concentrations, taurine and pB-alanine
showed stimulated influxes of the same
magnitude in the presence of isoprotere-
nol, whereas leucine, serine, or amino-
isobutyric acid (a transportable but non-
metabolizable amino acid) showed no
change. Furthermore, a-amino acids did
not influence the influx of taurine when
perfused simultaneously with taurine at
concentrations fivefold higher. B-Ala-
nine under the same conditions inhibited
taurine influx by 85 percent. The lack of
competition between - and B-amino
acids indicates that transport occurs in
the heart at separate sites, one site being
specific for B-amino acids. Similarly,
specific transport sites for g-amino acids
have been shown to exist in Ehrlich as-
cites cells (6), and brain (/0). Other
workers have shown that increased in-
flux of nonutilizable a-amino acids oc-
curs in hearts under work stress (/7).
These increases were not observed until
after 15 minutes of increased work load
in isolated working hearts. The stimula-
tion in B-amino acid influx reported here
occurs within 20 seconds of exposure of
the heart to isoproterenol, the first time
interval at which we are able to deter-
mine influx rate.

The major pharmacological action of
isoproterenol is that of B-adrenergic
agonism. That the effect observed on the
B-amino acids was indeed an adrenergic
action was verified by the finding that
propranolol blocked isoproterenol-in-
duced stimulation of taurine influx (Fig.
3). However, perfusion of propranolol in
the absence of isoproterenol did not re-
sult in a measurable change in influx of
taurine. This suggests that there is one
component of taurine influx in the heart
which is independent of adrenergic influ-
ences and another component that is ad-
renergically modulated. Additional evi-
dence for adrenergic involvement is
shown in Table 2. B-Adrenergic effects
are generally considered to be mediated
intracellularly by the formation of adeno-
sine 3’,5’-monophosphate (cyclic AMP).
Perfusion of hearts with dibutyryl cyclic
AMP resulted in a stimulation of taurine
uptake of the same magnitude observed
with isoproterenol. Theophylline, a
phosphodiesterase inhibitor that de-
creases the rate of enzymatic hydrolysis
of cyclic AMP, elevating endogenous
levels, produced a similar result.

On the basis of our observations, we
propose the following: A high-affinity up-
take system for taurine exists in the heart
which has a basal rate in the absence of
adrenergic influences. In the presence of
B-adrenergic stimulation this system is
stimulated; the level of stimulation de-
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Table 2. Effect of various agents on the rate of
taurine influx. The concentrations were as fol-
lows: taurine, 1 X 107*M; isoproterenol 4 X
107'M; theophylline 1 x 107*M; and dibu-
tyryl cyclic AMP 9.5 x 10~*M. The control
rate for the dibutyryl cyclic AMP experiment
was 20.47 + 0.24.

Influx [nano-

mole per Percent-
Treatment gram (dry age of
weight) per control
minute]
Control 20.01 = 0.40 100 =2
Isoproterenol 23.96 = 0.80* 119 = 4
Theophylline 22.67 = 0.03* 112 £ 1
Dibutyryl 25.21 = 1.73* 123 = 8
cyclic AMP

pending on the degree of B-adrenergic
activation. At maximum stimulation, the
system has 20 to 30 percent higher trans-
port capacity than the noninduced sys-
tem. The induction is cyclic AMP-de-
pendent and possibly involves the
phosphorylation of a membrane trans-
port site. The elevated taurine concen-
trations found in the affected ventricles
in congestive failure are explained by the
presence of a modulated uptake system
for taurine, maximally stimulated in a
stressed heart in a state of chronic 3-acti-
vation. In addition, this system provides
a potentially important link between two
agents that modulate calcium flux in the

heart cell: B-adrenergic activation stimu-
lates both calcium and taurine influx into
the heart cell, and taurine modulates the
pool size of free intracellular calcium.
RyAN HUXTABLE
JAMES CHUBB
Department of Pharmacology,
University of Arizona, Health Sciences
Center, Tucson 85724
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B-Endorphin: Endogenous Opiate or Neuroleptic?

Abstract. The opiatelike neuropeptide -endorphin produces a spectrum of effects
that contrasts with that induced by the neuroleptic haloperidol. Rats injected intra-
ventricularly or directly into the periaqueductal gray with B-endorphin (0.5 to 50
micrograms) exhibited rigid immobility accompanied by the loss of righting reflex;
the period of rigidity was preceded or followed (depending upon dose) by a state of
hyperactivity. In contrast, no dose of haloperidol tested (0.5 to 12 milligrams per
kilogram) produced rigidity, loss of righting reflex, or behavioral excitation. Further-
more, whereas animals injected with haloperidol remained stationary on a vertical
grid, rats injected with B-endorphin typically slid off the grid. Moreover, combined B-
endorphin and haloperidol treatment produced flaccidity in most animals. These re-
sults do not support the contention that this opiatelike peptide may be a naturally

occurring neuroleptic.

