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Cytochemical evidence for the existence of a Golgi-
associated phosphatase activity that hydrolyzes nico-
tinamide adenine dinucleotide phosphate (NADP) at acid
pH in rat incisor ameloblasts was obtained by incubat-
ing sections from glutaraldehyde-fixed teeth in a medium
containing NADP as substrate and lead ions as capture
agent. Following incubation for 1 hr at 37°C and pH 5.0,
the Golgi saccules situated between those at the cis (imma-
ture) and trans (mature) faces of the ameloblast Golgi
apparatus were marked by reaction product with the
heaviest deposit in the middle saccule. Reaction product
was otherwise seen in trace amounts only over some
elements of the GERL system as well as a few lysosomal
dense bodies and immature secretory granules. Control
experiments established that the selective staining of in-

It is well known that nicotinamide adenine dinucleotide
(NAD) and nicotinamide adenine dinucleotide phosphate
(NADP), despite their similarity in molecular structure, rarely
serve as interchangeable hydrogen (electron) acceptors/donors
to the same pyridine-linked enzymes (2, 16, 22, 26, 31). For
the most part NAD-dependent reactions are associated with
steps in cellular respiration, whereas NADP-dependent reac-
tions provide one link by which electrons, or "reducing
power," can be transferred from catabolic to biosynthetic
pathways (16, 26, 31). Hence, the NADP content of cells is
often considered indicative of their levels of biosynthetic
activity (22, 26).

Numerous biochemical studies have established that
NADP originates from the phosphorylation of a portion of the
free pool of NA D maintained by the cell (1,5, 16, 22, 28, 30,
42, 43). A question of some controversy has been whether

'This study was funded by agrant from the Conseil de Recherche
en Santé du Québec.
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termediate Golgi saccules at pH 5.0 could only be dupli-
cated by using substrates that resembled the complete
NADP molecule, and not just the portion containing the
adenosine 2'-monophosphate group. As well, no deposits
of reaction product were seen within the Golgi saccules of
ameloblasts incubated at pH 5.0 with nicotinamide
adenine dinucleotide (NAD) as the substrate or that were
incubated at pH 7.2 or pH 9.0 with NADP as the substrate.
It was concluded that a specific, acid-NADPase activity is
present in the intermediate Golgi saccules of secretory
ameloblasts. Preliminary observations on other cells
suggest that the localization of NADPase activity to Golgi
saccules may constitute a general phenomenon. KEY WORDS:
Ameloblast; NADP; Golgi apparatus, Phosphatase; Cyto-
chemistry; Metabolism; Rat

cells also routinely convert NADP back to NAD. Current
biochemical evidence suggests that this can occur (28, 42, 43),
but it is believed to represent a nonspecific dephosphorylation
of NADP by enzymes such as acid phosphatase (E.C. 3.1-3.2)
(17) and alkaline phosphatase (E.C. 3.1.3.1) (21, 37, 38).
There have been no complementary cytochemical studies
showing that NADP is hydrolyzed by either of these two
enzymes.

The original intent of this study was to determineif NADP
could replace conventional substrates such as cytidine 5'-
monophosphate and f-glycerophosphate (SGP) for the
cytochemical localization of acid phosphatase and/or alkaline
phosphatase by the lead capture technique (9, 12, 14, 20, 23,
27, 34, 36, 40). It quickly became apparent that the inclusion
of NADP in a standard cytochemical
unusual results at acid pH. In particular, NADP appeared to

medium produced

be hydrolyzed by a substrate-specific phosphatase activity that
is restricted to the intermediate saccules of the Golgi ap-
paratus.

