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inhibition of the enzyme in the granule frac- 
tion and little inhibition in the nuclear and 
supernatant fractions. This result together 
with higher stability and lower pH optimum 
of acid phosphatase in granule fraction clear- 
ly indicates that the properties of the enzyme 
in this fraction are distinctly different from 
those of the enzyme in the nuclear and sol- 
uble fractions. 

The morphological heterogeneity of PMN 
leucocyte granules has been shown by elec- 
tron microscopy (9,lO). The decision as to 
whether heterogeneous granules contain acid 
phosphatase of identical properties cannot be 
made prior to the development of a method 
for differential fractionation of the granules. 

Summary. The present study has revealed 
that 45% of acid phosphatase in rat poly- 
morphonuclear levcocytes can be recovered 
from the granular fraction, 21% from the 
nuclear fraction, and 34% from the superna- 
tant fraction, Acid phosphatase in the gran- 
ule fraction appeared to have properties dis- 
tinctly different from those of the enzyme in 
the nuclear and soluble fractions. The en- 

zyme in the granule fraction was more stable, 
possessed a lower pH optimum, and was pref- 
erentially inhibited by sodium fluoride. 
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Electrical Stimulation and Metabolism of a Phosphoinositide 
Complex in the Salivary Gland." (31322) 

Z. N. GAUT, C. STEFFEK, AND C. G. HUGGINS (Introduced by A. G .  C. White) 
Department of Biochemistry, Tulane University School of Medicine, New Orleans, La. 

Burford and Huggins (3,4) reported that 
supersensitive submaxillary glands of cats 
secreted more water, sodium, and mucin than 
did normal glands when both were stimulated 
with doses of either acetylcholine or epineph- 
rine found to be the threshold for the normal 

* This investigation was supported by USPHS Re- 
search Grant NB-03973 from Nat. Inst. of Neurol. 
Dis. & Blindness. The experimental data in this paper 
are taken from a thesis submitted by Z. N. Gaut to 
the Graduate School of Tulane University in partial 
fulfillment of the requirements for the degree of 
Doctor of Philosophy. A preliminary account of this 
work was presented to the fall meeting of the Ameri- 
can Society for  Pharmacology and Experimental 
Therapeutics, San Francisco, California, August 
1963(11). 

gland. Subcutaneous injection of radiophos- 
phorus followed by a 2-hour experimental 
period of secretory stimulation resulted in an 
increased specific activity of the phosphorus 
in the phosphoinositide complex (polyphos- 
phoinositides) and in phospholipid fractions 
obtained from supersensitive glands when 
compared with normal glands. When atropine 
or dihydroergotamine was used to inhibit sali- 
vary secretion, the specific activities of the 
phosphoinosi tide complex and phospholipid 
fractions did not increase in the supersensitive 
gland. 

Many theories concerning the basis for 
developing supersensitivity in submaxillary 
glands have been reported (5,6,9,2 5 ) .  To an- 
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swer questions concerning the possibility that 
an increased blood flow to the supersensitive 
gland was responsible for the increased meta- 
bolic activity, secretion in the submaxillary 
gland was induced by electrical stimulation 
of its preganglionic parasympathetic and sym- 
pathetic innervation. Under these conditions, 
an increased blood flow on the stimulated side 
occurs, and, in the presence of atropine, secre- 
tion is inhibited whereas the increased blood 
flow is not affected( 13). The data to be 
presented will show that there is a relation- 
ship between secretion induced by electrical 
stimulation and phospholipid and phospho- 
inositide complex metabolism and that this 
relationship is altered in the presence of atro- 
pine. The observations reported below indi- 
cate that i t  is largely the monophosphoinosi- 
tide component of both fractions which is 
responsible for the increased metabolic activ- 
ity. More specifically, these data indicate 
that the phosphorus atom most affected is 
the phosphodiester bridge between glycerol 
and inositol. 

