biogenic

amines has led to the assumption that they are major neurotransmitters
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in the CNS. While they undoubtedly play an important role in brain
function, the biogenic amines probably account for transmission at only

a small proportion of central nervous synapses (77). For instance, Hokfelt
(78) has estimated that in the corpus striatum, the brain region richest

in DA, only about 15% of the nerve terminals appear to contain CA and in
the hypothalamus, which contains the brain's highest levels of NA, only

5% of the nerve terminals are catecholaminergic. Serotonin probably i
accounts for a smaller proportion of brain synapses than NA. Estimates

suggest that acetylcholine (Ach)-containing nerve terminals account for

no more than about 10% of brain synapses. Histamine may also be a

transmitter in the brain but its levels are only about 10% those of 5-HT.

The important factor to consider here is that the turnover rate of HA is

many times faster than that of the CA and is comparable to Ach and hence

the functional significance of HA may be quite comparable to the other

amines (79).

Direct Effects of Histamine on Neurons

The microelectrophoretical application of HA into the immediate
vicinity of single neurons has been reported to alter resting potentials
as well as firing rates (80-84). In a number of cases however, the
significance of the responses remains unclear since the strict conditions

required for this kind of procedure were barely met. Additionally, most

of the studies have been performed before the discovery of specific

agonists and antagonists of Hy; and H, receptors (85).
Direct HA application depressed the firing rate of many inter-
neurons and hyperpolarized motoneurons of the cat spinal cord (86).

A depressant, generally weak, action was also recorded after application
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of HA on neurons of the cuneate nucleus (87), brain stem reticular
formation (88), motor cortex 689) or of the cerebellar Purkinje cells
(90). 1In contrast, the great majority of the cells in the hypothalamus
were excited by HA and when it was applied in high dosages on cerebro-
cortical neurons excitation was also recorded (91). In contrast to the
depressant effect of HA on the excitability of neurons in the cerebral
cortex, and brain stem, HA demonstrates predominantly excitatory action
on supraoptic and other unidentified hypothalamic neurons (81, 92).
Recent studies by L. Renaud (93) on identified hypothalamic neurons in
the centromedial nucleus of rats imply that there afe differences not
only in the nature of HA sensitive neurons within individual hypothalamic
nuclei but also regional differences within the hypothalamus. Micro-
electrophoretically applied HA has a relative potency similar to that
of other biogenic amines (94).

The actions of HA on cerebral neurons appears to result from the
activation of specific receptors either Hy, Hy or both. As Hl receptor
antagonist (mepyramine) partially blocks these effects and the addition
of the H, blocker (metiamide) totally blocked these effects. The data
with H; antagonists should be considered with caution in view of their
potent membrane stabilizing action which results in a non-specific
blockade of the actions of a variety of neurotransmitters. The new H,
receptor antagonist metiamide is more selective than the H; blockers
(95-97) and should permit studies on those excitant actions which do not
involve Hp-receptors, but its effects may be complicated by partial

agonist activity (98).
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Histaminergic Pathways and Receptors

If HA is a neurotransmitter then it arises to elucidate the
locations of the neuronal pathways and the cell bodies. Studies using
selective brain lesions in different mesencephalic or diencephalic
structures (99) failed to produce any significant reduction of HA in
various brain regions. In fact, large diencephalic lesions were found
to cause a sloﬁ but marked elevation in hypothalamic HA and this was
interpreted as due to a process of heterotypic re-innervation (100, 101).
These processes may, however, be due only to increased numbers of mast
cells as found in the sheaths of injured peripheral:nerves. Perhaps even
HA levels in brain regions are not specific markers for putative
histaminergic neurons and instead HD activity measurements may be more
reliable.

Starting from the observations of very similar patterns in the
regional distribution of HA and the monoamines NA and 5-HT, it was
postulated that there are histaminergic fibers in the medial forebrain
bundle, the ascending pathway containing the bulk of the monoaminergic
neurons. Diencephalic lesions. performed unilaterally at the level of
the lateral hypothalamic area were found to lower HD activity in the
ipsilateral cerebral cortex (91, 102, 103) with a time course compatible
with Wallerian degeneration. The enzyme activity in the contralateral
side was not significantly altered, indicating that the telencephalic
degeneration was restricted to the lesioned side. The maximal reduction
in HD (50-60%) was observed after 10 days but the HA content was decreased
by only 20-30%.

The existence of a non-neuronal compartment of HA representing
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about 50% of the total amine in rat cerebral cortex and’characterized,
like mast cells, by a low HD éctivity could explain why the lesions
affected the synthesizing enzyme more than the level of the amine. This
view is supported by experiments in the cat in which surgical interruption
of both the ascending and lateral afferent neurons Tesulted in an almost
complete disappearance of HD activity whereas HA levels were only reduced
by 50% (104).

Althougﬁ lesions affecting HA in the telencephalon also inter-
rupted the monoaminergic ascending pathways, their effects cannot be
ascribed to an indirect consequence of the degeneration of the latter
since neither 6-hydroxydopamine nor 5,6—dihydroxytryptamine affected HD
activity in the rat telencephalon (102, 103).

Schwartz (105) concludes there is a distinct histaminergic pathway
emanating from the midbrain or brain stem, ascending throughout the entire
ipsilateral telencephalon. Recently a histaminergic pathway to the
cerebral cortex has been evidenced with the help of microelectrode
techniques (106). This system may set the overall excitability of the
telencephalon, perhaps in relay from tﬂe reticular formation and this
might explain its apparent role in states of sleep and wakefulness. A
variety of data indirectly support this hypothesis. First, the fact that
reserpine is able to release HA (26, 107) suggests that the mechanism of
storage of the imidazolamine might bear some similarity with that of the
monoamines. In addition, several behavioral studies are in agreement
with this hypothesis. The application of HA as well as that of its
precursor amino acid histidine, in the lateral hypothalamus, has been
shown to modify self-stimulation (108) a behavior whose anatomical

substrate is believed to be the medial forebrain bundle (109). The
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participation of HA in cortical arousal mechanisms has also been evoked
in view of the desynchronized'electroencephalographic patterns recorded
after its intraventricular administration (110). The desynchronization
has recently been reported to be reversed by low doses of peripherally
administered mepyramine. The almost immediate decrease of cerebral HA
turnover in rats receiving barbiturates (111, 112), as well as the
marked sedative‘properties of most antihistamines used in therapeutics,
are also consistent with the possible involvement of ascending histamin-
ergic neurons in arousal mechanisms.

Increasing evidence supports an important role for cyclic-
3’,5'-adenosine monophosphate (cyclic AMP) in the CNS. Several putative
neurotransmitters such as catecholamines (CA), 5-HT and HA, have been
found capable of increasing cyclic AMP concentrations in rat brain slices
from various brain regions (113-115). From these studies it might be
concluded that there are distinguishable adenylate cyclase receptors for
these biogenic amines.

As early as 1968, Kakiuchi and Rall (116, 117) found that HA
increased cyclic AMP in rabbit brain slices and that the increase was 10
times that produced by NA or 5-HT. A series of experiments was performed
to determine whether cyclic AMP may play a role in regulating the activi-
ties of the cells of the CNS as an intracellular mediator of responses
to transmitters and hormone-1like compounds. The results found in chicks,
suggest that the behavioral responses to HA may be mediated by an
increased rate of formation of cyclic AMP. Responses of cyclic AMP
generating systems to HA have now been reported in slices from a variety
of species and brain regions (118). In guinea pig, HA evokes the largest

responses in slices from the hippocampus, cerebral cortex, and thalamus.
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The effect of narcotic drugs on the cyclic nucleotides in brain
that are involved in adrenergic transmission have mainly been examined
indirectly. Intravenous cyclic AMP antagonozed the analgetic response
of morphine in both tolerant and non-tolerant mice and accelerated the
development of tolerance to and physical dependence upon morphine (119).
These authors also suggested that cyclic AMP administered intracerebrally
might reverse the depressant effect of morphine. Gullis et.al. have reported
that morphine increases the content of cyclic-3',5'-guanosine monophosphate
(cyclic GMP) and decreases that of cyclic AMP in neuroblastoma cell lines
(120) but they have now retracted these findings amid serious controversy.
Since in brain the opiate receptor may exist in two conformational states,
sodium-dependent and sodium~free (121), it was suggested that each was linked
in its function with either cyclic AMP or cyclic GMP. Morphine in very
high doses increases the cyclic AMP content of the striatum (122), although
since the doses of morphine required were high, perhaps they were unrelated
to a specific binding of morphine to the opiate receptor. Other reports
have shown that morphine increases cyclic AMP content and decreases
cyclic GMP content in various brain structures including the striatum (123).
It has been reported that morphine enhances the cyclic GMP content of
the striatum when brain enzymes are inactivated within 2 seconds (124).

This work should illustrate some of the complexities involved in unravelling
the truth with regard to the physiological involvement of HA and these
nucleotides.

It is clear that the effect of HA is mediated by receptors that
are distinct from those mediating the response of the cyclic AMP
generating system to NA. This is indicated by the large regional differences

in responsiveness to the two biogenic amines during brain maturation (125)

and by the lack of effect of alpha-adrenergic and beta-adrenergic -
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receptor blockers on the HA-induced stimulation (126). On the other

hand, classical antihistamines (H; antagonists) have been repeatedly
found to inhibit the HA-induced stimulation but in most cases, the
blockade was either a partial one or was complete only with high drug
concentrations. Recently, Baudry et al. (127) have demonstrated that

the HA-induced accumulation of cyclic AMP in slices from guinea pig
cerebral cortex, was in fact, mediated by the activation of the two
classes of receptors: it could be partially inhibited in a dose-dependent
fashion by either an Hj-antagonist (mepyramine) or an Hp-antagonist
(metiamide), and totally blocked in the presence of both agents. This

is in contrast to the predominant Hy-receptor involvement peripherally

(128-131). Furthermore, a specific Hy-receptor agonist, 4-methylhistamine,

induced a partial activation which in this case could be totally prevented
by metiamide. In hippocampal slices, the results were quite different
and Hl and Hp-receptor linked cyclases appeared to be of nearly equal
importance. It has been shown more recently that a classical H;-receptor
is associated with the major portion of the response of HA-sensitive
cyclic AMP generating systems in guinea pig neocortical slices, and that
a small portion of the responses may be due to activation of H,-receptors
(132). 1In rats, HA has only marginal effects on cyclic AMP levels in
cerebral cortical slices except in the presence of a phosphodiesterase
inhibitor (133-135) or adenosine (133, 136). Recent results suggest that
the HA response in rat cortical slices has primarily Hy character (135)
leading to accumulation of adenosine-3’,5'-monophosphate.

The cellular localizations and functional roles of the two classes
of cerebral HA receptors, as evidenced by the stimulation of the cyclic

AMP generating system, is still a matter of conjecture, however, from
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their presence in the cerebral cortex and hippocampus (regions where
lesion studies indicate that HA-containing neurons might be ending) it
is tempting to speculate that such receptors, or at least one kind of
them, are localized post-synaptically and that cyclic AMP is playing
the same role of '"second messenger' at histaminergic synapses as
hypothesized at noradrenergic synapses of the cerebellum or hippocampus
(83). Consistent with this view are the recently reported similar
actions of cyclic AMP and HA (137) which were microiontophoretically
applied on cells of the cat medullary reticular formation: the great
majority of cells depressed by cyclic AMP were also depressed by HA.

The finding of HA receptors linked with the cyclic AMP generating system
on isolated nerve endings would also be consistent with this hypothesis.
On the other hand, the responsiveness of cultured glioma cells (138)
and, glia being the major morphological site of glycogen deposition, the
finding of an Hl receptor-mediated stimulation of glycogenolysis in brain
slices (139) would be in favor of a non-neuronal localization of these
receptors.

The mechanism and physiological significance of the synergistic
interaction between HA and adenosine is unknown. The results with
combinations of Hj or Hy agonists with adenosine however, provide some
interesting insights. In both cerebro-cortical and hippocampal slices,
the synergism between HA and adenosine appears to involve primarily Hy
receptors., The characteristics of these receptors are, however,
apparently altered by the presence of adenosine. Thus although the
affinity of the Hy receptor for HA is not significantly changed, the
affinity for the H;-agonist 2-aminoethylthiazole, is increased 100-fold

and even the Hp-agonist, 4-methylhistamine, now appears to activate the
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Hi-receptor. Such results suggest that adenosine, upon‘interaction
with its receptor, not only activates an adenylate cyclase but also
profoundly alters the properties of associated amine-sensitive receptor-
Cyclase complexes (140).

Although not exactly comparable, it is still worth mentioning
that in a recent study (141) it was suggested that intracellular cyclic
AMP regulates the calcium gating mechanism which is supposed to control
HA secretion from rat peritoneal mast cells. This idea however, remains

to be substantiated by measuring intracellular cyclic AMP and calcium

uptake in the CNS.

Possible Physiological Roles for Histamine

Histamine may be involved as a substrate for some reaction, as a
mediator of certain CNS functions, or it may directly influence the CNS.
Studies have employed drugs, lesions, phychological stresses, and physio-
logical influences in order to alter the levels and turnover of brain
HA. Histamine has been reported to be involved in drug dependence,
wakefulness, hunger-satiety, aggression, respiration, cardiovascular
control, temperature regulation, and schizophrenia either directly or
via interactions with the other biogenic amines present in the CNS.

The studies performed to elucidate the role of HA in brain function
include clinical studies, animal studies, and in-vitro studies.
Together, these studies are beginning to assign significant roles to
HA in brain function.

Histaminoceptive neurones with distinct functions exist in the
hypothalamus where HA excites many neurones including neurosecretory

cells of the supraoptic nucleus of the cat and neurons in the rat
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ventromedial hypothalamus producing releasing factors (f42). These
results strongly suggest an involvement of HA in the secretion of the
posterior pituitary hormones and of releasing factors for the adeno-
hypophyseal hormones on the synaptic level in the hypothalamus.

The hypothalamus acts as a ''final common pathway'" for the
integration of all neural activity that affects anterior pituitary
activity, and it is the principal structure through which analgesics
exert their effects on the pituitary. 1In nearly all cases chronic
morphine administration inhibits pituitary function (143). The
mechanism by which narcotic analgesics might influence hypothalamic-
pituitary activity focuses mainly on the presence and role of cholinergic
and monoaminergic pathways in the CNS (144, 145). 1If one assumes that
the neurosecretory cells which contain the releasing and inhibiting
factors are in a postsynaptic position, then any alteration in the
synthesis, release, or degradation of transmitter substances in the
presynaptic neurons innervating these cells could influence the synthesis
and/or release of the contents of the cells. Changes in turnover rates
and concentrations of the transmitter substances in brain have been
associated with alterations in anterior pituitary function, with
particular emphasis on adreno-corticotrophic hormone and leutinizing
hormone function (146-152).

The supraoptic nucleus is thought to be mainly concerned with
making neurosecretory granules containing antidiuretic hormone. A
marked antidiuresis followed the injection of HA into the cat supraoptic
nucleus (153). Experiments are being performed to examine the effects
of water restriction or hypertonic saline on HA synthesis in this area

of the hypothalamus. Intrahypothalamic or intraventricular HA
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éonsistently elicited a water intake which was blocked 6r reversed by
H; antagonists (154, 155).

The ventromedial region of the hypothalamus, among other functions,
is involved in the regulation of eating behavior and perhaps HA neurons
may play a relevant role similar to, or complementary to the role
described for CA (156, 157).

The possible role of brain HA in behavioral performance was
studied in rats using thirst-induced water consumption, continuous
avoidance, and reinforcement withdrawal test systems (155). Parenteral
administration of a variety of antihistaminics to the rats decreased the
thirst-induced water consumption, and this effect could be antagonized
by intraventricular administration of HA. When intraventricular doses
of HA were given to rats at weekly intervals, an adaptation was seen in
the effects of the amine on continuous avoidance behavior. With
succeeding doses the initial period of depression of avoidance responding
was shortened and the subsequent rebound stimulation disappeared.

The reported depletion of brain HA by 4-thiazolylmethoxyamine was
accompanied by a significant reduction of spontaneous locomotor activity
(SLA), total suppression of REM sleep, and a reduction of slow wave
sleep (158). In contrast, histidine loading has also been shown to be
accompanied by a significant decrease in SLA (159). Histidine loading
also impaired amphetamine-induced hyperactivity and shortened the
duration of the ipsilateral rotatory behavior induced by amphetamine
in rats whose nigrostriatal tract was unilaterally destroyed. Histidine
loading however, did not modify prochlorperazine-induced catalepsy,
ptotic and cataleptic actions of reserpine, tremorigenic, analgesic,

and hypothermic effects of oxotremorine, mepyramine, and pentetrazol-
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induced seizures and the hypnotic activity of pentobarbital and chloral
hydrate (160). In fact HA potentiates reserpine or tetrabenazine-
induced catatonia (161).

In the conscious rabbit, intravenous infusion of HA diminished
electroencephalogram slow wave activity and increased arousal (162).
Larger amounts of HA have been found in the dialysates of blood from
waking than from sleeping rabbits (163).

In addition to the work done directly on the effects of HA. little
is known of the mechanism responsible for the sedative effects of
antihistaminics. Perhaps their CNS effects are related to changes in
brain HA as was suggested by Crossland (164). There have been confusing
observations on the effects of the antihistamines on brain HA. While
low doses of diphenhydramine have been reported to lower HA levels,
higher doses have not (165).

Histamine induces vomiting by stimulating the vomiting center,
and it augments the electrical activity of the cerebellum either directly
or by way of an action on midbrain neurons. The emetic response elicited
in the dog by stimulation of the chemoreceptor trigger zone in the area
postrema is mediated both by H; and H, receptor mechanisms (166, 167).
The anti-emetic properties of antihistamines provides one of their most
beneficial pharmacological properties.

Crossland (168) reported that the activity of some neurons in
the CNS is inhibited when HA is applied directly to them. Histamine
inhibited electrical self-stimulation at the injection site when injected
into the lateral hypothalamus, but it did not affect self-stimulation of
the contralateral location. This effect was found to be blocked by

pretreatment with antihistaminics such as diphenhydramine or chlor-
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pheniramine.

Finch and Hicks (169) have reported that bilateral injections
of HA into the posterior hypothalamus can elicit short-lasting rises
in resting blood pressure and heart rate in rats. This action appeared
to be mediated by Hj receptors. Similar responses were also demonstrated
after anterior hypothalamic injections of HA and these authors stated
that a-adrenoreceptors or cholinergic receptors do not appear to be
involved in these responses. Sastry and Phillis (170) have reported
that clonidine-induced hypotension in rats may be mediated through H,
receptor activation. Clonidine produced some effects that were not
blocked by metiamide and this raises doubt about the specificity and
significance of these results.

The ability of the biogenic amines to alter body temperature
when injected into the cerebral ventricles of cats led to the hypothesis
that they serve as neurochemical mediators in the CNS regulation of body
temperature. From their findings, Feldberg and Myers (171) put forward
the hypothesis that temperature regulation is achieved by a balance of
opposing actions due to the relative rates of release of CA and 5-HT.

The results with cats were confirmed on dogs and rhesus monkeys; however,
different responses were found when these substances were tested in
other species. A summary of some of the results up to the present has
been compiled by Bligh, Cottle, and Maskrey (172).

In 1949, Fabinyi and Szebehelyi (173) showed that HA caused a
fall in body temperature in mice and rats maintained at an environmental
temperature of 18-20°C. When the animals were kept at 30°C, HA produced
a slight rise in core temperature. The hyperthermic effect was abolished

by adrenalectomy from which it was concluded that release of adrenaline
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increased heat production in the intact animals at 30°C. ‘' The hyper-
and hypothermic effects could be prevented by prior administration of
antihistamines (174).

In 1967 Borison and Clark (175) found that HA induces hypothermia
in guinea pigs by an action on the hypothalamus. In rats and mice,
injection of HA directly into the rostral hypothalamus to avoid the
blood brain barrier, caused a dose-dependent fall in body temperature
(176) which could be prevented by systemic administration of an Hi-
antagonist such as pyrilamine (177). The dose dependence was more
apparent on the duration than on the amplitude of the hypothermia.

Alternative approaches to the study of the central effects of HA
include increasing brain levels by systemic injections of high doses of
its immediate precursor histidine, or the depletion of HA levels using
inhibitors of the enzyme HD.

Histidine loading intraperitoneally did not produce any effect
on colonic temperature in mice (178) but it did produce a hypothermic
effect in rats (177, 179) and the response can be blocked by prior
intraventricular injection of an Hp-receptor antagonist such as
burimamide (180). These experiments indicate the involvement of both
Hj and H, receptors for HA in central thermoregulatory pathways. These
results (179) are not conclusive however, as it has recently been shown
that high plasma and brain levels of histidine can affect the concen-
trations of other amino acids which may then in turn exert influences
upon thermoregulatory mechanisms.

The temperature changes resulting from central injection of HA
are not large when compared to those caused by some other hypothermic

agents. In part, this results from compensatory mechanisms which come
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into play when effector pathways are activated and also because
temperature variations are an insensitive measure of thermoregulatory
mechanisms due to the time required to bring about changes in the heat
content of the body mass (182).

Along the lines of the second approach to these studies, as
mentioned above, namely the inhibition of HD, Taylor et al. (183) have
reported that 4-imidazolyl-3-amino-2-butanone (McN-A-1293), a new and
specific inhibitor of HD, although less potent than other L-aromatic
amino acid decarboxylase inhibitors, is more specific and induces
hypothermia. In addition it has been observed that the HD inhibitors,
alphahydrazino-histidine and NSD 1055, induce marked hypothermia (184).

Recently much attention has been paid to the identification of
neurohormonal substances involved in the hypothalamic regulation of body
temperature. The finding that the highest concentration of HA in the
brain is present in the hypothalamus is in itself justification of a
closer examination of the candidature of HA for such a role. Central
thermoregulatory mechanisms constitute one neuronal system on which an
effect and hence a neurophysiological role for HA may be demonstrated.

Morphine can cause hypothermia or hyperthermia depending on the
species, dosage, route of administration, and the development of tolerance
(185). Histamine has been demonstrated to be involved in morphine
tolerance and dependence (186) and hence, the interrelationship of
morphine's known thermoregulatory actions (187) and the possible
involvement of HA showld be investigated.

Another group of observations that has stimulated the idea that
HA may play a role in brain function is the relatively low incidence of

allergy in schizophrenic patients and their abnormal blood HA levels
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(188). High blood HA levels have been associated with suicidal

depression but HA metabolism is unknown in these patients. The effects

of some of the major psychoactive drugs administgred to these patients
such as the phenothiazines or butyrophenones may bear some relationship

to their ability to interact with the histaminergic as well as other
neurotransmitter systems (190, 191). Attempts at using HA tolerance as

a diagnostic procedure for schizophrenia have so far been inconclusive.
Theories implicating noradrenergic fibers (192), serotonergic fibers

(193) as well as dopaminergic fibers (194-196) have been proposed to
explain the symptoms of this disease. It is becoming obvious that several

biogenic amines may be involved in this complex illness concurrently.

Influence of Dependence Inducing Agents on

Brain Biogenic Amines

In recent years considerable attention has been focused upon the
relationship between the biogenic amines and certain pharmacological
actions of the narcotic analgesics and other dependence-producing agents.
Tolerance and dependence develop concurrently and disappear upon abrupt
withdrawal and are therefore believed to be inseparable parts of a common
mechanism (197, 198). Evidence relating either phenomenon to biogenic
amines as indicative of a role for that amine are therefore combined.