Recently we reported that intra-
ventricular administration of B-endor-
phin, which is B-lipotropin, residues 61
to 91 [B-LPH-(61-91)], induces in rats a
profound state of immobilization charac-
terized by the absence of movement,
loss of righting response, and extreme
generalized muscular rigidity (/). Similar
results have since been obtained by oth-
ers (2). However, Jacquet and Marks (3)
reported that injections of B-endorphin
into the periaqueductal gray (PAG) elicit
a ‘“‘cataleptic-like” state similar to that

produced by most neuroleptics (antipsy-
chotic drugs). On the basis of these ob-
servations, they suggested that 8-endor-
phin may be an endogenous neuroleptic
and that its reduced availability may be
etiologically significant in certain forms
of psychopathology. Differentiation of
the effects of B-endorphin as rigid immo-
bility or neuroleptic-like catalepsy may
be crucial, both with respect to mecha-
nistic considerations as well as possible
clinical implications. Therefore, we have
extended our earlier studies to character-
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ize more completely the state of immobi-
lization produced by B-endorphin and to
compare it with the behavioral profile
produced by the neuroleptic agent halo-
peridol.

Adult male Wistar rats (350 to 400 g)
were obtained from Hilltop Laboratories
and housed for 1 week under standard
laboratory conditions. For intraventric-
ular injections, the rats were stereo-
taxically implanted with a stainless steel
cannula (21 gauge) over the right lateral
ventricle (DeGroot coordinates: A, 5.4;
ML, 2.5; H, +4.0). Injections and behav-
ioral testing took place more than 1 week
after surgery. The injection volume was
10 wl, administered over a 1-minute in-
terval through an injection needle (27
gauge) which extended 1 mm beyond the
tip of the guide cannula. After they were
tested, animals were infused with meth-
ylene blue dye, and the cannula place-
ments were verified by gross dissection
of the brain. Only data from animals with
accurate placements are reported. 8-En-
dorphin was prepared by solid phase
synthesis and purified (4). Test solutions
were prepared in isotonic saline from
dry powders and used 1 day only. Halo-
peridol (Haldol) was purchased from

McNeil Laboratories, Inc., and was in-
jected subcutaneously in unoperated
rats.

Animals were placed individually into
observation chambers (54 by 32 by 15
cm) for about 30 minutes prior to in-
jection and were then tested for rigidity,
immobility on a vertical grid, and right-
ing response every 15 to 30 minutes for
periods of 1 to 4 hours. Rigidity was
evaluated by three tests: (i) subjective
assessment during handling of the ani-
mals, (i) trunk rigidity (5), and (iii)
bridge test (/). The vertical grid measure
is the only test [of those commonly used
to characterize catalepsy (6)] that distin-
guishes behavioral immobilization asso-
ciated with rigidity or flaccidity from
neuroleptic-induced  catalepsy. The
righting reflex was monitored since it is
retained after neuroleptic-induced cata-
lepsy, but not after other drug-induced
states of immobilization (6). In addition
to these tests, animals were also regular-
ly observed for gross behavioral and
physiological changes.

A dose-response analysis of 8-endor-
phin and haloperidol revealed a marked
difference in their respective behavioral
profiles (Table 1). Within 30 minutes af-

Table 1. Behavioral characterization of 8-endorphin and haloperidol. The rigidity score (0 to 4)
represents a composite measure derived from three tests: (i) body stiffness, assessed during
handling (scored 0 to 4); (ii) trunk rigidity; based on the time (up to 4 seconds) that the animal
remained in an upright posture when held above the knee joints of the hind limbs (scored 0 to 4);
and (iii) bridge test; a positive score assigned when the animal remained self-supporting for 10
seconds when placed across metal bookends. The vertical grid test was scored on a 0 to 3 scale
based on the time (up to 60 seconds) that the rat remained immobile on the grid. A minus
righting reflex was designated when the rat stayed up in a supine position for 10 seconds. Values
(expressed as mean + S.E.M.) indicate effects at 1 hour after injection.

