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CARR. L. A. AND S. M. WEHRY. Effect of excloheximide and d-amphetamine on brain catecholamiines in two mouse
strains. PHARMAC. BIOCHEM. BEHAV. 13(2) 193-197, 1980.—The ability of cycloheximide to inhibit brain catechola-
mine synthesis in CS7BL/6J and DBA:2J mice was studied to determine whether differences exist in these two strains with
regard to this action and whether such effects correlate with previously reported differences in sensitivity to the amnesic
effects. Administration of cycloheximide caused a dose-dependent inhibition of norepinephrine and dopamine synthesis in
both strains. There was a significant effect due to strain on dopamine synthesis in drug-treated animals. J-Amphetamine
partially prevented the decrease in the rate of synthesis of norepinephrine. dopamine and normetanephrine caused by
cycloheximide in the CS7 strain but enhanced the inhibition of synthesis of these compounds in the DBA strain. The results
suggest that the reported differences in sensitivity to the behavioral effects of cycloheximide may be associated with the

degree of inhibition of catecholamine synthesis in these twa mouse strains.

Cycloheximide Norepinephrine Dopamine

SEVERAL antiobiotics. including cycloheximide and
acetoxycycloheximide. have been used extensively in the
study of mechanisms involved in the formation of long-term
memory [6]. Since these agents are potent inhibitors of cere-
bral protein synthesis, it has been proposed that the disrup-
tive effects of these drugs on long-term memory formation
result from a deficiency of specific proteins which are in-
volved in the formation of memory traces [26]. However,
evidence from scveral recent studies suggest that additional
mechanisms. such as disruption of neurotransmitter func-
tion, may underlie the impairment of memory consolidation
or retention. For example, cycloheximide has been shown to
inhibit the accumulation of newly synthesized catechola-
mines {3,10]. Furthermore. noradrenergic agonists. such as
norepinephrine, clonidine and isoproterenol [13,19]. and
drugs which are believed to enhance central catecholamine
neuron activity. such as d-amphetamine [ 18,20}, prevent or
reverse the amnesic effects of cycloheximide. This latter ac-
tion appearcd to correlate with an attenuation of the
cycloheximide-induced decrease in catecholamine synthesis
rather than alteration of protein synthesis inhibition [3].
Various mouse strains exhibit differences in behavior. in
their ability to learn specific tasks and in their sensitivity to
the amnesic effects of cycloheximide. The C57BL/6) strain,
which is characterized by high levels of spontancous motor
activity [15] and low levels of avoidance learning [4}]. is much
less resistant to the amnesic effects of cycloheximide [22
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when compared with the DBA:2J strain. This difference in
strain sensitivity has been attributed to possible diftferences
in the duration or degree of inhibition of protein synthesis
[11.22] or in the pharmacokinetics of the drug [28].

The aim of the present study was to examine the effects of
cycloheximide on the synthesis of brain norepinephrine and
dopamine in these two strains and to determine whether
these effects correlate with the reported differences in be-
havioral sensitivity to this drug. It was adlso of interest to
determine whether d-amphetamine interacted with ¢yclohex-
imide in a different fashion in these two strains with respect
to catecholamine synthesis and metabolism.

METHOD

Male mice of two strains, C57BL/6J and DBA:2J Jackson
Labs), between 10 and 14 weeks old and weighing 15-25 g
were used in this study. They were housed in small groups of
S-6 animals and provided with water and Purina Rat Chow
ad lib. One hour prior to treatment. between 10 a.m. and 12
p.m.. the mice were moved to the laboratory and placed in
individual cages.

In Experiment 1. various doses of cycloheximide (Sigma)
were administered subcutaneously on the back of the neck to
mice of both strains one hour before sacrifice. Fifteen min-
utes prior to sacrifice by cervical dislocation. 100 Ci of 3.5
*H-tyrosine (40-60 mCi'mmole. New England Nuclear) in

‘Current address: Department of Psychiatry, Tufts University Medical School. Boston. MA.

Copyright “ 1980 ANKHO International Inc.—0091-3057/80/080193-05$01.00/0



194

0.2 ml phosphate buffered saline (0.14 M NaCl. 0.01 M
NaPO,, pH 7.0) were injected intravenously via the dorsal
tail vein. Following decapitation, the brain was removed and
after dissecting away the cerebellum. olfactory bulbs and
lower brain stem. the remaining tissue was weighed and
homogenized in 3 ml ice cold 0.4 N HCIO,. After centrifuga-
tion and rehomogenization [17] the tissue supernate was fro-
zen until assayed. Endogenous tyrosine was measured
fluorometrically by the method of Waalkes and Udenfriend
[29]. The concentrations of *H-tyrosine, *H-norepinephrine,
and *H-dopamine were measured in the brain homogenates
by methods previously reported [3]. The approximate re-
coveries for these compounds were 90. 40 and 30 percent,
respectively. The concentration of all labeled compounds
was corrected for recovery. The relative rates of catechola-
mine synthesis were calculated by dividing the brain concen-
tration of *H-catecholamine by the specific activity of
tyrosine [25]. The incorporation of *H-tyrosine into brain
protein was determined from the radioactivity in the tissuc
pellet and supernate derived from the centrifugations above.
After washing the pellet and digesting in 0.2 NaOH for 2 days
[3] the tyrosine incorporation ratio was calculated by divid-
ing the radioactivity in the pellet by the radioactivity in the
supernate.