Methods. Cats, male and female, weighing 
between 2.0-4.8 kg, were used in this study. 
Pentobarbital sodium (30 mg/kg), was used 
(intraperitoneally) as the anaesthetic for all 
surgical procedures. The chorda lingual nerve 
or the sympathetic trunk were unilaterally 
exposed by standard surgical procedures. 
They were then electrically stimulated at 
10 cps, supramaximally, for 1 hour using a 
Lab-Tronic Physio-Stimulator, Model D- 
103-B. In some experiments, atropine (0.5 
mg/kg or dihydroergotamine (501 PgJkg) 
were given intraperitoneally to block the 
secretory effect of electrical stimulation. Ra- 
diophosphorus Na2HP3204 in a dose of 0.5 
mc/kg was administered subcutaneously on 
the outer aspect of the right thigh 15 minutes 
prior to initiation of electrical stimulation. 
Procedures for collection of saliva and for 
separation and analysis of the different phos- 
phorus-containing fractions have been de- 
scribed by Burford and Huggins (4). 

The phosphoinositide complex and phos- 
pholipid fractions, both labeled with radio- 
phosphorus, were separated by thin-layer 
chromatography (TLC) according to pro- 
cedures described by Mangold( 20) and Skid- 
more and Entenman(23). The glass plates 

were specifically cut with dimensions of 3%” 
X 19” x %” and were chemical and heat 
resistant. Silica gel containing 5% CaSQ4 as 
a binder was used as the absorbent and was 
applied to the plates with a Camag apparatus 
from a slurry in deionized water. The freshly 
prepared plates were dried for 1 hour a t  
120°C, cooled to room temperature, and used 
immediately. Separation was accomplished 
in a solvent system of Chloroform: Methanol: 
7N Ammonia (60:35:5, v/v) a t  approxi- 
mately 23OC for 6 hours. In all cases, the 
amount of material applied to the plates 
represented equal weights of phosphorus from 
control and stimulated glands. Radioautog- 
raphy was carried out by exposing the Saran 
wrapped TLC plates to Kodak No-screen- 
X-ray film. The separated components were 
visualized by iodine vapor, ninhydrin, Drag- 
endorf reagent, or radioautography and identi- 
fied by comparison with purified standards. 
Phosphatidylcholine was isolated by the 
method of Pangborn (2  1 ) , phosphatidyl serine 
and phosphatidyl ethanolamine by the method 
of Rouser (22), monophosphoinositide by the 
method of Hannahan and Olley (12) and tri- 
phosphoinositide by the method of Dittmer 
and Dawson(8). The counting from TLC 
plates was done in the presence of silica gel 
scraped from the plate with the sample. Cor- 
rections were made from the absorption of 
radioactivity by silica gel in which a known 
amount of radioactivity was plated in the 
presence and absence of this material. 

The several components which were ob- 
tained by TLC of the phospholipid fraction 
and of the phosphoinositide complex were 
eluted from the silica gel plates. These com- 
ponents as well as the phosphoinositide com- 
plex were hydrolyzed and separated into the 
various water-soluble phosphate esters by 
descending paper chromatography according 
to the procedure described by Andrade and 
Huggins( 1,2). Radioactivity and phosphate 
analysis were obtained after digestion of the 
paper in perchloric acid and the subsequent 
counting of an aliquot of the digest. 

The t test was used to assess the level of 
significance in the control and experimental 
organs. In those experiments dealing with 
stimulated and nonstimulated glands from the 
same animal, the t test was used to determine 
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TABLE I. Effect of Unilateral Electrical Stirnulat,ion of the Chorda Linguab Nerve of the Cat on Metab- 
olism of the Phosphoinositide Complex and Other Phosphorus - Containing Fractions from the Submasil- 

lary Gland of the Cat. 

7- Specific activity (counts/min pg P) ----------> 

No. of Total acid- 7-Min Phospholipid Phosphoinositide 
Treatment animals soluble P hydrolyzable P P complex P 

Non-stimulated ( N )  5 2216 2 5 2 2  1895 2 4 0 3  53 2 34 

Ratio S/N 1.7 L- .3 1 .372  .05 3.9 2 1.2 
Stimulated (S) 5 3817 k 1 1 0  2610 k 6 5 1  193 +123 

P .001 
Pretreatment with atropine (0.5 mg/kg) 
Non-stimulated (N) 4 2165 2 6 2 2  1780 30 + 16 
Stimulated (S) 4 2653 2 5 4 6  2110 36 2 13 
Ratio S/N 1.3 5 .22 1.2 1.3 t .2 

P 3 . 2  

470 +245 
1143 k 5 7 3  

2.5 -+ .lo6 
P .001 

347 5 1 3 5  
451 2111 

1.4 -+ .2 
P .2-.1 

Fifteen minutes after subcutaneous injection of NaH,PS20, (0.5 mC/kg) electrical stimulation, supra- 
maximally, of the chorda lingual nerve was initiated, and continued for one hour. Animal was then sacri- 
ficed, submaxillary glands were removed and partitioned into the different phosphorus-containing frac- 
tions according to Burf ord and Huggins( 4). 

the difference between two correlated means 
by the paired comparison method. A P value 
of 0.05 is interpreted as indicating a statisti- 
cal difference in the variables examined ( 24). 