There are at present few alternative approaches to probing
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relationships within specified regions of the Golgi apparatus.
Saccules at the cis (immature) face of the Golgi apparatus can
be identified by their osmophilia (6), saccules at the trans
(mature) face of the Golgi apparatus by their association with a
characteristic thiamine pyrophosphatase/nucleoside diphos-
phatase activity (10, 35), and elements ofthe GERL system by
their association with several enzymatic activities, most nota-
bly acid phosphatase (9, 12, 13, 33, 34, 41). Saccules con-
tained between the cis and trans faces of the Golgi apparatus
have heretofore not been known, however, to possess any
distinct enzymatic properties. The results of this study suggest
that NADPase activity could serve as an enzymatic marker for
this region of the Golgi apparatus.

Materials and Methods

Preparation of tooth specimens. Male Sprague-Dawley rats
weighing 150 g were anesthetized with chloral hydrate and perfused
through the ascending aorta with a solution containing 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer, pH 7.3, and 0.05%
calcium chloride for 15 min at room temperature. The jaws were
removed, cleaned of soft tissues, and immersed in the same fixative
for an additional 2 hr at 4°C. In one experiment the perfusion time
was shortened to 8 min and the immersion time decreased to 1 hr. In
another experiment the first procedure was followed, but a solution of
5% glutaraldehyde in 0.08 M sodium cacodylate buffer, pH 7.3, with
0.05% calcium chloride was used as the fixative. After fixation, the
jaws were washed for several hours at 4°C in 0.1 M sodium cacodylate
buffer, pH 7.4, containing 4% sucrose (CS buffer). The bony plate
covering the enamel organ along the labial side of the incisor was
removed and the jaws were placed in a solution of 4.13% ethylene
bis-oxyethylenenitrilo-tetraacetic acid (EGTA), pH 7.2, and left to
partially decalcify for 5 days at 4°C under continuous agitation. The
jaws were then washed in CS buffer for 2 days at 4°C and the intact
enamel organ with associated enamel layer was dissected from the
labial surface of the teeth by a technique similar to the one described
by Josephsen (15).

Incubation procedure. The isolated enamel organs were em-
bedded in agar (7% solution) and sectioned along their length at
75-um thickness using a Sorvall TC-2 tissue chopper. The sections
were washed several times in cold CS buffer and then rinsed twice at
room temperature in the buffer of the type used for the incubation
medium. Sections were incubated for 1 hr at 37°C in one of the
following media. AcidpH (5.0); 1 or 2 mM substrate, 40 mM sodium
acetate buffer (pH 5.0), 4 mM lead acetate,” and 5% sucrose. Neutral
pH (7.2): 1 or 2 mM substrate, 80 mM Tris-maleate buffer (pH 7.2),
3.6 mM lead nitrate, and 5% sucrose. Alkaline pH (9.0)° 1 or 2 mM
substrate, 80 mM Tris-HCI buffer (pH 9.0), and 10 mM strontium
chloride. Substrates used in these media® included the sodium salt of
(a) B-NADP" (Figures 3-7, 13), (b) a-NADP" (Figure 8), (c) -
NADPH (Figure 9), (d) 3-NAD" (Figure 10), (e) 2'-AMP (Figures 11
and 12), and (f) SGP. It was necessary in the case of adenosine
2'-monophosphate (2'-AMP) to form a sodium salt from the free acid

*"Suprapur" lead acetate, BDH Chemicals, Toronto, Canada.

‘Based on a cytochemical procedure described by Ernst (3).

‘Obtained from Sigma Chemical Co., St. Louis; product numbers
(a) N0505, (b) N6381, (c) N7505, (d) N7004, (e) A1252, and (f)
G6251.

by the addition of 0.4 ml of 0.1 N sodium hydroxide to the weighed
powder prior to the addition of buffer into the incubation medium.
Structural formulas for each of these substrates are shown in Figure 1.

Controls for all experiments consisted of incubating sections for 1
hr at 37°C in duplicate media, which did not contain a substrate.

