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Subcutaneous administration ot ACTH 1-24 to mice

increased the incorporation of [*H]|lysine into brain and liver proteins, an effect which resembled that due to tootshock.
Corticosterone administration did not mimic these ettects. ACTH 4-10 increased the | 'H]lyvsine incorporation into brain
but not fiver protein. Lysine vasopressin (LVP) did not alter {*H|lysine incorporation into brain or liver. These results are
consistent with ACTH mediating the eftects of footshock. However, dexamethasone decreased tie brain responses to both
tootshock and ACTH, but while the liver response to ACTH was blocked, the footshock response was only diminished.
This suggests a neural component in the response of the liver and possibly the brain. Intraventricular administration ot
ACTH 1-24 or ACTH 4-10 (D-phe). but not ACTH 4-10, increased [ *H]lysine incorporation into brain protein. These
neurochemical responses parallelled a distinetive pattern ot behavior characterized by stretching, vawning and excessive
grooming. Treatment tor 3 days with long-acting preparations of ACTH 4-10, ACTH 4-10 (D-phe) or ACTH 1-24
increased the conversion of [PHJtyrosine into dopamine but not norepinephrine. a-MSH. 3-MSH or LVP had no such
effect. Similar treatment with ACTH 4-10 or ACTH 1-24 increased striatal tyrosine hydroxylase activity measured in virro.
but did not signiticantly alter the enzyme activity from other brain regions. We conclude that ACTH peptides can
stimulate protein and dopamine metabolism in mouse brain and that LVP has no such eftects.

ACTH 1-24 ACTH 4-10 Lysine vasopressin
Tyvrosine hydroxylase Stretching and vawning

IN VIEW of the widely reported behavioral effects of
ACTH peptides and lysine vasopressin (LVP) [6] it is
pertinent to ask what the mechanisms of action are. A good
approach to this guestion is to determine the neuro-
chemical consequences of administration of the peptides.
This paper is concerned with three biochemical measures:
[*H]lysine incorporation into protein as a measure of
protein  synthesis, [*H|tyrosine incorporation into
catecholamines as a measure of catecholamine turnover,
and o preliminary study on the activity of tyrosine
hydroxylase, a key enzyme of catecholamine synthesis.

PROTEIN METABOLISM
Method

CS7B1/6) male mice were obtained from Jackson
Laboratories (Bar Harbor, Maine), ACTH 1-24. ACTH 4-10
(L-phe) (O163) and ACTH 4-10 (D-phe) (Ol6d) were
obtained from Organon International. and lysine vaso-
pressin from Sigma Chemical Co. L-[4.5-* H] Lysine was
obtained from Amersham Searle Inc.

Mice were kept in individual cages tor 3 to 5 days before
each experiment. Hormones were injected subcutancously,
or intraventricularly by the method of Dunn [7] but using
methoxyflurane anesthesia. [*H] Lysine was injected sub-
cutancously at a dose of 1 uCijg and mice were sacrificed
10 min later. Analysis of radioactivity in free lysine and
protein was performed as previously described [23). The
data on the incorporation of {*>H]lysine into protein are
presented as the relative radioactivity (RR), equal to the
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protein radioactivity divided by the tree lysine radio-
activity. The RR thus corrects for variation in the uptake ot
precursor. (For a full analysis see ref. {8]).

Results

In Fig. 1 are presented the data on the incorporation of
[* H]lysine into brain and liver proteins. Compared to
saline, subcutaneous ACTH 1-24 and ACTH 4-10 bhoth
significantly increased the incorporation into brain protein.
In the hiver ACTH 1-24, but not ACTH 4-10. increased the
incorporation although saline injections alone produced a
strong effect. LVP did not alter the incorporation in either
tissue. At higher doses LVP inhibited the appearance of
[? H]lysine in the blood and in the brain and liver [8). It
can bhe seen that ACTH 1-24 mimics the effect of footshock
im both  brain  and liver. Thus, the incorporation
changes in response to footshock or saline might he
accounted for by secretion of pituitary ACTH in response
to these stresstul procedures. Adrenal corticosterone s
apparently not involved since the responses to footshock
were still present in adrenalectomized mice. and cortico-
sterone administration did not change the [*Hllysine
incorporation.

