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Summary. To test the possibility that stimulation of secretion 
leads Na,K-ATPase to be recruited from cytoplasmic pools and 
inserted into basal-lateral plasma membranes, we surveyed the 
subcellular distributions of Na,K-ATPase in resting and stimu- 
lated fragments of rat exorbital lacrimal gland. After a two-di- 
mensional separation procedure based on differential sedimenta- 
tion and density gradient centrifugation, we defined six density 
windows, which differ from one another in their contents of bio- 
chemical markers. The membranes equilibrating in window I 
could be identified as a sample of basal-lateral membranes; in 
resting preparations these membranes contained Na,K-ATPase 
enriched 16.6-fold with respect to the initial homogenates. Win- 
dows H through VI contained various cytoplasmic membrane 
populations; these accounted for roughly 80% of the total recov- 
ered Na,K-ATPase activity. Thirty-minute stimulation with 10 
/~M carbachol caused a 1.4-fold increase (P < 0.05) in the total 
Na,K-ATPase content of window I; this increase could be largely 
accounted for by a 1.7-fold decrease in the total Na,K-ATPase 
content of density window V. Acid phosphatase activity also 
redistributed following stimulation, but it was recruited from a 
different source, and it was inserted into membranes equilibrat- 
ing in windows H and Il i  as well as into the membranes of win- 
dow I. 
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Introduction 

The absorptive epithelia regulate their cytosolic so- 
dium activities (aNa) within narrow limits while gen- 
erating transcellular Na + fluxes of rapidly and 
widely varying magnitudes. Since Schultz [31] first 
reviewed the evidence for homocellular regulation 
of aN,, the phenomenon has been documented in 
small intestine [I0], urinary bladder [14, 16], and 
gallbladder [22]. In contrast, the regulation of cyto- 
solic ay~ in secretory epithelia has received little 
attention. 

Fluid secretion in many mammalian epithelia 

depends on basal-lateral membrane-localized cou- 
pled Na+-CI - transport processes which use the 
Na + electrochemical potential gradient, established 
and maintained by Na,K-ATPase, to accumulate 
C1- against electrochemical equilibrium. While C1- 
ions move from the cell to the lumenal compartment 
via conductance pathways localized in the apical 
membranes, most Na + ions are returned to the in- 
terstitial fluid by Na,K-ATPase pump units in the 
basaMateral membranes. The C1--dependent trans- 
epithelial voltage then drives a secretory flux of 
Na + through the paracellular pathway [33]. 

Rates of fluid secretion are under neural or hor- 
monal control, and they can vary through wide 
ranges [27]. The rat exorbital lacrimal gland is one 
relatively well-studied example. At rest, it produces 
fluid at a rate of 0.1/xl min- ~, and its secretory rate 
increases to 1.2/xl min -1 following cholinergic stim- 
ulation [l]. Given the secretory mechanism outlined 
above [3], the transcellular CI- flux must also in- 
crease 12-fold, and the C1--coupled Na + influx 
across the basal-lateral membrane should increase 
commensurately. In fact, estimates of initial rates 
from 22Na+ uptake measurements [26] indicate that 
the flux of Na + into lacrimal acinar cells increases 
more than 10-fold as a consequence of stimulation 
with acetylcholine. 

In order to regulate its volume and maintain the 
Na + gradients necessary for Na+-coupled C1- accu- 
mulation, the secretory epithelial cell must counter- 
balance the stimulation-induced acceleration of Na + 
influx by rapidly increasing its Na,K-ATPase pump 
rate. It appears that the stimulation-induced accel- 
eration of Na + influx leads to a measurable eleva- 
tion of cytosolic aNa. For example, aNa has been 
reported to increase 1.5-fold in pancreatic acini [23] 
and nearly 2.0-fold in canine tracheal epithelium 
[32]. In mouse lacrimal acinar cells, aN, increases 
2.3-fold, from a resting level of approximately 6 mM 
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to a maximally stimulated level of 14 mM [30]. The 
kinetic properties of Na,K-ATPase are such that 
increases of aNa within this range should lead to 
relatively large increases in the pump rate [16]. 
However, it seems likely that additional mecha- 
nisms also contribute to the lacrimal acinar cell's 
ability to rapidly accelerate its Na,K-ATPase pump 
rate. 1 