After incubation, the sections were washed several times with the
buffer of the type in which they had been incubated and then rinsed
with several changes of CS buffer. In the case of incubations carried
out at pH 9.0, the sections were first washed in 80 mM Tris-HCI
buffer, pH 9.0, and then treated with 2% lead nitrate in order to
convert the strontium phosphate reaction product to lead phosphate
(3). For light microscopy some of the sections incubated at acid,
neutral, and alkaline pH were treated with a 1% solution of am-
monium sulfide in CS buffer prior to osmication in order to convert
lead phosphate reaction product to lead sulfide.

Embedding and sectioning: Sections were postfixed either in
an aqueous solution of 1% OsO, and 1.5% potassium ferrocyanide
(18) for 1 hr at 4°C or in a solution of 1% OsO, in Veronal-acetate
buffer, pH 7.4, for 2 hr at 4°C. The sections were dehydrated in
graded alcohol, passed through propylene oxide, and embedded in
Epon 812. Thin sections were cut on a LKB Type 8802A ultramic-
rotome and examined without grid staining in a Siemens Elmiskop
101 electron microscope.

Results

Localization of NADPase Activity to Intermediate
Golgi Saccules

Figure 2 shows the appearance of the highly polarized amelo-
blast at a stage when it actively secretes extracellular enamel
matrix proteins (25, 39, 44-46). Examination of I-ym thick
sections in the light microscope from material incubated at pH
5.0 with B-NADP" as a substrate and treated with ammonium
sulfide revealed only a faint Golgi reaction.
electron microscope preparations of the same material showed
substantial deposits of reaction product in the saccules com-
prising the walls of the tubular ameloblast Golgi apparatus
(Figures 3-7). Trace amounts of reaction product were also
seen over some elements of the GERL system (12, 13, 20, 24,
29, 33-35, 40) (Figures 4 and 7), immature secretory granules
(Figures 3-7), and occasional lysosomal dense bodies (Figures
3 and 7). All other intracellular and extracellular sites were
free of reaction product.

In contrast,

Striking features in the distribution of reaction product
were a precise staining of saccules along the entire length of
the Golgi apparatus and the presence of reaction product
within the Golgi saccules of all cells situated within the depth
of the tissue slice (Figure 3). This result was observed re-
peatedly for approximately 200 ameloblasts examined in five
independent experiments utilizing 5-NADP " as substrate. In
addition, reaction product appeared confined to saccules
located between those at the cis (immature) and frans (mature)
face of the Golgi apparatus (Figures 5-7). Although in the
ameloblast Golgi apparatus the number of Golgi saccules in a
stack can vary from 2 to 5, the heaviest and most homogene-
ous deposits were seen within the lumens of the second, third,
and, less consistently, the fourth saccule at the middle of a
complete Golgi stack (S,, S,, S,; Figures 5 and 6). Light, spotty
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Figure 1. Structural formulas for the substrates used in this study. (a) deposits of reaction product were occasionally seen within the

B-NADP" is the common form of NADP; the positive sign indicates
the oxidized state, while the term beta (f5) refers to the direction of
attachment of the nicotinamide group on the riboside group. (b)
a-NADP" is a biologically inactive isomer of B-NADP'. (c)
B-NADPH is the reduced form of 3-NADP". (d) B-NAD" is the
common form for oxidized NAD. (e) 2'-AMP and f-NADP" share a
similar phosphate-to-adenosine linkage. (f) SGP is a conventional
substrate for acid and/or alkaline phosphatase.

lumen of the innermost saccule at the trans face (S,, Figure 7).