Treatment Dose N Rigidity Verglcal Righting
grid reflex
B-Endorphin None 10 0 +
5.0 wg/10 ml 12 1.5+03 Slides -
10.0 ng/10 ml 7 2.6 =04 Slides -
25.0 ug/10 ml 4 3404 Slides -
50.0 ug/10 ml 20 3.4 %02 Slides
Haloperidol None 10 0 0 +
0.5 mg/kg 12 0 1.8 +0.3 +
1.0 mg/kg 12 0 2.9 0.1 +
2.0 mg/kg 15 0 2.6 +0.2 +
4.0 mg/kg 10 0 25%0.2 +
8.0 mg/kg 15 0 23 +0.2 +
12.0 mg/kg 6 0 2.6 =0.2 +

ter injection, most rats responded to the
doses of B-endorphin tested with a brief
period of wet-dog shakes followed by
general muscular rigidity (accompanied
by stiffness of the tail) and immobility.
The rigidity persisted for up to 4 hours
after injection with the highest dose (50
rg). Within minutes after injection of 5
ng, animals exhibited marked hyper-
activity accompanied by oral stereo-
typies, periodically interrupted by epi-
sodes of wet-dog shakes (7). With this
low dose, rigidity lasted for about 20
minutes, after which hyperactivity (but
not the wet-dog shaking) again emerged.
During the period of rigidity (especially
that produced by the lower doses of B-
endorphin, 5 and 10 ug), rats could be
provoked into moving by mild auditory,
visual, or tactile stimuli. Furthermore,
the intensity of rigidity appeared to be
reduced during tests at night, a time
when rats are normally active. These re-
sults indicate that during the rigidity
phase animals were capable of coordi-
nated motor activity and that the behav-
ioral immobility may have been partially
due to an impaired ability to initiate vol-
untary movement.

In contrast to the effects of B-endor-
phin, no dose of haloperidol produced ri-
gidity. In fact, with the higher doses of
haloperidol (8 and 12 mg/kg) most ani-
mals were moderately flaccid, especially
during the first 30 minutes after injection.
The effects of B-endorphin and haloperi-
dol were also opposite on the vertical
grid test. Thus, animals injected with 8-
endorphin would quickly climb off the
grid before and after the period of rigidi-.
ty and typically would slide off of the
grid during the rigidity phase. In con-
trast, rats that received haloperidol
grasped the grid tightly and remained
stationary for relatively long periods (at
least 60 seconds). In addition, these two
substances had different effects on the
righting response: doses of B-endorphin
as low as 5 pg always abolished this re-
flex during the rigidity phase, while the
righting response was retained after in-
jection of haloperidol at doses as high as
12 mg/kg. Furthermore, after injection of

Table 2. Comparison of B-endorphin and haloperidol: pharmacological interactions. Successive injections were made at 1-hour intervals (see

Table 1 and text for further details.)

Prior treatment Treatment N Rigidity Vegrrtil(;:al erggglg
None Naloxone (2 mg/kg) 4 0 0 +
None B-Endorphin (50 ug/10 wl) 20 3402 Slide -
B-Endorphin (50 ng/10 wl) Naloxone (0.1 to 2.0 mg/kg) 15 0 0 +
None Haloperidol (2 mg/kg) 15 0 2.6 0.2 +
Haloperidol (2 mg/kg) Naloxone (2 mg/kg) 5 0 2.8 0.1 +
B-Endorphin (50 ug/10 ul) Haloperidol (2 mg/kg) 14 Flaccid Slide -
B-Endorphin (50 ug/10 ul) + haloperidol (2 mg/kg) Naloxone (2 mg/kg) 7 0 2.1 %05 +
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haloperidol (in contrast to 8-endorphin),
animals displayed a hunched posture
with abducted limbs, vocalized when
touched, and frequently urinated when
placed on the vertical grid (8).

The effects of B-endorphin and halo-
peridol can also be differentiated on the
basis of pharmacological interactions
(Table 2). Thus, for example, although
naloxone (2 mg/kg, injected subcuta-
neously) did not alter the effects of halo-
peridol, doses of naloxone as low as 0.1
mg/kg appeared to reverse all the actions
of B-endorphin. At this dose of nalox-
one, recovery was transient and rigidity
again emerged within 30 minutes after in-
jection. Furthermore, animals made rigid
with B-endorphin and later injected with
haloperidol (2.0 mg/kg) became flaccid
(9). In rats rendered flaccid by this com-
bined treatment, naloxone (2 mg/kg) ad-
ministration resulted in the emergence of
the typical haloperidol effects (Table 2).
Thus, naloxone, by selectively antago-
nizing the action of B-endorphin, un-
masked the behavioral pattern induced
by haloperidol (10).