According to current hypotheses for short-term 
regulation of membrane transport processes, possi- 
ble additional mechanisms for accelerating the 
pump rate might include activation of pump units 
already in place in the membrane and recruitment of 
additional pump units from preformed, cytoplasmic 
stores. Since analytical subcellular fractionation 
studies have already shown that exocrine acinar 
cells possess a substantial cytoplasmic pool of 
Na,K-ATPase activity [2, 20, 35], it was of interest 
to learn whether some fraction of this pool might be 
available for recruitment to the plasma membranes. 
Therefore, we have surveyed the Na,K-ATPase 
subcellular distribution in resting lacrimal gland 
fragments and in lacrimal gland fragments that had 
been stimulated with carbamylcholine for 30 min. 
The results indicate that the secretagogue triggers a 
significant redistribution of Na,K-ATPase. 

Materials and Methods 

TISSUE PREPARATION 

All experiments were performed with the tissue fragment prepa- 
ration described by Putney et al. [28]. In each experiment, eight 
male Sprague-Dawley rats were killed by cervical dislocation. 
Lacrimal glands were removed, immediately sliced into 5-mg 
fragments, and placed in a modified Krebs improved Ringer's I 
solution (KRB) containing 5 mM Na-/3-hydroxybutyrate, 0.2 mM 
phenylmethylsulfonylfluoride (PMSF), and 9 /~g/ml Aprotinin. 
The KRB was kept at 37~ and continuously gassed with 95% 
oxygen/5% carbon dioxide. The pH of the KRB was monitored 
continuously; when necessary, 100% CO2 was added to maintain 
pH between 7.35 and 7.45. The fragments were placed in a bas- 
ket constructed of nylon mesh and a bottomless polypropylene 

If the pump kinetic parameters remain unchanged, the 
Michaelis-Menten relationship derived by Lewis and Wills 
(1983), i.e., 

Jmax 
J 1 + (KNa/asa) 3 

predicts that an increase of aN~ from 6 to 14 mM would increase 
the Na,K-ATPase pump rate from 0.7 to 0.50 Jm,x. This would 
substantially, but not completely, account for a 10- to 12-fold 
acceleration of Na + influx. 

beaker. The basket was used to transfer the fragments to fresh 
40-ml aliquots of KRB at 5-min intervals throughout the in vitro 
incubation procedure. The in vitro incubation was performed 
with continuous gassing in a 37~ shaking water bath. By the end 
of an initial 55-rain equilibration period, macromolecular secre- 
tion, marked by peroxidase release, had reached a low and stable 
level. Fragments were then either incubated for an additional 30 
min in the same buffer or for 30 min in KRB containing l0 /~M 
carbachol. 

CELL FRACTIONATION 

At the end of the in vitro incubation period, the fragments were 
rapidly rinsed with ice-cold isolation buffer (5% sorbitol, 5 mM 
histidine-imidazole buffer, 0.5 mM NaEDTA, 0.2 mM PMSF and 
9/xg/ml Aprotinin, pH 7.5). They were quickly transferred to a 
30 x 150 mm tube containing 18 ml isolation buffer, then homog- 
enized with a Tissumiser | and subjected to subcellular fractiona- 
tion procedures as described [20, 21]. The initial homogenate 
was centrifuged at 1000 • g for 10 min. The resulting pellet was 
resuspended in isolation buffer, homogenized, and again centri- 
fuged at 1000 x g for 10 min. Two additional cycles of resuspen- 
sion, homogenization and centrifugation were performed. The 
four low-speed supernatants were pooled and collectively desig- 
nated So. The sorbitol concentration of So was brought to 55% by 
addition of a concentrated sorbital stock solution. So was then 
loaded into a Beckman Z-60 zonal rotor and subjected to equilib- 
rium centrifugation on a two-stage (35-55% and 55-70%) hyper- 
bolic sorbitol density gradient. 