Recently Pert and Snyder demonstrated specific binding of opiate
agonists and antagonists to the pharmacologically relevant opiate receptor
in the brains of several mammalian species (199, 200). There are
dramatic regional variations in opiate receptor binding in the brains
of rat, monkey, and man with the highest levels occurring in the anterior
amygdala, the periaquaductal gray, thalamus, hypothalamus, and caudate head.
Much work remains to be performed in order to assign roles and establish
the validity of the peptides termed enkephalins which may be part of the

opiate recepntors themselves.
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Herz et al. (201) postulated that structures in the caudal brain
stem, most probably in the floor of the fourth ventricle, are important
substrates for the development of dependence on morphine. Unfortunately,
the regional distribution of opiate receptor sites throughout the
mammalian brain, fails to perfectly parallel that of any known neuro-
transmitter substance.

Iwamoto, 4in 1972 (202), reported his findings in mice and rats
with respect to the possible involvement of the biogenic amines, 5-HT,
NA, and DA with the action of the opiates. In the rat, NA and 5-HT
concentrations in the brain were found to decrease, increase, or to
remain unaltered after acute morphine administration while NA turnover
was increased (122, 203-207). These conflicting results were reported
possibly due to differences in the dosages employed, the time of sampling,
and the species used in these studies.

Acute administration of morphine reduces the brain CA content of
rats, mice, and cats (208) and increases the release and turnover of CA
from the brain. During the primary phase of addiction to morphine in
man, the urinary excretion of adrenaline, NA, DA, and their metabolites
was increased (209). These observations indicate that morphine also
releases adrenal CA in man. In 1971, Rethy (210) found a good correlation
between the ability of a narcotic analgesic to increase the locomotor
activity of the mouse and its ability to deplete brain CA.

Until relatively recently, DA was known only as the percursor of
NA but now it commands at least as much attention (211). Dopamine has
been linked to such diverse activities as growth, vomiting, and neuro-
transmission, particularly in the basal ganglia and mesolimbic forebrain

(212-216). There is now evidence that abnormalities of dopaminergic
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neurotransmission in the brain may be of clinical importance (217-219)
in Parkinsonism and perhaps even schizophrenia. More relevant to our
studies, however, are the reports of interactions between narcotics and
dopaminergic mechanisms in the CNS.

Eidelberg and Erspamer (220) proposed that morphine exerts some
of its central nervous actions by first interfering with DA-mediated
synaptic transmission and then initiating compensatory changes that
superficially resemble denervation supersensitivity. They felt that
these compensatory changes may underlie the excitatory actions of
morphine. More recently Lee and Fennessey (221) have.reported an
inverse relationship between the morphine-induced changes in brain HA
and locomotor activity in mice. These reports indicate the possibility
of a DA-HA interaction.

Laverty and Sharman (222) have reported that in the cat, large
doses of morphine (30-50 mg/kg) increase the homovanillic acid
concentration in the caudate nucleus without affecting the concentration
of DA. Takagi and Nakama (223) have shown that morphine (20 mg/kg)
causes a slight decrease in the concentration of DA in the mouse brain
which is followed by a reduction in the concentration of NA. Still
others (224) using the rat showed that acute administration of morphine
caused an accelerated depletion of brain DA after inhibition of CA
synthesis and decreased dopaminergic transmission (225-227). These
effects are competitively inhibited by naloxone but naloxone appears to
be ineffective on the increased rate of DA synthesis and on catalepsy
induced by chlorpromazine (226).

In addition to the above findings, DA given peripherally, has

been found to decrease the analgesic activity of morphine while the
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intracerebroventricular injection of DA is reported to poténtiate the
antinociceptive activity of morphine (228, 229).

Kuschinski and Hornykiewicz (230) concluded that the main site
of morphine action may be presynaptic. They proposed that morphine
administration may lead to a diversion of newly synthesized DA from
storage sites to sites of catabolism. This diversion could result in a
deficiency of the readily available DA for release onto the receptors,
with catalepsy asbits pharmacological correlate and an increase in DA
synthesis as a compensatory biochemical measure. This hypothesis is in
agreement with the observation that the striatum preferentially uses
newly synthesized DA for synaptic release (231).

It is well established that morphine and other opioids have
different effects upon locomotor activity in mice and rats. In mice,
acute morphine induces a dose and time-dependent increase-decrease (179)
in running activity, whereas in rats the locomotor activity is mostly
decreased. Van Der Wende (232) using mice, found evidence that a
dopaminergic system mediates morphine-induced motor activity and this
can be modified by interrupting either the noradrenergic or cholinergic
systems.

Slaughter and Nunsell (233) and Schneider and McArthur (234) have
reported that the cholinesterase inhibitors neostigmine and ibogaine
have synergistic effects on morphine analgesia. The naloxone-
precipitated withdrawal jumping response in morphine-dependent animals
appears to be associated with an elevation of brain DA levels and subject
to cholinergic regulation as well.

Brain Ach levels were reported to increase following acute

morphine administration (204, 205) and central administration of
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physostigmine potentiated morphine analgesia. This potentiation of the
antinociceptive effects of morphine was completely blocked by
6-hydroxydopamine or AMPT treatment. These observations suggest that
there may exist an adrenergic-cholinergic interaction in the mediation
of morphine ahalgesia.

As an inhibitory transmitter in the CNS, GABA could conceivably
play a role in the process of development of morphine tolerance and
physical dependence. It has been demonstrated that in rats rendered
tolerant to morphine, levels of GABA are found in the subcortical and
hypothalamic areas (235) showing a certain similarity to the distribution
of the opiate receptor (236). In addition it has been reported (237)
that elevating tissue levels of GABA by administering the compound
exogenously, or slowing its destruction with aminooxyacetic acid,
antagonizes morphine antiociception and enhances tolerance and physical
dependence.

Morphine has been demonstrated to produce increased gamma-
hydroxybutyrate levels in subcortical structures and the time course
of the increase is roughly parallel to the development and loss of
analgesia (238). Gamma-hydroxybutyrate is a naturally occurring
metabolite of GABA with analgesic/anesthetic characteristics (239). It
appears now, however, that the excellent neurochemical fit to the
experimental time course is correlational rather than functional (240).

Cardenas and Ross (241) have recently reported that morphine,
in vivo, decreases the regional calcium levels in 8 discrete brain
regions in rats in a linear dose-dependent, time-dependent manner. This
effect of morphine was blocked by naloxone and exhibited a high degree

of stereospecificity. Assuming the amount of morphine to be constant
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throughout the brain regions investigated, finding a quantitively
identical response to calcium in'each brain region, changes in the levels
of the neurotransmitters could be visualized as a secondary reflection

of the degree of calcium depletion in any particular brain region. Loss
of membrane-bound calcium could therefore be responsible for the elevation
of one or another of the putative neurotransmitters through alteration

of the calcium-dependent release mechanism, and in fact, the increase in
Ach levels seen following naloxone administration, occurs on the same time
course as the maximal depletion of calcium.

It is becoming clear that any agent capable of significantly
influencing one of the monoaminergic systems in the brain is likely to
exert an influence on most other systems. If HA is to play a role as a
neurotransmitter substance it might be expected to show some involvement
in the pharmacological actions of morphine as do the other biogenic

amines.

Pentazocine and Biogenic Amines

Pentazocine is a nonopioid benzmorphan derivative chemically
related to morphine. Use of pentazocine can lead to dependence and
tolerance to its analgesic effects, although more slowly than with the
other narcotics (242, 243). Pentazocine given parenterally is approxi-
mately one third as potent as morphine, however oral pentazocine is a
much less effective analgesic (244). Up to 50% of patients receiving
oral pentazocine (245) have reported adverse effects including dizziness,
drowsiness, increased sweating, nausea, vomiting. constipation, and
hallucinations.

It is now becoming apparent that narcotic-antagonist analgesics

g e
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can also affect the disposition of brain monoamines and pentazocine is
one such agent. It lowers the total brain content of both NA and DA in
the rat but has only a slight effect of 5-HT levels (246). The depletion
of brain CA is closely associated with a stimulation of locomotor
activity. With the possible exception of the mouse, it is difficult to
establish a major role for 5-HT in the actions of pentazocine and a
significant depletion of medullary 5-HT was observed only in rats
pretreated with naloxone (247, 248).

Naloxone, a potent narcotic antagonist that is virtually devoid
of agonistic activity (249, 250) blocks neither the depletion of brain
monoamines nor the stimulation of locomotor activity produced by
pentazocine. In contrast, most of the other agonistic actions of
pentazocine such as analgesia and respiratory depression, are blocked by
naloxone (251, 252). Pretreatment with naloxone antagonized the
pentazocine-induced depletion of brain DA and NA in the cerebral cortex
and midbrain, but failed to affect the depletion of NA in the medulla and
actually enhanced the depletion of hypothalamic NA. The failure of
naloxone to block some of the effects of pentazocine suggests that
pentazocine's agonistic component of action is mediated by at least two
distinct mechanisms: one which is blocked by naloxone and one which
is not.

Sugrue (253) recently reported that both morphine and pentazocine
increase the turnover of DA in the rat corpus striatum thus indicating
a morphine and pentazocine-induced increase in striatal DA neuronal
activity. In the same paper, it was also reported that they observed a
morphine-induced increase in NA neuronal activity in the medulla-pons,

an ability not possessed by pentazocine.
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The mechanism by which pentazocine can markedly reduce the
content of brain DA has not been established. It is clear that differ-
ences in the biologic disposition of the d- and 1- isomers of pentazocine
cannot explain their different potency because their brain concentration
and regional distribution within the brain are fairly similar (254). It
is also unlikely that differences between the isomers are secondary to
the respiratory depressant activity which resides primarily in the
d-isomer (255) because morphine, which is an even stronger respiratory
depressant, does not reduce brain DA content (256) . Berkowitz proposed
that not only does pentazocine facilitate increased release and utilization
of brain DA, but also that this action is direct (257). Dopamine may
therefore be an important mediator of the central actions of pentazocine
and possibly others of the narcotic agonist/antagonist types of anal-
gesics.

Any studies on the possible involvement of brain HA with the
effects of pentazocine appear to be lacking to date. As there have
been changes observed in HA metabolism following chronic morphine
administration and withdrawal (184) and some involvement of other
putative neurotransmitters, it would seem worthwhile to look for

corresponding changes in HA levels following pentazocine administration.

Pharmacology of Mandrax, Methaqualone, and Diphenhydramine

The need for sedative-hypnotic agents in patients with disorders
complicated, aggravated, or initiated by tension and insomnia is
considerable. Because of the ability of these agents to reduce tension,
induce sleep, and generally calm the patient, they are often helpful in

effecting therapeutic gain when used judiciously. Indiscriminate use




and accidental overdosing create problems not only for the physician
and patient but for society as well. The involvement of the monoamines
in the mechanisms of action of these agents remains to be determined.

Ever since the barbiturates were found to possess a very high
dependence liability, investigators have been searching for a sedative
hypnotic which is not potentially addictive. With the introduction of
methaqualone (MQ) to the North American market many pharmacologists and
clinicians thoughf that this was such a product. Methaqualone abuse has
become a widespread problem in the United States (258), West Germany
(259), Sweden (260), and also in Japan (261). Methaqualone abuse is
often associated with the simultaneous ingestion of alcohol (262) and
indeed the combined effect has been reported to be stronger than
alcohol alone (263). Methaqualone and tetrahydrocannabinol use have
also been observed in the same individuals (258) and narcotic addicts
have been known to take MQ when they cannot get heroin (262, 264, 265).
The only true indications of psychological dependence developing with
MQ come from clinical reports and these consist of ill-defined reports
concerning MQ-users who have a craving or strong desire to keep taking
the drug after prolonged use (266, 267).

Methaqualone is readily absorbed from the stomach and upper small
intestine, distributed mainly to fat, liver, kidney, and brain. It is
metabolized almost completely in the liver, undergoes enterohepatic
circulation, and is excreted in the urine and feces (268).

Although several clincians would like to correlate the degree of
toxicity observed upon overdose with the plasma levels of MQ, this does
not seem to be a straightforward task. This might suggest the occurrence

of tolerance development in certain patients. Nyak and his coworkers
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(269) reported a study of MQ pharmacokinetics in man and they extra-
polated that there was no self-induction of MQ metabolism. The incidence
of multiple drug use among MQ-users often makes it difficult to attribute
the toxic signs noted with MQ overdose in the case reports or clinical
studies purely to MQ.

Signs of MQ overdosage have been well documented by several
clinicians and usually include: dizziness (270), numbness and/or
paraesthesias in the limbs (271}, hypertonia and muscular rigidity (271-
274), hyperreflexia (272-274), tremor and muscle twitching (271, 273, 274),
muscular weakness (275), unconsciousness (271-273), depressed body
temperature (274), increased vascular premeability (276), and respiratory
depression (270-277).

Piepho and O'Connor (278) observed that a significant degree of
tolerance to the hypnotic and hypothermic actions of MQ can be produced
in rats although the actual mechanisms behind its development, remain
unidentified. It is quite likely in their estimation that the tolerance
noted was at least in part of a dispositional nature; however, they
stress the fact that functional tolerance may still be found in the
presence of dispositional tolerance.

Kohli and others (246, 279-283) investigated what they termed the
dependence liability of MQ in rats by studying the body weights, group
food intake, rectal temperatures, spontaneous motor activity and changes
in gross behavior at certain times throughout their experimental period.
The conclusion of these experiments was that tolerance developed during
the first and second weeks of the study, however the distinction between
metabolic and functional tolerance was not made in this study.

Indications of physical dependence upon withdrawal of MQ after
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chronic use are very common and include headaches, severe ‘cramps,
convulsions (261, 284), delirium, tremor and visual hallucinations (280).
Additional symptoms reported following chronic MQ use or overdosage in
persons known to be previously dependent on barbiturates are: weakness,
tachycardia, vomiting, nausea, nervousness, and insomnia (265, 285).

Similar withdrawal symptoms have been reported following mandrax (MX)

overdosage.
Mandrax, a combination of MQ (250 mg) and diphenhydramine (DIPH)

(25 mg), is widely used as a nonbarbiturate hypnotic and as an alternative

to MQ alone. Concern has also arisen over the abuse .of MX by the young
population (267, 286-288). : 5
Experimental work has shown that MQ can be potentiated by a number
of drugs, and of these the incidence of side effects is lowest for DIPH
and it was thus selected for use in MX. Because MQ is the main
constituent of MX, similar dangers can be expected after overdosage
with the latter as were described for MQ.
Considering the presence of both an agent reported to produce
tolerance and dependence and a potent antihistaminic in MX, it appears
worthwhile to investigate the possible influences on brain HA levels of

acute and chronic administration of mandrax and its components.

Amphetamine and Biogenic Amines

In Sweden there has been a long lasting epidemic of amphetamine

abuse. Since 1969 there has been a relative increase in the number of

opiate addicts but amphetamine abuse is still a major problem of concern.
Amphetamine addiction is a serious condition with a relapse rate

comparable to that of heroin hence the development of a pharmacological
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antagonist may be of great value (289). In order to achiéve this goal,
a great deal more must be known about the mechanism of action of
amphetamine.

One of the first investigators to point out the dangers of

amphetamine addiction was Gutman (290). Administered orally to humans

a 10-30 mg dose generally induces alertness, mood elevation, and euphoria.

Large doses over -extended periods of time are usually accompanied by
complaints of depression, fatigue, and headaches.

The metabolism of d-amphetamine to p-hydroxyamphetamine and
p-hydroxynorephedrine has been known since 1954 (291).. These hydroxy-
lated metabolites have been implicated in some of the pharmacological
effects of the parent compound (292, 293). The ratio of the individual
detoxification steps varies from species to species. In rats, ring
hydroxylation in the para position is the main metabolic pathway, whereas
deamination is usual in man and rabbits. Some of the amphetamine is
excreted via the kidneys, with more being excreted unchanged under acidic
conditions (294). It has been found that amphetamine induces a stage of
euphoria noticeable for 10-12 hours (with a maximum 15 minutes after
administration) followed by signs of dysphoria which reached a maximum
14 hours after the drug injection and which remained for 48 hours (295).
The amphetamine was largely eliminated within this time.

Neurochemical and pharmacological investigations have indicated
that amphetamine is an indirectly acting amine and that an uninterrupted
synthesis of CA is required for its central stimulant effects (296, 297).
The central action of amphetamine is generally attributed to an increase
in the concentration of CA in the synaptic cleft which may be achieved

by an increase in the release of the amine from presynaptic terminals
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and/or inhibition of the reuptake of the amine released. 'There is no
agreement yet concerning which of the two mechanisms is predominant.
Although most authors consider amphetamine as a direct releaser of CA
(298-306), several studies also give various degrees of importance to
the inhibitory effect of the drug on CA reuptake (307-309) which is
sometimes considered to be predominant (310-312).

Since amphetamine has been shown to be an indirectly acting amine
(297) and it exerfs its excitatory action only in the presence of
releasable CA in the brain, various attempts to block this action have
been directed toward the neuronal CA stores. Reserpine does not inhibit
the stimulating effect of amphetamine probably because it does not
interfere with the rapid resynthesis of CA. On the contrary, reserpine
potentiates amphetamine, possibly by denervation hypersensitivity induced
by the pharmacological "sympathectomy'" (313). Inhibition of the rate
limiting enzyme tyrosine hydroxylase, on the other hand, was shown to
eliminate various behavioral effects of amphetamine in rats (296, 314).
A corresponding degree of inhibition of amphetamine-induced excitation
and stereotyped behavior had earlier been demonstrated with various
neuroleptic drugs particularly chlorpromazine (315).

The behavioral pharmacology of amphetamine is rather complex.
D-amphetamine has been reported to produce an initial response charac-
terized by enhanced locomotor activity for 15-20 minutes followed by
stereotyped behavior consisting of continuous sniffing, licking, and
biting (316). This dual response has been explained as a time bound
phenomenon of amphetamine; it first releases NA and then DA (317, 318)
which corresponds to horizontal and then vertical stereotyped behavior

respectively.
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Amphetamine is known to be a potent anorexic agent in both animals
and man. The results of studies on rats have demonstrated that lesions
in the lateral portion of the hypothalamus attenuate or abolish the
anorexic effect of peripherally administered amphetamine (319-322), an
interesting result considering the effects of this same lesion on brain

HA levels. It has also been discovered that the anorexia induced by

lateral hypothalamic injection of amphetamine could be blocked by locally

administered beta-adrenergic and dopaminergic receptor blockers.

Tolerance to the repeated administration of d-amphetamine appears
to be dependent upon the behavioral or psychological measures under
investigation. In particular, tolerance has been observed to the toxic,
hyperthermic, and anorexigenic effects of d-amphetamine, as well as to
the drug-induced response patterns in time-based schedules of rein-
forcement (323-329). In contrast, tolerance has not been observed to
develop to the locomotor stimulating properties of amphetamine nor to
amphetamine-induced stereotypes (329, 330).

One mechanism which may account for the biochemical distinctions
regarding tolerance may involve the metabolic fate of d-amphetamine

(324, 331). Specifically, in mice, which exhibit moderate aromatic

hydroxylation of amphetamine (332), the metabolite, p-hydroxynorephedrine,

may be taken up and stored in noradrenergic terminals thus displacing NA
from storage granules and acting as a false neurotransmitter (324).
Accordingly, those behaviors mediated by NA should be subject to toler-
ance whereas behaviors dependent on DA mediation should be unaffected by
chronic amphetamine treatment (331). An alternative possibility is that
other transmitter systems are responsible for the tolerance to

d-amphetamine. Cholinergic and serotonergic manipulations may influence
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alternation behavior (333-336). Indeed, treatment with pﬁysostigmine
effectively antagonizes amphetamine-induced perseveration (335), thus
the possibility cannot be dismissed that chronic d-amphetamine treatment
produced modifications of cholinergic activity (337).

There have been numerous reports on the possible physiological
roles of brain HA and amphetamine has been shown to profoundly influence
most of these same physiological functions. In view of the existence
of extensive adrenergic-cholinergic interactions in the actions of most
psychoactive agents studied to date, and in view of the probability of
interactions of these transmitter systems with a histaminergic system,
if one exists, the role of HA in the pharmacological actions of ampheta-

mine warrants investigation.

Tetrahydrocannabinol and Biogenic Amines

A®-tetrahydrocannabinol, (A%-THC) is now generally accepted to be
the major psychoactive ingredient of marihuana and hashish (338, 339).
After absorption, A®-THC is quickly metabolized, first to several
hydroxyl derivatives and then to carboxylic acids which are excreted
partly conjugated (340, 341). Among these metabolites at least one, the
11-hydroxy THC, seems to be equally active in terms of producing the
characteristic acute psychological and heart rate accelerating effects
of marihuana and A®-THC (342).

Most of the early reports concerning the effects of A®-THC on the
putative neurotransmitter amines in the CNS used impure extracts of
varying origin (343). Even since the indentification of A®-THC as the
major psychoactive component there have been many contradictory reports

about the effects of this substance on both endogenous levels and
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turnover of brain NA, DA, and 5-HT. In experiments where ‘rats were !
used, some authors have reported no change in endogenous concentrations
of DA (344-346) or NA (344-347) but either an in;rease (345, 348) or no
change (345, 349) in 5-HT concentrations. Studies with mice have shown
that there are species differences (350). It now appears that behavioral
effects produced in rats after acute A’-THC administration are not a
result of any marked effect on brain function mediated by NA or DA. |

In man and animals, many of the effects of A?-THC parallel those
of anticholinergic agents. It has been reported to cause dry mouth and
impairment of short-term memory in man (351-353). In animals, these
effects and other behavioral effects on performance, habituation, and
conditioned fear, have been associated with altered cholinergic function
(354). More recently A°-THC was found to decrease the synthesis of Ach
in various brain regions of rats (355). These results suggested that
the inhibition of Ach synthesis observed in A®-THC-treated rats may be
related to interference with the propagated action potential or with the
depolarization process in cholinergic neurons.

Because of the interrelationship between cholinergic and
histaminergic systems referred to previously, it may be of value to look

for any changes in HA metabolism following A®-THC administration.




REASONS FOR INITIATION OF THE PRESENT STUDY

- "At present, basic information about the action of drugs at
multicellular, cellular, subcellular, microchemical, and molecular
levels is approaching the point where we can soon expect a coherent
and highly specific analysis of the mode of action of almost every
major drug of interest to psychiatry. These promising developments
will hopefully lead to a transition from a 'cookbook' use of drugs to
a rational pharmacotherapy in the future." (G. K. Aghajanian Ch. 19
in: American Handbook of Psychiatry 1974)

A major emphasis of research in neuropharmacology has been upon
presumptive transmitter substances. Of the amines likely to possess a
transmitter role in the CNS, HA has received rather less attention than
Ach, CA, and 5-HT. A number of factors have contributed to the apparent
lack of interest in HA in the brain including the difficulties
encountered in measuring the content of this amine in various brain
regions in a reliable and accurate manner.

Histamine is present in the brain, its distribution being uneven.
The enzymes involved in its synthesis and degradation are distributed in
approximately the same pattern as the amine itself. The subcellular
localization of the amine and its associated enzymes is consistent with
its having a transmitter function. The turnover rate of at least a
portion of brain HA is extremely rapid and can be modified. Interference
with the normal functioning state of HA in the CNS has been shown to

result in changes in CNS function and stimulation of central HA receptors
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has been shown to have effects on a number of parameters of CNS function.
It appears that di;ect HA application to neurons is capable of modifying
their normal firing rate. There is thus a large_body of evidence to
support the suggestion that HA has a role as a synaptic transmitter in
the brain and it would therefore appear worthwhile to further explore its
involvement in brain function.

If HA plays a significant role as a neurotransmitter in the CNS,
then abnormal mental states may be associated with changes in the
endogenous content and/or turnover of HA in analogy to the changes noted
for the other biogenic amines. These alterations in HA levels and/or
turnover may also show behavioral manifestations. In order to test such
hypotheses it is necessary to study the role of HA in drug-induced
abnormal mental states as was previously done to elucidate the roles of
the other biogenic amines in brain function.

