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protein synthesis in rat liver ( 16). Inadequate 
blockade of protein synthesis may account for 
the differences between the effects of cyclo- 
heximide and actinomycin. 

Although alternative explanations for these 
observations are by no means ruled out, it is 
suggested that actinomycin prevented the a p  
p r a n c e  of the metabolic changes character- 
istic of fasting by blocking the synthesis of 
messenger RNA. A corollary to this hypo- 
thesis is that [in the conversion to a fasting- 
type metabolism different genes are expressed 
and certain new proteins are synthesized. 
Actinomycin D may have blocked the expres- 
sion of these “fasting” genes by preventing 
the synthesis of messenger RNA. Under nor- 
mal physiological circumstances, it may be 
that insulin, which is abundant in fed animals 
and present only in very low concentrations 
in fasting animals also regulates the expression 
of “fasting” genes, although activation of 
“fasting” genes by some extra-pituitary 
humoral agent is not ruled out. 

Summary. In hypophysectmnized rats fasting 
reduced the metabolism of glucose in adipose 
tissue and diaphragm muscle in vitro and 
increased the mobilization of free fatty acids 
and glycerol. Hepatic and cardiac glycogen 
were also reduced. Treatment with actino- 
mycin D reversed these effects, and caused a 
substantial increase in glucose utilization by 
adipose tissue. Actinomycin partially pre- 
vented the increased lipolysis caused by 

fasting in normal rats, but failed to reduce the 
lipolysis evoked by epinephrine or corti- 
cotropin. 
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The impo*ce of RNA and protein syn- wh’ich inhibit RNA and protein synltheses, 
thesis in hormone-induced tissue responses respectively, have been of p t  utility in 
has been unaerlined by a number of studies in analyzing the action of hormones at the cel- 
recent years( 1-3). The metabolic inhlibitors, 1ula.r level. AMD has been shown to block the 
actinomycia D (AMD) , and puromycin (P) , response of several tissues to stemid hormones 

(4-8) and a similar effect has been observed 
wiith p(6,9)* Rapnse Of tiswes to 
lation by protein hormones is also blocked 
by AMD ( 10,11) and p( 12-1 7) and % in- 
hibit the action of thyroid hormones( 18,19) 
and block hormoneinduction of casein syn- 
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thesis(20,21). The importance of RNA syn- 
thesis in hormone-induced tissue responses is 
further illustrated by the demonstration that 
RNA, extracted from estrogen-treated rat 
uteri, has an estrogen-mimicking tropic in- 
fluence on the endometrium of ovariectomized 
rats( 22,23). 
The possibility that RNA and protein syn- 

theses are prerequisites far the response of the 
pigeon cropsac to prolactin is evaluated here- 
in. It is shown that the blocking agents, AMD 
and P, inhibit the response of t h i s  tissue to 
prolactin. In addition, RNA extracted from 
prolactin-stimulated cropsac mucwa duplli- 
cates the pmlactin response of this tissue, 
and its effect is specific. 

Materials and methods. General. 4 to 6- 
week old pigeons of the White King strain 
were used for the studies with AMD, P and 
the RNA fractions. Pigtons of the same age 
of the Silver King strain were used in the 
study with RNase. Crop-sac responses were 
objectively quantified by the method of Nicoll 
(24). This consisted of removing a stand- 
ardized, 4-cm diiameter disc of m u m a  from 
the sites of local (intradermal) i n j d o n  on 
the treated hemicrops and comparing the dry 
weight of this tissue to a similar disc removed 
from the contralateral hemicrops. The mucosal 
discs were desiccated overnighlt a t  60°C under 
vacuum. The AMD, P and the RNA prepara- 
tions were injected locally over one M c r o p  
of the pigeons. All prolactin injections were 
given subcutaneously in the flank region in 
1 ml of physiologic saline. T’he AMD and 
RNA preparations were administered in 0.5 
ml injection volumes in a suspension of 7.5% 
starch. Each injection of P was given in 0.5 
ml physiologic saline. Control hemimps of 
all pigeons were injected with either 7.5% 
starch alone M with physiologic saline, ax- 
responding to the vehicle injected in the 
treated hemicqx.  Intracutaneous injection of 
7.5y0 starch solution itself did not affect the 
cmpsac muem. In 6 pigeons the dry weight 
of the 4-cm disc of mucosa from the un- 
treated hemicrops was 6.6 t 0.6 mg while 
the starch-injected sides mighed 7.6 t 0.8 
mg. The prolactin was the NIH ovine prepara- 
tion P-S-7. 