At the end of the centrifugation, the rotor contents were 
displaced with 80% sucrose and collected in 14.5-mt fractions. 
Each fraction was diluted with 10 ml isolation buffer and centri- 
fuged at 250,000 x g for 75 rain. The resulting pellets were resus- 
pended in isolation buffer. The supernatants were pooled into six 
groups, or density windows, as described under Results, their 
volumes were measured, and aliquots were taken for marker 
determinations. Collectively, the high-speed pellets comprised 
the ZPi sedimentation window, and the supernatants represented 
the 7s sedimentation window [19]. 

ANALYTICAL METHODS 

Peroxidase was measured according to the procedure of Herzog 
and Fahimi [9]. Procedures described by Mircheff et al. [21] were 
used to analyze the biochemical markers of all subcellular frac- 
tions. Data are presented as percentages of the total activities 
recovered in the three terminal sedimentation windows, Po, ZPi, 
and ZSi. Cumulative enrichment factors [20] at each stage of the 
separation may be calculated as ratios of percentage of recov- 
ered marker activity to percentage of recovered protein. Differ- 
ences in the marker contents of fractions from resting and from 
stimulated preparations were tested for significance with the un- 
paired t-test. 

REAGENTS 

Sorbitol was analyzed reagent grade from J.T. Baker, and carba- 
chol was from Sigma. All other chemicals were reagent grade 
and were obtained from standard suppliers. 
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Fig, 1. Stimulat ion-induced release of  
peroxidase.  As descr ibed under  Materials and 
Methods ,  lacrimal gland f ragments  were 
t ransferred to fresh aliquots of  KRB at 5-rain 
intervals th roughout  the in vitro incubation 
period; after 55 rain, the K R B  contained 10 
txN carbachol.  Peroxidase  released into the 
KRB is presented in arbitrary units.  In four  
separate  preparat ions,  s t imulated caused 10- 
to 14-fold increases  in the initial rate of  
peroxidase release 

Table 1. Distr ibution of  markers  after differential sedimentat ion a 

Total activity Po ~Pi ~2S~ Recovery  

Na,K-ATPase 
Rest ing (4) 13.6 --+ 1.4 2.5 _+ 1.3 68.0 • 7.2 29.5 -+ 8.3 103.0 • 27.0 
St imulated (4) 16.7 -+ 2.1 1.8 • 0.9 73.4 • 9.1 24.8 -+ 9.4 82.9 -+ 7.1 

Alkaline phosphatase 
Resting (4) 78.5 -+ 8.6 4.0 • 1.1 56.8 -2-_ 5.6 39.2 • 6.6 76.7 -+ 14.5 
Stimulated (3) 91.7 -+ 27.2 3.3 -+ 1.2 57.9 -+ 1.6 38.7 -+ 1.9 74.5 • 16.6 

Acid phosphatase 
Rest ing (4) 373.8 -+ 24.9 t .9 -+ 0.5 52.9 +- 1.7 45.1 +- 2.1 86.5 +- 2.4 
St imulated (3) 474.6 -+ 115.0 1.7 • 0.6 61.0 -+ 8.2 37.3 -+ 8.1 81.3 -+ 24.2 

Succinate dehydrogenase 
Rest ing (4) 16.0 -+ 2.9 5.1 -+ !.2 91.1 • 1.6 3.8 • 2.3 137.9 -+ 33.8 
Stimulated (4) 17.5 • 4.6 12.3 • 11.9 84.9 • 11.7 2.8 -+ 1.1 121.6 • 51.5 

Protein 
Resting (4) 332.9 +- 36.1 1.1 • 0.3 30.3 -+ 1.7 68.6 -+ 1.8 89.8 +- 4.5 
Stimulated (4) 324.I • 33.9 1.3 +- 0.6 28.0 -+ 4.9 70.8 -+ 5.0 104.2 -+ 9.1 

a Total enzymat ic  activities in Po + So are expressed  in units  of /xmol/hr ;  total protein is in mg. Values for Po, 
ZP~, and ~;Si are percentages  o f  the total activities recovered from So + Po. The percentage recoveries  f rom 
So, i.e., (Y.PI + ZS~)/So are also given. Values in parentheses  are number  of  preparat ions in which  data  were 
collected. All data  are presented  as mean  -+ s tandard deviation. 