Experiments were selected and designed with the hope of correlating
any changes observed in the HA levels or turnover or behavioral changes
to those changes reported to occur with the other biogenic amines. The
relevant literature has been covered in the literature review and in the
discussion any obvious correlations will be described.

These studies were intended to further explore whether sedatives,
both narcotic and non-narcotic, CNS stimulants, or other psychoactive
drugs could be differentiated on the basis of their effects on endogenous
brain HA concentrations and/or turnover. It was also of interest to
explore whether any of these changes might be associated with behavioral
alterations as determined by measuring the spontaneous locomotor
activities of all animals just prior to sacrifice. If there were any

changes in the brain HA levels, it would be of interest to determine
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whether they are reversible and to see if this reversal is reflected
in behavioral measurements. Whether such treatment could result in an
attenuation of tolerance development to these drugs of dependence would
be of considerable clinical importance.

These studies should contribute to a more complete understanding
of the pharmacological effects of the drugs studied and perhaps

contribute to the treatment and/or prevention of drug abuse in the

future.




PROCEDURES

Male Sprague Dawley rats obtained from Canadian Biobreeding
Laboratories, Ottawa, were used in all of our studies. The rats were
housed four to a cage and kept in a room at 22°C, 60% humidity, maintained
on 12 hr. light/dark cycles. All animals were fed Purina Laboratory
Chow. Body weighf records were kept for all rats undergoing chronic
treatment. All injections of drugs or saline were administered intra-

peritoneally in a volume of 0.1 mg/100 g body weight.unless otherwise

specified.

A. Biochemical Studies

All animals were sacrificed by decapitation and their brains
rapidly removed, washed with ice cold saline, blotted free of excess
saline and placed on special glass plates kept on ice. The hypothalamus,
midbrain, and cortex were dissected out according to the method of

Glowinski and Iversen (346).

(i) Labware

Sterile disposable polypropylene labware was used exclusively in
order to minimize losses of histamine or methylhistamine due to adsorption
on glass. The tissues were homogenized in 1 ml. of 0.01 M phosphate
buffer (pH 7.9) using a Brinkman Polytron Homogenizer. The homogenates
were boiled for 5 minutes, cooled on ice, and centrifuged in an
international ultracentrifuge model B at 50,000 G. An aliquot of the
sample supernatant was removed for histamine analysis and another sample
(0.1 ml) for the determination of the histamine methyltransferase
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activity. All pipetting was performed with Brinkman fixed volume

pipets with disposable polypropylene tips.

(ii) Histamine Assay

Tissues were assayed for their histamine contents according to
a modification of the double isotope technique of Taylor and Snyder (54).
This procedure depends on the methylation of endogenous histamine in the
tissues by added‘histamine methyltransferase using '*C-S-adenosyl-L-
methionine (56 mCi/m mole, New England Nuclear) as the '“C-methyl donor.
A tracer amount of *H-histamine (5-10 Ci/m mole, New England Nuclear) was
added to correct for any variation of histamine methylation in different
samples. Endogenous S-adenosylmethionine was destroyed by boiling the
tissue, a procedure which also served to precipitate protein. !“C-3H-
methylhistamine and '*C-methylhistamine were separated from !*C-S-adenosyl-
L-methionine and 3H-histamine by extracting into chloroform from a salt-
saturated alkaline solution. The chloroform was evaporated and the
residue taken up into scintillation fluid and counted, in a Beckman

Ambient Temperature Liquid Scintillation Counter, 'Model LS-150'.

(iii) Histamine Methyltransferase Assay

Histamine methyltransferase (HMT) was determined according to a
modification of Taylor and Snyder's method (54). This procedure depends
on the determination of methylhistamine formed by HMT. An excess of
histamine was added to the aliquot of sample supernatant and optimal
conditions for the enzyme HMT were maintained. 1l+C-S-adenosyl-L-methionine
was used as the '"C-methyl donor. Methylhistamine (!*C-labelled) was
extracted into a toluence: isoamyl alcohol solution, centrifuged, and

an aliquot of the supernatant added to premixed scintillation fluid
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(Econofluor, New England Nuclear) and counted in a Beckman ambient

temperature liquid scintillation counter.

(iv) Protein Assay

Protein determinations were performed according to the method of
Lowry et al. (357). The final colour is a result of: the biuret
reaction of protein with copper ion in alkali and the reduction of the
phosphomolybdic-phosphotungstic reagent by the tyrosine and tryptophan
present in the treated protein. The absorbance was measured using a.

Klett Spectrophotometer and bovine serum albumin (fraction V) as standard.

B. Spontaneous Locomotor Activity Studies

Spontaneous locomotor activities were determined by the use of a
Selective Activity Meter 'Model S' (Columbus Instruments, Ohio). This
instrument registered the animal's activity in arbitrary units and
printed the cummulative total each minute. The measurements were carried
out on individual animals placed in a regular cage located in an isolated
room in order to minimize external influences. The results were
calculated in terms of activity counts/minute for consecutive 5 minute

periods, 20-60 minutes before sacrifice.

C. Statistical Analysis

The results were subjected to statistical evaluation using a
Student's '"t-test'. Significant differences between the means are shown

when the P value was <0.05.
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D. Drugs and Chemicals

All reagents and drugs used in these studies were of the purest
grade available and were dissolved in glass distilled water unless
otherwise stated.

Histamine-3H, S-adenosyl-L-methionine (1“-methyl), and premixed
scintillation fluid (Econofluor) were purchased from New England Nuclear
(Boston, Mass.). Phenol reagent, chloroform, sodium borate, cupric
sulface, sodium phosphate, and sodium chloride were purchased from
Fisher Scientific (Ottawa, Ont.). Bovine serum albumin, fraction V,
and L(+)-histidine monohydrochloride were purchased from J. T. Baker Co.
(Phillipsburg, N.J.).

Morphine sulfate (Allen and Hanbury's, Toronto, Ont.), methadone
hydrochloride (National Health and Welfare, Ottawa), naloxone hydro-
chloride (Endo Laboratories, Garden City, N.J.) and amphetamine sulfate
(Smith, Kline, and French Canada Ltd., Montreal, Qué.), were dissolved
in physiological saline. Pentazocine lactate (Talwin) was purchased from
Winthrop Laboratories (Aurora, Ont.).

Mandrax (Roussel Co., Montreal, Qué.), methaqualone hydrochloride
(C. E. Frosst Co., Dorval, Qué.) and diphenhydramine hydrochloride
(Parke Davis § Co. Ltd., Toronto, Ont.), were suspended in an aqueous
preparation of 1% tragacanth gum (Matheson, Coleman and Bell, Norwood,
Ohio) and administered orally in a total volume of 1 ml. Control
animals always received an equal volume of 1% tragacanth gum orally.

(-)-trans A’-tetrahydrocannabinol (93% in dehydrated alcohol)
(National Health and Welfare, Ottawa) was suspended in corn oil and
administered orally in a final volume of 1 ml. Control animals received

an equal volume of corn oil.
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E. Experimental Procedures

(i) Acute Morphine, Methadone, or Naloxone Treatment

In these acute studies, experimental rats (200-225 g) were
injected intraperitoneally (i.p.) with a single dose of morphine
(30 mg/kg), methadone (15 mg/kg), or naloxone (0.4 mg/kg). Control
rats were administered 0.9% saline (0.1 m1/100 g i.p.) for the same
time periods as éxperimental animals. The animals were sacrificed one
hour after morphine or methadone and 20 minutes following naloxone

administration.

(ii) Chronic (9 days) Morphine Treatment

In "short term'" studies, experimental rats (starting weights
175-200 g) were injected with morphine (30 mg/kg i.p. once daily) for
9 days. Control rats received 0.9% saline (0.1 ml/100 g i.p. once daily)
for 9 days. All animals were sacrificed 18 hours after the last

treatment.

(iii) Chronic (5 days) Methadone Treatment

In "short term'" studies, experimental rats (starting weights
175-200 g) were administered methadone at one of the following doses
each successive day: 5,5, 10,10, and 15 mg/kg i.p. Control rats were
injected with 0.9% saline (0.1 m1/100 g i.p. once daily). The animals

were sacrificed 18 hours after the last treatment.

(iv) Chronic Morphine Treatment and Withdrawal

In "long term" chronic studies, rats (starting weights 150-165 g)
were treated with weekly increasing doses of morphine (30, 60 and 90

mg/kg i.p. once daily) for 21 days according to the schedule of
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Takemori (358). Control rats in this study were administéred identical
volumes of 0.9% saline (0.1 mg/100 g i.p. once daily).

After 21 days of chronic morphine treatment, the rats were
divided into four groups: one group was administered naloxone (0.4
mg/kg i.p.), while a second group was withdrawn from morphine treatment
and was injected with 0.9% saline (0.1 ml1/100 g i.p.) for two

consecutive days; a third group of rats was treated with methadone

(15 mg/kg i.p. once daily) for two days, and a fourth group was maintained

on morphine (90 mg/kg i.p. once daily) for two days. Control animals
were injected with saline (0.1 m1/100 g i.p. once daily) for 21 ("t
or we ("Cy") days.

The naloxone-induced withdrawal syndrome in rats treated
chronically with increasing doses of morphine was confirmed by observing
sniffing, rearing, 'wet shakes', teeth chattering, writhing, defecation,
urination, salivation, and a decrease in body temperature. The latter
was measured by the use of a rectal probe YSI telethermometer (Yellow
Springs Instrument Co.).

Following these different treatments, the rats were sacrificed
18 hours after the last injection of the drug or saline, except for the

rats treated with naloxone, which were sacrificed after 20 minutes.

(v} Chronic Histidine with Chronic Morphine Treatment

In these studies, rats with starting weights 150-165 g were used.
The rats were divided into four groups. The first group served as
controls and was injected with 0.9% saline (0.1 m1/100 g i.p. once
daily) for 21 days. The second group was treated chronically with weekly

increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for
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21 days. The third group of rats received histidine (500°'mg/kg i.p.
once daily) for 21 days. The fourth group was treated chronically with
morphine in a fashion identical to the rats in group two but in addition
these animalé were treated simultaneously with histidine (500 mg/kg i.p.
once daily) for 21 days. All animals were sacrificed 18 hours after
their last drug or saline administration and the endogenous histamine

concentrations in various brain regions determined.

(vi) Chronic Histidine after Morphine Withdrawal from

Morphine- Dependent Rats

These chronic studies were performed on rats with starting weights
150-165 g. The animals were divided into four groupé. The first group
served as control and was treated with 0.9% saline (0.1 ml1/100 g i.p.
once daily) for 23 days. The second group was administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for
21 days and the treatment was then withdrawn for two days. The third
group of rats was treated with histidine (500 mg/kg i.p. once daily) for
23 days. The fourth group was treated chronically (21 days) with
increasing doses of morphine in the same fashion as group two, but in
addition, histidine (500 mg/kg i.p. once daily) was administered
simultaneously. The histidine treatment was continued for 23 days while
morphine was withdrawn after 21 days of chronic administration. All
animals were sacrificed 10 hours after the last drug or saline

administration.

(vii) Histamine Formation in Rat Brain Following

Chronic Morphine

The first group of rats in this study (starting weights 150-165 g)
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served as controls and were administered 0.9% saline (0.1'ml1/100 g i.p.
once daily) for 21 days. The second group (200-225 g) was treated
acutely with histidine (500 mg/kg i.p.). The third group of rats was
treated chronically with weekly increasing doses of morphine (30, 60 and

90 mg/kg i.p. once daily) for 21 days followed by acute treatment with

histidine (500 mg/kg i.p.) 18 hours after the last morphine administration.

The fourth group (150-165 g) was administered the same doses of morphine
as the third group and they were then treated acutely with histidine

(500 mg/kg i.p.) 66 hours after the last morphine injection. All animals
in this study were sacrificed one hour after saline or histidine

administration.

(viii) Histamine Formation in Rat Brain Following Chronic

Histidine or Chronic Histidine with Morphine

Histamine formation from exogenously administered histidine was
investigated in four groups of rats. These rats all had a starting
weight of 150-165 g, and they all were injected with histidine (500
mg/kg i.p. once daily) for 21 days. The first group of rats, administered
only histidine, were sacrificed one hour after their last treatment. The
second group was administered weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days and then sacrificed one hour
later. The third group of animals was treated with histidine for three
weeks and they were then administered histidine (500 mg/kg i.p.) 18 hours
after the three weeks treatment and they were sacrificed one hour later.
The fourth group of rats in this study were treated in a fashion identical
to the second group with regard to the morphine and histidine injections,
and then 18 hours after the last treatments, they were administered

histidine (500 mg/kg i.p.) and sacrificed one hour later.
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(ix) Effect of an Acute Histidine Load to Morphine- °

Dependent Rats
The rats were administered 0.9% saline (0.1 ml/100 g i.p. once
daily) or weekly increasing doses of morphine (30, 60 and 90 mg/kg i.p.
once daily) for 21 days. Histidine (500 mg/kg i.p.) was administered
at the time of the last morphine treatment and the rats were sacrificed

18 hours later.

(x) Acute and Chronic Pentazocine Treatment

In acute studies, experimental rats (200-225 g) were injected
with pentazocine (30 mg/kg i.p.) and control animals were administered
0.9% saline (0.1 m1/100 g i.p.). All animals were sécrificed one hour
after treatment.

In chronic studies, rats (starting weights 150-165 g) were
administered increasing doses of pentazocine (15, 30 and 45 mg/kg i.p.
twice daily) for 21 days. Control animals were treated with the same
volume of 0.9% saline (0.1 m1/100 g i.p. twice daily) for 21 days. All
animals were sacrificed 18 hours after the last drug or saline

administration.

(xi) Acute Mandrax, Methaqualone, or Diphenhydramine

Treatment
In acute studies, the first group of rats (200-225 g) were treated
with mandrax (82.5 mg/kg p.o.) and sacrificed one hour later. Mandrax
was suspended in freshly prepared aqueous solution of 1% tragacanth gum.
The administered dose was adjusted so that it would always be contained
in 1 ml of the suspension. The second group of animals was treated

acutely with a corresponding dose of methaqualone (75.0 mg/kg p.o.) and
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the third group was administered diphenhydramine (7.5 mg/kg p.o.).
Control rats were treated with 1 ml of the vehicle orally. All animals

were sacrificed one hour after the drug or vehicle administration.

(xii) Chronic Treatment with Mandrax, Methaqualone,

or Diphenhydramine for 18 Days

In chronic studies, rats (starting weights 160-175 g) were treated
orally for 18 days. with the same doses of mandrax, methaqualone or
diphenhydramine used in the acute studies. These animals were sacrificed

18 hours after the last drug or vehicle administration.

(xiii) Chronic Mandrax Treatment and Withdrawal

In another group of chronic studies, rats (starfing weights
150-165 g) were treated for 21 days with increasing doses of mandrax
(82.5, 123.75 and 165.0 mg/kg p.o.) for the first, second and third
weeks respectively. One group was sacrificed 18 hours after the last
mandrax administration. The second group was withdrawn from mandrax
treatment and was administered the vehicle for an additional two-day
period. These rats were sacrificed 18 hours after the last vehicle

administration.

(xiv) Acute and Chronic Amphetamine Treatment

In acute studies, rats (200-225 g) were injected with
d-amphetamine (5 mg/kg or 15 mg/kg i.p.) and sacrificed one hour later.
Controls received the same volume of 0.9% saline (0.1 ml/100 g) and
were also sacrificed one hour later.

In chronic studies, rats (starting weights 150-165 g) were
administered increasing doses of d-amphetamine (5, 10 and 15 mg/kg i.p.)

for the first, second and third weeks respectively. All animals were
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sacrificed 18 hours after the last drug or saline injection.

(xv) Acute and Chronic A®-Tetrahydrocannabinol Treatment

In acute studies, rats (200-225 g) were administered
Ag—tetrahydrocannabinol (AQ-THC) (30 mg/kg p.o.). The A®°-THC was
suspended in 1 ml of corn oil, which was also administered to controls.
The animals were sacrificed one hour after the drug or vehicle
administration,

In chronic studies, rats (starting weights 150-165 g) were
administered A®-THC (30 mg/kg p.o.) daily for 7 days. Controls were
treated with the same volume of vehicle for the same period of time.
All animals in this study were sacrificed 18 hours affer the last drug

or vehicle administration.




'RESULTS

I. Acute Morphine, Methadone or Naloxone Treatment

Acute administration of morphine (30 mg/kg i.p.) for one hour as
indicated in Table 1 did not result in any significant changes in the
endogenous histamine (HA) concentrations in the hypothalamus, midbrain
or cerebral cortex. This treatment, however, did produce statistically
significant decreases in the spontaneous locomotor activity (SLA) of
these rats as illustrated in Fig. 1. The morphine-tréated animals were
less active within the first 5 minute recording period and remained
sedated until sacrifice 60 minutes later.

Acute methadone administration (5 mg/kg i.p.) for one hour as
indicated in Table 1 did not result in any significant changes in the
endogenous HA concentrations in the hypothalamus, midbrain or cerebral
cortex. This treatment did however, produce statistically significant
decreases iﬁ SLA of these rats as indicated in Fig. 2. The methadone-
treated animals displayed depressed activities within the first 5 minute
recording period and they remained sedated until sacrifice.

Acute administration of naloxone (0.4 mg/kg i.p.) for 20 minutes
as indicated in Table 1 did not produce any significant changes in the
endogenous HA concentrations in the hypothalamus, midbrain or cerebral
cortex. Naloxone administration also failed to produce any significant

changes in the SLA of these rats as illustrated in Fig. 3.
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TABLE 1
ENDOGENQUS HISTAMINE CONCENTRATIONS IN VARIOUS
BRAIN REGIONS OF RATS AFTER ACUTE TREATMENTS
WITH MORPHINE, METHADONE, OR NALOXONE
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 256.8 £31.7 45.7 £10.1 26.6 4,8
(11) (11) (10)
MORPHINE 285.5+35.2 45.3%£6.0 25.2%2.6
(30 mg/kg) (11) (10) (10)
CONTROL (SALINE) 270.7 £25.3 48.6 8.3 22.6+1.4
(8) (8) (6)
METHADONE 258.5+42.4 45.07.4 28.6+2.8
(5 mg/kg) (6) (6) (4)
CONTROL (SALINE) 295.4£17.1 42.7 7.8 23.0%2.0
(7) (7) (7
NALOXONE 291.3+29.1 47.5%5.3 24.0x2.4
(0.4 mg/kg) (7) (7) (8)

Experimental rats were treated with morphine (30 mg/kg i.p.), methadone
(5 mg/kg i.p.), or naloxone (0.4 mg/kg i.p.). Control rats were
administered 0.9% saline (0.1 ml/100 g i.p.). The animals were
sacrificed 20 minutes after naloxone administration and one hour after
the other treatments. Values represent the Mean +* S.E.M. The number
of experiments is shown in parentheses.
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TABLE 1P
ENGOGENOUS HISTAMINE CONCENTRATIONS IN VARIOUS
BRAIN REGIONS OR RATS AFTER ACUTE TREATMENTS
WITH MORPHINE, METHADONE, OR NALOXONE
Treatment Hypothalamus Midbrain Cortex
Histamine (% of Control)
CONTROL (SALINE) 100.0£12.3 100.0£22.1 100.0+18.0
(11) (11) (10)
MORPHINE 111.2 £13.7 99.1+13.1 . 94.7+9.8
(30 mg/kg) 11D (10 . (10)
CONTROL (SALINE) 100.0+9.3 100.0+£17.1 100.0+6.2
(8) (8) (6)
METHADONE 95.5+15.7 92.6+15.2 126.5+12.4
(6) (6) (4)
CONTROL (SALINE) 100.0£5.8 100.0+18.3 100.0+8.7
(7 (7 (7
NALOXONE 98.6 9.9 111.2+£12.4 104.3 £10.4
(7) (7 (8)

Experimental rats were treated with morphine (30 mg/kg i.p.), methadone
(5 mg/kg i.p.), or naloxone (0.4 mg/kg i.p.). Control rats were
administered 0.9% saline (0.1 ml/100 g i.p.). The animals were
sacrificed 20 minutes after naloxone administration and one hour after
the other treatments. Values represent the Mean * S.E.M. The results
are expressed as percent of control values. The number of experiments
is shown in parentheses.
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Fig. 1. Effect of acute morphine administration on spontaneous
locomotor activity of rats. Experimental animals were injected with
morphine (30 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 m1/100 g i.p.). The animals were sacrificed one hour
after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods. Values represent the
Mean + S.E.M. of 7 control and 8 experimental animals.

T The activity of the animals was below detectable limits.
* Statistically significant from control at P <0.01.
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Fig. 2. Effect of acute methadone administration on spontaneous

locomotor activity of rats. Experimental animals were injected with
methadone (5 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 ml/100 g i.p.). The animals were sacrificed one hour
after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods for 30 minutes prior to
sacrifice. Values represent the Mean * S.E.M. of 4 control and 4
experimental animals.

+ The activity of the animals was below detectable limits.
* Statistically significant from control at P <0.005.
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Fig. 3. Effect of acute naloxone administration on spontaneous

locomotor activity of rats. Experimental animals were injected with
naloxone (0.4 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 ml/100 g i.p.). The animals were sacrificed 20 minutes
after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods. Values represent the
Mean £ S.E.M. of 7 control and 8 experimental animals.
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II. Chronic (9 Days) Morphine Treatment

Chronic treatment with morphine (30 mg/kg i.p. once daily) for
9 days resulted in a small but significant decrease in the HA concen-
tration in the hypothalamus (84.6 *3.0% of control), while the HA levels
in the midbrain and cerebral cortex were not significantly affected as

indicated in Table 2.

III. Chronic. (5 Days) Methadone Treatment

Chronic treatment with increasing doses of methadone (5 mg/kg
i.p. once daily for 2 days, 10 mg/kg i.p. once daily for 2 days, and
15 mg/kg i.p. once) as indicated in Table 3, did not -result in any
statistically significant changes in the HA concentrations in the

hypothalamus, midbrain or cerebral cortex.

IV. Chronic Morphine Treatment and Withdrawal

Chronic treatment with weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days resulted in a significant
decrease in the hypothalamic HA concentration. This treatment also
resulted in decreases in the midbrain and cerebral cortex as indicated
in Table 4 and Figs. 4-6.

Chronic treatment with weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days followed 18 hours after the
last morphine treatment by acute naloxone (0.4 mg/kg i.p.) 20 minutes
before sacrifice, resulted in statistically significant decreases in
hypothalamic and cerebro-cortical HA as indicated in Table 4 and Figs.
4-6. This treatment also resulted in a decrease in the HA concentration

in the midbrain although this change was not statistically significant
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from control values.

Chronic treatment with weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days followed by 0.9% saline
(0.1 m1/100 g i.p. once daily) for 2 days resulted in statistically
significant decreases in HA in all three brain regions investigated as
indicated in Table 4 and Figs. 4-6.

Chronic treatment with weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days followed by methadone (15 mg/kg
i.p. once daily) for 2 days resulted in statistically significant
decreases in hypothalamic and cerebro-cortical HA concentrations when
compared to the values for saline-treated controls. ' The midbrain HA
levels failed to show any significant decreases following this treatment
as indicated in Table 4 and Figs. 4-6.

Chronic treatment with weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days followed by morphine (90 mg/kg
i.p. once daily) for 2 days resulted in statistically significant
decreases in hypothalamic and cerebro-cortical HA concentrations, although
no significant decrease was observed in the midbrain as indicated in
Table 4 and Figs. 4-6. The pattern of changes in HA concentrations is
the same for the 21 or 23 day morphine treatments in the brain regions
investigated.