A further study was performed in mice pretreated with
dexamethasone, a potent glucocorticoid which suppresses
ACTH release.  Dexamethasone itselt did not  change
(> H]lysine incorporation into mouse brain, but approx-
imately doubled the uptake of the amino acid into the liver
without any change in the incorporation into protein |21].
In the brain the biochemical responses to footshock,
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FIG. 1. Etfect of footshock or hormones on the incorporation ot [*H]lvsine into mouse brain and
liver protein. CS7B1/6J male mice were treated with 20 footshocks (2.3 mAL 1 sec) in 15 min and
injected with [*H]lysine 20 min later. Hormones were injected subcutancously at the following doses
per g body weight: ACTH 1-24 (0.6 ug). ACTH 4-10 (0.3 ug), LVP (4 ng), corticosterone (5 ug),
followed 15 min later by [*H]lysine. Mice were sacrificed 10 min after [*H|lysine injection. All
results are the relative radioactivity (protein radioactivityitree lysine radioactivity) expressed as o
pereentage increase over control (Q - quict, SAL saline-injected). Statistics are caleulated by
Student’s ¢-test, or Dunnett’s test where more than one group was involved. *Mice were
adrenatectomized 3 days before the experiment. For full details see rets. [8] and {21] from which
these data were compiled.

ACTH 4-10 were diminished: the small

stimulation has been shown to induce hepatic enzymes [3].
increases in [*H]lysine incorporation were not statistically The data further suggest that dexamethasone

significant (Fig. 2). In the liver dexamethasone only partly
prevented the response to footshock. but the response to
ACTH 1-24 was completely blocked. These duata suggest the
brain response might be mediated by ACTH, but that
ACTH is not necessary for the liver response. Perhaps there
is sympathetic control in the liver since sympathetic

BRAIN

antagonizes the liver response, and possibly also the brain
response.

The administration of exogenous ACTH gencrally pro-
duced smaller and less consistent responses than footshock.
This might indicate that a ncural influence was also
involved in the cercbral response, but it may also indicate
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(DEXAMETHASONE PRETREATMENT)
FIG. 2. Effect of hormones on [*H]| lysine incorporation into brain and liver proteins of mice
pretreated with dexamethasone, Details as for Fig. 1 except that mice were pretreated 3 hr betore
hormone injection with 300 ng/g dexamethasone. Data are condensed trom refs, {9] and [21].
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that the administered ACTH was entering the brain only to
a very limited extent. There is now evidence that ACTH
may enter the cerebrospinal fluid directly from the pitu-
itary rather than via the peripheral circulation [1]. There-
forc we administered ACTH peptides directly into the
lateral cerebral ventricles and examined the [*H]lysine
incorporation. Figure 3 shows that both ACTH 1-24 and
ACTH 4-10 (D-phe) increased the [ H]lysine incorporation
into  brain  protein: ACTH 4-10 produced a
smaller nonsignificant effect. These results strongly indicate
that the effect of ACTH on [? Hllysine incorporation is
central, although we are unable to explain the in-
effectiveness of ACTH 4-10. Dexamethasone pretreatment
suppressed  the biochemical responses, again suggesting
direct antagonism (Rees and Dunn, unpublished obser-
vations). Since the intraventricular administration of ACTH
peptides has been reported to result in various characteristic
behaviors [10,12], we also studied these in the same
animals. Table 1 shows that both ACTH 1-24 and ACTH
4-10  (D-phed but not the other peptides enhanced
stretching and yawning behavior. These same 2 peptides
also increased the proportion of time mice spent grooming
(Fig. 4) in agreement with the results of Gispen ez al. [12)
in rats. Thus there was a good correlation between
behavioral activity  and  the [*Hllysine incorporation
changes. Dexamethasone pretreatment did not abolish the
behavioral responses to ACTH 1-24 and ACTH 4-10
(D-phe) although the responses may have been depressed
(Rees and Dunn, unpublished observations). This might
indicate that the behavioral and biochemical responses are
differentially  mediated, or that the dexamethasone
antagonized the [* H|lysine incorporation change at a later
step.

CEREBRUM CEREBELLUM-BRAINSTEM N
ACTH, o4 P02 | 1
ACTH 4 ..{D-phe)} P<0.02 12

Q (¢} 0 10
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I'1G. 3. Effect of intraventricular hormones on [*H|lvsine in-
corporation into brain protein. Hormones (2.5 nmoles total) or
placebo tan amino acid mixture corresponding to the components
of ACTH 4-10) were injected bilaterally (5 pl each side) into the
lateral ventricles of (57B1/6] mice 75 min before {*H]lysine
injection. Biochemical analysis as in Figure 1 except that the brain
was divided into two parts by a mideollicular section. The data are
from ret. |23).

LVP caused a dramatic hyperactivity in the mice, which
were never still and constantly foraging, exploring, rearing
or grooming. Some of them exhibited prolonged squeaking.
We have also observed this behavior in CD-1 mice but not in
rats. This behavior was not accompanied by any changes in
[* H] lysine incorporation in CD-1 mice |22

Discussion

Our results indicating that ACTH increased the in-
corporation of amino acids into brain protein are consistent
with the data of others in mice [27.29] and rats {15, 20.