In Experiment 2. mice of both strains received one of
four drug treatments: (1) salinet saline. (2) saline+d-am-
phetamine sulfate (Smith, Kline, and French). (3) cyclo-
heximide+ saline. (4) cycloheximide + d-amphetamine sulfate
according to the schedule given in Table 1. 100 , Ci of “H-
tyrosine were administered intravenously 15 min before sac-
rifice. The brains from these animals were assayed for *H-
catecholamines and their rates of accumulation were deter-
mined as described above. In addition. the rates of formation
of their 0-methylated metabolites, normetanephrine (NM)
and 3-methoxytyramine (3-MT) were also determined ac-
cording to the following procedure. After shaking the tissue
supernate with alumina [3], the supernate was removed and
adjusted to pH 6.5 with 3 M Tris buffer and added to an
Amberlite CG-50 column (200-400 mesh. 4 cm) which had
been washed previously with 15 ml sodium phosphate buffer,
pH 6.5, containing 19 EDTA. After washing the column
with 20 ml H,O, the 0-methylated metabolites were eluted
with S ml of I N HCI. The cluate was adjusted to pH 6.5 with
2 N NaOH and added to a Dowex 50WX 4 column (200-400
mesh. Na- form, 4 cm). After washing the column with 10 ml
H.O and 6 ml of 2 N HCI. *H-NM was eluted with 10 ml of 2
N HCIL. The next 3 ml of 2 N HCI were discarded and *H
3-MT was eluted with 12 ml 3 N HCI. The eluates were dried
and counted by liquid scintillation. The rate of accumulation
was corrected for the specific activity of tyrosine in each
animal.

The data were analyzed by one- and two-way ANOVA
and Dunnett’s 1 test [30].

RESULTS

Experiment 1

Simultaneous analysis of drug and strain effects on norep-
inephrine synthesis showed that cycloheximide significantly
inhibited norepinephrine synthesis. F(3,44)=9.87, 1»<<0.001,
whereas mouse strain had no effect. Subsequent analysis
within each strain showed that all doses of cycloheximide
significantly inhibited norepinephrine synthesis in the C57
strain (7>3.30,p<20.01 in cach case), whereas only the highest
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TABIL.E |
DRUG TREATMENT SCHEDUILE FOR EXPERIMENT 2
Group 60 min 30 min
1 Saline Saline
2 Saline Jd-AMP
3 CXM Saline
4 CXM d-AMP

Saline or cycloheximide (CXM, 100 mg/kg) was administered sub-
cutancously 60 min prior to sacrifice. Saline or d-amphetamine (d-
AMP, 5 mgikg) was administered intraperitoneally 30 min prior to
sacrifice.

TABLE 2

EFFECT OF CYCLOHEXIMIDE ON BRAIN CATECHOI.AMINE
SYNTHESIS IN TWO MOUSE STRAINS

Norepinephrine Dopamine
Dose CS57BL:6J DBA:2) CsS7BL:6) DBA2J
(mg’kg)
0 3265 (8) 3728 (7) 88+ 18 (9 B2 - 19(7)
S0 16 + 27(8) 19+ 7 (5) 48 + 7v(8) 75 « 14(5)
75 9 L 1V (7Y 1S+ 5 (5) 43 + TH(7) 54 - 10(6)
100 9 - 27 (6) 13 - 3H(5) 28 - T77(6) 37 9(5)

Animals were administered various doses of cycloheximide and
sacrificed 60 min later. Numbers in parentheses refer to number of
animals.

*ng/g/15 min = | SE.

