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Summary

The application of three types of stress:
restraint, food deprivation or epinephrine in-
jection markedly accentuated the disaggregation of
rabbit brain polysomes to monosomes induced by LSD
(25 ug/kg) whereas no shift of polysomes to monosomes
was found with any of the stress treatments alone.
LSD when administered intravenously at a very low
dose of 1 ug/kg and combined with the restraint pro-
cedure produced a massive brain polysome shift. LSD
alone at this dosage did not induce a disaggregation
of polysomes. Elevations in plasma corticosteroid
levels relative to control were found following LSD
administration with or without the stressing pro-
cedures. LSD and certain elements of environment and
physiological arousal appear to have a synergistic
effect on disrupting the protein synthesis apparatus
of brain.

Previously we have reported that the intravenous adminis-
tration of D-lysergic acid diethylamide (LSD) to young rabbits
induces a transient disaggregation of brain polysomes which is
mediated by the interaction of the drug with neurotransmitter

receptors (13-15). The effect is brain specific and the degree
of polysome shift increases with age from 3 week old rabbits to
adults (13, 14). Since this LSD-induced polysome shift was shown

to be altered by holding-cage environment, pre-LSD sedation and
post-LSD handling (14), it appeared that certain elements of
environment and physiological arousal were involved in the macro-
molecular effect of the drug on the protein synthesis apparatus
of brain.

In the present paper we show that the application of stress
following drug administration greatly accentuates the LSD-induced
disaggregation of brain polysomes. Doses as low as 1 ug/kg when
combined with stress can produce a massive shift of brain poly~
somes to monosomes. Low doses of LSD or stress when administered
independently have no effect on brain polysomes. LSD also pro-
duced a stress-like response in rabbits as indicated by a rise in
plasma corticosteroids.
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Material and Methods

Drug Administration and Stress Treatments

All experiments were carried out on young male rabbits (1.2~
1.6 kg) kept on a 7 a.m.~7 p.m. light-dark cycle, at 22°C and fed
ad lib. Dp-Lsp (Sandoz Pharmaceuticals, Switzerland) obtained
through the Department of National Health and Welfare, Ottawa,
Canada was dissolved in 0.9% NaCl and injected into a marginal
ear vein between 9:00 and 10:30 a.m. Control animals received an
appropriate volume of physiological saline. After injection the

patched by cervical dislocation. Three types of stress were uti-
lized in these experiments. The first was restraint and handling,
in which the animal's front and hind limbs were taped loosely so
as not to interfere with circulation yet sufficient to impede nor-
mal movement. The animals were rolled onto their backs every 5-
10 min. oOther animals were given 25 ug/kg of epinephrine bitar-

trate (Sigma) concomitant with LSD or deprived of food for 24 hr
prior to LSD injection.

Polysome Isolation and Analysis

The brains were quickly removed and placed in cold 0.25 M
Sucrose buffered with 50 mM Tris-HC1 pH 7.5 @ 4°C, 25 mM KC1,
5 mM MgCly and 1 mM dithiothreitol (Buffer A). The brain was dis-
sected into the cerebral hemispheres, cerebellum and the remaining
stem region. Polysomes were isolated by a slight modification of
the method of Holbrook and Brown (13) which was introduced to im-

M sucrose prior to centrifugation at 50,000 rev/min for 3 hr in a
Beckman L2-65B ultracentrifuge. The polysomes were analyzed by
sucrose gradient centrifugation ag described previously (13). “The
area under the polysome and monosome region was determined by
planimetry. The statistical significances have been calculated
according to the Student's t-test.

Corticosteroid Assay

Corticosterone standards ranging from 2.5 to 25 ng were made up in
the same medium. One ml of the [3H]~corticosteroid binding glo-
bulin (5% rabbit plasma containing 5 uCi of [3H]-corticosterone

@ 54.5 Ci/mmol; New England Nuclear) was added to each tube and
incubated for 5 min. The tubes were cooled in an ice bath for 30
min followed by the addition of 160 mg of Florisil (Fisher) to
each tube and vortexed vigorously for 15 sec. The tubes were re-
turned to the ice bath for 1 hr and 500 pl of the supernatants
were then counted in 10 ml of toluene scintillation fluor con-
taining Beckman Bio-Solv BB-3 solubilizer,
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Results

Since our previous studies have indicated that the degree of
LSD-induced brain polysome disaggregation is altered by elements
of environment and physiological arousal (14) we decided to exa-
mine the effect of administering stress immediately following drug
injection. Three forms of stress were employed; restraint and

handling; food deprivation for 24 hr and epinephrine injection.