Results. Efject of electrical stimulation of 
the chorda lingual nerve on the phosphorus 
metabolism of submaxillary gland. Table I 
presents data which show the effect of the 
electrical stimulation of the chorda lingual 
nerve on the phosphorus metabolism of the 
submaxillary gland. Although not shown in 
this table, phosphorus concentrations were 
invariant in nonstimulated vs stimulated 
glands, regardless of experimental conditions. 
Because of variations in biological activity 
between experimental animals, the ratio 
“stimulated-to-nonstimulated” (S/N) was 
used as an indication of increased metabolic 
activity. This was calculated by dividing the 
specific activity of a fraction from the non- 
stimulated into that obtained from the stimu- 
lated gland in the same animal. The average 
S/N ratios of the specific activities (Table I) 
were 1.7 for the total acid-soluble phosphorus 
fractions (TAS), 1.4 for 7-minute hydro- 
lyzable phosphorus (terminal P of ATP) , 3.9 
for phospholipid fraction, and 2.5 for the 
phosphoinositide complex. The specific ac- 
tivity of the latter fraction was 6-8 times that 
of the phospholipid fraction. 

Table I shows the effect of electrical stimu- 
lation, during atropine blockade, on the same 
fractions. Bmoth secretion and augmented 

phosphate turnover were inhibited. The small 
increase in phosphate turnover is explainable 
on the basis of increased blood flow, since, 
according to Hilton and Lewis ( 13) , atropine 
does not block vasodilation during chorda 
lingua2 stimulation. Average stimulated-to- 
control ratios of specific activities were 1.3 
for TAS, 1.3 for 7-minute hydrolyzable, 1.4 
for phospholipid fraction, and 1.4 for the 
phosphoinositide complex fraction. Relative 
to the TAS and 7-minute hydrolyzable phos- 
phorus fractions, pretreatment with atropine 
consistently resulted in a diminished specific 
activity of the phospholipid and phospho- 
inositide complex fractions, both in stimulated 
and in control glands. 

Aliquo ts of phospholipid and phosphoinosi- 
tide complex extracts representing equal 
weights of phosphorus from stimulated and 
nonstimulated glands were applied to TLC 
plates, and the individual components were 
separated by ascending chromatography. The 
data presented in Table 2 represent the in- 
corporation of radio phosphorus into the dif- 
ferent components of the phosphoinositide 
complex and phospholipid fraction. Mono- 
phosphoinositide showed about a 6-fold in- 
crease, the other “phosphoinositides” about 
a 3-fold increase, and the remaining phospho- 
lipids only a 1.5-2 .O-fold increase. 

The data obtained above with respect to 
the monophosphoinositide would suggest that 
i t  is the phosphate atom, present as the phos- 
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TABLE 11. Incorporation of Radiophosphorus into the Different Components of the Phospho- 
inositide Complex and Phospholipid Fraction of the Submaxillary Gland of the Cat After 

Unilateral Electrical Stimulation of the Chorda LinguaE Nerve. 

Total radio activi t.y 
Phosphoinositide complex Phospholipid 
S N S/N S N S/N 

Trip h o sphoino si ti de 1180 434 2.7 356 119 3.0 

Phosphatidyl serine 0 0 0 30 18 1.6 
Monophosphoinositide 3 72 66 4.7 522 86 6.1 

Phosphotidyl ethanolamine 0 0 66 41 1.6 

Diphosphoinositide 181 70 2.7 200 100 2.0 

Phosphotidyl choline 0 0 8 1  39 2.1 

Phosphatidic Mid 0 0 0 0 

Twenty pg of phosphorus from the phosphoinositide complex and 100 pg from the pholspho- 
lipid fraction were applied to the TLC plates, which were developed by the ascending technique 
in the solvent system, CHC1, : CH,OH : 7N NH,OH (60 : 35 : 5, v/v). 