Our studies and those of others in-
dicate that B8-endorphin and other opiate-
like neuropeptides produce a multiplicity
of effects, each of which may be mediat-
ed by the action of these substances at
different sites in the brain (-3, 11).
Therefore, although intraventricular ad-
ministration of B-endorphin results in a
state of immobility that can be readily
dissociated from the cataleptogenic ac-
tion of haloperidol, the behavioral pat-
tern elicited by B-endorphin may be dif-
ferent after intraventricular, as opposed
to PAG, administration. Thus, the appar-
ent discrepancy between our results and
those of Jacquet and Marks (3) might be
due to different patterns of neurochemi-
cal activation resulting from the different
sites of administration.

In order to test this possibility, we in-
jected either isotonic saline or 2, 4, or 8
pg of B-endorphin bilaterally into the
PAG (12). The results revealed a dose-
dependent pattern of effects similar to
that produced by intraventricular admin-
istration of B-endorphin, with the most
effective PAG site being the ventrome-
dial region, encompassing the dorsal
raphe (13). Therefore, in order to charac-
terize these effects further, we used 15
additional rats to unilaterally implant
cannulas for injection of B-endorphin in-
to the ventromedial region of the PAG
(Konig and Klippel coordinates: A, 0.1
to 0.5; ML 0.0; H, —0.6). In those ani-
mals (N = 9) that were subsequently
confirmed to have accurate placements,
8 wug of B-endorphin produced a behav-
ioral profile identical, in most respects,
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to that observed after intraventricular
administration. Wet-dog shakes, al-
though observed frequently, were typi-
cally more delayed than was the case af-
ter intraventricular injections. A rigidity
score of 2.2 = 0.2 [mean * standard er-
ror of the mean (S.E.M.)] was achieved
with B-endorphin 30 minutes after in-
jection into the PAG. During the rigidity
period, the righting reflex was lost and
rats slid or fell off of the grid. All these
actions were reversed within minutes af-
ter subcutaneous injection of naloxone (2
mg/kg). Furthermore, as with intraven-
tricular administration, most animals
became flaccid after injection of halo-
peridol (2 mg/kg). Nevertheless, in-
jections of B-endorphin into the ventro-
medial PAG did not produce rigidity as
intense as that resulting from ventricular
administration (Table 1). Therefore, al-
though the ventromedial region of the
PAG may be implicated in the 8-endor-
phin-induced rigidity syndrome, addi-
tional sites activated by ventricular ad-
ministration of 8-endorphin must also be
involved. Those rats (N = 6) found to
have cannula placements in the lateral or
dorsal aspects of the PAG displayed
marginal or no effects after injection of
B-endorphin over the same dose range;
however, morphine (10 ug in 1 wul) in-
duced a naloxone-reversible, intensely
violent responsivity in those animals
with dorsolateral PAG placements (/4).
Regardless of PAG placement, no animal
exhibited a haloperidol-like behavioral
syndrome after injection with either -
endorphin or morphine.

Thus, B-endorphin injected intra-
ventricularly or directly into the PAG
produced a state of immobility that con-
trasted significantly with that produced
by haloperidol or other neuroleptics.
Furthermore, whereas B-endorphin pro-
duced an amphetamine-like state of hy-
peractivity before or after (or both) the
rigidity phase, no such pattern of effects
was observed after injection of haloperi-
dol. Thus, extended behavioral charac-
terization of the response to B-endorphin
does not support the contention that this
opiate-like neuropeptide may be a natu-
rally occurring neuroleptic. Moreover,
unlike haloperidol, B-endorphin does not
elevate synaptosomal conversion of
tyrosine to dopamine within the caudate
(15), the site at which haloperidol is al-
leged to exert its cataleptogenic effects
©, 16).