the shift of brain polysomes to monosomes relative to that ob-
served with LSD alone. The non-hallucinogenic analogue of LSD,
2-bromo~LSD (200 ug/kg) did not disaggregate polysomes with or
without stress. a quantitative representation of these results
was obtained by calculating the percentage of monosomes produced
following LSD or LSD plus stress (Table 1). LSD administered at
a dose of 25 ug/kg produced a 40-60% increase in monosomes over
controls in all three brain regions. The application of restraint
following drug administration significantly accentuated this res-
ponse, since a 150-165% increase in monosomes was observed rela-
tive to saline control values. An augmented polysome shift was
also noted with both LSD plus epinephrine and LSD plus the food
deprivation treatment (i.e. a 100-120% increase in monosomes over
saline controls). No significant shift of brain polysomes to
monosomes was observed with any of the stress treatments alone,
As mentioned earlier, the non-psychotropic drug, 2~bromo-LSD did
not produce any increase in the percentage of monosomes over con-
trol with or without restraint.

Since the combination of stress with a moderate dose of LSD
(25 pg/kg) resulted in an accentuated polysome shift, it was of
interest to determine the effect of restraint on animals which had
been given reduced dosages of LSD. As shown in Table 2 LSD admin-
istered at a dose of 10 ug/kg, followed by restraint, produced a
185% increase in cerebral hemisphere monosomes expressed over the
saline control values. Slightly lower responses were observed in
the brain stem and cerebellum. LSD alone at this dose produced
only a 30-50% increase in monosomes. An LSD dosage of 1 ug/kg
when combined with the restraint procedure showed a 100-125% in-
crease in monosomes over controls. LSD alone at this dose (1 ug/
kg) did not produce any detectable effect on brain polysomes.

Our previous results have shown that LSD induces a disaggre-
gation of brain polysomes by a non-RNase mechanism (13, 14). For
example, the monosome pool produced following LSD administration
is dissociable into ribosomal subunits by high salt (500 mM KCl).
Monosomes produced after treatment of polysomes with exogenous
RNase do not dissociate under these salt conditions. This tech~
nique was utilized in the present study to determine whether
stress accentuation of the LSD-induced disaggregation of polysomes
was due to RNase activation. In the presence of high salt the ele-
vated pool of monosomes which is produced after LSD (1 ug/kg) plus
restraint was found to dissociate into 60S and 40S ribosomal sub~
units (Figure 2). The same result with respect to monosome dis-
sociability was observed with other forms of stress (epinephrine
injection and food deprivation) in combination with LSD (25 ug/
kg). The increase in monosomes following the application of re-
straint plus LSD is therefore likely produced via a non-RNase
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FIG. 1

Stress accentuation of the disaggregation of brain polysomes
induced by LSD in vivo. 1LSD (25 ug/kg), BOL (200 ug/kg) or an
appropriate volume of 0.9% NaCl were administered intravenously
to young rabbits in conjunction with one of the stress treatments
outlined in Materials and Methods. Polysomes from cerebral hemis-
pheres were isolated 1 hr after drug injection and analyzed on 15-
45% sucrose density gradients following centrifugation for 75 min
in a Beckman SW-41 rotor at 40,000 rpm @ 4°C (13).
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TABLE 1

Brain Region
% Monosomes/Total Ribosomes

Cerebral
Treatment Trials Hemispheres Stem Cerebellum
Saline 9 21.82.6 23.3+1.8 19.9+2.3
LSD 8 36.3%3.4 33.3%3.4 28.6%4.4
LSD & Restraint 6 54.5+4 .6* 55.6t4.3* 53,0+5.2%
Saline & Restraint 8 21.1+2.5 21.9+3.4 19.3+2.1
LSD & Epi. Bit. 4 49.0+4,1* 47.5¢1.7% 39,0%4.1%
- Saline & Epi. Bit. 2 23.0+0.0 24.5%0.5 22.5+0.5
LSD & Unfed 4 47.8+9 1% 46.0t6.7* 44,1+6.5*
Saline & Unfed 2 20.5+4.9 23.0+0.0 17.5+2.3
BOL 3 19.6+2.5 20.3+3.1 18.7+1.5
BOL & Restraint 4 20.3+2.8 21.5+1.9 19.5+1.9

Quantitation of the accentuation of the LSD-induced disag-
gregation of brain polysomes by stress. Animals were given
either LSD (25 ug/kg) or an appropriate volume of 0.9% NaCl
(i.v.) plus one of the stress treatments as outlined in the
Materials & Methods. BOL was administered at a dosage of 200
ug/kg. i
isolated and % monosomes determined by analysis on sucrose gra-
dients (13). The level of statistical significance (p<0.01)
relative to the LSD (25 vg/kg) value is indicated with an asterisk.
(Epi. Bit., epinephrine bitartrate).