S = Stimulated organ. N E Non-stimulated organ. 

phodiester, which was specifically affected 
rather than the monophosphake esters present 
in di- and triphosphoinositide. T o  obtain 
more information in this regard, the phospho- 
inositide complex from stimulated and non- 
stimulated glands was subjected to alkaline 
hydrolysis as described by Andrade and Hug- 
gins ( 2 ) .  The water-soluble phosphates were 
then separated by descending paper chroma- 
tography, and the active areas were located 
by radioactive scanning of the developed 
chromatogram. Table I11 shows the radio- 
activity data found in the different phosphorus 
fractions obtained by alkaline hydrolysis of 
the phosphoinositide complex. These data, as 
well as thin layer chromatography, suggest 
that the diesterified phosphate atom linking 
glycerol to inositol turns over more rapidly 
than do the other phosphate esters in the 
same molecule during secretion (Tables I1 
and 111). 

Discussion. The secretion of hexosamine 
(mucin), sodium, and potassium has been 
studied in saliva from the submaxillary gland 
of the cat (5).  Burford and Huggins (4) found 
that the level of hexosamine secreted was 
related to the degree of stimulation of incor- 
poration of radiophosphorus into the phos- 
pholipid fraction and into the phosphoinosi- 
tide complex. Even though there was no 
s toichiometry be tween augmented phosphate 
turnover and mucin secretion in this present 
study, both were elevated in the stimulated 
or secreting gland. Although more hexosa- 
mine-containing compounds- and cations were 
secreted under chorda lingual stimulation, 

their concentrations were higher in sympa- 
thetically elaborated saliva. Potassium con- 
centration in the saliva exceeded that in the 
plasma and the concentration of this ion in 
sympathetically elaborated saliva was about 
twice that under chorda lingua2 provocation. 
There was no measurable salivary flow from 
the control gland under these conditions. 

Specific activity is defined as the amount 
of radioactive phosphorus in counts-per- 
minute per microgram of phosphorus in the 
compound under study and has been used 
to indicate changes in metabolic activity of 
the TAS, 7-minute hydrolyzable, phospho- 
lipid, and phosphoinositide complex fractions. 
The TAS fraction contains the phosphorylated 
intermediates of metabolism, and the 7-minute 
TABLE 111. Incorporation of Radiophosphorus 
into the Phosphate Esters Obtained by Alkaline 
Hydrolysis of the Phosphoinositide Complex from 
Submaxillary Glands of the Cat After Unilateral 
Electrical Stimulation* of the Chordu LinguaZ 

Nerve. 

Total radioactivity 
(counts/min) 

Ratio 
Ri-gp S N S/N 

Origin .o 706 173 4.1 
Inositol triphosphate .2 192 56 3.4 

" diphosphate .6 760 216 3.5 
" monopho,sphate .85 1080 216 5.0 

Glycerophosphate 1.0 673 106 6.4 

The phosphoinositide complex was subjected to 
alkaline hydrolysis ( 0 . 5 N  NaOH 100") for 45 min 
and the resulting phosphate esters were separated 
by descending chromatography (30 hr a t  30°C). 

S = Stimulated. N = Non-stimulated. 
* The chorda lingual nerve was stimulated supra- 

maximally for 60 min. 
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hydrolyzable phosphorus fraction represents 
the terminal high-energy phosphate group of 
nucleotide triphosphates. These fractions re- 
flect, therefore, the metabolic machinery of 
the cell and the precursor phosphate involved 
in the synthesis of phospholipid. The specific 
activity values for the phosphoinositide com- 
plex were lO-lS% of the TAS and, therefore, 
were considerably higher than such values 
for the phospholipid fraction. 