Results 

S T I M U L A T I O N  OF L A C R I M A L  G L A N D  F R A G M E N T S  

The lacrimal gland fragment preparation described 
under Materials and Methods was developed by 
Putney et al. [28] for studies of stimulus-secretion 
coupling, and the ability of agonists to elicit release 
of peroxidase provides a useful indication of the 
integrity of the lacrimal stimulus-secretion coupling 
mechanism. The rate of peroxidase release as a 
function of time is presented in Fig. 1. Release de- 
clined to a stable baseline within 45 min of in vitro 
incubation; it was then accelerated 11- to 14-fold by 
the addition of 10 /XM carbachol. This response 
compares well with the 10- to 15-fold increases re- 
ported by other workers [4, 28]. 

The morphological integrity of cells in the gland 
fragments was confirmed by light microscopy. The 

acini retained normal morphology through the in 
vitro equilibration and stimulation periods, al- 
though some acinar cells both in resting and in stim- 
ulated fragments exhibited randomly distributed in- 
tracellular vacuoles. Stimulation with carbachol 
caused a major reduction in the number of secretory 
granules, and, as has been noted by others [13, 18], 
it led to the formation of large vacuoles in the apical 
cytoplasm. Stimulation caused no obvious altera- 
tions in the appearance of other membranous or- 
ganelles. 

D I F F E R E N T I A L  S E D I M E N T A T I O N  

The differential sedimentation steps of the fraction- 
ation procedure define three windows. Distributions 
of markers among these sedimentation windows are 
summarized in Table 1. As in previous studies [20], 
ZPi accounted for major fractions of all recovered 



188 S.C. Yiu et al.: Na,K-ATPase Recruitment in Exocrine Cells 

Resting Stimulated 

-i,-, 

r 
O~ 

" 0  
( 9  
i -  
(9  
> 

0 
0 

(9 
0 

(9 
a .  

10 

I II III 
I I I 

Density window 

IV V VI 
i i i i 

N a , K - A T P a s e  10 

5 

0 
5 10 15 20 

Acid phosphatase 

5 10 15 20 

5 

0 

I II III IV V VI 
i i i I I i 'i 

Na,K-ATPase 

5 10 15 20 

Acid phosphatasa 

5 10 15 20 

A 
0 

A l ka l i ne  phosphatase 

5 10 15 20 
0 

Fraction 

5 10 15 20 

Fig. 2. Effects of stimulation with 10/zM carbachol on biochemical marker density distributions within the EP~ sedimentation window. 
Lacrimal gland fragments were incubated in KRB as described under Materials and Methods. After the 55-rain equilibration period, 
they were incubated for additional 30-min periods either in the absence of carbachol (Resting) or in the presence of 10 tzM carbachol 
(Stimulated) and then subjected to subcellular fractionation. Each 14.5-ml density gradient fraction was diluted with 10 ml isolation 
buffer, then centrifuged at 250,000 x g for 75 min. The resulting pellets comprise EPi. Values presented are the means -+ standard 
deviations from four resting preparations and four stimulated preparations. Thirty-minute stimulation led to a 1.4-fold increase in the 
total Na,K-ATPase activity of the fractions which comprise density window 1 and a decrease in the Na,K-ATPase activity of the 
fractions comprising density window V 

enzymatic marker activities, while ES; contained 
most (i.e. 70%) of the recovered protein. However, 
ESi contained relatively larger, and EPi smaller, 
percentages of the recovered activities than the 
fractions that were obtained with isolation media 
lacking protease inhibitors [20, 21]. It seems reason- 
able to suggest that ESi contains proteases which, in 
the absence of inhibitors, partially inactivate en- 
zymes that migrate in this sedimentation window. 

Stimulation was associated with a 1.2-fold in- 
crease (P < 0.05) in the Na,K-ATPase activity of 
the initial homogenate. This observation raises the 
possibility that Na,K-ATPase units might be acti- 
vated in some way. However, such activation must 
have been reversed during the subsequent fraction- 
ation steps, since Na,K-ATPase recovery from 
stimulated preparations was 0.8-fold the recovery 
from resting preparations, and the same total activi- 
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ties were recovered from resting (13.3/xmol/hr) and 
stimulated (13.4 /zmol/hr) preparations. Thus, the 
apparent activation phenomenon was not investi- 
gated further. Stimulation was also associated with 
a redistribution of acid phosphatase from ESi to 
EPi, so that ZPi contained 52.9 +- 1.7% of the activ- 
ity recovered from resting preparations and 61.0 _+ 
8.2% of the activity recovered from stimulated 
preparations (P < 0.05). The total activities of other 
markers and their distributions between Y, Si and EPi 
were not significantly influenced by stimulation. 