TABLE 1

STRETCHING AND  YAWNING BEHAVIOR
INTRAVENTRICULAR ACTH

FOLLOWING

Injectate N Stretching Yawning Stretching-
Yawning
Placebo 16 2 1] 0
ACTH, .24 12 10 9+ 9+
ACTHg ¢ (L-phe) 12 4 1 0
ACTHg- jo (D-phe) 12 7* 4+ 4

Number of mice exhibiting the specified behavior in an 85 min
period tollowing bilateral intraventricular administration of peptides
or an amino acid mixture in the experiment ot Iig, 3. Stretching-
vawning refers to synchronized stretching and vawning behavior,
Data are from [22].

*Signiticantly different trom Placebo (Fisher exact probability
test), p<r0.08S,

£p0.001,

28]. That the effect is a direct one on the brain is indicated
hy our results from the intraventricular injections and by
the observation that ACTH 1-10 in vitro stimulates the
incorporation of amino acids into proteins in caudal
thalamic brain slices from hypophysectomized rats [24]).
With incorporation changes of such small magnitude, it is
difficult to prove unequivocally that a change in the rate of
protein synthesis has occurred. Nevertheless, Schotman er
al. [28) showed that ACTH 1-10 treatment of hypo-
physectomized rats that were trained in shuttle-box avoid-
ance increased the aggregation of ribosomes into poly-
ribosomes, strongly indicative of an increased rate of
protein synthesis. However, Reith er al. [25] found that
the increase ot amino acid incorporation induced by ACTH
1-10 in hypophysectomized rats was not selective for any
particular protein species separated by polvacrylamide gel
electrophoresis,

To relate these apparent changes in brain protein
synthesis to the behavioral changes induced by ACTH
peptides may be premature. It is pertinent that protein
synthesis appears to be necessary for the consolidation of
memory (41, that many amnestic agents cause protein
synthesis inhibition [9] and that ACTH peptides can
reverse amnesia due to CO, [26]. ECS [17] or anisomycin
(Dunn, unpublished observations). However, LVP, which is
a more potent amnesia-reversing agent than ACTH {26,
did not change the protein synthesis rate. Thus the
correlation between cerebral protein synthesis and learning
and memory enhancement may not be causal.

CATECHOLAMINES

Since in many respects the behavioral actions of ACTH
resemble those of adrenergic stimulants, we investigated
catecholamine (CA) metabolism in mice. In previous studics
Versteeg er «l. [31.32] had shown that the rate of
depletion of cerebral norepinephrine (NE) in rats treated
with  a-methyl-p-tyrosine  (AMPT) was increased by
ACTH 4-10 but not by ACTH 4-10 (D-phe). This suggested
that ACTH 4-10 increased the turnover of cerebral NE°,
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FIG. 4. Behavioral observations on mice injected intraventricularly with ACTH peptides. Behavioral
observations were recorded every 2.5 min in the same experiment as Fig. 3. The data are trom ref.
[23].

Using a similar technique Leonard [19] found that NE
turnover was increased by either ACTH 4-10 or ACTH 4-10
(D-phe). the latter in disagreement with the results of
Versteeg [31). Leonard also found that ACTH 4-10
increased  the turnover of dopamine (DA) in
the midbrain (striatum, hippocampus, thalamus. hypo-
thalamus and amygdaloid cortex) of the rat. The AMPT
method for measuring CA turnover has been criticized as
nonphysiological, and results conflicting with tracer tech-
niques for measuring catecholamine metabolism have been
obtained [3]. Subsequently. Versteeg and Wurtman [33]
found that ACTH 4-10 increased the conversion of
[*H]tyrosine into total cerebral catecholamines. Both
adrenalectomy and hypophysectomy blocked the ACTH
4-10-induced effects on CA metabolism {32,33].

Glucocorticoids also appear to affect catecholamine
metabolism. Adrenalectomy increased the turnover of
cerebral  NE - [11.16] . while subsequent replacement

therapy partially blocked the increased NE turnover | 16].
This suggests that glucocorticoids decrease cerebral NE
metabolism.