TABLE 2

Brain Region
% Monosomes/Total Ribosomes

Cerebral

_ Treatment Trials Hemispheres Stem Cerebellum
Saline & Restraint 8 21.1+2,5 21.9+3.4 19.3:2.1
LSD 10 ug/kg 5 30.6+8,.2 31.628.1 25.2+5.0
LSD 10 ug/kg &
Restraint 4 50.3+3.8* 46.8+3.4* 41.0+5.0*
LSD 1 ug/kg 21.8+2,5 21.8+3.9 19.5+1.7
LSD 1 ug/kg &
Restraint 6 45,3+1,7* 44.8+2,9% 43,245, 2%

Restraint-accentuated disaggregation of brain polysomes at
reduced dosages of LSD. Animals were given LSD intravenously at
the dose indicated and then subjected to the restraint procedure
for 1 hr. Brain polysomes were then isolated and analyzed on
Sucrose gradients (13). Levels of statistical significance

(p<0.01) relative to the same dose of LSD without restraints are
indicated with an asterisk.
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FIG. 2

Dissociation of monosome peaks to ribosomal subunits by high
salt treatment. Cerebral hemisphere pPolysomes were isolated from
young rabbits 1 hr after intravenous injection of LSD at 1 ug/kg
(panels A-C) or 1 ng/kg LSD plus restraint (panels D-F). Aliquots
of polysomes were analyzed on 15-45% sucrose gradients containing
buffer A with 25 mM KC1 (L.S.=low salt) or 500 mM KC1l (H.S.=high
salt). 1In order to display ribosomal subunits the gradients were
centrifuged for 3.5 hr under conditions given in Fig. 1. For
comparison, complete polysome profiles are shown in panels A and
D (centrifugation for 75 min in low salt).
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mechanism.

Plasma corticosteroid levels were analyzed to determine
whether LSD and the three types of applied stress produced a
measurable stress-like response. The administration of LSD at a
dose of 25 ug/kg did not significantly elevate plasma corticos-
teroids after 1 hr whereas higher doses of LSD (50 and 100 ug/kg)
resulted in a 3-fold increase over control values (Table 3). LSD
(25 ug/kg) in combination with each of the stressing procedures
significantly elevated the level of plasma corticosteroids rela-
tive to controls. ' Each of these treatments yielded values 2-3-
fold higher than that observed with 25 ug/kg of LSD alone. Re~-
straint without injection of LSD resulted in an increase in plasma
corticosteroids, however, and as shown previously no shift in
brain polysomes was observed.

TABLE 3
Plasma

Treatment Trials Corticosteroids (ug/100 ml)
Saline 7 2.4:0.6
LSD 25 ug/kg 5 3.1+0.6
LSD 50 pg/kg 4 6.8+1,0%*
LSD 100 ug/kg 4 6.920,6%
Saline & Restraint 4 8.0£1,5%
LSD 25 pg/kg & Restraint 6 9.6+£3,3*
LSD 25 ug/kg & Epi. Bit 5 5.0%1.1%*
LSD 25 ug/kg & Unfed 4 5.6t1.5*

Effect of LSD and stress on the level of plasma corticos-
teroids. Rabbits were sacrificed 1 hr after drug or saline admin-
istration and trunk blood was collected after decapitation.

Plasma corticosteroids were assayed as outlined in Materials and
Methods. Levels of statistical significance (p<0.01) relative to
the saline control value are indicated with an asterisk.

Discussion

Previously we have shown, utilizing neurotransmitter receptor
blocking agents, that the LSD-induced disaggregation of brain
polysomes is a receptor-mediated event (15) and that the degree of
polysome shift is dependent on environment and post-LSD handling
(14). A dependence of LSD action on environment and physiological
arousal has also been reported by others. Boakes et al. (5) have
shown that activation of EEG's by LSD is markedly dependent on en-
vironmental factors while King et al. (17) found that the duration
and intensity of the LSD effect during reversal learning was
highly dependent on a 'home' versus 'strange'’ environment. Low
doses of LSD was also found to have an excitatory effect on the
acoustic startle reflex in the rat (8) and aggravate the stress-
induced reduction in brain and blood glutathione levels (33). A
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synergistic interaction of LSD and stress is evident in our pre-
sent results which shows that physiological stress applied in com-
bination with low doses of LSD, significantly accentuates the

shift of brain polysomes to monosomes relative to that observed
with LSD alone.