DENSITY D I S T R I B U T I O N S - - H I G H - S P E E D  PELLETS 

Figure 2 summarizes the distributions of biochem- 
ical markers within the Y~Pi sedimentation window. 
These distributions are similar to those obtained in 
earlier studies [20, 21], and, as before, six density 
windows were defined on the basis of salient fea- 
tures of the marker distribution patterns; the 
marker contents of these density windows are sum- 
marized in Table 2. 

Thirty-minute stimulation with carbachol led to 
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Table 2. Distribution of markers after density gradient centrifugation" 

I II III IV V VI 

Na,K-ATPase 
Resting (4) 8.3 -+ 1.7 17.8 -+ 2.6 16.5 -+ 1.6 15.2 +_ 2.4 7.2 + 1.2 3.0 -+ 0.5 
Stimulated (4) 11.7 -+ 2.1 '  20.6 + 3.0 17.1 -+ 2.6 14.1 _+ 3.5 4.9 • 0.7* 3.3 -+ 1.1 

Alkaline phosphatase 
Resting (4) 11.4 -+ 2.6 21.2 + 2.1 13.3 + 0.7 6.5 -+ 0.7 2.5 -+ 0.2 1.8 -+ 0.3 
Stimulated (3) 13.8 • 0.9 22.2 -+ 0.3 12.3 _+ 0.2 5.4 _+ 0.7 2.0 • 0.3 1.7 -+ 0.2 

Acid phosphatase 
Resting (4) 5.8 • 0.8 8.0 -+ 0.3 15.2 -+ 0.5 13.8 +- 0.6 6.2 • 0.7 3.6 -+ 0.4 
Stimulated (3) 7.7 -+ 1.0" 12.0 -+ 1.4" 19.0 -+ 2.1" 13.9 +- 2.3 5.3 -+ 1.7 3.1 + 0.5 

Succinate dehydrogenase 
Resting (4) 0.8 • 1.3 4.9 -+ 1,2 16.5 -+ 1.1 41.6 -+ 8.1 21.4 .+ 7.4 4.7 -+ 3.1 
Stimulated (4) 0.9 + 1.2 5.5 -+ 1~7 16.1 -+ 3.3 44.1 4- 10.0 12.3 .+ 4.6 5.2 .+ 6.5 

Protein 
Resting (4) 0.5 -+ 0.1 1.5 -+ 0,5 7.4 +- 0.9 10.4 -+ 1.4 6.8 .+ 0.9 3.7 -+ 0.3 
Stimulated (4) 0.6 -+ 0.1 1.5 -+ 0,6 7,7 + 1.8 10.2 .+ 2.1 5.4 + 1.1 2.6 -+ 1.0 

a Marker contents of the density windows defined in Fig. 2 are given as percentages of the total recovered 
activities, mean -+ standard deviation. Statistically significant differences between values for resting and 
stimulated preparations are indicated by asterisks. 

several notable changes in the marker density distri- 
bution patterns. The data presented in Table 2 indi- 
cate that stimulation increased the Na,K-ATPase 
content in window I by a factor of 1.4 (P < 0.05), 
while, as noted above, it caused no significant 
change in either the total amount of Na,K-ATPase 
recovered or the distribution of Na,K-ATPase be- 
tween ZPi and Y~Si. The stimulation-associated in- 
crease in the Na,K-ATPase content of window I, 
which represented 3.5% of the total recovered 
Na,K-ATPase activity, could be attributed to a re- 
distribution of activity from density windows IV and 
V. The combined decreases in the Na,K-ATPase 
contents of these windows (3.9% of the total recov- 
ered activity) would be sufficient to account for the 
increase noted in window I; the decrease in window 
V (representing 2.3% of the total recovered activity) 
was highly significant (P < 0.005), while the appar- 
ent decrease in window IV was not statistically sig- 
nificant. 