Folch( 10) has reported that a phosphatido- 
peptide fraction could be obtained by the 
extraction of a trypsin-resistant protein resi- 
due of beef brain with acidified chloroform- 
methanol. Recently, Dawson( 7 )  has reported 
that “phosphatido-peptide”-like complexes 
could be formed by mixing calcium triphos- 
phoinositides with protein. I t  has also been 
shown by Huggins( 18,19) that a similar frac- 
tion can be obtained from kidney and secre- 
tory organs such as pancreas and submaxil- 
lary glands. More recently, Andrade and 
Huggins ( 1,2)  have presented data which 
show that the phosphatido-peptide fraction 
contains inositol mono-, di- and triphosphate, 
indicating that this fraction should more 
properly be called a phosphoinositide complex. 

The data presented above reveal consist- 
ently greater values for the specific activity 
of the phosphoinositide complex than for the 
phospholipid fraction under conditions of 
salivary secretion from electrically stimulated 
submaxillary glands. The phosphoinositide 
complex, which is composed of mono-, di-, 
and triphosphoinositides, contains only about 
one tenth as much phosphorus, and has a 
specific activity of 6-8 times that of the phos- 
pholipid fraction. Therefore, under these con- 
ditions, the inositides have a much greater 
turnover rate than do the serine, choline, and 
ethanolamine phosphatides, and, in this sys- 
tem, phosphatidic acid. The latter exhibited 
a remarkably low turnover. The largest 
stimulated rate of turnover occurred in 
monophosphoinosi tide, 

The use of the muscarinic inhibitor (atro- 
pine) blocked salivary secretion as well as the 
increase in specific activity of the phospho- 
lipid fraction and the phosphoinositide com- 
plex during chorda lingual stimulation. Elec- 
trical stimulation of the sympathetic trunk 
produced similar but less dramatic effects both 

in salivary volume and phosphorus turnover 
in the various fractions. These effects were 
also blocked by the parenteral injection of 
dihydroergotamine (50 pg/kg) . These data 
would rule out the possibility of vasodilation 
as being the reason for the increased secretion 
and metabolism of phosphoinositides in the 
supersensitive submaxillary gland of the 
cat( 13) .  

In conclusion, the phosphoinositides ex- 
hibited a high rate of turnover in submaxil- 
lary glands which was augmented during elec- 
trical stimulation of the preganglionic sympa- 
thetic and parasympathetic innervations, in 
vivo. This stimulatory effect on phosphorus 
metabolism (occurring at  the phosphodiester 
bridge) was obtained in addition to the al- 
ready high metabolic activity of the mono- 
phosphate esters of the polyphosphoinositide. 
The possible relationships of these compounds, 
in submaxillary glands, to protein transport, 
as proposed by Hokin ( 14-1 7)  for the superior 
cervical ganglion, will require further study. 

Summary. After subcutaneous injection of 
radiophosphorus, secretion was induced by 
electrical stimulation of the preganglionic 
sympathetic and parasympathetic innervation 
to the submaxillary gland of the cat. Saliva 
was collected from the stimulated submaxil- 
lary gland and analyzed for Na+,  K +  and 
hexosamine (mucin) . Analysis for phosphorus 
and radioactivity on the different phosphorus- 
containing fractions have shown an augmen- 
tation in the specific activity of the phospho- 
inositide complex and phospholipid fractions 
from the electrically stimulated gland. No 
increase was apparent in the radioactivity of 
the total acid-soluble or 7-minute hydrolyz- 
able fractions. By means of TLC chroma- 
tography, monophosphoinositide was found 
to be the fraction responsible for the aug- 
mented turnover. The data obtained to date 
indicate that there are two types of phos- 
phorus atoms in the phosphoinositide com- 
plex: one type being a monophosphate ester 
which is responsible for the relatively high 
metabolic activity and the other being the 
phosphodiester between glycerol and inositol 
which appears to be involved in secretory 
phenomena. It is believed that the phospho- 
inositide in conjunction with a membrane 
protein is actively involved in transport 
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characteristics of the secreting cell. 

phys. Acta, 1964, v84, 98. 
1.  Andrade, F., Huggins, C. G., Bilochim. et Bio- 

2. - , ibid., 1964, v84, 681. 
3 .  Burtord, H., Huggins, C. G., Nature, 1962, v193, 

4. - , Am. J. Physiol., 1963, v205, 235. 
5. )Burgen, A. S. V., Emmelin, N., Physiology of 

the Salivary Glands, Williams & Wilkins, Baltimore, 
1961. 

6 .  Cannlon, W. B., Rosenblueth, A., Supersensi- 
tivity of Denervated Structures, Macmillan Co., 
New York, 1949. 