All three forms of stress; restraint, food deprivation and
epinephrine injection accentuated the LSD-induced disaggregation
of polysomes. Each of the above treatments did in fact produce a
measurable stress-like response as evidenced by an elevation in
plasma corticosteroids. LSD alone at doses higher than 25 ug/kg
also induced a significant elevation in plasma corticosteroids.
This is in agreement with previous studies which show an increase
in plasma corticosteroid levels in humans and rats after LSD
administration (12, 27). Therefore LSD may induce ACTH release by
some as yet unknown mechanism. LSD may exert both antagonistic
and agonistic actions on 5-HT receptors and therefore may inter-
fere with the serotonergic or noradrenergic mechanisms which have
been implicated in the regulation of the hypothalamic—pituitary—
adrenal system (23, 24, 25, 28).

The observed polysome disaggregation was dependent on the
administration of LSD since none of the stressing procedures
could independently induce a shift. Furthermore this phenomenon
required the psychoactive form of LSD, as 2-bromo-LSD, the non-
psychotropic derivative of LSD which also binds to the same neural
receptors as LSD (6, 19) could not induce = polysome shift with or
without stress. The administration of LSD at a dosage as low as
1 ug/kg was sufficient to induce a massive brain polysome shift
when combined with the restraining procedure. This dosage is well
within levels utilized by humans (16, 27). 1In contrast, very high
dosages of other agents such as phenylalanine, L-dopa, 5-HTP and

D-amphetamine are required to induce disaggregation of brain poly-
somes (1, 20, 30, 35).

We have previously shown that nerve conductivity is a re-
quirement for the LSD-induced polysome shift since depression of
nerve conductivity by anaesthetic doses of ethanol, pentobarbitol
or diphenylhydantoin inhibits this response (15). Also low doses
of LSD administered to rabbits produce definite EEG arousal
patterns indicative of elevated neuronal activity (10, 15).
Furthermore the stress procedures utilized in the present study
may also activate channels of sensory feedback since increases in
the activity of noradrenergic neurons have been consistently found
during acute exposures to a wide variety of stresses such as foot~
shock, immobilization, cold ambient temperatures, forced running
and inhibition of glucose metabolism (3, 7, 11, 18, 21, 29, 31).
These observations raise the possibility that an elevated level of
neuronal activity in certain brain regions after LSD or LSD plus
stress may be involved in the disaggregation of brain polysomes.

Our previous results have demonstrated that the LSD-induced
disaggregation of polysomes is likely produced via a non-RNase
mechanism since the large monosome pool produced after administra-
tion of LSD in vivo was almost completely dissociable into sub-
units by high salt (13). Furthermore measurements on the associ-
ation of tRNA with ribosomes were interpreted as revealing that
the increased pool of monosomes after LSD was produced by normal
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run-off (14). Preliminary evidence suggests that this metabolic
lesion is due to inhibited reinitiation and/or elongation (14).
The demonstration that the monosomes produced by LSD plus stress
are dissociable into subunits in high salt suggests that the same
mechanism is operative and that the accentuated shift is not the
result of an elevation in RNase activity (4).

The heightened neuronal activity resulting from LSD and
stress may produce a depletion of energy reserves which could re-
sult in a transient decrease in protein synthesis (2, 9, 34).
Since LSD is known to elevate levels of CAMP in brain (32),
another possible mode of inducing brain polysome disaggregation is
through the activation of cAMP-dependent protein kinases which may
phosphorylate specific initiation and/or elongation factors.
Alterations in cAMP levels have been suggested as a modulating
agent i? the action of corticotrophin:ACTHl_24 on protein synthe-
sis (26).

The results presented in this study clearly show a synergis-
tic relationship between LSD and stress. Since LSD may stimulate
selective central serotonergic or dopaminergic sites which in turn
evoke heightened physiological responses with environmental de-
pendency, sensory feedback may alter synaptic activity and ulti-
mately protein synthesis. We are presently utilizing receptor
blockers and neurotransmitter depleting agents in an attempt to
dissect out the various neural components involved in this meta-
bolic lesion.
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