In a separate series of experiments, four lacri- 
mal fragment preparations were fractionated imme- 
diately after the 55-rain in vitro equilibration period, 
and 17 preparations were fractionated after an addi- 
tional 5-rain incubation with 10/XM carbachol. This 
brief stimulation caused a 1.3-fold (P < 0.05) in- 
crease in the Na,K-ATPase content of window I, 
suggesting that the redistribution of Na,K-ATPase 
was largely complete within 5 min of stimulation. 

The increase of the Na,K-ATPase content in 
window I after 30-rain stimulation was accompanied 
by a 1.3-fold increase (P < 0.05) of the window I 
acid phosphatase activity. While the Na,K-ATPase 
yield increased significantly only in window I, the 

acid phosphatase yield also increased in window H 
(1.5-fold) and in window III (1.3-fold). Furthermore, 
the redistribution of acid phosphatase could be ac- 
counted for almost quantitatively by the shift of ac- 
tivity from ZSi to ZPi noted above (Table 1). Thus, 
fundamentally different processes must have been 
involved in the redistributions of Na,K-ATPase and 
acid phosphatase. 

The pronounced changes in the distributions of 
Na,K-ATPase and acid phosphatase were accom- 
panied by a modest leftward shift in the distribution 
of succinate dehydrogenase and no significant 
change in the distributions of alkaline phosphatase 
and protein. Surveys of the NADPH-cytochrome c 
reductase and galactosyltransferase distributions in 
one resting and one stimulated preparation (data 
not shown) suggested possible stimulation-associ- 
ated changes within windows Ill-V; these changes 
did not involve density window I. 

D E N S I T Y  D I S T R I B U T I O N S - - H I G H - S P E E D  

SUPERNATANTS 

There were no significant stimulation-associated 
differences in the Na,K-ATPase contents of the 
high-speed supernatant fractions from the various 
density windows. The acid phosphatase contents of 
the high-speed supernatants from density windows 
I, H, and III (Fig. 3) were not significantly changed 
by stimulation, indicating that there was no net 
change in the efficiency of sedimentation of the acid 
phosphatase-containing membranes which equili- 
brated in this region of the density gradient. Rather, 
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Fig. 3. Effects of stimulation with 10/~M carbachol on biochemical markers density distributions within the ZSisedimentation window. 
Following high-speed centrifugation as described in the legend to Fig. 2, the supernatants were pooled into the density windows 
described. Marker contents were divided by the number of fractions per window, so that distributions could be presented on the same 
scale as in Fig. 2. Values presented are the means -+ standard deviations. Density window 111 corresponded to the sample-loading layer 
of the density gradient, so 2Sin and, to some extend, 2S~v are the loci of soluble components of the homogenate. In a separate series of 
experiments (Yiu, unpublished data), samples of ZSH~ were diluted further, then centrifuged at high speed. Most of the protein 
remained in the supernatant, while at least 80% of the Na,K-ATPase, alkaline phosphatase, and acid phosphatase activities sedi- 
mented, indicating that these activities are associated with one or more populations of membranes which have sedimentation properties 
distinct from those resolved in the ZPI sedimentation window (Fig. 2). Stimulation was associated with a significant decrease in the acid 
phosphate contents of 2Sw and 2Sv, and these decreases were sufficient to account for the increased acid phosphatase contents of the 
membranes from density windows, I, H, and III (Fig. 2 and Table 2). Fig. 3 continued on next page 

st imulat ion led to significant decreases  in the acid 
phospha t a se  con ten t s  o f  the superna tan ts  f rom win- 
dows  I V  and V. This result  suggests  that  the acid 
phospha t a se  act ivi ty  which  redis t r ibuted to win- 
dows  I, H,  and I I I  of  the high-speed pellet f ract ion 
was  der ived f rom m e m b r a n e s  which  migrated to I V  
and V during dens i ty  gradient  centr i fugat ion but  
which  remained  in the superna tan t  f ract ions  during 
the subsequen t  h igh-speed differential centr ifuga- 
t ion step. 

