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The distribution of nicotinamide adenine dinucleotide 
phosphatase (NADPase) activity was examined in epithe­
lial cells of rat small intestine. Segments of ileum were 
fixed with glutaraldehyde and tissue chopper sections were 
incubated for up to 4 hr at pH 5.0 in cytochemical media 
prepared with NADP as substrate. NADPase activity was 
found primarily within the Golgi saccules of columnar, 
goblet, and Paneth cells. Columnar and goblet cells showed 
most of the NADPase activity within the saccules which 
were intermediate between the cis and trans faces of the 
Golgi stack. Paneth cells, however, showed the heaviest 
staining within saccules between the intermediate and in­
nermost saccule at the trans aspect of the Golgi stack. Both 

columnar cells and Paneth cells also contained spotty, and 
sometimes heavy, deposits of reaction product within an 
occasional focal area of the GERL system and within an 
occasional lysosome. Control experiments indicated that 
the Golgi-associated NADPase activity was enhanced if 
cells were pretreated for about 12 hr with EGTA prior to 
incubation. No similar enhancement was apparent if the 
tissues were pretreated with DMSO. Furthermore, NAD­
Pase activity within the Golgi saccules could be inhibited 
completely by incubating intestinal epithelial cells with 
NADP in the presence of sodium fluoride or L( + )-tartrate. 
KEY WORDS: Small intestine; Golgi apparatus; Phosphatase; 
NADP, Rat. 

Introduction 
Cytochemical studies have indicated that several phosphatases 

with distinct pH optima and/or substrate preference are as­

sociated with the saccules of the Golgi apparatus (reviewed in 

refs. 7,8). T h e most extensively investigated is thiamine pyr­

ophosphatase (TPPase) activity which has been localized within 

the innermost (mature) saccule, or saccules, at the trans aspect 

of the Golgi stack (7,8,10,11). Nonspecific acid phosphatase 

(APase) activity has been reported within one or more saccules 

across the Golgi stack as well as within the closely related 

GERL system and within lysosomes (reviewed in refs. 

8,10,23,25). Recently, nicotinamide adenine dinucleotide 

phosphatase ( N A D P a s e ) activity has been observed within the 
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saccules at the middle of the Golgi stack in ameloblasts (38) 

and several other cell types (5,13,18,21,41,42). Of interest in 

these studies has been the finding that N A D P a s e activity ap­

pears to be very weak within those Golgi saccules associated 

with the strongest TPPase activity. Fur thermore , the acid-

dependent N A D P a s e activity appears weak and to be seen 

only rarely within APase-positive structures such as GERL 

elements, lysosomes, or forming secretory granules (5,18, 

38,40-42). 

Both TPPase and APase activities have been examined within 

the epithelial cells of the rat small intestine. TPPase activity 

has been found within the trans saccules of columnar 

(6,9,33,34,36) and goblet (17,35) cells. APase activity (as re­

vealed with β-glycerophosphate as substrate) has been ob­

served within elements of the G E R L system, the Golgi saccules 

and lysosomes in columnar cells of the d u o d e n u m and je junum 

(3,6,15,16,27,29,30,32), but within only G E R L elements and 

lysosomes in the ileum of the adult rat (6,29,24). APase ac­

tivity has been reported also within Golgi saccules and im­

mature mucus droplets of goblet cells (15-17,26), and within 

lysosomes and forming secretory granules of Paneth cells 

(4,9,22,24). 

T h e purposes of this study were twofold. T h e first objective 
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was to characterize the distribution of N A D P a s e activity within 

epithelial cells of the distal small intestine for which no detailed 

information is available currently. The second objective was 

to evaluate the effects of compounds such as the chelator 

E G T A (ethylene glycol tetraacetic acid) or the solvent D M S O 

(dimethyl sulfoxide) on N A D P a s e activity, and, to investigate 

the sensitivity of N A D P a s e to phosphatase inhibitors such as 

sodium fluoride and L ( + ) - t a r t r a t e (14). 