The body weights of the rats treated chronically with weekly
increasing doses of morphine were significantly decreased by day 7
(Fig. 7) and this decrease became progressively more evident throughout
the experimental period. The naloxone-precipitated withdrawal syndrome
caused a further drop in body weights as indicated by arrow 1. Withdrawal

of morphine and replacement with saline for 2 days also resulted in a
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significant decrease in body weights (77% of morphine-tredted rats) as
indicated by arrow 2. The body weights of rats withdrawn from morphine
and administered methadone (15 mg/kg i.p. once daily) for 2 days, did not
differ significantly from those treated with morphine alone (81% of
morphine-treated rats). It should be noted that there was evidence of
considerable growth in both control and experimental animals and in spite
of the statistically significant decreases in body weights of experimental
animals, when comfared to control rats, the tissue weights of the brain
regions did not differ significantly from those of the control animals.
This is particularly important because the HA concentrations in these
studies are all reported in nanograms per gram of tissue (wet weight).

The SLA of rats receiving the various chronic treatments just
described are illustrated in Fig. 8. It can be seen that only the
animals treated with morphine for 3 weeks and withdrawn for 2 days showed
any statistically significant change in their activities. These rats
appeared sedated during both the first and second 5 minute recording
periods.

The naloxone-treated rats were lower than controls during both
time periods but the decreases were not statistically significant perhaps
due to the restricted number of experimental animals in this study.

Another experiment was performed to better determine the effects
of naloxone-precipitated withdrawal on SLA of rats. These data are
illustrated in Fig. 9. The rats undergoing naloxone-precipitated
withdrawal were statistically significantly less active than the saline-
treated controls.

In continuation of the studies just described, the time course of

the changes observed following chronic morphine treatment in endogenous
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brain HA levels has been investigated. In these experiments, rats were
treated with weekly increasing doses of morphine (30, 60 and 90 mg/kg
i.p. once daily) for 21 days and then withdrawn for various periods of
time.

Table 5 and Fig. 10 illustrate the time course of the changes
observed in the HA concentrations in the hypothalamus. Histamine was
significantly decreased at 1, 6, 18 and 66 hours following the last
injection of morphine. It can be seen that the HA level returned toward
normal within 1 week and that it was fully recovered to control value
3 weeks after cessation of treatment.

Table 5 and Fig. 11 illustrate the time course of the changes
observed in the HA concentrations in the midbrain. In this brain region,
the HA concentration was not significantly different from control values
at one hour, 6 hours or 18 hours after the last morphine treatment. It
took 66 hours after the last morphine treatment for a statistically
significant change to appear in midbrain HA levels. This decrease was
less pronounced one week following the end of treatment, however, a
notable decrease was still present in the midbrain after 3 weeks.

Table 5 and Fig. 12 illustrate the time course of the changes
observed in the HA concentration in the cortex after morphine withdrawal
from morphine-dependent rats. There is no change in the HA levels when
measured one hour or 6 hours after the last morphine injection; however,
by 18 hours, and at 66 hours, there were statistically significant
decreases. The HA levels in the cortex returned to control values within
one week as in the hypothalamus, and were fully restored following a

3 week period.

=
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ENDOGENOUS HISTAMINE CONCENTRATIONS IN VARIOUS BRAIN REGIONS
OF RATS AFTER CHRONIC (9 DAYS) MORPHINE TREATMENT

Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 294.5+5.7 43.0+ 4.4 26.8*+1.8
(7) (6) (8)
100.0+1.9% 100.0 + 10.2% 100.0x6.7%
MORPHINE (9 days) 249.2 £ 8.9* 40.7+ 3.5 27.2+2.4
(30 mg/kg) (5) (6) (7)
84.6 + 3.0%* 94.7 +8.1% 101.5+9.0%

Experimental animals were treated with morphine (30 mg/kg i.p. once
daily) for 9 days and control rats were administered 0.9% saline

(0.1 m1/100 g i.p. once daily) for 9 days.
18 hours after the last treatment.
The results are also expressed as percent of control values.

number of experiments is shown in parentheses.

The animals were sacrificed
Values represent the Mean * S.E.M.

The
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ENDOGENOUS HISTAMINE CONCENTRATIONS IN VARIOUS BRAIN REGIONS

OF RATS AFTER CHRONIC (5 DAYS) METHADONE TREATMENT

Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 273.7+21.8 31.2+ 3.4 20.8%+1.0
(8) 8 . (7)
100.0 £ 8.0% 100.0 £ 10.9% 100.0+ 4.8%
METHADONE (5 days) 270.5%30.2 27.9+ 3.0 25.8+2.7
(5) (6) (5)
98.8+11.0% 89.4+£0.6% 124.0% 13.0%

Experimental animals were administered increasing doses of methadone
for 5 days (5 mg/kg i.p. once daily for 2 days, 10 mg/kg i.p. once
daily for 2 days, and 15 mg/kg i.p. once), and control rats were
administered 0.9% saline (0.1 m1/100 g i.p. once daily for 5 days).
The animals were sacrificed 18 hours after the last treatment. Values

represent the Mean* S.E.M.

of control values.

The results are also expressed as percent
The number of experiments is shown in parentheses.
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B Mo(21days) & NALOXONE (20min)
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H Mo(21days) & METHADONE(2days)
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1 7
0
Fig. 4. Histamine concentrations in the rat hypothalamus following

various treatments. Experimental animals were administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for
21 days followed by naloxone (0.4 mg/kg i.p.), 0.9% saline (0.1 ml/100 g
i.p. once daily), methadone (15 mg/kg i.p. once daily), or morphine

(90 mg/kg i.p. once daily) as indicated. Control rats were administered
0.9% saline (0.1 m1/100 g i.p. once daily) for 21 days "Cji" or 23 days
""Co". The animals were sacrificed 20 minutes after naloxone admin-
istration and 18 hours following the other treatments. Values represent
the Mean * S.E.M. of at least 7 animals in each group.

* Statistically significant from Control ''C;'" at P<0.05
t Statistically significant from Control '"C,'" at P<0.05
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Fig. 5. Histamine concentrations in the rat midbrain following

various treatments. Experimental animals were administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily)
for 21 days followed by naloxone (0.4 mg/kg i.p.), 0.9% saline

(0.1 m1/100 g i.p. once daily), methadone (15 mg/kg i.p. once daily),
or morphine (90 mg/kg i.p. once daily) as indicated. Control rats
were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for

21 days '"C3'" or 23 days '"Cy". The animals were sacrificed 20 minutes
after naloxone administration and 18 hours following the other
treatments. Values represent the Mean * S.E.M. of at least 6 animals
in each group.

# Statistically significant from Control "Cy" at P<0.05
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Fig. 6. Histamine concentrations in the rat cortex following

various treatments. Experimental animals were administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily)
for 21 days followed by naloxone (0.4 mg/kg i.p.), 0.9% saline

(0.1 m1/100 g i.p. once daily), methadone (15 mg/kg i.p. once daily),
or morphine (90 mg/kg i.p. once daily) as indicated. Control rats
were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for

21 days '"C3i'" or 23 days '"C3'". The animals were sacrificed 20 minutes
after naloxone administration and 18 hours following the other
treatments. Values represent the Mean * S.E.M. of at least 6 animals
in each group.

* Statistically significant from Control '"C;" at P <0.05
## Statistically significant from Control "C2'" at P <0.05
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Fig. 7. Influence of various chronic treatments on body weight

changes. Experimental animals were treated with weekly increasing
doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days
followed by naloxone (0.4 mg/kg i.p.) for 20 minutes or 0.9% saline
(0.1 m1/100 g i.p. once daily), methadone (15 mg/kg i.p. once daily),
or morphine (90 mg/kg i.p. once daily) for 2 days as indicated.
Control animals were administered 0.9% saline (0.1 ml/100 g i.p. once
daily) for 23 days. Values represent the Mean * S.E.M. of at least

6 animals in each group.
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treatments. Experimental animals were administered weekly increasing
doses of morphine (30, 60 and 90 mg/kg i.p.), 0.9% saline (0.1 ml/100 g
i.p. once daily), methadone (15 mg/kg i.p. once daily), or morphine

(90 mg/kg i.p. once daily) for 2 days.
0.9% saline (0.1 ml1/100 g i.p. once daily) for 21 days "Cj" or 23 days

Control-rats were administered

"Cy'"'. The animals were sacrificed 20 minutes after naloxone
administration and 18 hours after the other treatments.

indicate the mean activity counts/minute determined for two consecutive

The data

5 minute periods. Values represent the Mean = S.E.M. of at least

6 animals in each group.

* Statistically significant from control at P<0.05
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1 ""C1"" SALINE (21 days)
2 MORPHINE (Mo) (21 days)
3 Mo (21 days) + NALOXONE (20 min)
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Fig. 8. Spontaneous locomotor activity of rats after various chronic
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Fig. 9.  Effect of naloxone precipitated withdrawal on spontaneous

locomotor activity of morphine dependent rats. Experimental animals

were administered weekly increasing doses of morphine (30, 60 and 90

mg/kg i.p. once daily) for 21 days and injected with naloxone (0.4 mg/kg
i.p.) 18 hours after the last morphine injection. Control animals were
administered 0.9% saline (0.1 m1/100 g i.p.). The animals were sacrificed
20 minutes after naloxone administration. The data represent the mean
activity counts/minute determined for consecutive 5 minute periods.

Values represent the Mean * S.E.M. of 6 control and 10 experimental
animals.

* Statistically significant from control at P<0.01
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TABLE 5 79
EFFECT OF CHRONIC MORPHINE ADMINISTRATION ON ENDOGENQUS HISTAMINE
CONCENTRATIONS IN VARIOUS BRAIN REGIONS OF RATS
Time of Treatment Hypothalamus Midbrain Cortex
Sacrifice After
Treatment Histamine (ng/g)
1 hr. SALINE 370.2+26.0 62.2+4.3 17.6+£1.5
(10) (12) (10)
MORPHINE 262.5 + 31 .4* 51.0 £3.4 19.7+1.6
(11) (11) 9)
6 hr. SALINE 339.5% 28.4 55.4*6.9 19.Q:t3.6
(7) (6) (6)
MORPHINE 218.3%25.2* 58.9%6.6 23.3+2.6
(8) (6) (6)
18 hr. SALINE 293.3%15.3 45.3£3.5 18.4 £2.0
(23) (21) (21)
MORPHINE 209.2%12,.5* 39.8+2.8 12.7+1.7%
(25) (25) (24)
66 hr. SALINE 322.1%17.6 45.3+£4.0 18.2 £3.0
(12) (13) (12)
MORPHINE 175.4 £9_6* 30.0 £4,3% 11.5 £1.0%
(8) (8) (7)
1 week SALINE 302.7 £38.6 43.8 £5,7 16.1+2.4
(6) (6) (6)
MORPHINE 254.5£30.7 38.0 5.8 12.8+£2.9
(6) (6) (6)
3 weeks SALINE 247.8 £46.2 45.0%£7.3 16.0£3.4
(7) (7) (7)
MORPHINE 248.3*39.4 34.814.1 16.3+3.2
(7) (7) (8)

Experimental animals were administered weekly increasing doses of

morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml1/100 g i.p. once daily) for

21 days.
last treatment.

* Statistically significant from control at P<0.05

The animals were sacrificed at the time indicated after the
Values represent the Mean * S.E.M.
experiments is shown in parentheses.

The number of
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TABLE 5P 80

EFFECT OF CHRONIC MORPHINE ADMINISTRATION ON ENDOGENOUS HISTAMINE
CONCENTRATIONS IN VARIOUS BRAIN REGIONS OF RATS

Time of Treatment Hypothalamus Midbrain Cortex
Sacrifice After
Treatment Histamine (% of control)
1 hr. SALINE 100.0% 7.0 100.0*6.9 100.0+ 8.5
(10) (12) (10)
MORPHINE 70.9+ 8.5%* 82.0£5.5 111.9%9.1
(11) (11) (9)
6 hr. 'SALINE 100.0* 8.4 100.0% 12.5 100.0+ 18.9
(7) (6) (6)
MORPHINE 64.3+7.4% 106.3%+11.9 122.6 £ 13.7
(8) (6) (6)
18 hr. SALINE 100.0% 5.2 100.0£7.7 100.0+ 10.9
(23) (21) (21)
MORPHINE 71.3+4.3* 87.9t6.2 69.0£9.2
(25) (25) (24)
66 hr. SALINE 100.0£ 5.5 100.0+£ 8.8 100.0+ 16.5
(12) (13) (12)
MORPHINE 54.4+ 3,0% 66.2+£9.5*% 63.2+ 5.5%
(8) (8) (7
1 week SALINE 100.0*12.8 100.0% 13.0 100.0£ 14.9
(6) (6) (6)
MORPHINE 84.1+10.1 86.8+13.2 79.5+ 18.0
(6) (6) (6)
3 weeks SALINE 100.0£ 18.6 100.0%x 16.2 100.0+ 21.3
(N (7 (7)
MORPHINE 100.2 £ 15.6 77.3%£9.1 101.9+ 20.0
(7) (7 (8)

Experimental animals were administered weekly increasing doses of morphine
(30, 60 and 90 mg/kg i.p. once daily) for 21 days and control rats were

administered 0.9% saline (0.1 m1/100 g i.p.).
at the times indicated after the last experiment.

Mean * S.E.M. The results are expressed as percent of control values.

The number of experiments is shown in parentheses.

* Statistically significant from control at P <0.05

The animals were sacrificed
Values represent the
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Fig. 10. The effect of chronic morphine administration on endogenous

brain histamine concentrations in the rat hypothalamus. Experimental
animals were adminstered weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days and control rats were
administered 0.9% saline (0.1 m1/100 g i.p. once daily) for 21 days.
The animals were sacrificed at the times indicated after the last
treatment. Values represent the Mean +* S.E.M. of at least 6 animals
in each group.

* Statistically significant from control at P <0.05
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Fig. 11. The effect of chronic morphine administration on endogenous

brain histamine concentrations in the rat midbrain. Experimental
animals were administered weekly increasing doses of morphine (30, 60
and 90 mg/kg i.p. once daily) for 21 days and control rats were
administered 0.9% saline (0.1 m1/100 g i.p. once daily) for 21 days.
The animals were sacrificed at the times indicated after the last
treatment. Values represent the Mean * S.E.M. of at least 6 animals
in each group.

* Statistically significant from control at P <0.05
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Fig. 12. The effect of chronic morphine administration on endogenous
brain histamine concentrations in the rat cortex. Experimental animals
were administered weekly increasing doses of morphine (30, 60 and 90
mg/kg i.p. once daily) for 21 days and control rats were administered
0.9% saline (0.1 m1/100 g i.p. once daily) for 21 days. The animals
were sacrificed at the times indicated after the last treatment. Values
represent the Mean *# S.E.M. of at least 6 animals in each group.

* Statistically significant from control at P <0.05
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Figs. 13 to 19 illustrate the data for the SLA of rats, treated
with weekly increasing doses.of morphine (30, 60 and 90 mg/kg i.p. once
daily) for 21 days, measured at various times after the last treatment.

Within the first hour following the adﬁinistration of the last
chronic dose of morphine (90 mg/kg i.p.) the rats were clearly sedated
as illustrated in Fig. 13. Three hours following the last morphine
treatment as illustrated in Fig. 14, the SLA of these rats returned to
normal although it did not appear to be stabilized. During the first
5 minute period of recording, the morphine-treated rats showed enhanced
activity and during the last 15 minutes of recording their locomotor
activity appeared depressed. Six hours following .the last morphine
treatment, the SLA of these rats appear to be elevated above control
values. However, the data are only statistically significant during
two 5 minute recording periods as illustrated in Fig. 15.

Eighteen hours after the last chronic morphine treatment, the
SLA of these rats appeared indistinguishable from control values as
illustrated in Fig. 16.

V Sixty-six hours after the last chronic morphine treatment, the
morphine-treated rats appeared to be sedated as illustrated in Fig. 17.
The experimental rats showed statistically significant»decreases in their
SLA throughout the recording period.

The data in Fig. 18 and Fig. 19 illustrate that one week and
three weeks respectively following morphine withdrawal from morphine-
dependent rats, their SLA were essentially normal.

In order to attempt an explanation for the observed changes
following chronic morphine administration and morphine withdrawal, it

was decided to investigate the activity of the major HA metabolizing
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enzyme histamine methyltransferase (HMT).

Since the HMT activity is expressed per milligram of protein it
was first necessary to determine the effects of administration of weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p.) on the protein
concentrations in various brain regions. The data in Table 6, showing
the effects of chronic morphine administration on protein concentration
in various brain regions, show no significant changes in the hypothalamus,
midbrain or cefebral cortex.

Morphine withdrawal for 2 days from morphine-dependent rats also
produced no significant changes in the hypothalamus, midbrain or cerebral
cortex as indicated in Table 7.

The HMT activities of rats, treated chronically with weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) and
measured 18 hours after the last treatment are indicated in Table 8.

There were no significant changes observed in the hypothalamus, midbrain

or cerebral cortex.
Chronic morphine treatment followed by 2 days of withdrawal did
not produce any significant differences from controls in the brain regions

i investigated as illustrated in Table 9.
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Fig. 13. Effect of chronic morphine administration on spontaneous

locomotor activity of rats one hour after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml1/100 g i.p. once daily) for
21 days. The animals were sacrificed one hour after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean £ S.E.M. of 8 control and 10 experimental animals.

T The activity of the animals was below detectable limits
* Statistically significant from control at P <0.001
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Fig. 14. Effect of chronic morphine administration on spontaneous

locomotor activity of rats 3 hours after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for
21 days. The animals were sacrificed 3 hours after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 8 control and 7 experimental animals.

* Statistically significant from control at P <0.01

e

i




ACTIVITY COUNTS/MIN

88

CONTROL (SALINE)
N\\] MORPHINE (21 DAYS)

50 T ,
\
40} \ 3
\
\ \
20} § \ . *
N | N ‘
10} \ \ |
1 N
oL I N N
0-5 5-10 10-15 1520 20-25  25-30
TIME (MIN)
Fig. 15. Effect of chronic morphine administration on spontaneous

locomotor activity of rats 6 hours after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for
21 days. The animals were sacrificed 6 hours after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 8 control and 10 experimental animals.

* Statistically significant from control at P <(.01
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locomotor activity of rats 18 hours after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for
21 days. The animals were sacrificed 18 hours after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 25 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 12 control and 12 experimental animals.

* Statistically significant from control at P <0.025
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Fig. 17. Effect of chronic morphine administration on spontaneous

locomotor activity of rats 66 hours after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml1/100 g i.p. once daily) for
21 days. The animals were sacrificed 66 hours after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 8 control and 10 experimental animals.

* Statistically significant from control at P <0.05
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Fig. 18. Effect of chronic morphine administration on spontaneous

locomotor activity of rats one week after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 m1/100 g i.p. once daily) for
21 days. The animals were sacrificed one week after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean *# S.E.M. of 8 control and 7 experimental animals.

* Statistically significant from control at P <0.01
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Fig. 19. Effect of chronic morphine administration on spontaneous

locomotor activity of rats 3 weeks after the last treatment.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 mk/100 g i.p. once daily) for
21 days. The animals were sacrificed 3 weeks after the last treatment.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 7 control and 8 experimental animals.

* Statistically significant from control at P<0.05

4]
ko
el




TABLE 6

EFFECT OF CHRONIC MORPHINE ADMINISTRATION ON PROTEIN
CONCENTRATION IN VARIOUS REGIONS OF RAT BRAIN

Treatment Hypothalamus Midbrain Cortex

Protein (mg/g tissue)

CONTROL (SALINE) 40.6+1.2 30.9%0.4 33.2%0.6
(8) (8) (8)

100.0 % 3.0% 100.0 +1.3% 100.0 +1.8%

MORPHINE (21 days) 41.4 £1.2 31.6 0.3 34.6 £1.1
(8) (8) (8)

102.0 £ 3.0% 102.3+1.0% . 104.2 % 3.3%

Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for

21 days. The animals were sacrificed 18 hours after the last treatment.
The data indicate the mean protein concentrations per gram of tissue.
Values represent the Mean + S.E.M. The results are also expressed as
percent of control values. The number of experiments is shown in

parentheses.
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TABLE 7
EFFECT OF MORPHINE WITHDRAWAL ON PROTEIN CONCENTRATION IN
VARIOUS BRAIN REGIONS OF MORPHINE-DEPENDENT RATS
Treatment . Hypothalamus Midbrain Cortex
Protein (mg/g tissue)
CONTROL (SALINE 37.4%£0.5 26.2%+0.7 29.1%£0.6
(8) (8) (8)
100.0 £ 1.3% 100.0 *+ 3.8% 100.0 £ 2.1%
MORPHINE (21 days) 38.3t1.6 26.1+0.5 28.8 £0.7
SALINE (2 days) (9) (9) (9)
102.4 £4.3% 99.6 £1.9% 99.0 £2.4%

Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days followed by
0.9% saline (0.1 ml/100 g i.p. once daily) for 2 days and control rats
were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for 23
days. The animals were sacrificed 66 hours after the last morphine
treatment. The data indicate the mean protein concentration per gram
of tissue. Values represent the Mean * S.E.M. The results are also
expressed as percent of control values. The number of experiments is
shown in parentheses.

e T T T T R T e




9s.
TABLE 8
EFFECT OF CHRONIC MORPHINE ADMINISTRATION ON HISTAMINE
METHYLTRANSFERASE ACTIVITY IN RAT BRAIN
Hypothalamus Midbrain Cortex
Treatment
HMT Activity
(uM/hr/g Protein)
CONTROL (SALINE) 1.30%0.07 0.95%0.03 0.84+0.03
(8) (8) (8)
100.0 £ 5.4% 100.0+2.6% 100.0 +3.0%
MORPHINE (21 days) 1.22+0.07 0.96 +0.01 0.82+0.05
(8) (8) (8)
93.8%5.4% 101.1+1.1% 97.0+5.4%

Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for

21 days. The animals were sacrificed 18 hours after the last treatment.
The data indicate the mean activity of histamine methyltransferase (HMT),
per hour, per gram of tissue protein. Values represent the Mean * S.E.M.
The results are also expressed as percent of control values. The number
of experiments is shown in parentheses.
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TABLE 9
HISTAMINE METHYLTRANSFERASE ACTIVITY IN RAT BRAIN AFTER 2 DAYS
WITHDRAWAL OR MORPHINE FROM MORPHINE-DEPENDENT RATS
Hypothalamus Midbrain Cortex
Treatment
HMT Activity
(uM/hr/g Protein)
CONTROL (SALINE) 1.38+0.12 1.39+0.08 1.23+0.07
(8) (8) (8)
100.0 + 8.7% 100.0 +5.8% 100.0+5.3%
MORPHINE (21 days) 1.37+0.14 1.35+0.05 1.21+0.03
+ SALINE (2 days) 9 9) (9)
98.9+9.8% 97.1+3.2% 98.0%2.4%

Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days followed by
0.9% saline (0.1 m1/100 g i.p. once daily) for 23 days. The animals
were sacrificed 66 hours after the last morphine treatment. The data
indicate the mean activity of histamine methyltransferase (HMT) per
hour, per gram of tissue protein. Values represent the Mean * S.E.M.
The results are also expressed as percent of control values. The
number of experiments is shown in parentheses.




V. Chronic Histidine with Chronic Morphine Treatment

In order to further exflore the mechanism of the changes in
endogenous brain HA concentrations occurring after chronic morphine
treatment, the effects of administration of the HA precursor histidine
were investigated. .