A M D  Experiment I .  The pigeons received 
a single injection of 0.1 pg AMD over 1 

crop-sac fallowed 1.5 hours later by a systemic 
injection of 1 rng of ovine prolactin. The 
birds m e  killed about 24 h o w  later and the 
cropsacs were removed for response q w t i f i -  
cation. 

AMD Experiment 2. Each pigeon received 
0.5 pg AMD and 250  pg of prolactin diaily for 
four clays. The AMD was injected locally 1.5 
hours prior 40 systemic prolactin adminish- 
tion and the birds were killed about 24 hours 
after the last injection of prolactin. 

Puromycin Experiment 1.  Pigeons received 
a local initradennal injection of 100 pg of P 
over 1 hemicrop fol€owed by s u b c u t a m  
injection of 1 mg prolactin 2 hours l a b .  
5 hours after the prolactin administration the 
birds rmeived a second injection of 100 pg 
of P at the same injection site. The pigeons 
were ‘killed 42 hours after the second injection 
od puromycin. 

Puiromp2n Experiment 2. The same in- 
jection schedule was followed each day (2 in- 
jections of 100 p g  of P) for 4 days except 
that the birds received 250 pg  of prolactin per 
day. The birds were killed on the fifth day. 

RNA extracts. In  order to obtain a large 
quantity of highly developed crop-sac m d  
epithellium, retired breeder pigeons of the 
White King strain received daily subcutaneous 
injections of 250 #g af prolactin for 4 days. 
On the fifth day they were decapitated, the 
cmp-tjaa were removed, and the stimulated 
epithelium was scraped from the underlying 
submucosa. The m u m a l  cells were frozen on 
dry ice and stored thereon. About 1 gram of 
tissue was harvested from each bird. RNA 
was extracted from the mucosal epithelial cells 
by the method used by Segal et aZ(22) except 
that all centrifugations were done at 9000 
X g .  RNA, DNA and protein analyses were 
performed on the RNA precipitate wing the 
orcinol reaction for RNA ( 2  5 ) , the diphenyla- 
mine reaction for DNA(26) ,  and the mhd 
of Lmvry et al(27)  for protein. The RNA 
preparation did not contain any detmtable 
DNA.. The determinations disclosed that each 
pigeon received approximately 1.5 mg RNA 
containing 6 pg of protein. Each pigeon re- 
ceived RNA fmm MUCOS~ derived from a p  
proximately 3.5 cmpsacs. 

The spcifiaity of the mp-sac response to 
cropsac RNA was evaluated by extracting 
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the RNA from a quantity of pigeon liver 
tissue which was equivalent to the amount od 
cropsac mu- on a wet weight basis. In ad- 
dition, the possibility that the protain in the 
cropsac RNA fraction might. have been 
prolactin was tested by adding 5 mg of ovine 
prolactin to 17.5 g of liver before extracting 
the liver RNA. This extract was given to 5 
pigeons. 5 mg of ovine prolactin is suffiaent 
to induce maximal local responses in about 
100 pigeons and substantial responses in a b u t  
1000 birds when injected locally over the crop 
~ ~ ( 2 4 ) .  

RNase Experiment. The specificity of the 
cropsac response to croprjac RNA was further 
evaluated by digesting the RNA fraction with 
RNase. Crop-sac RNA was obtained fm 
prolactin-treated r e t i d  breeder Si1ve.r King 
pigeons, according to the method described 
above. This was suspended in KrebRinger 
buffer containing R N m  (Worthington Bio- 
chemical Corp., Freehold, N.J.) added in a 
ratio od 1 part enzyme per 10 parts of sub- 
strate. The mixture was incubated for 2 hours 
at 37"C, then m i d  with an equal volume of 
15% starch and frozen until used for in- 
jections. The control side received a. similar 
amount of RNase in starch carried through 
the same procedure. 