Discussion 

The s t imula t ion-associa ted  redis tr ibut ion o f  N a , K -  
A T P a s e  ac t iv i ty  be t we e n  densi ty  w indow V and 

densi ty  w indow I (Fig. 2) indicates that p u m p  units 
were  recrui ted  f rom a cy top lasmic  s tructure,  proba-  
bly a domain  o f  the Golgi complex ,  and inserted 
into the basal- lateral  p lasma  membrane .  This inter- 
pre ta t ion  depends  on inferences  about  the subcellu- 
lar origins o f  isolated m e m b r a n e  popula t ions  which  
fol low f rom data  p resen ted  above  and f rom analy- 
ses in which  individual densi ty  w indows  were  sub- 
f rac t iona ted  by  part i t ioning in aqueous  po lymer  
two-phase  sys tems  [19, 20, 21]. It  should be noted  
that  the original densi ty-par t i t ioning analyses  were  
pe r fo rmed  with f resh p a r e n c h y m a l  scrapings [19, 
20, 21]; howeve r ,  the overal l  p ic ture  is congruen t  
with the results  o f  recen t  analyses  o f  rest ing lacri- 
mal gland f ragments  (unpubl ished) .  

Several  charac ter is t ics  o f  the m e m b r a n e s  equil- 
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ibrating in density window I indicate that they were 
derived from the acinar cell basal-lateral plasma 
membrane. Virtually all of the Na,K-ATPase activ- 
ity in density window I can be assigned to a single 
membrane population. This population is the locus 
of the largest observed cumulative enrichment fac- 
tors for Na,K-ATPase and alkaline phosphatase 
(Table 2); it is also the locus of the highest observed 
ratio of Na,K-ATPase to galactosyltransferase [21]. 
Since a population with similar properties has been 
resolved in preliminary analyses of isolated lacrimal 
acini (S.C. Yiu, unpublished), it appears that these 
membranes were not derived, as had been sug- 
gested earlier [21], from a minor cell type. 

Windows IV  and V contain a multiplicity of dis- 
tinct membrane populations [20]. A negligible frac- 
tion of the Na,K-ATPase activity can be assigned to 
the mitochondria, marked by succinate dehydro- 
genase (Fig. 2), which can be resolved by differen- 
tial rate centrifugation [20]. A small fraction of the 
total Na,K-ATPase activity, at a cumulative enrich- 
ment factor of 0.5, can be assigned to the major 
population of endoplasmic reticulum-derived mem- 
branes, marked by NADPH-cytochrome c reduc- 
tase, which spans windows III-V (unpublished). A 
similarly small fraction can be assigned to a group 
of microsomal membrane populations which is 
characterized by high partition coefficients in dex- 

tran-polyethyleneglycol two-phase systems and by 
high contents of alkaline phosphatase and acid 
phosphatase relative to the other enzymatic mark- 
ers [20]. Most of the Na,K-ATPase activity is asso- 
ciated with an additional group of microsomal popu- 
lations which is characterized by intermediate 
partition coefficients and by high contents of galac- 
tosyltransferase relative to the other markers [20]. 
Their high specific contents of galactosyltransferase 
suggest that these populations were derived from 
the Golgi complex, while differences in their den- 
sity and partitioning properties and in their relative 
contents of the other markers suggest that they orig- 
inated from biochemically distinct domains. Be- 
cause this group of populations accounts for most of 
the Na,K-ATPase in windows IV  and V, it is likely 
that one or more of them represents the domain 
from which Na,K-ATPase is recruited in response 
to stimulation. In this respect, the cytoplasmic lo- 
cus of Na,K-ATPase available for recruitment to 
the plasma membranes is analogous to that of the 
insulin-dependent glucose transporter [12]; it ap- 
pears not to be a population of preformed vesicles 
such as are thought to exist for the proton-translo- 
cating ATPases [8] and ADH-sensitive water chan- 
nels [17]. 