The data from Table 5 are repeated here in Table 10 for ease of
comparison. Téble 10 and Fig. 20 demonstrate that chronic administration
of histidine (500 mg/kg i.p. once daily) for 21 days resulted in
significantly increased HA concentrations in the hypothalamus and
cerebral cortex when determined 18 hours after the last treatment. The
midbrain failed to show any significant change at £his time,

Table 10 and Fig. 20 demonstrate the effects of simultaneous
treatment with histidine (500 mg/kg i.p. once daily) and weekly increasing
doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days, on
engogenous brain HA concentrations. This treatment resulted in normal
values in the hypothalamus, midbrain and cerebral cortex when determined
18 hours after the last treatment.

The SLA of rats receiving simultaneous treatment with histidine
and weekly increasing doses of morphine for 21 days is compared with
saline-treated controls in Fig. 21. Eighteen hours after the last
morphine with histidine treatment these animals showed statistically
significantly decreased activity during all but one recording period.

The effect of chronic histidine or histidine with morphine
treatment on SLA of rats determined 18 hours after the last treatment
is illustrated in Fig. 22. The rats receiving morphine plus histidine
appeared less active throughout the period of measurement with several

intervals showing statistically significant decreases.
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VI. Chronic Histidine after Morphine Withdrawal

from Morphine-Dependent Rats

The next set of investigations was performed in order to determine
the effect of chronic histidine administration on brain HA concentrations
after morphine withdrawal from morphine-dependent rats. The results are
shown in Table 11 and Fig. 23. The data of the saline-treated control
and morphine-withdrawn rats from Table 5 are repeated for ease of
comparison. Chronic histidine administration (500 mg/kg i.p. once daily)
for 23 days, resulted in statistically significantly elevated HA levels
in the hypothalamus and cerebral cortex when determined 18 hours after
the last treatment. The midbrain failed to show any significant increase
when determined 18 hours after the last treatment.

The changes observed during morphine withdrawal from rats treated
simultaneously with weekly increasing doses of morphine (30, 60 and 90
mg/kg i.p. once daily) and histidine (500 mg/kg i.p. once daily) for
21 days followed by histidine alone (500 mg/kg i.p. once daily) for
2 days as indicated in Table 11 and Fig. 23, resulted in a significant
decrease in the hypothalamic HA concentration. In the midbrain and the
cerebral cortex the effects of morphine withdrawal appear to be prevented
by the histidine administration.

Chronic histidine with morphine treatment significantly reduced
the rate of body weight changes (growth) when compared to saline-treated
controls as illustrated in Fig. 24.

Fig. 25 illustrates the effects on SLA of chronic morphine with
histidine treatment for 21 days followed by either 2 days of histidine
alone or withdrawal of both agents. These groups of animals did not

show any significant differences during the period of measurement although

S




those animals continued on histidine (500 mg/kg i.p. once daily) for |

2 days (controls) appeared somewhat less active than the experimental
rats.

In order to determine the influence histidine withdrawal by
itself would have on SLA of rats treated with histidine for 3 weeks,
the next experiment was carried out. Fig. 26 clearly illustrates that
chronic histidine administration followed by 2 days withdrawal does not
produce any significant alterations of SLA when compared to rats

receiving chronic histidine.
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TABLE 10

EFFECT OF CHRONIC HISTIDINE ADMINISTRATION ON MORPHINE-
INDUCED CHANGES IN BRAIN HISTAMINE CONCENTRATIONS

Treatment - Hypothalamus Midbrain Cortex

Histamine (ng/g)

SALINE (21 days) 293.3+15.3 45.3 % 3.5 18.4+ 2.0
(23) (21) (21)
100.0 + 5.25% 100.0 + 7.7% 100.0 * 10.9%
MORPHINE (21 days) 209.2 + 12.5% 39.8+2.8 12,7 £1.7%
(25) (25) (24)
71.3 % 4,3%* 87.9 % 6.2% 69.0 +9.2%*
HISTIDINE (21 days) 366.3 + 44 ,5% 52.2+6.8 26.0+1.3%
(7) (8) (8)
124.9+15.2%*  115.2 * 15.0% 141.3 £ 7.1%%
Mo + HD (21 days) 337.6 £ 48.0 44.1%1.6 17.7+2.3
(11) (13) (10)
115.1 * 16.45% 97.4 + 3.5% 96.2 % 12.5%

Control rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily)
for 21 days. Morphine (Mo) was administered in weekly increasing doses
(30, 60 and 90 mg/kg i.p. once daily) for 21 days to the second group of
rats. The third group of rats was administered histidine (500 mg/kg

i.p. once daily) for 21 days. The fourth group of rats was treated
simultaneously with weekly increasing doses of morphine (as above) and
histidine (as above) for 21 days. All animals were sacrificed 18 hours
after the last treatment. Values represent the Mean * S.E.M. The
results are also expressed as percent of control values. The number

of experiments is shown in parentheses.

* Statistically significant from control at P <0.05
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Fig. 20. Effect of chronic histidine administration on morphine-

induced changes in brain histamine concentrations. Control rats were
administered 0.9% saline (0.1 ml/100 g i.p. once daily) for 21 days.
Morphine (Mo) was administered in weekly increasing doses (30, 60 and
90 mg/kg i.p. once daily) for 21 days to the second group of rats.

The third group of rats was administered histidine (500 mg/kg i.p.

once daily) for 21 days. The fourth group of rats was treated
simultaneously with weekly increasing doses of morphine (as above)

and histidine (as above) for 21 days. Animals were sacrificed 18 hours
after the last drug or saline administration. Values represent the
Mean £ S.E.M. of at least 7 animals in each group.

* Statistically significant from control at P <0.05
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Fig. 21. Effect of chronic histidine with morphine treatment on

spontaneous locomotor activity of rats. Experimental animals were
treated simultaneously with weekly increasing doses of morphine

(30, 60 and 90 mg/kg i.p. once daily) and histidine (500 mg/kg i.p.
once daily) for 21 days. Control rats were administered 0.9% saline
(0.1 ml/100 g i.p. once daily) for 21 days. The animals were
sacrificed 18 hours after the last treatment. Values represent the
Mean = S.E.M. of 7 control and 8 experimental animals.

* Statistically significant from control at P <0.005
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Fig. 22, Effect of chronic histidine or histidine with morphine

treatment on spontaneous locomotor activity of rats 18 hours after
the last drug administration. Experimental animals were administered
histidine (500 mg/kg i.p. once daily) for 21 days or they were treated
simultaneously with weekly increasing doses of morphine (30, 60 and

90 mg/kg i.p. once daily) and histidine (500 mg/kg i.p. once daily)
for 21 days. Control rats were administered 0.9% saline (0.1 m1/100 g
i.p. once daily) for 21 days. The animals were sacrificed 18 hours
after the last treatment. Values represent the Mean * S.E.M. of

8 control and 8 experimental animals.

* Statistically significant from control at P<0.01
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TABLE 11 |
EFFECT OF CHRONIC HISTIDINE ADMINISTRATION ON BRAIN é
HISTAMINE CONCENTRATIONS AFTER MORPHINR WITHDRAWAL |
FROM MORPHINE-DEPENDENT RATS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
SALINE (23 days) 322.1%17.6 45.3% 4.0 18.2%+ 3.0
(12) (13) (11)
100.0 £ 5.5% 100.0+ 8.8% 100.0* 16.5%
Mo (21 days) 175.4 £ 9.6% 30.0 % 4.3% 11.5+1.0*
+ SALINE (2 days) (8) (8) (7
54.5+ 3.0%* 66.2+£9.5%* 63.2+5,5%*
HISTIDINE (23 days) 419.7 £ 24 ,8* 49.5+ 2.8 29.4 % 2.,6%
(8) (8) (7
130.3+7.7%* 109.3+6.2% 161.5+14.3
Mo (21 days) 237.8 £ 22,5% 47.7+7.8 17.6+1.8
+ HD (23 days) (7) (7) (6)
73.8+7.0%* 105.3+17.2% 96.7 +9.9

Control rats were administered 0.9% saline (0.1 m1/100 g i.p. once
daily) for 23 days. The second group of animals was administered
weekly increasing doses of morphine (30, 60 and 90 mg/kg i.p. once
daily) for 21 days followed with saline administration for 2 days.
The third group of rats was administered histidine (500 mg/kg i.p.
once daily) for 23 days. The fourth group of rats was treated
simultaneously with weekly increasing doses of morphine (as above)
for 21 days and histidine (as above) for 23 days. The animals were
sacrificed 18 hours after the last treatment. Values represent the
Mean = S.E.M. The results are also expressed as percent of control
values. The number of experiments is shown in parentheses.

* Statistically significant from control at P <0.05
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Fig. 23. Effect of chronic histidine administration on brain histamine

concentrations after morphine withdrawal from morphine dependent rats.
Control rats were administered 0.9% saline (0.1 m1/100 g i.p. once daily)
for 23 days. The second group of animals was administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for
21 days followed with saline administration for 2 days. The third group
of rats was administered histidine (500 mg/kg i.p. once daily) for

23 days. The fourth group of rats was treated simultaneously with
weekly increasing doses of morphine (as above) for 21 days and histidine
(as above) for 23 days. The animals were sacrificed 18 hours after the
last treatment. Values represent the Mean * S.E.M. of at least 5 animals
in each group.

* Statistically significant from control at P<0.05
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Fig. 24. Influence of chronic histidine with morphine treatment on

body weight changes. Experimental animals were treated simultaneously
with weekly increasing doses of morphine (30, 60 and 90 mg/kg i.p.
once daily) and histidine (500 mg/kg i.p. once daily) for 21 days.
Control rats were administered 0.9% saline (0.1 ml/100 g i.p. once
daily) for 21 days. Values represent the Mean + S.E.M. of 7 control
and 8 experimental rats.
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morphine and chronic histidine followed for 2 days by histidine or
withdrawal. All animals were treated simultaneously with weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) and
histidine (500 mg/kg i.p. once daily) for 21 days. The animals were
sacrificed 66 hours after the last morphine administration. The data
represent the mean activity counts/minute determined for consecutive

5> minute periods for 30 minutes before sacrifice. Values represent
the Mean * S.E.M. of 7 control and 7 experimental animals.

* Statistically significant from control at P <0.001
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Fig. 26. Spontaneous locomotor activity of rats administered histidine

for 21 days followed by 2 days of withdrawal. All animals were injected
with histidine (500 mg/kg i.p. once daily) for 21 days. Experimental
animals were withdrawn for 2 days and control animals were continued
on histidine for 2 days. The animals were sacrificed 18 hours after
the last histidine administration. The data represent the mean activity
counts/minute determined for consecutive 5 minute periods for 30 minutes I
prior to sacrifice. Values represent the Mean + S.E.M. of 8 control and i
10 experimental animals. :

* Statistically significant from control at P<0.01
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VII. Histamine Formation in Rat Brain Following

Chronic Morphine

Since we were able to induce changes in the HA concentrations in
various brain regions of rats by administering morphine in weekly
increasing doses and these changes could be prevented or reversed by
concurrent histidine administration, it was of interest to study the
effects of these treatments on HA formation.

Table 12.and Fig. 27 indicate the effects of acute histidine
(500 mg/kg i.p.) administration to naive animals and acute histidine
administered to rats treated with weekly increasing doses of morphine
(30, 60 and 90 mg/kg i.p. once daily) for 21 days.

Acute histidine administration produced a statistically significant
increase in the hypothalamic HA concentration, in the midbrain, and in
cerebro-cortical HA, when compared to saline-treated control values.

Acute histidine administration to rats 18 hours after the last
morphine treatment following 21 days of weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily), produced HA concen-
trations that were closely comparable to saline treated control values.

Acute histidine administration to rats 66 hours after the last
morphine treatment following 21 days of Qeekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily), produced HA levels that
were closely comparable to saline-treated control values in all three

brain regions investigated.
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TABLE 12
EFFECT OF CHRONIC MORPHINE ADMINISTRATION ON
HISTAMINE FORMATION IN RAT BRAIN
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
SALINE (21 days) 327.7+21.9 44.3%+5.4 15.6+1.8
(12) (11) (11)
100.0+x6.7% 100.0 +12.2% 100.0%11.5%
ACUTE HD 446.3 + 28.7* 60.5x5.7* 30.6%2.4*
(15) (15) (16)
136.2 £ 8.8%* 136.6 £12,9%* 196.2 + 15.4%*
ACUTE HD 18 hours 317.6 £52.7 54.5+t3.6 21.1+3.5
after CHRONIC Mo (8) 9 (8)
96.9 £ 16.1% 123.0+8.1% 135.3+22.4%
ACUTE HD 66 hours 293.3+18.1 47.3%+5.1 21.3+3.8
after CHRONIC Mo (7N (6) (7)
89.5+£5.5% 106.8 £ 11.5% 136.5+ 24.4%

Control rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily)
for 21 days. The second group of rats was administered histidine

(500 mg/kg i.p.) once. The third group of rats was administered weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for
21 days and 18 hours after the last morphine treatment they were
administered a histidine load (500 mg/kg i.p.). The fourth group was
treated in a fashion identical to the third group except that the
histidine load was administered 66 hours after the last morphine
treatment. All animals were sacrificed one hour after the last
treatment. Values represent the Mean % S.E.M. The results are also
expressed as percent of control values. The number of experiments is
shown in parentheses.

* Statistically significant from control at P <0.05
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Fig. 27. Effect of chronic morphine administration on histamine
formation in rat brain. Morphine was administered in weekly increasing
doses (30, 60 and 90 mg/kg i.p. once daily) for 21 days then histidine
(500 mg/kg i.p.) was administered 18 or 66 hours after the last morphine
treatment. Control animals were administered 0.9% saline (0.1 m1/100 g
i.p. once daily) for 21 days. All animals were sacrificed one hour
after the last treatment. Values represent the Mean * S.E.M. of at
least 7 animals in each group.

* Statistically significant from control at P<0.05
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The effect of acute histidine administration (500 mg/kg i.p.)
for one hour on SLA rats is illustrated in Fig. 28. The histidine-
treated rats showed less activity than the saline-treated controls,
although statistically significant differences were only achieved
during two periods of measurement.

Fig. 29 illustrated the effects of chronic histidine or chronic
histidine with morphine treatment on SLA of rats determined within one
hour followingithe last treatment. Those animals receiving morphine
plus histidine are significantly more active than those administered
chronic histidine by itself.

The SLA of rats receiving an acute histidine load either 18 or
66 hours after morphine withdrawal from morphine-dependent animals
appears to be the same as the activity of the saline-treated controls

receiving an acute histidine load as shown in Fig. 30 and Fig. 31.
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Fig. 28. Effect of acute histidine administration on spontaneous

locomotor activity of rats. Experimental animals were administered
histidine (500 mg/kg i.p.) and controls were injected with 0.9% saline
(0.1 m1/100 g i.p.). The animals were sacrificed one hour after
treatment. The data indicate the mean activity counts/minute determined
for consecutive 5 minute periods for 30 minutes prior to sacrifice.
Values represent the Mean * S.E.M. of 4 control and 4 experimental

animals.

* Statistically significant from control at P<0.05
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Fig. 29. Effect of chronic histidine or histidine with morphine

treatment on spontaneous locomotor activity of rats one hour after the
last drug administration. Experimental animals were administered
histidine (500 mg/kg i.p. once daily) for 21 days or they were treated
simultaneously with weekly increasing doses of morphine (30, 60 and

90 mg/kg i.p. once daily) and histidine (500 mg/kg i.p. once daily)

for 21 days. Control rats were administered 0.9% saline (0.1 ml1/100 g
i.p.). The animals were sacrificed one hour after the last injection.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean * S.E.M. of 8 control and 8 experimental animals.

* Statistically significant from control at P<0.01
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Fig. 30. Effect of an acute histidine load‘on spontaneous locomotor

activity of morphine-dependent rats 18 hours after morphine withdrawal.
Experimental animals were injected with weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 m1/100 g i.p. once daily) for

21 days. Histidine (500 mg/kg i.p.) was administered 18 hours after

the last treatment and all animals were sacrificed one hour later. The
data indicate the mean activity counts/minute determined for consecutive
5 minute periods for 30 minutes prior to sacrifice. Values represent
the Mean * S.E.M. of 8 control and 9 experimental animals.
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Fig. 31. Effect of an acute histidine,load on spontaneous locomotor

activity of morphine-dependent rats 66 hours after morphine withdrawal.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for
21 days. Histidine (500 mg/kg i.p.) was administered 66 hours after
the last treatment and all animals were sacrificed one hour later.

The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods for 30 minutes prior to sacrifice. Values
represent the Mean + S.E.M. of 4 control and 7 experimental animals.

* Statistically significant from control at P<0.01
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VIII. Histamine Formation in Rat Brain Following Chronic

Histidine or Chronic Histidine with Morphine

Table 13 and Fig. 32 demonstrate the effects of chronic histidine
or chronic histidine (500 mg/kg i.p. once daily) with weekly increasing
doses of morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days.

The animals in these experiments were sacrificed one hour after the last
treatment. Chronic histidine treatment resulted in very high levels of
HA in the hypotﬁalamus, midbrain and cerebral cortex when determined one
hour after the last injection. Simultaneous treatment with histidine
and morphine resulted in value different from those reported for deter-
minations performed 18 hours after the last treatment (Table 10). 1In
these experiments, HA levels were the same in the hypothalamus, elevated
in the midbrain and again in the cerebral cortex when compared to the

18 hour values.

Table 13 and Fig. 32 illustrate the effects on brain HA of acute
histidine loads (500 mg/kg i.p.) 18 hours after chronic histidine
(500 mg/kg i.p. once daily) for 21 days or chronic histidine administered
simultaneously with weekly increasing doses of morphine (30, 60 and 90
mg/kg i.p. once daily) for 21 days. Acute histidine (18 hours after the
last chronic histidine treatment), resulted in significantly elevated HA
levels in the hypothalamus, midbrain and cerebral cortex. These levels
were not as high as those observed one hour after the last chronic
injection as described earlier.

Acute histidine 18 hours after the last simultaneous treatment
with histidine and morphine resulted in HA levels that were just less in
each brain region than the levels seen one hour after the chronic

histidine treatment as described earlier.
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Simultaneous administration of histidine and morphine for 21 days
resulted in significant decreases in body weight changes when compared

with chronic histidine as illustrated in Fig. 33.




119

TABLE 13

EFFECT OF CHRONIC HISTIDINE OR CHRONIC HISTIDINE WITH MORPHINE
TREATMENT ON HISTAMINE FORMATION IN RAT BRAIN

Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)

HISTIDINE (HD) 799.2 % 109.7 61.9+7.8 33.75.2
(21 days) (7 (6) (6)
Mo and HD (21 days) 358.7+39.2 62.6%16.7 35.4%+6.4

(6) (7 (8)
ACUTE HD 18 hours 569.9 +58.8 60.7£7.3 28.0+ 3.0
after HD (21 days) (7 (6) (6)
ACUTE HD 18 hours 357.7+25.9 55.6*4.5 26.7%2.7
after Mo and HD (7N (7) (5)

(21 days)

The first group of rats was administered histidine (HD) (500 mg/kg i.p.
once daily) for 21 days. The second group of rats was treated
simultaneously with weekly increasing doses of morphine (30, 60 and 90
mg/kg i.p. once daily) and HD (500 mg/kg i.p. once daily) for 21 days.
The third group of rats was administered histidine (500 mg/kg i.p. once
daily) for 21 days and 18 hours after the last chronic treatment, acute
HD (500 mg/kg i.p.) was administered. The fourth group of rats was
treated simultaneously with morphine and HD (as for group two) and

18 hours after the last treatment, acute HD (500 mg/kg i.p.) was
administered. All animals were sacrificed one hour after the last
treatment. Values represent the Mean +* S.E.M. The number of experiments
is shown in parentheses.
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Fig. 32. Effect of chronic histidine or histidine with morphine

treatment on histamine formation in rat brain. The first group of

rats was administered histidine (HD) (500 mg/kg i.p. once daily) for

21 days. The second group was treated simultaneously with weekly
increasing doses of morphine (30, 60 and 90 mg/kg i.p. once daily) and
HD (500 mg/kg i.p. once daily) for 21 days. The third group of animals
was treated in a fashion identical to the first group and 18 hours after
the last HD treatment they were administered HD (500 mg/kg i.p.) and
sacrificed one hour later. The fourth group of animals was treated
simultaneously with morphine and HD (as for group two) and 18 hours
after the last treatment, acute HD (500 mg/kg i.p.) was administered.
All animals were sacrificed one hour after the last treatment. Values
represent the Mean * S.E.M. of at least 5 animals in each group.
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Fig. 33. Influence of chronic histidine or histidine with morphine

treatment on body weight changes. Control rats were administered
histidine (500 mg/kg i.p. once daily) for 21 days. Experimental
animals were treated simultaneously with weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) and histidine (500 mg/kg
i.p. once daily) for 21 days. Values represent the Mean + S.E.M. of

8 control and 8 experimental rats.
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The data in Fig. 34 illustrate that an acute histidine
administration to rats chronically treated with morphine resulted in
lower SLA than those found in saline-treated controls receiving a
similar histidine load.

Rats treated chronically with histidine showed higher activities
than morphine-treated rats when both groups were administered an acute

histidine load 18 hours after the last chronic treatment. These data

are depicted in Fig. 35.
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Fig. 34. Effect of acute histidine administration on spontaneous

locomotor activity of rats treated chronically with morphine.
Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 m1/100 g i.p. once daily) for
21 days. Acute histidine (500 mg/kg i.p.) was administered to all rats
18 hours after the last treatment and the animals were sacrificed one
hour later. The data represent the mean activity counts/minute
determined for consecutive 5 minute periods for 30 minutes prior to
sacrifice. Values represent the Mean + S.E.M. of 8 control and

6 experimental animals.

* Statistically significant from control at P <0.05
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Fig. 35. Effect of an acute histidine load on spontaneous locomotor
activity of rats treated chronically with histidine or histidine with
morphine. Experimental animals were treated simultaneously with
histidine (500 mg/kg i.p. once daily) and weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered histidine (500 mg/kg i.p. once daily) for 21 days.
Acute histidine (500 mg/kg i.p.) was administered and all animals were
sacrificed one hour later. The data represent the mean activity
count/minute determined for consecutive 5 minute periods for 30 minutes
prior to sacrifice. Values represent the Mean + S.E.M. of 8 control
and 7 experimental animals.

* Statistically significant from control at P<0.01




IX. Effect of an Acute Histidine Load to

Morphine-Dependent Rats

Since chronic morphine administration produced changes in brain
HA concentrations and since chronic histidine édministration seemed to
prevent or reverse these changes it was of interest to determine whether
acute histidine administration might also reverse these changes. The
data in Table 14 indicate that when histidine (500 mg/kg i.p.) was
administered at.the time of the last morphine treatment and the HA levels
assayed 18 hours later, the morphine-induced changes were not prevented.
The decreases in HA on the hypothalamus, midbrain and cerebral cortex
indicate that morphine is still producing as much effect as seen in
Table 5.

The SLA of rats 18 hours after an acute histidine load to
morphine-dependent rats is illustrated in Fig. 36. The morphine-treated
rats are clearly more sedated than the control rats that received chronic

saline injections and one histidine load.
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TABLE 14
ENDOGENOUS BRAIN HISTAMINE CONCENTRATION OF MORPHINE-DEPENDENT
RATS 18 HOURS AFTER AN ACUTE HISTIDINE LOAD
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 314.5% 30.7 47.626.6 19.2+3.2
(4) (4) (4)
100.0+£9.8% 100.0% 13.9% 100.0+£16.7%
MORPHINE (21 days) 193.1+ 20.8* 32.8+6.0 17.2+2.4
(5) (5) (5)
61.4 +6.6%* 68.9+12.6% 89.6+12.5%

Experimental animals were administered weekly increasing doses of
morphine (30, 60 and 90 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml1/100 g i.p. once daily) for
21 days. Histidine (500 mg/kg i.p.) was administered at the time of
the last chronic treatment and all rats were sacrificed 18 hours later.
Values represent the Mean + S.E.M. The results are also expressed as
percent of control values. The number of experiments is shown in
parentheses.