The injection schedule for all experiments 
with the RNA fractions consisted of 2 intra- 
dermal injections per day for 2 days and the 
birds W ~ J X  killed at 36 to 40 b u m  after the 
last injection. The experiments with the crop- 
sac RNA a d  the liver RNA were repeated 
but the cropsac respoIlses were quantified by 
histologic measurement of the thickness of 
the cropsac muma.  This was accomplished 
by prepring hemabxylin and eosin-stained 
paraffin sections of the hemicrop after they 
htad been stretched on cork boards prior t . ~  
fixation in Bouin's fluid. The m u c d  thick- 
ness was measured with an ocular mi-&. 
I n  the experiment with the RNase-digested 
cmpslac RNA, a 5 mm diameter disc of 
mucma in the center of the injection site was 
left on the underlying submumsa and used for 
histologic determination of mucosal thickness. 
The remaining rnucosal tissue lying within the 
4-cm diameter steel plate of the crop-sac 
holding apparatus (24) was removed from the 
sutmtucosa far dry-wight determination. 
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FIG. 1. T d N u M  whole-mount preparation 
of a hemicrop fmm a pigeon which received systemic 
injections of prolactin and local ( i9tradmal)  in- 
jections of puromycin. The faintly-stained, poorly- 
stimulated central region is the site of puromycin 
application. Localized inhibition of the response is 
apparent. Carmine stain, X 3. 

Thus, gravimetric and histologic response 
quantifications were accomplished on the same 
hemicrops . 

Results. The effects of AMD and P on the 
cropsac response to systemically injected 
prolactin are shown in Table I. The average 
dry weight of the 4-cm diameter discs of the 
cropsac muCOBit from 6 untrmted, 4-6-week- 
old pigeons was 6.4 t 0.5 mg. A single sub- 
cutaneous injection of 1 mg af ovim prolactin 
increased the weight between 60% (AMD-1) 
and 100% (Puro-1). Administering the 
prolaatin in 4 daily injections of 250 pg each 
resullted in about a 10-fold increase in m u c d  
dry weigh>t. It is obvious from the results in 
Table I that both AMD and P can signifi- 

d y  depress the crop-sac response to pro- 
lactin, whether the drugs are admi&erd in 
single or multiple injections. The hemiorops 
of t h t t  pigeons which were locally treated with 
multiple d~ses of the drugs, while d v h g  
4 daily subcutaneous injections of prolactin, 
showd visually discemi~ble inhibition of 
mucmal thickening at  the site of drug in- 
jection. In  some cases, the degree of local in- 
hibition was so pronounced that the tissue in 
the region of the drug administration r e  
maimtd a h a t  t r a n s p e n t  while the sw- 
rounding mwma was considerably thickened, 
rugose and opaque. This is illustrated by a P- 
treated hemicrop in Fig. 1. 

The results obtained with the RNA ex- 
tracts, as measured gravimetrically, are shown 
in Table 11. Clmrly the RNA fraction derived 
from cmpsac mucowl cells was highly ef- 
fective in stimulating thickening of the crop  
sac niuoma. The dry weight of the m u c o d  
disc was more than doubled as a result uf 
crop-sac RNA injection. This degree of weight 
increase is a b u t  equivalent to that p ~ ~ I w d  
by local (intradennal) injection of 2 5  m u  of 
N I H  ovine pmlaatin in acdance With the 
same injection schedule( 24). It is also evident 
from Table I1 l h t  the RNA fractiocns from 
pigeon liver, or from liver to which prolactin 
had been added, were completely devoid of 
c r o p c  stimulating activity. This demon- 
strates that the response of the cmp-sac m- 
c m  lo mp-sac RNA is spmific. Digestion of 
the cq-san= RNA with R N w  totally abl- 
ished the stirnulatory influence of the RNlA 
fraction ( T h l e  11). Accordingly, the cropsou: 
stimulating activity of the cropsac RNA is 
not lthe result of non-RNA c o n h m i m .  

The effects af the RNA fractions an the 
thickness of the cropsac mucosa, as memured 

TABLE 11. Gravimetric Determination of the Effects of RNA Extracts on Pigeon Crop-Sac 
Muma. 

I Pduwal dry wt (mg) I 

No. of Control RNA-treated 
RNA from- pigeons side side Difference % Difference 

Cmp-sac muma 7 6.1 * 0.9 12.6 *: 1.9 +6.5 & 1.2 +109.5 -C 13.3* 
Liver timue 7 8.6 2 1.0 7.9 2: 0.9 -0.7 & 1.0 - 6.2 2 12.0 
Liver tissue + 'prolactin 5 7.9 & 0.9 7.5 5: 1.1 -0.4 & 0.8 - 4.2 2 9.3 
RNase-treated crop-aac 7 8.1 & 1.0 7.3 5: 1.0 -0.8 & 1.1 - 10.8 & 9.4 

RNA 

* P < O . o o l  
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TABLE 111. Effects of RNA Extracts on the Crop-Sac Mucosa as Determined by Histologic 
Measurements. 