+Significantly different from control (2-.0.05).

dose had a significant cffect in the DBA strain (¢>>2.3,<0.05;
Table 2). Analysis of the effects of drug and strain on dopa-
mine synthesis indicated that cycloheximide significantly
inhibited dopamine synthesis, F(3,45)=5.46. »<<0.01 and that
there was a significant strain effect when drug-treated animals
were compared, F(1,31)=4.79, p<70.05. Within strains, cyclo-
heximide inhibited dopamine synthesis with each dose in the
C57 strain (£ >2.3, p<0.05) whereas none of the doses signifi-
cantly affected synthesis in the DBA strain (Table 2). These
drug- and strain-dependent effects could not be attributed to
differences in the specific activity of tyrosine in the brain. As
shown in Table 3, except for a significant increase with the
75 mg/kg dose in C57 mice (r=3.06. p<0.01), there were no
significant differences in tyrosine specific activity among
doses within each strain. In drug-treated mice. there were no
strain differences with each dose level. To determine
whether cycloheximide produces similar effects on cerebral
protein synthesis, the degree of incorporation of *H-tyrosine
into acid-insoluble protein was estimated. Each dose of cy-
cloheximide caused a significant inhibition of tyrosine incor-
poration (1>4.2, p<:0.001) (Table 3). The percent inhibition
of incorporation ranged from 87.0 (50 mg/kg) to 91.9 (100
mg/kg) in the C57 strain and from 88.2 (50 mg/kg) to 90.0 (100
mg/kg) in the DBA strain. There were no significant differ-
ences between strains at any dose level.

Fxperiment 2

As had been shown in Experiment |, cycloheximide. 100
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TABLE 3

EFFECT OF CYCLOHEXIMIDE ON SPECIFIC ACTIVITY OF TYROSINE AND
INCORPORATION OF “H TYROSINE INTO CEREBRAL PROTEIN
IN TWO MOUSFE STRAINS

Tyrosine specific activity*®

Tyrosine incorporation ratio*

Dose CS7BL.6J DBA:2]J CS7BIL./6] DBA-2J
(mg/kg)
0 286 + 2.9 (9) 436+ S7(7)y 098 = .07 (9 1.08 + .19 (7)
50 358+ 2.4 (8) 367 =42(5 0.3 = 0128 0.13 £ 015 (5
75 42.8 = 3.52(6) 393 = S5.1(6) 0.10 « 01E(6) 0.11 + .01% (6)
100 347 + 4.7 (6) 36.0 = 42(5) 0.08 - 01 (6) 0.11 + .02t (5

Animals were administered various doses of cycloheximide and sacrificed 60
min later. Numbers in parentheses refer to number of animals.

*nCiug = 1 SE.

+The incorporation ratio was calculated by dividing the DPMs of radioactivity
in the perchloric acid precipitate by the DPMs in the tissue supernate.
tSignificantly different from control (p-:0.05).

TABLE 4

EFFECT OF CYCL.OHEXIMIDE AND 4-AMPHETAMINE ON RATE OF
FORMATION OF CATECHOIL.AMINES AND 0-METHYL.ATED
METABOLITES IN C57B1./6) MICE

Treatment NE DA NM

t

Control 38 + 4%(5) S2 = 8 (8) 30 -
d-AMP 40 = B (6) 54 = 10 (8) S1 - 17(8) 48 = 10(8)
CXM 22 -~ 3% (6) 28 = 4% (8) 30 = S(8) 43 . 6(8)
CXM-d-AMP 29 =6 (5) 43 ~ 11 (9) S1 = 10(8) S2 + 6(8)

5(8) 37

t

t

Animals received drug injections according to the protocol given
in Table 1. The rates of accumulation of *H norepinephrine (NE).
dopamine (DA), normetanephrine (NM) and 3-methoxytyramine
(3-MT) were determined as described in Materials and Methods.
Numbers in parentheses refer to number of animals.

*ng/g/1S min = 1 SE.

*Significantly different from control (p-70.05).

mg/kg. significantly decreased the synthesis of norepineph-
rine (¢=2.57, p<0.05) and dopamine (1=2.81. p<0.02) in C57
mice (Table 4). The drug had no significant effects on the rate
of formation of the two metabolites. Administration of
d-amphetamine alone increased the concentration of labelled
metabolites but this was not statistically significant. When

d-amphetamine was administered to mice pretreated with
cycloheximide, there was a partial reversal or attenuation of
the inhibition of norepinephrine and dopamine synthesis
caused by cycloheximide. There were no significant differ-
ences in norepinephrine and dopamine synthesis rates be-
tween control animals and those receiving both drugs. Con-
firming the results obtained in Experiment [, this dose of
cycloheximide also decreased brain catecholamine synthesis
in the DBA strain although the differences were not statisti-
cally significant (Table 5). However, in contrast to the results
obtained with C57 mice. administration of -amphetamine to
cycloheximide-pretreated mice produced a marked. signifi-
cant decrease in the rate of accumulation of iabelled norepi-
nephrine (7=3.92. p<0.005), dopamine (1—2.58. p-70.05),
and normetanephrine (1=2.21, p=0.05). when compared to
control animals. Analysis of drug and strain effects in mice
receiving cycloheximide and cycloheximide +d-amphet-
amine revealed a significant drug-strain interaction for nor-
metanephrine, F(1.27)=5.15, p-=0.05, and a nearly signifi-
cant drug-strain interaction for norepinephrine, F(1.21)=
4.13. p-<0.06 and dopamine, F(1.27)=4.08, p<<0.06. This
suggests that the administration of ¢-amphetamine to cyclo-
heximide-pretreated mice affected the two strains differ-
ently.