Method

Male CD-1 mice (Charles River) were treated daily for 3
days with a long-acting zin¢ phosphate-peptide suspension
or with the zinc phosphate vehicle. All peptides were
administered at a dose of 3.4 x 10 10 moles/g. Cortico-
sterone (15 upg/g) was administered suspended in saline.
Approximately 24 hr after the last peptide administration
or 60 min after a single corticosterone (or saline control)
injection  the mice were injected with 5§ uCijg of
[2,6-° H]tyrosine (Amersham-Searle, Inc.) and sacrificed by
decapitation 10 min later. The concentrations and specific
radioactivities of tyrosine, DA and NE were determined
after separation by cation-exchange and alumina chromato-
graphy (see ret. [14] for tull detils). The specific
radioactivity of protein was determined after trichloro-

acetic acid precipitation [13]. The labeling of NE, DA and
protein were corrected for uptake of the precursor by
dividing the specific activity of the product by the specitic
activity of tyrosine. to obtain a relative specific activity
(RSA).

Tyrosine hydroxylase (TH) was assayed in mouse brain
regions using a similar protocol. Twenty-four hr after the
third daily peptide injection the mice were killed by
decapitation and the brains rapidly removed and dissected
on ice into brain stem (mesencephalon and metencephalon
minus cerebellum), hippocampus, hypothalamus, septal
arca and striatum. The brain parts were frozen in liguid N,
and stored at 30" C until assayed.

The frozen brains were weighed and homogenized in
I8 volumes of phosphate buffer (0.1 M potassium
phosphate. 100 uM CaCl,. 5 uM FeCl,. 0.5 Triton
X-100, pH 6.0) with a motor driven glass-teflon homo-
genizer., The homogenates were centrifuged for 30 min at
45,000 X g Ten wl aliquots of this supernatant were
incubated at 37 C for 40 min with 10 ul of incubation
buffer containing 0.1 M potassium phosphate, 100 oM
CaCl,. 5 uM FeCl,. 256 mM tetrahydrobiopterin
(Hottman-lL.a Roche. Inc.)., 280 mM 2-mercaptoethanol,
200 uM L-tyrosine, 4.0 U/ul catalase and 0.065 uCi/ul
[2.6-* H]tyrosine. The reaction was stopped by addition of
200 ul of 5% trichloroacetic acid, and 200 ul ot 0.1 M tris
(hydroxymethyDaminomethane and NaOH were added to
raise the pH to 7.8 8.6, The samples were then applied to
6 mm dia. columns containing 125 mg of Al, O, (prepared
according to ret. [ 2]) and equilibrated at pH 8.4 with 0.1
M tris. The columns were washed with 20 ml of distilled
H, O and the reaction products cluted into scintillation vials
with 2.0 ml of 1.0 N HCL To the vials. 15 ml of
Triton-toluene scintillator (8 g PPO. 0.1 gl POPQOP in
toluene mixed 201 (v:v) with Triton X-100) was added.
Boiled enzyme blanks, taken from cach brain region, were
used to control for auto-oxidation of tyrosine.
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FIG. 5.

Eftect of hormonal treatment on the conversion of [PH[tyrosine to dopamine and

norepinephrine in the brains of Ch-1 mice. Data are the relative specific activity (dopamine or
norepinephrine specific activity/tyrosine specitic activity) as a percentage ot control and are compiled
from ret. [13] and [14].

Results

Treatment with ACTH 1-24 or ACTH 4-10 increased the
specific activity and RSA of dopamine (Fig. 5). Since
neither peptide influenced the cerebral content of DA this
suggests that ACTH 1-24 or ACTH 4-10 treatment in-
creased the rate of DA turnover in mouse brain. These
peptides had no detectable effect on the specific activity or
relative specific activity of NE, but ACTH 1-24 significantly
reduced the whole brain content by 119 {{4].

ACTH 4-10 (D-phe) increased the RSA of DA and
decreased that ot NE (Fig. S) but these effects were not
significant probably due 1o fthe large variance and small
sample size. ACTH 4-10 ¢D-phe) had no effect on the cerebral
cerebral contents of NE or DA, o-MSH, 3-MSH or LVP
caused no change in either the endogenous content nor the
RSA of NF and DA,

Acute corticosterone administration increased the re-
lative specific activity of both NE and DA (Fig. 5) but had
no effect on the cerebral content of either amine. This
ndicates that corticosterone administration to intact mice
resulted in an increase in catecholamine turnover.

In these experiments the incorporation of [* H]tyrosine
into protein was also studied. None of the hormonal
treatments altered this incorporation [14]. This result does
not conflict with those reported above since a different
precursor wis used, and the mode of ACTH administration
was different. However, the mouse strain difference may
also be important. As opposed to the results obtained in
CS7B1/6J mice. footshock caused only small nonsignificnat
increases in the incorporation of {*H]lysine into brain
proteins in CD-1 or Swiss/ICR mice. However, the liver
responses reseimbled those in CS8B176) mice. likewise
ACTH 1-24 either peripherally or intraventricularly did not
significantly increase the [*Hllysine incorporation inte
brain proteins of CD-1 mice, although again liver responses
were observed. Following intraventricular injections the
behavioral responses of CD-1 mice to ACTH 1-24. ACTH

4-10, ACTH 4-10 (D-phed and LVP were similar to those
observed in C57B1/6J mice. The significance of these
strain differences is not known, but Rudman er al. |27]
observed  ACTH-induced increases in amino acid in-
corporation in CF-1 mice and Semiginovsky and Jakoubek
{291 observed changes in A, mice.