r Mucosal thickness ( p )  \ 

No. of Control RNA-treated 
RNA from- pigeons side, 1.1 side, 1.1 Diff erencc % Difference 

Crop-sac mucosa 6 32.5 & 2.1 54.4 * 4.9 +21.9 + 6.8 4-73.8 f 24.2" 
Liver tissue 6 45.4 & 9.4 46.0 8.0 + 2.4 2.7 + 6.0 7.4 
Liver tissue + prolactin 5 38.2 5 6.5 40.5 + 5.3 + 2.3 2 3.4 +10.6 2 10.7 

* P <0.025 

histologically, are shown in Table 111. The 
RNA fractions extracted from pigeon liver 
and from liver to which prolactin was added 
showed no capacity to increase the thickness 
of the cmp-sac mucosa. In contrast, the crop- 
sac RNA fraction was highly effective. This is 
in agreement with the results obtained in the 

FIG. 2 A. Photomicrograph of a hemicrop which 
received four intraderma1 injections Df 7.5% starch 
in Krebs-Ringer buffer. B. Photomicrograph of the 
hemicrop contralateral to A. This tissue received 
four local injeotions of 7.5% st,mh in buffer con- 
taining crGpsac m u c o d  RNA. Stim,ulwtion of the 
mucosa is obvioas. Both tissues taken from the 
injeation sites. Hmaitox$-lin and eosin-stained 8 
paraffin sections, X 1130. 

previous experiments using gravimetric meas- 
urements. Representative histologic sections 
of crop tissues, which were treated with 
starch and with cropsac RNA, are shown in 
Figure 2. 

Discussion. The results of these studies 
clearly demonstrate that the respcmse of the 
pigeon crop-sac to systemically injected pro- 
lactin is inhibited by local application of either 
AMD or P over one hemicrop. These results 
are consistent with the hypothesis that stimu- 
lation of RNA and protein synthesis is pre- 
requisite for the manifestation of hormone- 
induced tissue responses. Inasmuch as these 
metabolic blocking agents were applied to a 
localized region of the cropsac in very 
small doses, and their inhibitory influence 
was confined to an area at  the site of injection, 
their efficacy in depressing the crop-sac re- 
sponse to prolactin cannot be attributed to 
generalized (systemic) toxic effects. However, 
it has been emphasized that caution must be 
exercised in interpreting results obtained with 
these drugs(2,28,29) because of possible ef- 
fects unrelated to their presumed primary ac- 
tion of inhibiting DNA-dependent messenger 
RNA synthesis (AMD) or of blocking protein 
synthesis a t  the ribosomal level(P). In this 
test system we have observed that local in- 
jections of doses of AMD of 0.5 p g  or more 
were highly inflammatory. 

The specificity of the cropsac stimulating 
activity of the cropsac mucosal RNA, and 
the destruction of this activity by RNase hy- 
drolysis, provide additional support to the 
hypothesis that many hormone-induced tissue 
responses are mediated via RNA. It has now 
been shown that homologous RNA fractions 
can duplicate the effects of steroid hormones 
on the uterine endometrium(22,23) and semi- 
nal vesicles(30) of rats. Indeed, Villee(31,32) 
has reported that RNA extracted from steroid- 
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secreting glands can alter the pattern of hocr- 
m n e  secretion by other stmoidogemic organs 
in vitro. Our results extend these observations 
of RNA-induced, endocrine-like responses to 
include a targd organ which is responsive to a 
protein hormone. 

Summary. Intradermal injection of either 
actinomycin D or puromycin locally over 1 
side of the pigeon cropsac inhibited the tis- 
sue’s response to systemically administered 
prolactin. RNA extracted from prolactin- 
stimulauted cropsac mucosal tissue had a high 
degree of cropsac stimulating activity when 
injected intradermally over the cropsac. In 
contrast, similar RNA fractions extracted 
from pigeon liver tissue or from liver to which 
prolactin was added prior to extraction were 
devoid of this activity. Hydrolysis of the crop 
sac RNA by RNase completely eliminated its 
cropsac stimulating capacity. These results 
indicate that RNA and protein synthesis is 
prerequisite for the expression of the crop 
sac response to prolactin. 

We are indebted to Mr. C. W. Nichols, Jr. and lo  
Mr. John Trujillo f,or assistance and to the Endo- 
crinology Study Section of the NTH for the ovine 
prolactin. The actinomycin D was a generous gift 
from Dr. Walter B. Gull of Merck, Sharp and 
Dohme. 
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