Materials and Methods 
Tissue preparation. Twelve male 100 g Sherman rats were used 

in this investigation. Animals were anaesthetized with sodium pen-
tobarbitol, and 6 of the rats were perfused via the ascending aorta 
with a fixative solution comprised of 2% glutaraldehyde (JB EM Ser­
vices, Montreal), 3% dextran (Pharmacia, Uppsula; Dextran T40), and 
0.1 M sodium cacodylate buffer (JB EM Services, Montreal). The final 
pH of the fixative solution was adjusted to pH 7.4, and the perfusions 
were done for about 10 min at room temperature. Segments of per-
fusion-fixed ileum 5 cm proximal to the ileocecal valve were removed 
and immersed in fresh fixative for an additional 2 hr at 4°C. In the 
case of the remaining 6 rats, unfixed segments of ileum were removed 
and immersed immediately in the fixative solution for 30 min at 4°C. 
These immersion-fixed segments then were divided into three groups 
for treatment overnight (about 12 hr) at 4°C. That is, some of the 
segments were treated at pH 7.4 with a solution comprised of 10% 
DMSO, 4% sucrose (Fischer Scientific, Montreal), and 0.1M sodium 
cacodylate buffer. Other segments were treated at pH 7.2 with an 
unbuffered, aqueous solution containing 4.13% EGTA (Eastman Ko­
dak, Rochester). The remaining segments were washed at pH 7.4 in 
a solution comprised of 0.1 M sodium cacodylate buffer and 4% 
sucrose (cacodylate-sucrose buffer). 

Incubation procedure. Each ileal segment was embedded in 4% 
agar (Fischer Scientific, Montreal) and cut into 100 µm thick sections 
using a Sorvall TC-2 tissue chopper. The sections were washed at 
room temperature in several changes of cacodylate-sucrose buffer, 
and then incubated in a cytochemical medium at 37°C and at pH 5.0 
according to procedures described previously (38). In the present 
study, incubation times of 1, 2, and 4 hr were used, and incubation 
media were prepared with 4 mM NADP (Sigma Chemical Co., St. 
Louis) rather than 1 or 2 mM concentrations as described in the 
original protocol (38). For incubation times longer than 2 hr, the media 
were replaced with freshly prepared, warmed media after 2 hr of 
incubation. 

Controls for all experiments consisted of incubating sections in 
duplicate media prepared with all components except substrate. Other 
controls included incubating sections in media prepared with 4 mM 
NAD as substrate (38) or in media which contained 4 mM NADP 
and 1 or 2 mM L(+) or D(-)-tartrate or 10 mM sodium fluoride (Sigma 
Chemical Co., St. Louis). Some sections also were incubated for 2 
hours at pH 7.2 in media prepared with 4 mM NADP, 80 mM Tris 
(Sigma Chemical Co., St. Louis) maleate buffer, 4 mM lead nitrate 
(Fischer Scientific Co., Montreal), and 5% sucrose. 

Electron microscopy. After incubation the tissue chopper sec­
tions were washed at room temperature in several changes of buffer 
of the type used for the incubation. This was followed by several 
washes in cacodylate-sucrose buffer. The sections then were treated 
for 75 min at 4°C in osmium potassium ferrocynaide (reduced osmium) 
(38,40), washed in 50% alcohol, dehydrated in graded alcohol and 
propylene oxide, infiltrated with Epon 812 and flat embedded on 
Teflon (19). Blocks showing well oriented areas of the entire crypt 

villus axis were selected and thin sections were prepared with a dia­
mond knife on a Reichert or LKB ultramicrotome. Sections were 
examined with or without grid staining (lead citrate only) in a Seimens 
101 electron microscope. 