Estimates of the precise role which Na,K- 
ATPase recruitment plays in acinar Na § homeosta- 
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sis hinge on the question of whether the Na,K- 
ATPase-rich population equilibrating in window I 
represents the entire acinar cell basal-lateral 
membrane. The uncertainty exists because the iden- 
tity of the membranes equilibrating in density win- 
dow H is ambiguous. As in window I, most of the 
Na,K-ATPase activity equilibrating in window H 
can be attributed to a single membrane population 
[20]. However, this population exhibits characteris- 
tics expected both of plasma membranes and of 
Golgi membranes. That is, it has relatively large 
cumulative enrichment factors for Na,K-ATPase 
and alkaline phosphatase (Table 2), but it also has 
a relatively large cumulative enrichment factor for 
galactosyltransferase; compared to the Na,K- 
ATPase-rich population from window I, it has three- 
to fourfold higher ratio of galactosyltransferase to 
Na,K-ATPase [20]. Although we previously con- 
cluded that this population was derived from acinar 
cell basal-lateral membranes [21], we must now en- 
tertain the possibility that it was derived from a 
domain of the Golgi complex involved in the assem- 
bly or recycling of basal-lateral membrane constitu- 
ents. Such a suggestion is consistent with recent 
information on the recycling of plasma membrane 
glcopeptides [6]; the magnitude of the cytoplasmic 
pool of Na,K-ATPase implicit in this suggestion is, 
at least qualitatively, consistent with the size of cy- 
toplasmic Na,K-ATPase pools measured by immu- 
nochemical techniques [34]. In short, if the Na,K- 
ATPase-containing populations of windows I and H 
represent different microdomains of the acinar cell 
basal-lateral membrane, the stimulation-associated 
changes summarized in Table 2 would contribute to 
a 1.2-fold increase in the plasma membrane Na,K- 
A T P a s e  Jmax. If, as now seems more likely, only the 
population in window I represents the basal-lateral 
membrane, recruitment from cytoplasmic mem- 
branes would increase the plasma membrane Jma• 
1.4-fold. 

There are many examples of transport activities 
which are redistributed between cytoplasmic sites 
and cell surface membranes during rapid changes in 
cellular function. These include proton-translocat- 
ing ATPases [7, 8], ADH-sensitive water channels 
[17], insulin-dependent glucose transporters [12], 
Na + channels [15], and system A amino-acid trans- 
porters [5]. There also have been several previous 
suggestions that exocytotic insertion and endocy- 
totic retrieval mechanisms might regulate plasma 
membrane Na,K-ATPase pump activities. For ex- 
ample, rapid insertion of additional pump units 
could account for the fact that marked increases in 
transepithelial Na + fluxes occur in small intestine 
[10] and gallbladder [22] without substantial or sus- 
tained perturbations of steady-state cytosolic aNa. 

Exocytotic insertion has also been implicated in the 
insulin-dependent stimulation of Na + efflux from 
skeletal muscle [11]. Conversely, endocytotic re- 
trieval of pumps might account for the observation 
that decreased Na + entry into toad bladder epithe- 
lial cells led to decreased transepithelial flux with no 
change in steady-state cytosolic aNa [14]. Thus, the 
translocation of Na,K-ATPase between cytoplas- 
mic sites and the plasma membranes is consistent 
with observations from a number of different cell 
types. 

The recruitment of Na,K-ATPase is accompa- 
nied by a redistribution of acid phosphatase, such 
that the acid phosphatase activity of membranes 
equilibrating in density windows I, H, and III in- 
creases. It is, of course, possible to imagine sce- 
narios in which the two redistribution phenomena 
are functionally related, but it should also be re- 
called that a number of different membrane translo- 
cation events are known to be triggered by secreta- 
gogues. These include exocytotic release of 
macromolecular secretory products and subsequent 
endocytotic retrieval of secretory vesicle mem- 
branes, as well as endocytotic internalization from 
the acinar cell basal-lateral membrane [24, 25]. The 
internal redistribution of acid phosphatase could 
well be a manifestation of one or more of these 
processes; in any event, it serves to highlight the 
complexity of the membrane traffic which acceler- 
ates when acinar ceils are stimulated to secrete 
electrolytes and macromolecular products. 

This work was supported by NIH Grants EY 05711 and EY 
05801 and by a grant from the University of Southern California 
Faculty Research and Innovation Fund. M.E.B. was a trainee of 
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