* Statistically significant from control at P<0.05
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Fig. 36. Spontaneous locomotor activity 18 hours after an acute

histidine load to morphine-dependent rats. Experimental animals were
administered weekly increasing doses of morphine (30, 60 and 90 mg/kg
i.p. once daily) for 21 days and control rats were administered 0.9%

saline (0.1 ml/100 g i.p. once daily) for 21 days. Histidine (500 mg/kg

i.p.) was administered at the time of the last morphine treatment and

the animals were sacrificed 18 hours later. The data represent the mean

activity counts/minute determined for consecutive 5 minute periods for
30 minutes prior to sacrifice. Values represent the Mean * S.E.M. of
4 control and 5 experimental animals.

* Statistically significant from control at P <0.01
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X. Acute and Chronic Pentazocine Treatment

The effect of acute pentazocine administration (30 mg/kg i.p.)
for one hour on endogenous brain HA concentrations is illustrated in
Table 15 and Fig. 37. There were no significant changes observed in the
hypothalamus, midbrain or cerebral cortex.

The effect of acute pentazocine administration on SLA of rats is
illustrated in Fig. 38. These rats displayed significantly decreased
activities when compared to saline-treated controls, during the first
5 minute recording period. The pentazocine-treated rats showed elevated
activities during the remainder of the recording periods.

Chronic administration of weekly increasing doses of pentazocine
(15, 30 and 45 mg/kg i.p. twice daily) for 21 days, as seen in Table 16
and Fig. 39, did result in statistically significant decreases in HA in
the hypothalamus and cerebral cortex. The midbrain HA levels, however,
were also lower but this was not a statistically significant difference.

Chronic treatment with weekly increasing doses of pentazocine did
not significantly influence body weight changes (growth) as can be seen
in Fig. 40.

The SLA of rats treated chronically with weekly increasing doses
of pentazocine for 21 days, and determined 18 hours after the last
treatment is illustrated in Fig. 41. The pentazocine-treated animals are
significantly less active than the saline-treated controls especially

during the last half of the recording period.
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TABLE 15
EFFECT OF ACUTE PENTAZOCINE ADMINISTRATION ON
"ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 301.0+26.2 34.9+ 3.1 22.7+0.8
(5) (6) (5)
100.0+8.7% 100.0 + 8.9% 100.0 = 3.5%
PENTAZOCINE 279.9%9.3 42,2+ 3.2 20.5*4.7
(30 mg/kg) (6) (5) (5)
93.0+3.1% 120.9+9.2% 90.3%20.7%

Experimental animals were injected with pentazocine (30 mg/kg i.p.),
and control rats were administered 0.9% saline (0.1 m1/100 g i.p.).

All animals were sacrificed one hour after treatment. Values represent
the Mean + S.E.M. The results are also expressed as percent of control
values. The number of experiments is shown in parentheses.
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Fig. 37. Effect of acute pentazocine administration on endogenous

brain histamine concentrations. Experimental animals were injected
with pentazocine (30 mg/kg i.p.) and control rats were administered
0.9% saline (0.1 ml1/100 g i.p.). All animals were sacrificed one hour
after treatment. Values represent the Mean * S.E.M. of 5 or 6

determinations.
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Fig. 38. Effect of acute pentazocine administration on spontaneous
locomotor activity of rats. Experimental animals were injected with
pentazocine (30 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 ml1/100 g i.p.). All animals were sacrificed one hour after
treatment. The data indicate the mean activity counts/minute determined
for consecutive 5 minute periods. Values represent the Mean * S.E.M. of
12 control and 12 experimental animals.

* Statistically significant from control at P <0.01
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TABLE 16
EFFECT OF CHRONIC PENTAZOCINE ADMINISTRATION ON
ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS
Treatment - Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 237.7*15.9 35.3%4.0 15.0%0.8
(7) (7 (8)
100.0+6.7% 100.0+11.3% 100.0+£5.3%
PENTAZOCINE 159.1+13.5* 31.5%£4.1 11.8+1.0%
(21 days) (6) (8) (7)
66.9+5,7%* 89.2+11.6% 78.7+6.7%*

Experimental animals were administered weekly increasing doses of
pentazocine (15, 30 and 45 mg/kg i.p. twice daily) for 21 days and
control rats were administered 0.9% saline (0.1 ml1/100 g i.p. twice
daily) for 21 days. All animals were sacrificed 18 hours after the
last treatment. Values represent the Mean * S.E.M. The results are
also expressed as percent of control values. The number of experiments
is shown in parentheses.

* Statistically significant from control at P <0.05
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Fig. 39. Effect of chronic pentazocine administration on endogenous

brain histamine concentrations. Experimental animals were administered
weekly increasing doses of pentazocine (15, 30 and 45 mg/kg i.p. twice
daily) for 21 days and control rats were administered 0.9% saline

(0.1 ml/100 g i.p. twice daily) for 21 days. All animals were sacrificed
18 hours after the last treatment. Values represent the Mean * S.E.M. of
at least 8 animals in each group.

* Statistically significant from control at P <0.05
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Fig. 40. Influence of chronic pentazocine administration on body

weight changes. Experimental animals were administered weekly
increasing doses of pentazocine (15, 30 and 45 mg/kg i.p. twice daily)
for 21 days and control rats were administered 0.9% saline (0.1 m1/100 g
i.p. twice daily) for 21 days. All animals were sacrificed 18 hours
after the last treatment. Values represent the Mean * S.E.M. of

8 control and 8 experimental animals.
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Fig. 41. Effect of chronic pentazocine administration on spontaneous

locomotor activity of rats. Experimental animals were administered
weekly increasing doses of pentazocine (15, 30 and 45 mg/kg i.p. twice
" daily) for 21 days and control rats were administered 0.9% saline
(0.1 m1/100 g i.p. twice daily) for 21 days. All animals were
sacrificed 18 hours after the last treatment. The data indicate the
mean activity counts/minute determined for consecutive 5 minute periods
for 30 minutes prior to sacrifice. Values represent the Mean * S.E.M.
of 8 control and 8 experimental animals.

* Statistically significant from control at P <0.05
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XI. Acute Mandrax, Methaqualone, or

Diphenhydramine Treatment

Acute treatment with MX (82.5 mg/kg i.p.), MQ (75.0 mg/kg p-o.),
or DIPH (7.5 mg/kg p.o.) resulted in a significant decrease in the
endogenous HA concentration in the hypothalamus as indicated in Table 17
and Fig. 42. In the midbrain, some decrease in HA was noted after MX
and MQ, but the_only significant decrease in this brain region was noted
after DIPH. 1In the cerebral cortex, the only significant decrease in HA
was observed after MX while the changes found after MQ and DIPH although
quite pronounced, did not reach the level of significance.

Acute treatment with MX, MQ, or DIPH depicted in Figs. 43, 44,
and 45 respectively, all produced significant sedation when compared

with the SLA of the vehicle-treated controls.
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TABLE 17
EFFECTS OF ACUTE TREATMENT WITH MANDRAX, METHAQUALONE, ?
OR DIPHENHYDRAMINE ON ENDOGENOUS BRAIN é
HISTAMINE CONCENTRATIONS i
Treatment - Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL 265.1+23.3 38.1+ 3.0 14.6+1.3
(10) (15) (14)
MANDRAX 204.3+15,5* 31.4+ 2.8 9.6+ 1.1*%*
82.5 mg/kg) (12) (15) (13)
CONTROL 230.6 £ 25.1 48.6+ 5.5 15.5%+ 2.4
(11) (15) (15)
METHAQUALONE 167.8 £ 14.0* 40.4£6.0 10.7£1.6*
(75.0 mg/kg) (8) (10) (%)
CONTROL 240.7%x26.0 50.0x6.4 15.0+1.5
(10) (13) (11)
DIPHENHYDRAMINE 161.5+£13.9%%* 33.07.0 10.7+2.2
(7.5 mg/kg) (8) 9 (6)

Experimental animals were administered mandrax (82.5 mg/kg p.o.),
methaqualone (75.0 mg/kg p.o.), or diphenhydramine (7.5 mg/kg p.o.),
suspended in 1 ml of vehicle and control rats were administered the
vehicle (1 ml of 1% tragacanth gum) orally. All animals were sacrificed
one hour after administration of the drugs or vehicle. Values represent
the Mean + S.E.M. The number of experiments is shown in parentheses.

* Statistically significant from control at P <0.05
** Statistically significant from control at P <0.025
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TABLE 17P
EFFECTS OF ACUTE TREATMENT WITH MANDRAX, METHAQUALONE,
OR DIPHENHYDRAMINE ON ENDOGENQUS BRAIN
HISTAMINE CONCENTRATIONS
Treatment Hypothalamus Midbrain Cortex
Histamine (% of control)
CONTROL 100.0% 8.8 100.0% 7.9 100.0+ 8.9
(10) (15) (14)
MANDRAX 77.1%+5.8% 82.4+7.3 65.8+ 7.5%%*
(82.5 mg/kg) (12) (15) (13)
CONTROL 100.0+ 10.9 100.0+11.3 100.0+ 15.4
(11) (15) (15)
METHAQUALONE 72.8+6.1% 83.1+12.3 69.0* 10.3*
(75.0 mg/kg (8) (10) (9
CONTROL 100.0£10.8 100.0+12.8 100.0+ 10.0
(10) (13) (11)
DIPHENHYDRAMINE 67.1£5.8%* 66.0+x14.0 71.2%14.7
(7.5 mg/kg) (8) (9) (6)

Experimental rats were administered mandrax (82.5 mg/kg p.o.),
methaqualone (75.0 mg/kg p.o.), or diphenhydramine (7.5 mg/kg p.o.)
suspended in 1 ml of vehicle and control rats were administered the
vehicle (1 ml of 1% tragacanth gum) orally. All animals were sacrificed
one hour after administration of the drugs or vehicle. Values represent
the Mean # S.E.M. The results are expressed as percent of control
values. The number of experiments is shown in parentheses.

* Statistically significant from control at P<0.05
** Statistically significant from control at P <0.025
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Fig. 42. Effects of acute treatment with mandrax, methaqualone or

diphenhydramine on endogenous brain histamine concentrations.
Experimental rats were administered mandrax (82.5 mg/kg p.o.),
methaqualone (75.0 mg/kg p.o.), or diphenhydramine. (7.5 mg/kg p.o.)
suspended in 1 ml of vehicle. Control rats were administered the
vehicle (1 ml of 1% tragacanth gum) orally. All animals were
sacrificed one hour after administration of the drugs or vehicle.
Values represent the Mean * S.E.M. of at least 6 animals in each group.

* Statistically significant from control at P <0.05
** Statistically significant from control at P <0.025
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Fig. 43. Effect of acute mandrax administration on spontaneous

locomotor activity of rats. Experimental animals were treated with
mandrax (82.5 mg/kg p.o.) and control rats were.administered the vehicle
(1 ml of 1% tragacanth gum) orally. All animals were sacrificed one
hour after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods for 30 minutes before
sacrifice. Values represent the Mean * S.E.M. of 12 control and

12 experimental animals.

t The activity of the animals was below detectable limits
* Statistically significant from control at P <0.005
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Fig. 44. Effect of acute methaqualone administration on spontaneous

locomotor activity of rats. Experimental animals were treated with
methaqualone (75 mg/kg p.o.) and control rats were administered the
vehicle (1 ml of 1% tragacanth gum) orally. All animals were sacrificed
one hour after treatment. The data indicate the mean activity counts/
minute determined for consecutive 5 minute periods for 30 minutes before
sacrifice. Values represent the Mean * S.E.M. of 12 control and

12 experimental animals.

* Statistically significant from control at P < 0.005
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Fig. 45. Effect of acute diphenhydramine administration on spontaneous
locomotor activity of rats. Experimental animals were treated with
diphenhydramine (7.5 mg/kg p.o.) and control rats were administered the
vehicle (1 ml of 1% tragacanth gum) orally. All animals were sacrificed
one hour after treatment. The data indicate the mean activity counts/
minute determined for consecutive 5 minute periods for 30 minutes before
sacrifice. Values represent the Mean * S.E.M. of 12 control and

12 experimental animals.

* Statistically significant from control at P <0.005




ey

143

XII. Chronic Treatment with Mandrax, Methaqualone,

or Diphenhydramine for 18 Days

Table 18 and Fig. 46 illustrate the effects of chronic treatment
for 18 days with MX, MQ, or DIPH on endogenous.brain HA concentrations.

Chronic treatment with MX (82.5 mg/kg p.o. once daily) for 18 days
resulted in a slight but not statistically significant lowering of
hypothalamic HA. Chronic treatment with MQ (75.0 mg/kg p.o. once daily)
for 18 days resulted in a slight but not statistically significant
lowering of hypothalamic HA. Chronic treatment with DIPH (7.5 mg/kg p.o.
once daily) for 18 days induced a significant decrgase in the hypothalamic
HA level.

In the midbrain, 18 days of MX treatment was observed to induce a
slight decrease in the HA concentration and 18 days of DIPH treatment
produced a more pronounced decrease. Methaqualone, when administered for
18 days, did not induce any noticeable changes in the midbrain levels
of HA.

None of the three drugs investigated in this study altered the
endogenous brain HA concentrations in the cerebral cortex to any
significant degree.

The SLA of rats treated chronically (18 days) with MX, MQ, or DIPH
is illustrated in Fig. 47. Methaqualone or DIPH appeared to produce lower
levels of activity in the first 5 minute recording period but successive
intervals showed no significant differences among any of the groups of

rats when determined 18 hours after the last treatment.
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] TABLE 18
f EFFECTS OF CHRONIC TREATMENT (18 DAYS) WITH MANDRAX, METHAQUALONE,
OR DIPHENHYDRAMINE ON ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS
é Treatment Hypothalamus Midbrain Cortex
i
g Histamine (ng/g)
» CONTROL 312.2+ 35.1 47.2+12.7 21.0%x 4.4
| (4) (4) (4)
% 100.0+ 11.2% 100.0 + 26.9% 100.0 * 21.0%
3 MANDRAX 259.0%*46.0 38.6%10.4 21.4+ 2.6
| (82.5 mg/kg) (4) (5) (4)
i 83.0+14.7% 81.8+22,0% 101.9+ 12.4%
METHAQUALONE 269.5*+34.8 45.5+14.0 19.6+1.8
(75.0 mg/kg) (4) (5) (5)
86.3+11.1% 96.4+29.7% 93.3+8.6%
; DIPHENHYDRAMINE 214 .0 + 33,2% 30.5%4.0 20.0+x1.4
% (7.5 mg/kg) (4) (5) (5)
{ 68.2+10.6%* 64.6* 8.5% 95.2+6.7%

Experimental animals were administered mandrax (82.5 mg/kg p.o.),
) methaqualone (75.0 mg/kg p.o.), or diphenhydramine (7.5 mg/kg p.o.)
| suspended in 1 ml of vehicle once daily for 18 days and control rats
were administered the vehicle (1 ml of 1% tragacanth gum) orally. All
animals were sacrificed 18 hours after the last drug or vehicle
administration. Values represent the Mean + S.E.M. The results are
also expressed as percent of control values. The number of experiments
is shown in parentheses.

* Statistically significant from control at P<0.05
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Fig. 46. Effects of chronic treatment (18 days) with mandrax,
methaqualone, or diphenhydramine on endogenous brain histamine
concentrations. Experimental rats were administered mandrax (82.5 mg/kg
p.o.), methaqualone (75.0 mg/kg p.o.), or diphenhydramine (7.5 mg/kg
p.o.) suspended in 1 ml of the vehicle once daily for 18 days and control
rats were administered the vehicle (1 ml of 1% tragacanth gum p.o. once
daily) for 18 days. All animals were sacrificed 18 hours after the last
drug or vehicle administration. Values represent the Mean * S.E.M. of
at least 4 animals in each group.

* Statistically significant from control at P<0.05
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Fig. 47. Effect of chronic treatment (18 days) with mandrax,
methaqualone, or diphenhydramine on spontaneous locomotor activity

of rats. Experimental animals were administered mandrax (82.5 mg/kg
p.o.), methaqualone (75.0 mg/kg p.o.), or diphenhydramine (7.5 mg/kg
p.o.) once daily for 18 days and control rats received an equal volume
of the vehicle (1.0 ml of 1% tragacanth gum p.o. once daily) for 18 days.
All animals were sacrificed 18 hours after the last drug administration.
The data indicate the mean activity counts/minute determined for
consecutive 5 minute periods 20 minutes prior to sacrifice. Values
represent the Mean + S.E.M. of at least 4 animals in each group.

* Statistically significant from control at P <0.05
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XIIT. Chronic Mandrax Treatment and Withdrawal

Chronic treatment with weekly increasing doses of mandrax (82.5,
123.75 and 165.0 mg/kg p.o. once daily) for 21 days (Table 19 and Fig. 48)
induced a significant decrease in the hypothalamic HA concentration, a
decrease in the midbrain which was not statistically significant, and no
significant change in the cerebral cortex.

Chronic treatment with weekly increasing doses of mandrax (82.5,
123.75 and 165.0 mg/kg p.o. once daily) for 21 days followed by 2 days
withdrawal resulted in HA concentrations not significantly different
from controls as indicated in Table 20 and Fig. 49.

Chronic mandrax administration appears to retard body weight
changes (growth) as illustrated in Fig. 50.

The SLA of rats receiving weekly increasing doses of mandrax for
3 weeks shows no significant differences from the vehicle-treated
controls when determined either 18 hours (Fig. 51) or 66 hours (Fig. 52)

after the last mandrax treatment.
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TABLE 19
EFFECTS OF CHRONIC TREATMENT (21 DAYS) WITH MANDRAX
ON ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL 335.1+27.5 45.3%+ 4.2 19.4+£2.0
(7) (8) (8)
100.0 + 8.2% 100.0+9.3% 100.0+10.3%
MANDRAX (21 days) 244.0 = 28.6%* 39.1+2.5 17.6 £ 3.0
(10) (9) (10)
72.8 +8,5%* 86.4+5.5% 89.2+15.5%

Experimental animals were treated with weekly increasing doses of
mandrax (82.5, 123.75 and 165.0 mg/kg p.o. suspended in 1 ml of the
vehicle once daily) for 21 days and control rats were administered the
vehicle (1 ml of 1% tragacanth gum p.o. once daily) for 21 days. All
animals were sacrificed 18 hours after the last oral administration of
the drug or vehicle. Values represent the Mean *+ S.E.M. The results
are also expressed as percent of control values. The number of
experiments is shown in parentheses.

* Statistically significant from control at P <0.05
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Fig. 48. Effects of chronic treatment (21 days) with mandrax on
endogenous brain histamine concentrations. Experimental animals were
treated with weekly increasing doses of mandrax (82.5, 123.75 and 165.0
mg/kg p.o.) suspended in 1 ml of the vehicle for 21 days and control rats
were administered the vehicle (1 ml of 1% tragacanth gum p.o. once daily)
for 21 days. All animals were sacrificed 18 hours after the last drug
or vehicle administration. Values represent the Mean * S.E.M. of at
least 7 animals in each group.

* Statistically significant from control at P <0.05
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TABLE 20
ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS AFTER MANDRAX
WITHDRAWAL FROM RATS TREATED CHRONICALLY WITH MANDRAX
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL 256.7+27.1 38.8%4.4 22.2+4.6
(6) (7) (6)
100.0 + 10.6% 100.0+ 11.3% 100.0 + 20.7%
EXPERIMENTAL 239.9+21.8 36.6 * 3.6 21.8+3.4
(8) (8) (7)
93.4 +8.5% 94.2+9,3% 98.1+15.3%

Experimental animals were treated with weekly increasing doses of mandrax
(82.5, 123.75 and 165.0 mg/kg p.o. suspended in 1 ml of the vehicle once
daily) for 21 days followed by 2 days of withdrawal and control rats

were administered the vehicle (1 ml of 1% tragacanth gum p.o. once daily)
for 21 days. All animals were sacrificed 66 hours after the last drug

or vehicle administration. Values represent the Mean * S.E.M. The
results are also expressed as percent of control values. The number of
experiments is shown in parentheses.
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Fig. 49. Endogenous brain histamine concentrations after mandrax
withdrawal from rats treated chronically with mandrax. Experimental
animals were treated with weekly increasing doses of mandrax (82.5,
123.75 and 165.0 mg/kg p.o. suspended in 1 ml of the vehicle) followed
by 2 days of withdrawal, and control rats were administered the vehicle
(1 ml of 1% tragacanth gum p.o. once daily) for 21 days. All animals
were sacrificed 66 hours after the last drug or vehicle administration.
Values represent the Mean * S.E.M. of at least 6 animals in each group.
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Fig. 50. Influence of chronic mandrax administration on body weight

changes. Experimental animals wetre administered weekly increasing doses
of mandrax (82.5, 123.75 and 165.0 kg/kg p.o. once daily) for 21 days
and control rats were administered the vehicle (1 ml of 1% tragacanth
gum p.o. once daily) for 21 days. All animals were sacrificed 18 hours
after the last drug or vehicle administration. Values represent the
Mean £ S.E.M. of 8 control and 10 experimental animals,
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Fig. 51. Effect of chronic treatment (21 days) with mandrax on
spontaneous locomotor activity of rats. Experimental animals were
administered weekly increasing doses of mandrax (82.5, 123.75 and 165.0
mg/kg p.o. once daily) for 21 days and control rats were administered
the vehicle (1 ml of 1% tragacanth gum) orally. All animals were
sacrificed 18 hours after the last mandrax administration. The data
indicate the mean activity counts/minute determined for consecutive

5 minute periods for 30 minutes before sacrifice. Values represent the
Mean + S.E.M. of 16 control and 16 experimental animals.
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Fig. 52. Effect of chronic mandrax administration on spontaneous
locomotor activity of rats 66 hours after the last treatment.
Experimental animals were administered weekly increasing doses of
mandrax (82.5, 123.75 and 165.0 mg/kg p.o. once daily) for 21 days

and withdrawn for 2 days, and control rats were administered the

vehicle (1 ml of 1% tragacanth gum) orally. All animals were sacrificed
66 hours after the last mandrax administration. The data indicate the
mean activity counts/minute determined for consecutive 5 minute periods
for 30 minutes prior to sacrifice. Values represent the Mean * S.E.M.
of 8 control and 10 experimental animals.
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XIV. Acute and Chronic Amphetamine Treatment -

Acute treatment with amphetamine (5 mg/kg i.p. or 15 mg/kg i.p.)
for one hour did not induce any statistically significant changes in
endogenous HA concentrations in any of the brain regions investigated,
as indicated in Table 21 and Fig. 53. |

Chronic treatment with weekly increasing doses of amphetamine
(5, 10 and 15'mg/kg i.p. once daily) for 21 days, resulted in a
statistically significant decrease in hypothalamic HA and statistically
significant increases in the midbrain and cerebral cortex as indicated.
in Table 22.

Chrenic amphetamine administration with weekly increasing doses
of amphetamine produced very slight influences on body weight changes
(growth) as illustrated in Fig. 57.

Acute amphetamine administration significantly influenced the SLA
of these rats as illustrated in Fig. 54 and Fig. 55 for the 5 mg/kg and
15 mg/kg doses respectively.