We previously considered the possible
clinical implications of the catatonic-like
rigid immobility induced by B-endorphin
(17). Our studies reported here indicate
that B8-endorphin, like other opiates, also
produces periods of hyperactivity that

resemble the behavioral response to am-
phetamine (6, 18). The behavioral effects
of amphetamine are blocked by the
neuroleptic haloperidol and are at least
partially antagonized by naloxone (19).
Therefore, the mechanisms underlying
the amphetamine response may be simi-
lar to those responsible for the 8-endor-
phin-induced behavioral excitation. It is
conceivable therefore that psychological
disturbances similar to those produced
by amphetamine may result as a con-
sequence of excessive endorphin recep-
tor activation.
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Thyrotropin-Releasing Hormone: Abundance in the Skin of

the Frog, Rana pipiens

Abstract. Thyrotropin-releasing hormone, a hypothalamic tripeptide that stimu-
lates the secretion of pituitary thyroid-stimulating hormone in mammalian species
and is widely distributed throughout the brain of vertebrates, is present in the skin of
the frog (Rana pipiens) in concentrations twice that found in the hypothalamus of this
amphibian. A skin extract shows biologic activity appropriate to its immunoreactive
content. Apart from the brain and spinal cord, immunoreactive thyrotropin-releasing
hormone is found only in the blood and retina in significant concentrations. The
results imply that frog skin is a huge endocrine organ that synthesizes and secretes

this hormone.

Thyrotropin-releasing hormone, pyro-
glutamyl-histidyl-prolinamide, is synthe-
sized in the hypothalamus of mammalian
species and plays an important role in
regulating the secretion of thyroid-stimu-
lating hormone (TSH) from the adeno-
hypophysis (/). In mammals more than
70 percent of thyrotropin-releasng hor-
mone (TRH) in the central nervous sys-
tem lies outside the hypothalamus in
brain and spinal cord (2), and none has
been reported in other organs. Although
TRH has no thyroidal action in species
lower than Aves (3), large quantities of
immunoreactive (IR) TRH are present in
the extrahypothalamic brain tissues of
the snake, frog, and fish (¢). That the ma-
terial found is, in fact, TRH is supported
by the finding that extracts of these tis-
sues give inhibition curves parallel to
those for standard TRH in the TRH ra-
dioimmunoassay and that an extract of
extrahypothalamic frog brain releases
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Fig. 1. Effect of an extract of skin from the
frog (Rana pipiens) on the release of TSH in
the rat in vivo. The skin was extracted in 90
percent methanol and the dried supernatant,
reconstituted in buffer, was assayed for IR-
TRH content. Skin extract containing 100 ng
of IR-TRH, made up to 1 ml with saline solu-
tion, was injected intravenously into each of
five Sprague-Dawley male rats, under Nem-
butal anesthesia, and blood was sampled at 2
and 5 minutes for TSH measurement. Each of
the five control rats received saline solution
alone. The results (means =+ standard errors
of the means) show the rise in serum TSH.
The skin extract exhibited biologic potency
appropriate to its content of IR-TRH. Saline-
treated controls showed no TSH rise.

TSH when injected into rats @). The
anatomic and phylogenetic distribution
of TRH and behavioral (5) and neuro-
physiojogic (6) studies in mammalian
species support a role for TRH in neu-
ronal function, possibly as a neurotrans-
mitter.

During the course of investigations of
the physiologic role of TRH in the am-
phibian, we found large quantities of IR-
TRH in the circulation of the leopard
frog (Rana pipiens) in concentrations of
100 ng or more per milliliter of whole
blood (7). For comparison, blood levels
in humans and rats are estimated to be
less than 30 pg/ml (8). Since the whole
brain of the frog weighs only 100 to 150
mg and contains approximately 100 ng of
TRH (7), we thought it unlikely that
TRH secretion from brain tissue could
be the source of the bulk of blood TRH.
Accordingly, we examined the tissue dis-
tribution of TRH in R. pipiens to deter-
mine whether there was an extraneural
site of TRH.

Four adult male frogs (9) were decapi-
tated. The blood was collected in chilled
tubes, 0.1-ml samples were quickly add-
ed to 1-ml portions of ethanol, and the
resulting samples were extracted for
TRH immunoassay (/0). Hypothalamus,
extrahypothalamic brain, spinal cord,
splanchnic nerves, and fragments of
heart, lung, tongue, stomach, intestine,
liver, spleen, kidney, gonad, muscle, and
skin were placed in 90 percent methanol
for subsequent extraction for TRH as-
say, as described previously ). Retinal
tissue from another group of six frogs
was similarly extracted. The protein in
each sample was determined by the
method of Lowry et al. (I1). Table 1
shows the TRH concentrations in vari-
ous organs. The concentration in blood
is given for reference. Apart from the hy-
pothalamus, brain, and spinal cord, the
only organs with elevated TRH concen-
trations are the skin and retina. The con-
centration in the skin is much higher than
that in the hypothalamus. The TRH lev-
els in the thoracic and abdominal organs
can probably be accounted for by con-
tained blood, with the possible exception
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