TABLE 5

EFFECTS OF CYCLOHEXIMIDE AND ¢-AMPHETAMINE ON RATE OF FORMA-
TION OF CATECHOILLAMINES AND O-METHYLATED METABOLITES IN DBA-2J

MICE.

Treatment NE DA NM 3-MT
Control SS = 9x@®) 105 +27 (7} 51— 10 (&) S6+ 15(7)
d-AMP 39+ 8 (8) TA+ 1l (8) 45— 7 (8) 71+ 19(8)
CXM 27 (8 5SS (8 42=10 (8 59 = 15N

CXM+d-AMP 15 = 1t (6) 28 - S¥(6) 27 - 4*(7) 42+ 128

Refer to legend of Table 3.
*ng/g/1S min + | SE.
+Significantly different from control (p--0.05).
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DISCUSSION

Cycloheximide has been shown to inhibit the synthesis of
brain catecholamines [3.10] and the results of the present
study suggest that the drug exerts this effect in varying de-
grees in the C57 and DBA strains, at least in regard to
dopamine synthesis.

One important implication of this strain difference con-
cerns the reported differences in these two strains of the
amnesic effect of cvcloheximide [22,28]. Possible explana-
tions of this difference which have been suggested include
differences in the time course of protein synthesis inhibition
[16.22] or degree of inhibition of protein synthesis [11].
However. Day and coworkers |7] did not find a correlation
between rates of recovery of cerebral protein synthesis and
differences in learning behavior after treatment with cyclo-
heximide. Although a dose-dependent effect of cyclohexi-
mide on amnesia has been observed in the DBA strain, this
was not associated with a dose-related effect on the degree of
protein synthesis inhibition {22]. This was further supported
by the present study which indicated that 60 min after the
injection of c¢ycloheximide. which approximates the time
interval used in most training studies. there were no signifi-
cant differences in the inhibition of protein synthesis be-
tween the two strains.

The difference in the sensitivity of these two mouse
strains to the inhibition of catecholamine synthesis caused
by cycloheximide suggest an alternative mechanism which
could be responsible for the difference in sensitivity to the
amnesic effects, in that brain dopamine synthesis is impaired
10 a greater extent in the CS57 strain one hour after the drug
injection. i.e.. during the time period when long-term mem-
ory is believed to be formed.

There is considerable evidence that brain catecholamines
may have an important role in mechanisms which regulate
the formation or retention of long-term memory. For exam-
ple. inhibitors of catecholamine synthesis such as FI.A-63,
diethyldithiocarbamate and «-methyltyrosine have been
shown to disrupt memory processes [9,12]. Central adminis-
tration of catecholamines [14.27]. on the other hand, have
been shown to enhance such processes.
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Since several drugs which enhance central catecholamine
neuron activity are capable of blocking or reversing the be-
havioral effects of cycloheximide [18-20], it might be ex-
pected that differences in biochemical effects might occur in
these two strains following treatment with cycloheximide
and d-amphetamine. Although the dose of cycloheximide
used in this experiment tended to decrease the synthesis of
norepinephrine and dopamine in both strains. the adminis-
tration of ¢-amphetamine to mice pretreated with cyclohex-
imide produced strikingly different effects. As has been re-
ported previously [3] d-amphetamine partially prevented the
decrease in norepinephrine and dopamine synthesis caused
by cycloheximide in the CS57 strain in the present study.
However, in the DBA strain. the synthesis of catechola-
mines was lower after treatment with both drugs than after
cycloheximide alone. This strain difference was also appar-
ent in the rate of formation of normetanephrine. which may
reflect the rate of release of norepinephrine |S]. Whereas
amphetamine tended to increase the formation of nor-
metanephrine in CS7 mice pretreated with cycloheximide,
the reverse was true in the DBA strain. It is possible that
cycloheximide may have affected the uptake of d-
amphetamine [1] and selectively altered the brain concen-
tration of the drug in these two strains. A dose-dependent
effect of d-amphetamine on catecholamine synthesis has
been shown in mice [23]. Such an effect could account for
the observed strain differences.

Most of the studies which have shown that cy-
cloheximide-induced amnesia can be reversed by dJ-am-
phetamine have utilized mice of the C57BL./6J [18.20] or
Swiss [2] strains. Although there have been no published
studies indicating whether this interaction occurs in DBA:2J
mice. the results of the present study suggest that
d-amphetamine may not be as effective in this strain.
Moreover, it is of interest that -amphetamine did not alter
the amnesic effects of reserpine in the DBA2J strain [8].
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