The SLA of rats receiving chronic amphetamine and determined
18 hours after the last treatment are illustrated in Fig. 58. These
animals appeared to express the same amount of activity as the saline-

treated controls.
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TABLE 21

EFFECT OF ACUTE AMPHETAMINE ADMINISTRATION ON
ENDOGENOUS BRAIN HISTAMINE CONCENTRATIONS

Treatment - Hypothalamus Midbrain Cortex

Histamine (ng/g)

SALINE 248.5+20.5 38.5% 3.6 19.4+ 2.4
(12) (11) (8)
100.0 £ 8.2% 100.0 * 9.45% 100.0 % 12.4%
AMPHETAMINE 213.9 % 36.2 32.2£2.7 20.7£5.5
(5 mg/kg) (6) (7) (4)
86.1%14.6% 83.6 % 7.0% 106.7 + 28.4%
AMPHETAMINE 304.6 £ 27.6 48.0+ 1.7 15.6+ 1.8
(15 mg/kg) (4) (4) (4)
122.5+11.1% 124.8 + 4.45% 80.5%9.3%

Experimental animals were administered amphetamine (5 mg/kg i.p.) or
amphetamine (15 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 ml/100 g i.p.). All animals were sacrificed one hour
after treatment. Values represent the Mean * S.E.M. The results are
also expressed as percent of control values. The number of experiments
is shown in parentheses.
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Fig. 53. Effect of acute amphetamine administration on endogenous

brain histamine concentrations.
amphetamine (5 mg/kg i.p.) or amphetamine (15 mg/kg i.p.) and control
All animals

rats were administered 0.9% saline (0.1 m1/100 g i.p.).
were sacrificed one hour after treatment.

* S.E.M. of at least 4 animals in each group.

Experimental animals were administered

Values represent the Mean
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TABLE 22
EFFECT OF CHRONIC AMPHETAMINE ADMINISTRATION ON ENDOGENOUS
BRAIN HISTAMINE CONCENTRATIONS OF RATS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL (SALINE) 317.9+ 26.7 32.0+ 3.1 19.2+1.6
(7) (8) (7)
100.0 = 8.4% 100.0£9.7% 100.0 = 8.3%
AMPHETAMINE (21 days) 165.8 £ 28.6* 53.0+8.0% 25.2+2.8%
(7) (7N (7
52.2+9.0% 165.5 + 25.0% 131.2+14.5%

Experimental animals were administered weekly increasing doses of
amphetamine (5, 10 and 15 mg/kg i.p. once daily) for 21 days and control
rats were administered 0.9% saline (0.1 ml/100 g i.p. once daily) for

21 days. All animals were sacrificed 18 hours after the last treatment.
Values represent the Mean * S.E.M. The results are expressed also as
percent of control values. The number of experiments is shown in
parentheses.

* Statistically significant from control at P <0.05
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Fig. 54. Effect of chronic amphetamine administration on endogenous

brain histamine concentrations. Experimental animals were administered
weekly increasing doses of amphetamine (5, 10 and 15 mg/kg i.p. once
daily) for 21 days and control rats were administered 0.9% saline

(0.1 ml/100 g i.p. once daily) for 21 days. All animals were sacrificed
18 hours after the last injection. Values represent the Mean * S.E.M. of
at least 7 animals in each group.

* Statistically significant from control at P <0.05
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Influence of chronic amphetamine administration on body

weight changes. Experimental animals were treated with weekly
increasing doses of amphetamine (5, 10 and 15 mg/kg i.p. once daily)

for 21 days and control rats were administered 0.9% saline (0.1 ml/100 g
i.p. once daily) for 21 days. All animals were sacrificed 18 hours
after the last treatment. Values represent the Mean * S.E.M. of

8 control and 8 experimental rats.
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Fig. 56. Effect of acute amphetamine administration on spontaneous
locomotor activity of rats. Experimental animals were administered
amphetamine (5 mg/kg i.p.) and control rats were administered 0.9%
saline (0.1 m1/100 g i.p.). All animals were sacrificed one hour
after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods. Values represent the
Mean + S.E.M. of 8 control and 6 experimental animals.

* Statistically significant from control at P <0.001
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Fig. 57. Effect of acute amphetamine administration on spontaneous

locomotor activity of rats. Experimental animals were administered
amphetamine (15 mg/kg i.p.) and control rats were administered

0.9% saline (0.1 ml/100 g i.p.). All animals were sacrificed one hour
after treatment. The data indicate the mean activity counts/minute
determined for consecutive 5 minute periods 55 minutes prior to
sacrifice. Values represent the Mean * of 4 control and 4 experimental

animals.

* Statistically significant from control at P <0.001
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Fig. 58. Effect of chronic amphetamine administration on spontaneous

locomotor activity of rats. Experimental animals were administered
weekly increasing doses of amphetamine (5, 10 and 15 mg/kg i.p. once
daily) for 21 days and control rats were administered 0.9% saline

(0.1 m1/100 g i.p. once daily) for 21 days. All animals were sacrificed
18 hours after the last amphetamine treatment. The data indicate the
mean activity counts/minute determined for consecutive 5 minute periods,
30 minutes prior to sacrifice. Values represent the Mean * S.E.M. of

8 control and 8 experimental animals.

* Statistically significant from control at P <0.001
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XV. Acute and Chronic A9—Tetrahydrocannabinol‘Treatment

Acute administration of Ag-tetrahydrocannabinol (A®-THC)
(30 mg/kg p.o.) for one hour as indicated in Table 23, did not
significantly alter the HA levels in the hypothalamus, midbrain or
cerebral cortex.

Chronic treatment with A®-THC (30 mg/kg p.o. once daily) for
7 days as indicated in Table 24, did not produce any significant changes

in HA levels in the hypothalamus, midbrain or cerebral cortex.
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TABLE 23
EFFECT OF ACUTE A®-TETRAHYDROCANNABINOL ON ENDOGENOUS
BRAIN HISTAMINE CONCENTRATIONS OF RATS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL 243.7 £ 29.7 32.7+£4.7 19.9+5.0
(8) (7) (6)
100.0+12.2% 100.0+ 14.4% 100.0+ 25.1%
ACUTE A°-THC 284.3+19.6 37.5+5.2 18.9% 3.0
(7) (N (6)
116.7 £ 8.0% 114.7 £ 15.9% 95.0+15.1%

Experimental animals were administered Ag-tetrahydrocannabinol (A®-THC)
(30 mg/kg i.p.) suspended in 1 ml of vehicle and control rats were
administered the vehicle (1 ml of corn oil) orally. All animals were
sacrificed one hour after treatment. Values represent the Mean * S.E.M. )
The results are also expressed as percent of control values. The number :
of experiments is shown in parentheses.
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Experimental rats were administered A°-tetrahydrocannabinol (A?-THC)
(30 mg/kg p.o. suspended in 1 ml vehicle once daily) for 7 days and
control rats were administered the vehicle (1 ml of corn oil p.o. once
daily) for 7 days. All animals were sacrificed 18 hours after the last
treatment. Values represent the Mean * S.E.M. The results are also
expressed as percent of control values. The number of experiments is
shown in parentheses.

i
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TABLE 24
EFFECT OF CHRONIC A®-TETRAHYDROCANNABINOL ON ENDOGENOUS
BRAIN HISTAMINE CONCENTRATIONS OF RATS
Treatment Hypothalamus Midbrain Cortex
Histamine (ng/g)
CONTROL 260.4 £45.3 29.2+8.8 14.2+£0.9
(4) (4) (4)
100.0+ 17.4% 100.0 + 30.1% 100.0+ 13.5%
EXPERIMENTAL 273.7%£43.2 31.7+1.8 12.8+1.4
(6) (5) (6)
105.1+16.6% 108.6 £ 6.2% 96.2+10.5%

IR A ST
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DISCUSSION OF RESULTS

If HA plays a significant role as a neurotransmitter in the
mammalian CNS, then the abnormal behavioral states induced by the
administration of various psychoactive agents might be expected to
result in changes in the endogenous concentration and/or turnover of
this amine. This situation would be analogous to those changes reported
to occur in the endogenous levels and/or metabolism of the other putative
transmitter amines following similar treatments (see Literature Review).

In order to establish that a specific substance such as HA via
histaminergic neurones, mediates or modulates the actions of specific
psychoactive agents, multiple lines of evidence must be compiled.
Experiments in the past few years have shown some of the behavioral and
physiological effects of HA administration. A few reports have indicated
that certain types of animal behavior are altered or induced by intra-
cerebroventricular HA administration, however, these works have been
sharply criticized for being nonphysiological approaches. Other studies
as described in the literature review have employed histidine decarboxylase
inhibitors, lesions, and more recently iontophoretic applications of HA
directly onto neuronal structures. All these studies provide useful and
promising information regarding the role of HA in brain function. Another
approach to this investigation involves the study of the endogenous
concentrations and metabolism of HA following the administration of
psychoactive drugs. This procedure permits an analysis by comparison of
the effects of these drugs on HA with their influences upon other putative
neurotransmitters.
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It is clear that the details of the experimental paradigm are
particularly important in order to permit a reasonable analysis of the
meaning of the resulting data. In the next seétions the experimental
procedures selected will be discussed along with the corresponding
results of the various treatments.

Pilot studies confirmed significant behavioral manifestations
following the acute treatments and the dosages selected for the current
investigations were based on these studies and the pharmacokinetic
literature, Daily body weight records for all chrqnically—treated rats
were maintained since it has previously been demonstrated that protein
deficiency may result in elevated brain HA contents (359). Spontaneous
locomotor activity measurements were performed in order to demonstrate
the abnormal behavioral states induced by the psychoactive agents
employed. The times for sacrifice and biochemical determinations were
selected to provide an indication of the acute effects of the administered
agents, as assessed by stable peak acute behavioral manifestations, or
to represent the chronic effects evident three-quarters of the way
through the inter-administration intervals. The chronic treatments were
designed with the intention of administering a slowly increasing quantity
of the drug to a point where by survival and behavioral statistics it
became apparent that a significant degree of tolerance and/or dependence

had developed.

I. Acute and Chronic Morphine Treatment

Acute treatments with morphine,methadone,naloxone, or even

subacute treatments with morphine for 9 days or methadone for § days,
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as described in the results, failed to produce any significant
alterations in endogenous brain HA levels. This apparent lack of
changes is perhaps a consequence of the dosages selected, the route

of administration, the time of sacrifice, or even the species selected
for these studies. The absence of changes in HA levels is in some ways
comparable to the lack of consistent effects of similar drug admin-
istrations on the other neurotransmitters in the CNS as described in
the literature review. There has been considerable confusion over

the true effects of morphine or methadone administration on brain
biogenic amines.

The behavioral data reported, following acute morphine or
methadone treatment clearly illustrates the powerful sedative effects
of these agents. These data also demonstrate the absence of any
intrinsic effect on SLA from the dose of naloxone employed to
precipitate the withdrawal syndrome in the morphine-dependent rats.
The fact that the gross behavioral alterations observed after morphine
or methadonewere not reflected in changes in HA levels in the brain
would appear to indicate either that the other biogenic amines may
play predominant roles in the immediate or short term effects of
these agents or that acute treatments influence the turnover rate
but not endogenous levels.

In the chronic studies, the method of rendering the animals
tolerant to and dependent upon morphine was patterned after the work
of Takemori (358). The existence of a dependent state in our

chronically-treated animals was confirmed by the ability of a very
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low dose of naloxone to elicit a full blown withdrawal syndrome
including urination, defecation, writhing, wet shakes, and a decrease

in rectal temperatures shortly after administrétion. A few dependent
animals were studied for extensive time periods following naloxone
administration but the withdrawal syndrome was fully established

within 20 minutes in agreement with other pharmacokinetic studies

(360). It did not appear humane to pursue further study on the effects
of longer times of withdrawal since within the time selected significant
biochemical, behavioral, and physiological effects_were evident.

Chronic morphine treatment for 21 days clearly reduced endogenous
brain HA levels of rats ( 361 ). It is of interest that the most
pronounced and significant decrease was noted in the hypothalamus which
coincides with the highest concentration and the rapid turnover rate of
HA in this brain region (14). Prolonged morphine administration was
needed to induce this decrease which may imply a slowly developing process
possibly resulting in a progressive imbalance between the rate of

synthesis and metabolism and/or release of this biogenic amine.
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Calcium ionophores release HA from mast cells (3%2) and, as
described in the literature re&iew, changes in the levels of the
neurotransmitters could be visualized as a secondary reflection on the
degree of calcium depletion in any particular brain region (241). This
sequential action of morphine on brain HA levels may account for the
necessity of chronic treatment in order to observe significant HA
depletion. Quanfitatively the depletion of brain HA levels observed in
the current studies could conceivably have been entirely due to mast cell
exocytosis. In order to differentiate mast cell from non mast cell HA
depletion, a quantitative determination of the two étorage sites for HA
in brain would need to be developed. Such a techniqﬁe is not yet
available and only very rough estimates of mast cell HA content are
available (363, 364).

Morphine and other drugs are known to release HA from rat mast
cells and other peripheral tissues (365). Although most brain HA is
believed to be of non mast cell origin, recently mast cells were demon-
strated in the rat thalamus and were reported to contribute considerably
to the total amount of HA in this tissue (364).

The HA concentration in the brain regions investigated in the
present studies remained decreased in tolerant rats when morphine was
replaced by methadone for 2 days (361). This may indicate that
methadone is capable of maintaining the low HA level resulting from
chronic morphine treatment by some analogous mechanism. Since methadone
is an agent used to treat narcotic addicts and from which to withdraw
them gradually, the biochemical effects of methadone substitution
following chronic morphine administration should be investigated. Given

acutely to naive rats, 1lOmg/kg i.p. was found to result in a large
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degree of lethality. The fact that 15 mg/kg did not kill or even cause
severe respiratory depression in any of the rats treated with this dose
of methadone following chronic morphine treatment, indicates the

development of a significant degree of cross tolerance.

II. Morphine Withdrawal from Morphine-Dependent Rats

Morphine withdrawal, whether precipitated for 20 minutes by
naloxone administration or by cessation for 2 days of chronic morphine
treatment, resulted in a significant depletion of brain HA in all three
brain regions investigated. The decrease noted under these circumstances
was approximately 50% of normal in the hypothalamus and cerebral cortex
and 70% of normal in the midbrain. A greater degree of depletion of
brain HA is seldom achieved possibly due to the presence of another more
stable pool (366). Although naloxone-precipitated withdrawal seems to be
more stressful to rats than gradual morphine withdrawal, HA depletion was
more pronounced under the latter experimental conditions. It seems
therefore, that the observed changes in endogenous brain HA concentrations
could only in part be accounted for by stress. Stress caused by cold
and/or immobilization has been reported to lower hypothalamic HA
concentration in rats (49), however others could not confirm these
results (364, 367).

It may be important to note that giving larger doses of naloxone
for longer periods of time might result in more substantial changes in
the parameters determined as has been well established by Blasig (359).
In addition these authors have demonstrated that the behavioral
expressions of the dependent animals is directly linked to the degree of

dependence which is a function of the administration pattern of the drugs.
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The direction of the biochemical changes obser;ed in the present
studies is in marked contrasf to the effects of withdrawal on most of
the other well known neurotransmitters. Cholinergic-dopaminergic
interactions have been implicated in morphine abstinence (368). Morphine
withdrawal or naloxone precipitated withdrawal in mice and rats was
reported to decrease the brain Ach concentration and to increase the
brain DA concentration in the corpus striatum while NA and 5-HT remained
unchanged. It is of interest that the brain Ach concentration was found
to be decreased during the morphine withdrawal syndrome as both Ach and
HA are known to have very rapid turnover rates (369).

The animals used in the current studies coﬁld have been given
much larger doses of morphine over 3 weeks and this may have enhanced
some of the findings, but it was felt to be important to administer a
reasonable dosage to the animals in order that they maintain a reasonable
growth rate. The daily records of the body weights confirm that those
animals receiving morphine grew significantly less than the control
animals, but they did continue to gain weight (see Fig. 7 Results).

Naloxone administration to morphine-dependent animals which
resulted in further decreases in endogenous brain HA levels within
20 minutes also resulted in significant decreases in SLA when compared
to saline-treated control rats (see Fig. 9 Results). These findings
parallel the observed changes in the endogenous brain HA levels and may
indicate some correlation. Perhaps the HA released by withdrawal led to
sedation as observed in the SLA measurements. This would agree with the

central sedative effects of HA as described in the literature review.

| I
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ITI. Time Course for Recovery from Morphine-Induced

Changes in Endogenéus Brain Histamine Concentrations

Since chronic morphine administration resulted in a significant
depletion of HA in the brain regions investigated and since 2 days of
withdrawal following chronic morphine treatment produced a further
depletion of HA, it was decided to investigate the time course for
recovery to normal HA levels. The significance of these studies lies in
the fact that alterations in brain HA required considerable time to
develop and they also took a matter of weeks to return to normal values
upon cessation of treatment. This time course of events would appear to
correlate with the slow development of tolerance to the effects of
morphine in man and with the prolonged effects of morphine withdrawal.

The data for the SLA of rats one hour following the last chronic
morphine administration (Fig. 13 Results) clearly showed that the dose
of morphine used still produced a significant degree of depression of
SLA and also that considerable tolerance to these large doses had
developed. The successive activity studies taken together showed a
tendency for the SLA of the rats to fluctuate particularly in the first
two days following morphine withdrawal from morphine dependent animals.
Lee and Fennessey (370) reported that morphine produces a biphasic effect
on brain HA levels of the mouse and that these modifications appear to
be closely but inversely related to the overt behavioral effects produced
by morphine in the mouse; that is locomotor activity. The results of
the present studies do not support or refute these studies on mice as the
dosages used, the species and brain regions studied, and the time course
following the changes were all different. Perhaps many of the results

reported by these investigators were due to acute handling stresses most
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evident within the first hour of manipulation.

Morphine may cause cﬁanges in locomotor activity in various
species by a mechanism not directly involving HA and as a consequence,
this alteration in activity may in turn-alter HA levels. The evidence
to date only supports the statement of coincidence between changes

induced by morphine in endogenous brain HA levels and SLA.

IV. Histamine Methyltransferase Activity Following

Chronic Morphine Treatment  and Withdrawal

In order to better understand and explain the changes observed
following chronic morphine treatment and withdrawal, the activity of the
major HA metabolizing enzyme HMT was investigated. There were no
detectable changes in either brain protein concentration or HMT activity
following morphine treatment or following morphine withdrawal from
morphine dependent rats. These findings necessitated a consideration
of the activity of the major synthesizing enzyme HD following these
treatments.

It has been reported (371) that when the HA concentration is
decreased, the HD activity is increased. Histidine decarboxylase is not
saturated by the endogenous level of its substrate (51) and hence a
decrease in HA may stimulate HD as compensation. Depending on the
availability of the precursor histidine more HA may be formed. In light
of the finding of reduced HA levels occurring in rats treated chronically
with morphine, HD activity being increased, and HMT activity being
unchanged, there must be limited precursor availability, impairment of
HA storage, increased HA release, or an enhancement of an alternative
metabolic pathway. The current findings certainly indicate the need for

these possibilities to be pursued further.
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V. Chronic Treatment with Histidine or

Histidine with Morpﬁine

In order to further explore the mechanism of the changes in
endogenous brain HA concentrations occurring after chronic morphine
treatment, the effects of administration of the HA precursor histidine
were investigated. The present investigation revealed that chronic
dajly treatmeﬁt with histidine along with chronic morphine administration
resulted in a restoration of the low hypothalamic and cerebro-cortical
HA values toward the control levels. It is possible that in these
animals morphine may still be reducing the levels éf HA in the brain
regions studied but now from the elevated levels produced by chronic
histidine administration and therefore the brain HA concentration stays
within the normal range. Histidine treatment was however, less effective
in preventing the decreases in hypothalamic HA concentration observed
during morphine withdrawal (Fig. 23 Results). The inability of chronic
histidine pretreatment to completely replenish the hypothalamic HA in
morphine withdrawn rats could have been due to the very significant
depletion of HA in this brain region. The histidine-induced restoration
of the low HA values in different brain regions noted here is in direct
correlation with the reported elevation of HA concentrations in different
brain regions of rats and mice (52, 53) following acute administration
of histidine in a dose similar to the one used presently. In acute
studies in rats (52) the return of the elevated hypothalamic HA
concentration toward the control level was noted within 10 hours. 1In
the chronic studies presented here the midbrain HA concentration was not
significantly increased by a histidine load when tested 18 hours after

the last drug treatment, however significant increasesin the hypothalamic
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(30%) and cerebro-cortical (55%) HA =@ still apparenf 18 hours after

the last histidine administration. It is quite possible that the HA
metabolizing enzymes could not cope with the chronic daily increased level
of this biogenic amine or that chronic administration of histidine may
have led to an increase in HA concentration not only in the neuronal but
also in the non-neuronal storage sites; the latter consisting most likely
of mast cell stores. Mast cell HA is known to have a slow turnover rate
(372). Indeed, multiple compartmentation of HA in the brain has been
advocated recently (373) and may account for some of the current
observations.

The present results may very well indicaté that the magnitude of
the stresses imposed by morphine withdrawal are significantly greater than
those resulting from chronic morphine treatment. On the other hand, it
is plausible that although the changes in brain HA levels are in the same
direction during withdrawal as during treatment, they may have entirely
different mechanisms. This possibility is supported by the observation
of significantly different effects produced by chronic morphine treatment
and withdrawal on endogenous brain Ach levels.

Simultaneous treatment with morphine and histidine for 21 days
resulted in a reduced rate of growth (Figs. 24 and 33 Results) similar
to that observed in rats treated with morphine alone. Therefore, although
chronic histidine when administered simultaneously with morphine, does
prevent the decreases in brain HA, it does not alter the depression of
the growth rate. This result may be explained perhaps by considering the
sedated behavior of these animals and hence the inhibition of their
normal eating behavior. It may also be that HA may be involved in

feeding behavior, a role that has been proposed for several putative
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neurotransmitters (374).

The simultaneous treatment of rats with morphine and histidine
for 21 days did produce significant decreases‘in their SLA when compared
with rats receiving either saline or histidine alone (Figs. 21 and 22
Results). This finding is in marked contrast with the lack of effect
of chronic morphine treatment on SLA when measured at the same time (Fig.
16 Results). .These observations are very possibly indicative of the
effects of altered HA metabolism in the rat brain and not just increased
or decreased HA concentrations.

Since withdrawal of morphine from morphine-dependent rats for
2 days appeared to have truly pronounced effects on endogenous HA
concentrations and SLA, studies were performed to observe the SLA of rats
treated simultaneously with morphine and histidine for 21 days and then
withdrawn for 2 days. The studies from these two groups of animals
(Fig. 25 Results) showed that chronic histidine administration along
with morphine treatment prevented the significant decreases in SLA noted
when rats were withdrawn for 2 days following chronic morphine
treatment. The fact that withdrawal from histidine itself did not
cause any changes in SLA of the rats (Fig. 26 Results) substantiates the
improvement in behavior as assessed by SLA in rats treated simultaneously

with histidine and morphine.

VI. Histamine Formation Studies

It was felt to be mandatory to study the effects of chronic
morphine, chronic histidine or a combination of these treatments on HA
formation in the rat brain after our results had clearly shown the

effects of these treatments on endogenous HA levels. The cold precursor
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L-histidine was employed for these studies as was previously used by
Snyder and Taylor (49) and Schwartz (52) and the HA formation 1 hour
following histidine administration was determined. The choice of 1 hour
was based on studies performed to determine the time of maximal effect
of exogenously administered histidine on brain HA levels (375).