Results 

NADPase Activity in Intestinal Epithelial Cells 

C o l u m n a r cells. Heavy deposits of reaction product were 

observed consistently within one or two saccules of the Golgi 

stack in columnar cells (Figures 1, 2, 5, 6). T h e N A D P a s e -

positive saccules most often appeared to comprise the 3rd and 

the 4th saccules of the Golgi stack as counted from the cis 

aspect (Figures 2, 5, 6). In most sections, both saccules ap­

peared reactive in the same stack (Figure 2), but there were 

many instances where only one of the saccules contained re­

action product while the other saccule appeared unreactive 

(Figures 5 and 6). In some rare sections, two saccules occu­

pying the 4th and 5th positions in the stack were stained 

heavily with reaction product while the 3rd saccule appeared 

unreactive (bottom right-hand corner of Figure 2). The in­

nermost, or 6th, saccule of the stack usually appeared un­

reactive as did profiles of rough endoplasmic reticulum (Figure 

2) and elements of the GERL system deep to the trans aspect 

of the Golgi stack (Figures 5 and 6). In some fields, however, 

light deposits of reaction product were apparent within trans 

Golgi saccules (Figure 2), and heavy deposits of reaction prod­

uct were found occasionally within focal areas of the GERL 

system (Figure 2). Outside the Golgi region, traces of reaction 

product sometimes were found over the microvillar border 

(Figure 1) but the lateral plasma membrane and most o ther 

organelles appeared unreactive. Light deposits of reaction 

product were seen occasionally within lysosomes of mid villus 

columnar cells (not shown). 

Goble t cells. Heavy staining within the intermediate Golgi 

saccules was observed also within goblet cells (Figure 3). As 

in the case of columnar cells, these NADPase-posi t ive saccules 

most often appeared to comprise the 3rd and 4th saccules 

counted from the cis aspect of the Golgi stack (Figure 3). No 

deposits of reaction product were evident at any other site 

within this cell. 

P a n e t h cells. The Golgi saccules of Paneth cells also con­

tained heavy deposits of reaction product (Figure 4). In con­

trast to the columnar and goblet cells, the NADPase-posi t ive 

saccules in the Paneth cells appeared to comprise those situ­

ated closer to the trans aspect of the Golgi stack while the 

central, intermediate saccule appeared less reactive (Figure 4). 

In most sections, the heaviest deposits of reaction product 

appeared to fill the lumens of the 4th and 5th saccules of the 

stack as counted from the cis face. Lighter and more spotty 

deposits often were seen in the outer (3rd) and inner (6th) 

saccules adjacent to the pair of reactive saccules (Figure 4). In 

some sections, an "extra" saccule appeared to be present at 

the cis aspect of the stack (upper part of Figure 4). In these 
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Figure 1. Crypt top columnar cells (perfusion-fixed) incubated for 4 
hr at pH 5.0 with 4 mM NADP; reduced osmium postfixation; no 
grid staining. Reaction product is seen almost exclusively within the 
intermediate saccules of the Golgi stack (GS) of columnar cells. Traces 
of reaction product are seen occasionally over the microvillar border 
(mb), (these deposits are very obvious in immersion-fixed material). 
Lateral and basal plasma membranes, nuclei (N) and lysosomes are 
usually unreactive (lysosomes have natural density and also appear as 
dark as the ones in this micrograph in the controls). A portion of a 
goblet cell can be seen in the top right quadrant of the micrograph. 
Bar = 1 µm. Original magnification x 9,000. 

cases, the heaviest deposits therefore appeared to fill the lu­
mens of the 5th and 6th saccules with lighter deposits in the 
4th and 7th saccules of the stack. In some rare sections, the 
innermost (6th or 7th) saccule contained moderately heavy 
deposits of reaction product (inset to Figure 4). Elements of 
the GERL system lying adjacent to the trans aspect of the 
Golgi stack often were reactive (inset to Figure 4) as were 
some of the forming secretory granules and an occasional ly-
sosome within this cell. 

Distribution of NADPase Activity along the 
Crypt Villus Axis 
No obvious differences in the intracellular distribution of 
NADPase activity were apparent from the pattern described 
for columnar and goblet cells at various positions along the 
crypt villus axis, or at the bases of the crypts for Paneth cells. 
The intensity and uniformity of staining within the interme­
diate Golgi saccules appear greater, however, within crypt base 
columnar cells compared to mid villus columnar cells (Figures 
5 and 6). 

Control Experiments 
Various control experiments indicated that the intensity of 
staining within NADPase-posi t ive saccules of the Golgi stack 
in all three cell types could be altered by various manipula­
tions. For example, the intermediate Golgi saccules in im­
mersion-fixed columnar cells appeared more reactive than those 
in perfusion-fixed columnar cells incubated for the same time 
and in the same medium. Similarly, increasing the incubation 
time from 1 to 2 hr for immersion-fixed tissue, or from 2 to 
4 hr for perfusion-fixed tissue, resulted in more intense and 
uniform staining within the Golgi saccules. Pretreatment of 
immersion-fixed tissues with EGTA appeared to increase the 
staining while pretreatment with D M S O appeared to have 
little effect on the intensity of staining within the Golgi sac­
cules compared to "untreated" cells (i.e., washed for the same 
period time in buffer), and incubated under similar conditions 
in the same cytochemical medium. 