7. Dawson, R. M. C., Biochem. J., 1965, v97, 134. 
8. Dittmer, J., Dawson, R. M. C., ibid., 1961, v81, 

9.  Emmelin, N., Pharmacol. Rev., 1961, v13, 17. 
10. Folch, J., in W. D. McElroy, B. Glass, eds., 

Phosphorus Metabolism 2, Johns Hopkins Press, 
Baltimore, 1952, p186. 

11. Gaut, 2. N., Steffek, C., Huggins, C. G., The 
Pharmacologist, 1963, v5 ,  245. 

12. Hannahan, D. J., Olley, M., J. Biol. Chem., 
1958, v231, 813. 

487. 

535. 

13. Hilton, S. M., Lewis, G .  P., J. Physiol., 1956, 

14. Hokin, L. E., Hokin, M. R., Fed. Proc., 1963, 

15. H'okin, M. R., Biochim. et Biophys. Acta, 1963, 

16. Hokin, L. E., ibid., 1965, v97, 594. 
17. ~ , Proc. Nat. Acad. Sci., 1965, v53, 1369. 
18. Huggins, C. G., Nature, 1959, v184, 1412. 
19. Huggins, C. G., Cohn, D. V., J. Biol. Chem., 

20. Mangold, H. K., J. Am. Oil Chem. Soc., 1961, 

21. Pangblorn, M., J. Biol. Chem., 1951, v188, 471. 
22. Rouser, G. A., Bauman, J., Kritchevsky, G., 

Hiller, D., O'Brien, J. S., J. Am. Oil Chem. SOC., 
1961, v38, 544. 

23. Skidmore, W. D., Entenman, C., J. Lipid Re- 
search, 1962, v3, 471. 

24. Snedecor, G. W., Statistical Methods, Iowa 
State College Press, Ames, 1957. 

25. Stromblad, 'B. C. R., Acta Physiol. Scand., 
1957, v40, 130. 

v134, 471. 

v22, 8. 

v77, 108. 

1959, v234, 247. 

v38, 708. 

~ ~~ 

Received April 4 ,  1966. P.S.E.B.M., 1966, v122. 

Megakaryocytopoiesis in the Rat with Transfusion-Induced 
Thrombocytosis." (31323 

SHIRLEY EBBE, FREDERICK STOHLMAN, JR., JANET DONOVAN AND DONALD HOWARD 
St. Elizabeth's Hospital and Tufts Medical School, Boston, Mass. 

Tritiated thymidine ( 3THdR) has been 
used to study maturation of megakaryocytes 
in rat bone marrow( 1 , Z ) .  These observations 
showed that the compartment of recognizable 
megakaryocytes could be morphologically di- 
vided into 3 stages of maturity. It was also 
clear from evaluation of grain counts that 
megakaryocytes were not self-maintaining, 
but were maintained by continuous influx 
from an unrecognized precursor compartment. 

The level of circulating blood platelets is 
determined by a balance between rate of 
production from megakaryocytes and rate of 

* Thmis investigation was supported by a USPHS 
fellowship (Dr. Ebbe) (5-F3-AM-8634) from Nat. 
Inst. of Arthritis & Metab. Dis. and by reasearch 
grants from Nat. Inst. of Arthritis and Metab. 
Dis. (5  R01 AM 08263) and Nat. Heart Inst. (HE 
07542-03)- 

destruction. The possibility that this balance 
is governed by a negative feed-back mecha- 
nism, affecting influx from a precursor com- 
partment or the maturation of megakaryo- 
cytes was evaluated by observing labeling of 
megakaryocytes with 3HTdR and differ- 
ential counts of megakaryocytes in rats with 
transfusion-induced thrombocytosis. 

Materials and methods. Female Sprague- 
Dawley rats weighing 148-182 g were used 
as test animals. Larger rats of the same 
strain served as blood donors for platelet 
transfusions. Platelet counts were done on 
cardiac blood, anticoagulated with K2EDTA, 
by the method of Brecher and Cronkite(3). 

Platelet transfusions were prepared by a 
modification of the method of Dillard et  al 
(4).  Cardiac blood was drawn into 0.05 vol- 
ume of EDTA (1.5% NazEDTA and 0.7% 