In agreement with previous reports (49) it was noted that
histidine loading significantly elevated brain HA concentrations in
naive rats andlin addition the brain HA levels were also significantly
elevated in the morphine dependent rats. Acute histidine administration
resulted in somewhat reduced SLA when compared to that seen in saline-
treated rats. This finding is in agreement with a previous report by
Maslinski (376) who reported that higher doses of histidine can even
produce a state of catalepsy. The lack of a clear-cut depression of
activity at all time intervals here is believed to result from the
limited number of animals used for this study. It is important to note

however, the greatly increased sensitivity of the SLA measurements

employed in the current studies when compared to the use of a stabilimeter

(377) which failed to detect the histidine-induced reduction in activity.
In rats administered histidine alone or treated simultaneously
with morphine and histidine, it is most important to note the higher
level of activity seen 1 hour after simultaneous treatment with morphine
and histidine when compared with animals administered histidine alone.
The animals treated with histidine alone appear to be strongly sedated
within the first hour following the drug administration. Rats treated
with morphine and histidine do not show such depressed activity which
may indicate some impairment of access of the histidine to its normal

sites of action or less synthesis of HA occurring at these sites. The
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former indication is supported by the enhanced HD activity reported in
those rats treated chronically with morphine (371) which would result in
HA formation from any histidine available.

The SLA of rats receiving an acute histidine load either 18 or
66 hours after morphine withdrawal from morphine dependent rats appeared
to be the same as the activity of the saline-treated controls receiving
the same acute dose of histidine (Figs. 30, 31 Results). This may be
accounted for'by the absence of the acute effects of morphine on the
uptake or synthesis of HA when the two are administered simultaneously,

Acute histidine administration either 1 or.18 hours after the
last chronic histidine administration produced even greater increases in
hypothalamic HA (Fig. 32 Results) than the increases observed with acute
histidine administration to saline-treated control rats. These results
might indicate a form of enzyme induction or possibly increased
accessibility of the precursor to the site of synthesis. The data for
the midbrain seem to indicate much more stable yet elevated HA levels
following chronic histidine treatment or chronic simultaneous treatment
with morphine and histidine. The results for the cerebral cortex showed
a pattern similar to the midbrain.

Acute histidine loading depressed the SLA of rats treated with
morphine more than saline-treated controls (Fig. 34 Results), and it
depressed the activity of rats treated chronically with morphine and
histidine to a greater degree than the activity of those animals
receiving only chronic histidine (Fig. 35 Results). These findings
could be interpreted to result from the prevention of HA uptake
intraneuronally by morphine or from the enhanced release of newly

formed HA.

v
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Since chronic histidine administration appears ‘to prevent or

reverse the decreases in brain HA concentration observed following
chronic morphine treatment for at least 18 hours, it was of interest to
determine whether the normal levels of HA observed 1 hour following
acute histidine administration to rats treated chronically with morphine
might also remain normal for 18 hours. The data from this study (Table
14 Results) showed that the rise to normal values had returned to the
decreased levels noted especially in the hypothalamus 18 hours following
the last morphine injection. The SLA of these rats was slightly
depressed 18 hours after the acute histidine load (Fig. 36 Results) and
these rats were now probably feeling the first effects of withdrawal.
Perhaps this decreased activity and the sudden drop in HA concentration
may be related. Many of the changes recorded in brain HA levels and the
subsequent changes in synthesis may result from a cholinergic triggering
mechanism. This concept has been proposed earlier (378) and the present
evidence lends considerable support. This mechanism would also explain
the increased depletion of brain HA during morphine withdrawal as the

release of Ach under these conditions is well documented (204, 205).

VII. Acute and Chronic Pentazocine Treatment

Pentazocine, a partial narcotic agonist and partial antagonist
is widely used as an analgesic hence further knowledge about neurochemical
alterations induced by this agent would be of prime importance.

The experimental design selected for the pentazocine studies
was based on that used in the morphine studies. It was felt that using
the same dosages and times of sacrifice would allow a reasonable basis

for comparison of any results. In the acute studies the time of sacrifice
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agrees well with the maximal time-action curves for the effects of
pentazocine observed in humans (242). Considering the shorter duration
of action of pentazocine than morphine, it was decided to inject the
animals twice daily in the chronic studies.

The data from the present studies (Figs. 37 and 39 Results)
indicate that the changes in endogenous brain histamine concentrations,
observed after acute and chronic pentazocine administration, parallel
those seen foliowing similar morphine treatments. Perhaps as has been
suggested previously (370), analgesia may be associated with the
biosynthesis of HA.

Unlike the depressing effect of chronic morphine treatment on
the growth rate of rats, chronic pentazocine treatment showed no such
strong influence on the rate of body weight changes (Fig. 40 Results).
These rats gained weight at a rate parallel to the saline-treated
controls. This might be explained by the .fact .that pentazocine, in the
doses employed in these studies, did not suppress SLA of the rats to the
same extent as the morphine treatments. This may have permitted the rats
a more normal eating activity and hence weight gain. This is not to say
that pentazocine did not influence the SLA in the current studies
because it did significantly depress activities even within the first
5 minutes of recording following acute pentazocine administration as can
be seen in the results (Fig. 38 Results). It may also be noteworthy
that the rats receiving acute pentazocine failed to settle down in their
cages to the same degree that the controls did once they became accustomed
to their surroundings. The significance of these observations is not
yet clear and further studies would be required to more fully characterize

these findings.
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Rats treated chronically with pentazocine for 21 days, showed

somewhat depressed SLA 18 hours after the last pentazocine injection
when compared to saline-treated controls (Fig. 41 Results). This
observation is probably not of significance however because the control
rats in this study, displayed higher than usual SLA particularly at the
later recording intervals when compared to other studies. This may have
been due to some extraneous disturbing influence on the day of investiga-
tion. The lack of effect of chronic pentazocine treatment on SLA 18
hours after the last injection correlates with the normal activity of
chronic morphine-treated rats examined at the same time.

There now appears to be evidence of an infiuence of pentazocine
on brain HA similar to that observed following morphine treatment. This
‘may be indicative of the similarity in the pharmacological actions of
these two agents upon a putative monoaminergic system. Whether the
actions of pentazocine are primarily mediated via adrenergic, cholinergic,
or histaminergic pathways is not yet certain. The current studies do add
evidence to support the importance of considering HA as a neurotransmitter
when attempting to ascertain the pharmacological mechanisms of action of

pentazocine.

VIII. Acute Mandrax, Methaqualone, or

Diphenhydramine Treatment

Within the past few years concern has arisen over the abuse by
the young population of MX (267, 286-288). This drug is a combination
of a nonbarbiturate hypnotic, MQ, and a potent antihistaminic, DIPH.
Methaqualone has also been reported to possess considerable addiction

liability (265, 280-283). Considering the possible involvement of HA
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with narcotic addiction and the presence of both an aéent reported to
produce tolerance and depen&ence and an antihistaminic, it was considered
probable that HA may show some involvement with the pharmacological
effect of MX.

In acute studies, the rats were sacrificed one hour after oral
administration of MX, MQ, or DIPH. Although it is difficult to extra-
polate from clinical to animal studies, the time of sacrifice was
selected on the basis of clinical studies (379, 380) and studies of MQ
absorption and distribution following oral administration to mice (381).

The data from the present acute studies (see Fig. 42 Results)
show that the most significant changes in brain HA concentrations
occurred in the hypothalamus, although some significant decreases were
also observed in the cortex after MX or MQ but not after DIPH admin-
istration. The decreases noted after acute MX or MQ are in accord with
the decrease in brain HA turnover in rats acutely treated with other
hypnotics such as barbiturates (382). It is possible that the significant
decreases observed after MX administration may have been due in part to
the DIPH component in the compound; however, MQ also lowered the
hypothalamic HA concentration. It has been claimed on clinical grounds
that DIPH improves the hypnotic potency of MQ (383, 384); however, DIPH
does not alter the rate of absorption of the distribution of MQ in blood
(385) and therefore a synergistic effect of these two drugs has been
suggested (386, 387). The decrease in the HA concentration noted in the
midbrain after MX administration, did not reach the level of statistical

significance.
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In the cortex, the story is similar to the lowe}ing effects noted

in the hypothalamus although due to a larger variation in the sample,

DIPH failed to produce a statistically significant degree of HA depletion.

Acute MX or MQ administration in the dosages employed in these
studies, resulted in significantly depressed SLA of experimental rats
when compared to vehicle-treated controls. Diphenhydramine also had
some sedating effect by itself and perhaps the result noted with MX was

partly due to DIPH and partly due to MQ.

IX. Mandrax, Methaqualone, or Dlphenhydramlne

Treatment for 18 Days

The effects of treatment with MX, MQ, or DIPH for 18 days were
less significant than the acute effects (see Fig. 46 Results). Here
it would appear that some tolerance had developed to the effects of
MX and MQ and only those rats treated with DIPH showed any significant
decreases in their brain HA levels. The hypothalamic and midbrain HA
concentrations were decreased considerably, although the midbrain value
was not statistically significant due to the large standard error of
the control values. The various treatments failed to alter the cerebro-
cortical HA levels to any noticeable extent again suggesting tolerance
development.

The SLA of rats treated with the same dose of MX, MQ, or DIPH
for 18 days and measured for a 20 minute period 18 hours after the last
drug administration did not provide any clear cut suggestions due to
the variability of the animals' behavior. Although there were some
statistically significant differences in some recording intervals,

these are of little practical value.
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X. Chronic Mandrax Treatment and Withdrawal

Chronic treatment with weekly increasing doses of MX for 21 days
resulted in significantly lower hypothalamic HA levels when compared to
vehicle-treated controls (see Fig. 48 Results). The HA concentrations
in the midbrain and cortex were not significantly decreased from vehicle-
treated controls. These data again show the hypothalamus to be the most
vulnerable area for the influence of MX perhaps because of the high
concentrations here and perhaps because of the important life functions
this area controls. The effects noted in the hypothalamic HA concen-
tration 18 hours after the last chronic treatment with weekly increasing
doses of MX had disappeared within 66 hours following the last drug
administration. This may hopefully signify somewhat less severe or at
least somewhat less prolonged withdrawal effects in subjects made
tolerant to MX. In addition to this, the effects of chronic MX
administration at least in the doses selected for the current studies,
on body weight changes appears to be much less serious (see Fig. 50
Results) than the pronounced effects seen in the chronic morphine studies.
This difference may only reflect the lesser degree of sedation induced
in the rats by the doses of MX administered.

Chronic MX treatment for 21 days using weekly increasing doses,
did not induce any significant changes in SLA of the rats when determined
18 hours or 66 hours after the last drug administration. This also
supports the concept of less severe withdrawal from this agent than from
morphine,

Although a significant decrease was noted in the hypothalamic

HA concentration after acute MX, MQ, or DIPH treatment, these changes have
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not been associated with an increase in histidine decarBoxylase (HD)
activity in this brain region (371). This lack of any observed changes
in the activity of HD in these acute studies may be due to the time of
sampling used. It is possible that any enzyme activity alterations may
take longer or the peak of the activity of this enzyme may have occurred
before 1 hour after treatment, in connection with the very rapid rate of
turnover of HA'in this brain region (79). Alternatively the decrease in
the HA concentration may not have been sufficient to stimulate the HD
activity noticeably. The decrease in HA concentration in the cortex
previously following acute MX or MQ treatment was found to be associated
with a slight but significant increase in HD activity indicating increased
HA synthesis in this brain region.

Chronic treatment with weekly increasing doses of MX for 21 days
resulted in an increase in HD activity in the hypothalamus and cortex
which correlates with the decreased HA concentration and again increased
synthesis in these brain regions. These results appear suggestive of a

feedback induction system.

XI. Acute and Chronic Amphetamine Treatment

The doses and times of sacrifice selected for amphetamine were
based on the literature (389) and on a screening test,. The behavioral
results (see Figs. 56 and 57 Results) clearly indicate significant effects
on the SLA of our rats. The increased SLA of these animals was clearly
dose dependent and sustained throughout the acute time period studied.

The fact that chronic amphetamine treatment produced significant
alterations in the endogenous HA concentrations in the brain regions

studied, and yet failed to produce any noteworthy effects on SLA of these
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animals immediately prior to sacrifice, argues against any direct and
immediate correlation of SLA with brain HA concentrations. Tolerance
development to the stimulant effects of amphetamine, as determined by
SLA measurements, was looked for but was not apparent in the present
studies.

Acute amphetamine administration did not produce any clear cut
changes in brain HA levels (see Fig. 53 Results); however, chronic
studies were more rewarding. Rats treated with weekly increasing doses
of amphetamine for 21 days showed decreased hypothalamic and increased
midbrain and cortical HA concentrations (see Fig. 54 Results). The
pattern of these changes is distinctly different from that seen following
drugs with central sedative properties, and may perhaps lead to some

basis of differentiation of these agents.

XII. Acute and Chronic A%-Tetrahydrocannabinol

Treatment

In view of the existing uncertainties in the literature with
regard to the pharmacological effects of Ag—tetrahydrocannabinol
(A°-THC) on the levels and turnover rates of the biogenic amines (390),
it remains to be established which if any of the putative neurotrans-
mitters currently of interest, play any role in its actions. The choice
of 1 hours as the time of sacrifice in the current studies was based on
reports that 30 minutes to 2 hours is the time during which maximum
behavioral changes occur following acute A°-THC administration to rats
and mice (391-394).

An investigation of the possibility of a role for brain HA in

the mechanism of action of A®-THC in rats has now been attempted.




I&!&m-—...__. .

189

Neither acute (1 hour) nor short term (7 days) oral treatment produced
any significant changes in endogenous HA concentrations in the brain
regions investigated. These results are in line with the reported lack
of changes in the endogenous concentrations of other biogenic amines
following A®-THC administration (395). It is still possible however
that changes may be induced in other species and/or even in rats if the
A®-THC was given in higher doses, for longer periods, or via alternative
routes such as inhalation.

From the data jurrently available it appears unlikely that
behavioral effects produced in rats after acute or .short term A®-THC
administration are a result of any marked effect on brain function
mediated by HA.

It appears that the administration of potent psychoactive agents
to rats leading to the development of tolerance and dependence results in
changes in endogenous brain HA concentrations and/or turnover. Some
degree of correlation between brain HA levels and SLA has been demonstrated.
These same treatments have been reported to alter the endogenous levels
of several other putative neurotransmitters in rat brain. It may be
stated that there is now pharmacological evidence supportive of an
involvement of brain HA in the action of these psychoactive agents.
Whether the changes in HA levels are direct or indirect results of treat-
ments with the agents currently under investigation remains to be
elucidated. Histamine may indeed play a significant role as a neuro-
transmitter in the mammalian CNS since, as expected, the abnormal
behavioral states induced by the administration of various psychoactive
agents did result in changes in the endogenous concentration and turnover

of this amine.
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SUMMARY

Experiments have been performed in order to investigate the
influences of some psychoactive drugs that are often abused upon
endogenous brain HA concentrations. The agents used in these acute
and chronic studies included the narcotic analgesic morphine, the
partial narcotic agonist partial antagonist pentazocine, the non-
narcotic sedative hypnotic mandrax, and its components methaqualone
and diphenhydramine, a central stimulant amphetamine, and another drug
of abuse tetrahydrocannabinol. It is difficult to‘determine conclusively
whether the changes in brain biogenic amine levels observed after
treatment with these various drugs correlates with any of the pharma-
cological effects of these agents or if they are merely secondary. The
principal aim of these studies was to search for any influence these
agents might exert on a brain histaminergic system and to determine
whether under some conditions these drugs are reversible or can be
prevented.

Histamine concentrations were determined in various brain
regions of rats by an enzymatic-isotopic assay immediately after
sacrifice. The activity of the HA metabolizing enzyme, HMT, was
determined in those animals showing considerable changes in their
histamine levels following chronic morphine treatment or chronic
morphine treatment followed by withdrawal. Spontaneous locomotor
activity measurements were performed on the rats prior to sacrifice
in order to correlate the behavioral manifestations of the various

treatments with the biochemical changes observed. Growth records were
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maintained on all chronically treated animals to ensure'that grossly
inadequate nutritional intake was not a contributing factor to the
biochemical changes discovered.

The current studies have shown that chronic but not acute
treatments with morphine resulted in significant decreases in endogenous
brain HA concentrations (361, 396, 397) . These changes were exacerbated
by withdrawal of the animals from morphine whether precipitated by
naloxone administration or by cessation of treatment. The brain region
most influenced by these treatments was the hypothalamus, the region
with the highest endogenous HA levels. The decreases in HA in the

hypothalamus and cerebral cortex induced by chronic morphine adminis-

tration were restored to normal values within one week of the end of
treatment. Midbrain HA levels were slower to recover and remained
slightly reduced even 3 weeks after the last morphine injection.

The development of significant cross tolerance to methadone was
demonstrated by the absence of withdrawal symptoms or severe respiratory
depression and death following substitution with methadone for 2 days
following chronic morphine treatment.

The activity of the histamine methyltransferase was found to be
unaltered following either chronic morphine treatment or chronic morphine
treatment followed by withdrawal for 2 days. Similar treatments have
been reported to result in increases in the HA synthesizing enzyme HD.

In experiments designed to prevent the decreases in endogenous
brain HA observed following chronic morphine administration, it has been
found that simultaneous administration of histidine with the daily
injections of morphine prevented the decreases seen after morphine

treatment alone.
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Histamine formation in rats treated chronicall& with morphine
was found comparable to that.observed in saline treated controls. The
reduced levels of HA observed in animals chronically treated with
morphine were raised to normal control values within 1 hour following
acute administration of histidine. The hypothalamic level returned to
the reduced value within 18 hours, however the midbrain and cerebro-
cortical HA levels did not fully return to the reduced values. These
changes may reflect the slow turnover and storage of HA in mast cells.
HA formation was found to be enhanced in rats treated chronically with
histidine, perhaps indicating induction of the enzyme HD.

Spontaneous locomotor activity recordings for all animals prior
to sacrifice clearly indicated the overt behavioral effects of the drugs
administered. These studies demonstrated that the psychoactive agents
used actually reached the central nervous system to produce their
behavioral effects however the changes in activity following acute
treatments were not reflected in changes in endogenous HA levels. Acute
morphine or methadone resulted in significant depression of the rats'
activities. Naloxone-precipitated withdrawal in morphine dependent rats
induced a significant reduction in SLA when compared to saline treated
controls receiving the same dose of naloxone. The naloxone administration
itself produced no apparent alteration in SLA of the rats. Chronic
treatments with morphine followed by withdrawal of morphine or
precipitation of the withdrawal syndrome by naloxone administration did
produce significant decreases in activity and in endogenous HA concen-
trations. These results support the argument for a correlation between

the presence of free brain HA and sedation.
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Chronic histidine administration along with mofphine treatment
prevented the significant decreases in spontaneous locomotor activity
noted when rats were withdrawn for 2 days following chronic morphine
treatment. The fact that withdrawal from histidine itself did not cause
any changes in the activity of the rats substantiates the behavioral
improvement as assessed by spontaneous locomotor activities in these
animals.

Studiés on the SLA of rats administered histidine alone compared
with the activity of rats treated simultaneously with morphine and
histidine indicated the possibility of some impairment of access of
histidine to its normally sedating sites of action.

Morphine treated rats were found to gain weight more slowly than
their saline-treated controls which is considered to be due to their
generally reduced locomotor activity but this may indicate some involve-
ment of HA in feeding behavior in analogy to the roles proposed for
several other putative neurotransmitters. The weight records provided
evidence of growth which eliminated the necessity of considering the
influence of protein deficiency on brain HA levels.

The changes in endogenous brain HA concentrations seen after
acute and chronic pentazocine administration parallelled thosé observed
after similar morphine treatments. The activity measurements following
acute pentazocine treatment show a distinctly different pattern from
that seen following acute morphine treatment. Rats treated acutely
with pentazocine displayed somewhat reduced SLA when compared to
saline-treated controls within the first 5 minute recording period.

This constant level of activity continued throughout the recording

period in contrast to the severe depression of activity noted following

[
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acute morphine treatment.

Chronic pentazocine administration did not appear to induce any
significant alterations in the activity of the experimental rats at the
time investigated which was comparable to the effects of chronic
morphine treatment at the same time. In addition, chronic pentazocine
treatment did not influence the weight gain of the rats in these studies.

Acute and chronic studies with mandrax, methaqualone, and
diphenhydramine showed the hypothalamus to be the area most vulnerable
for inducing decreases in brain HA. Upon cessation of chronic treatment
with mandrax, the decreases in brain HA noted were returned to normal
values within 2 days.

The SLA of the rats receiving acute treatments of mandrax,
methaqualone or diphenhydramine were all significantly depressed when
compared to saline-treated controls. Chronic mandrax treatment failed
to produce any significant alterations in activity of the rats used in
these studies. This demonstrated the lesser stressful effects of mandrax
withdrawal when compared to narcotic withdrawal. The body weight records
of rats treated chronically with mandrax showed the treated rats gaining
weight more slowly than controls.

Acute amphetamine administration did not produce any significant
changes in brain HA levels in the brain regions investigated but it did
produce significant dose-dependent elevations of the SLA of these
animals.

Chronic amphetamine administration resulted in significantly
decreased hypothalamic and significantly increased midbrain and

cerebro-cortical HA levels. The activity of these rats appeared

normal when determined 18 hours after the last amphetamine administration.
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Chronic treatment with increasing doses of amphetamine pfoduced
negligible effects on the weigﬁj gain of the rats.

Studies using either acute or chronic tetrahydrocannabinol :
treatments resulted in no significant changes in brain HA in any of

the brain regions investigated.
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PROPOSALS 'FOR FUTURE RESEARCH

In spite of extensive studies on the involvement of several
biogenic amines in brain function, until recently there has been very
little information available concerning the possible roles of brain HA.
It seems now to be accepted that no single neurotransmitter but rather
an interaction between several of them may better explain the complicated
processes linking receptor interactions with them.

We need to know the changes occurring in the content, synthesis,
and/or release of various transmitters simultaneousl&. Techniques must
be developed to determine whether there are changes in metabolic pathways
reflecting a shift from intra- to interneuronal metabolism and also what
changes are occurring in pre- and postsynaptic receptors to affect
sensitivity. In addition, the constraints imposed on these mechanisms
by genetic and environmental factors should be taken into consideration.
The assumption that identical monoaminergic systems to those described
in the rat are also present in higher species including primates, must
be approached with some caution. Further studies in other species and
brain regions should provide invaluable data on the pharmacological
profiles for HA receptors in the mammalian CNS.

Considering the striking differences in HA levels noted in
studies using CNS depressants versus CNS stimulants, it would be of
considerable value to further investigate the time course relationships
involved. The effects of administration of chronic amphetamine followed
by withdrawal and subsequent recovery times bears investigation as well

as the effects on the synthesizing and metabolizing enzymes. Whether
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these changes are the cause or consequence of changes in other biogenic
amines at other sites remains.to be elucidated. Future studies must
focus on the dynamic changes associated with the regulatory mechanisms
of the transmitters.

The possibility that some of the changes in HA levels may result
from stress could well be investigated by monitoring plasma corticos-
teroids at varibus times during and after treatments. Preliminary
results (Ontario Mental Health Final Report of R. Henwood) have indicated
stress-induced changes in brain HA concentrations.

Further studies at shorter and longer time intervals following
treatment with the various drugs of interest may reveal changes in brain
HA occurring at these times. Since the acute studies reported herein
induced significant behavioral changes but not changes in brain HA, it
is unlikely that smaller doses would cause changes. It is also possible
that using larger doses of the drugs currently employed may lead to
changes in brain HA but these changes may only reflect toxicologic
effects.

The effects of drugs used in the treatment of narcotic dependence
such as methadone or cyclazocine on brain HA should be studied. 1In
addition, the effects of other potent drugs with considerable dependence
liability with CNS stimulant properties, such as cocaine, could be
compared using similar experimental paradigms.

The work to elucidate the functional roles of HA in the mammalian
CNS has just begun. Former speculations are now being researched for
their factual basis and I believe that several of the findings reported

in this thesis have opened promising new avenues for further work.
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