In o preliminary study we assayed the activity of
tyrosine  hvdroxylase (TH) in ACTH 1-24- and ACTH
4-10-treated mice (Fig. 6). Both ACTH 1-24 and ACTH 4-10
significantly increased TH activity in the striatum, a result
which is consistent with our observed increase in whole
brain dopamine turnover. The only other brain region
which appeared to be altered was the septum. where ACTH
treatment produced nonsignificant decreases in TH activity.

Discussion

Our results indicate that ACTH 4-10 and ACTH 1-24
increase the turnover of cerebral DA and the activity of
striatal  tyrosine hydroxylase. These effects of ACTH
analogs in CD-1 mice are in general agreement with the
previously reported effects in the rat. however, there are
important differences. Both Versteeg [31] and Leonard
{19] observed increases in NE depletion after AMPT in
ACTH 4-10-reated rats. But, Leonard found that the
ACTH 4-10 effect on DA depletion was more than twice as
large as the effect of NE depletion. suggesting that even in
the rat the major effect of ACTH 4-10 is on DA
metabolism,

Although ACTH 1-24 and ACTH 4-10 increased the
turnover of DA in mouse brain, o-MSH and 3-MSH were
inetfective. This is difficult to explain since the ACTH 4-10
sequence is contained in both MSH's. Nevertheless the
results are in agreement with those of Kostrzewa o af. [ 181
who reported that «-MSH had no effect on the AMPT-
induced depletion of striatal DA in endocrinologically
intact rats. Thus apparently ACTH 4-10, but not «-MSH,
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FIG. 6. Effcct of ACTH 1-24- or ACTH 4-10- treatment on tyrosine hydroxylase activity ol mouse
brain regions. Data are presented as percentage increase over control. Statistics by Dunnett’s test,

mimics the action of ACTH with respect to DA metab-
olism.

Corticosterone increased the turnover of both NE and
DA. Although the dose used in the present experiment was
large, we have previously found that corticosterone in-
creases NE turnover in a dose-dependent manner [13].
Many recent data suggest that to determine physiological
effects of pituitary adrenal hormones on catecholamine
metabolism, one must inject the hormones into endo-
crinologically intact animals (for discussion see refs.
[13.141]). Thus, the effects of corticosteroid administration
on NFE turnover are opposite in intact [13] and adrenalec-
tomized (11] rodents.

There have been no previous reports on tyrosine
hydroxylase activity following ACTH trcatment, but Van
Loon and Mascardo [30] showed that ACTH 1-24 or
ACTH 1-10 increased the activity of dopamine-
g-hydroxylase in the brain stem and hypothalamus of
hypophysectomized rats. It is not possible to reconcile
these results without further data.

GENERAL DISCUSSION

To attempt to relate the neurochemical effects of the
peptides to their reported behavioral effects may be
premature. Nevertheless, some conclusions can be drawn.
Since we did not detect ncurochemical etfects to LVP we
know of no correlates of its behavioral activity. Insofar as
ACTH peptides did cause neurochemical changes, we may
say that if LVP and ACTH act similarly on behavior then
our chemical changes do not correlate. However, the
behavioral activities of LVP and ACTH may be distinct [6].

Of most importance are the results with ACTH 4-10
containing the D- and L-analogs of phenylalanine. The
resufts on protein synthesis are puzzling, since administered
peripherally, ACTH 4-10 mimicked ACTH 1-24. yet cen-
trally ACTH 4-10 (D-phe) but not ACTH 4-10 acted like
ACTH 1-24. These data are very hard to relate to those
on avoidance behavior. The effects on dopamine metab-
olism are casier to relate. If  we accept that
ACTH 4-10 (D-phe) increases DA turnover, then all the
ACTH analogs had a similar effect. This is inconsistent with
the opposite etffects of ACTH 4-10 and ACTH 4-10 (D-phe)
on the extinction of active avoidance behavior, but con-
sistent with their similar effects on passive avoidance [6].
Effects on extinction are hard to interpret. but the
mediation of ACTH-induced behaviors by dopaminergic
systems is consistent with the known functions of such
systems,
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