Effect of Fixative

A variation in the time of fixation and/or concentration of
fixative did not appear to affect the ultrastructural localization
of reaction product, but there was an obvious change in the
intensity of the staining reaction. Hence, material fixed for a
longer time seemed to contain fewer deposits of reaction
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Figure 2. 1-um thick Epon section of
ameloblasts illustrating the features of
cell morphology during the secretory
stage of amelogenesis. In the tall, col-
umnar ameloblast the mitochondria
(M) are seen between the nucleus (N)
and the proximal cell web (pcw) at the
base of the cell. A tubular Golgi ap-
paratus (GA) is situated in the central
axis of the supranuclear compartment,
where it extends from the nucleus to
near the level of the distal cell web
(dcw). A cytoplasmic extension from
the distal end of the cell, the Tomes'
process (TP), projects into the form-
ing enamel layer (E). Abutting the
ameloblasts are cells of the stratum
intermedium  (SI). The  Golgi-
associated deposits of reaction product
indicative of NADPase activity (Fig-
ures 3-7) were not prominent in l-yum
thick sections prepared for light
microscopy. Osmium impregnation,
toluidine blue counterstain. x 880.

Figure 3. Supranuclear region of
ameloblasts incubated for 1 hr at pH
5.0 with 1 mM B-NADP" as substrate;
OsO, in veronal acetate buffer, un-
stained section. Reaction product is
localized to the Golgi saccules (GS) of
7 ameloblasts (A,-A,) present within
the depth of the tissue slice. In this
section cut at 0.3-um thickness,
fenestrations (F) in the walls of reac-
tive Golgi saccules are evident, as are
other saccules projecting in shelf-like
partitions (Sh) from the periphery into
the core (C) of the Golgi apparatus.
Faint traces of reaction product are
also seen over some dense bodies
(DB) and immature secretory granules
(IG). x 6,200.

product than those fixed over a shorter period. The Golgi-
associated phosphatase appeared reasonably resistant to fixa-
tion, since enzymatic activity was still detectable in the Golgi
saccules of ameloblasts fixed with 5% glutaraldehyde.

Effect of Substrate

An increase in the concentration of 3-NADP" used in the
incubation medium appeared to have little effect other than to

improve the intensity of the staining reaction within Golgi

saccules. No marked increase in staining was evident beyond a
concentration of4 mM S-NADP". Similarly, slight changes in
the molecular structure of the substrate did not influence
greatly the site where reaction product was localized. For
example, material incubated at pH 5.0 with either a-NADP”
(Figure 8), an isomer of S-NADP", or with f-NADPH
(Figure 9), the reduced form of B-NADP", as a substrate
(Figure 1), showed deposits of reaction product localized to
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Figure 4. Supranuclear region of ameloblasts incubated for 1 hr at pH
5.0 with 1 mM S-NADP" as substrate; OsO0, in veronal acetate buffer,
unstained section. Thin sections reveal that reaction product is not
uniformly distributed within Golgi saccules (S) either along the length
or across the face of the Golgi apparatus. In some cases homogeneous
deposits fill the lumen of a saccule, while in others the deposits are
fainter and more flocculent. Two (S-2) or 3 (S-3) saccules of the Golgi
stack appear reactive. Some light deposits are occasionally seen over
focal areas of the GERL system (GERL) and adjacent immature
secretory granules (IG) within the core (C) of the Golgi apparatus. F,
fenestrated appearance of reactive saccules; Sh, shelf-like projection
of saccules into the core of the Golgi apparatus. x 7,700.
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Figures 5 and 6. Golgi apparatus of ameloblasts incubated for 1 hr at pH
5.0 with | mM B-NADP" as substrate; OsO,-potassium ferrocyanide,
unstained sections. The most reactive saccules appear to be the 2nd
and 3rd saccules of the Golgi stack (S, and S;). The 3rd saccule often
contains a heavier deposit of reaction product than adjacent saccules
(Figure 6, compare S, to S, and S,). The reactivity of saccules situated
near the frans face (S, and S,) is variable, but the outermost saccule at
them face is consistently unreactive (S,). Note the close association of
endoplasmic reticulum (ER) to Golgi saccules, elements of the GERL
system and immature secretory granules (IG) within the core of the
Golgi apparatus. Dense bodies (DB) are, for the most part, unreactive.
Sh, shelf-like projection of saccules into the core of the Golgi
apparatus. x 31,000.