Immersion-fixed tissues incubated for 2 hr at pH 5.0 with 
N A D as substrate showed no reaction product within the Golgi 
saccules of columnar, goblet, or Paneth cells. However , spotty 
deposits of reaction product were seen within a few GERL 
elements, lysosomes, nuclei and over the plasma membrane 
of columnar cells, and within an occasional secretory granule 
of Paneth cells. Immersion-fixed tissues pretreated with EGTA 
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Figure 2. Crypt base columnar cell (per-
fusion-fixed) incubated for 4 hr at pH 5.0 
with 4 mM NADP; reduced osmium post-
fixation; grid stained with lead citrate. 
Heavy deposits of reaction product fill the 
lumens of the 3rd and 4th saccules of the 
Golgi stack as counted from the cis aspect. 
Elements of the GERL system along the 
trans aspect are also stained heavily with 
reaction product. This staining of GERL 
elements is not typical, however, and is 
found only within occasional microscope 
fields. Note in the stack of saccules at the 
lower right side of the field, the plane of 
section cuts the Golgi apparatus such that 
the 4th and 5th saccules appear heavily 
stained with reaction product while the 
3rd saccule appears unreactive. Further­
more, the 5 th saccule, and not the 6th, 
appears to abut the endoplasmic reticu­
lum. The trans saccules (5th and/or 6th), 
for the most part, appear unreactive (the 
contents of these saccules imparts a nat­
ural density which is enhanced by staining 
with lead citrate). Nucleus, n; mitochon­
dria, m; endoplasmic reticulum, er. Orig­
inal magnification x 60,000. Bar = 0.1 
µm. 

and incubated for 2 hr at pH 5.0 in media prepared with N A D P 
as substrate and with sodium fluoride showed no reaction product 
within the Golgi saccules of intestinal epithelial cells. Similar 
results were obtained if L( +) tartrate was used in place of 
fluoride in the media, but not when D( + ) tartrate was used in 
the media. That is, with D( +) tartrate, reaction product was 
found localized exactly as described for tissues incubated with 
N A D P alone (Figures 2—4). Some of the columnar cells from 
tissues incubated with N A D P in the presence of fluoride showed 
light deposits of reaction product in the cisternae of rough 
endoplasmic reticulum. Columnar cells from tissues incubated 
with N A D P in the presence of L( +) tartrate also sometimes 
showed light deposits of reaction product within lysosomes. 
Perfusion-fixed tissues incubated for 2 hr at pH 7.2 with N A D P 
as substrate showed spotty, diffuse deposits of reaction prod­
uct within the Golgi saccules but heavy deposits over the 
plasma membrane and within lysosomes of columnar cells. 
Goble t and Paneth cells, however, consistently appeared un­
reactive in this material. Lastly, in all cases, tissues incubated 
at pH 5.0 or at pH 7.2 in media lacking a substrate showed 
no deposits of reaction product within columnar, goblet, or 
Paneth cells. 

Discussion 
The findings of this study for columnar cells and for goblet 
cells in the ileum are typical of a pattern in the ultrastructural 
distribution of N A D P a s e activity that has been described for 
many cells including ameloblasts (38), spermatids (5,41), aci­
nar cells of Brunner 's gland (1.3), endodermal cells of the 
parietal yolk sac (18), columnar cells of the epididymus (21), 
and thyroid follicular cells (42). That is, a strong and fairly 
uniform staining within one or more saccules at the middle of 
the Golgi stack, and a weak and less predictable staining within 
saccules at the trans aspect of the stack as well as within ele­
ments of the GERL system and within lysosomes (5,38,40,41). 
The key features of this pattern on a field-to-field basis are 
the frequency and consistency with which N A D P a s e activity 
is encountered within intermediate Golgi saccules, and the 
inconsistency with which it is found within saccules at the trans 
side of the Golgi stack, in e lements of the GERL system, and 
within lysosomes (38,40,41). This is what distinguishes the 
localization of N A D P a s e activity from a localization of non-
specific APase activity at pH 5.0 since the latter shows greater 
consistency of association with the GERL system and with 


