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Summary. The effect of short-time treatment with the iono- 
phore monensin, administered intraluminally at concentra- 
tions of 5 and 10 gM, was studied on the Golgi apparatus 
of  absorptive cells in the small intestine of the rat. At 
2-3 min after treatment most of the Golgi stacks exhibited 
dilated cisternae. At 4-5 rain stacked cisternae were absent; 
they were replaced by groups of smooth-surfaced vacuoles. 
Dilatation and vacuolization occurred in the entire stacks 
without preferential effect on any particular Golgi subcom- 
partment. 

Monensin did not influence the cytochemical Golgi re- 
action of thiamine pyrophosphatase and acid phosphatase. 
The characteristic staining pattern of these two enzymes 
in all Golgi cisternae of absorptive cells in the proximal 
small intestine, and the reactivity restricted to trans cister- 
nae in distal segments of the small intestine, were un- 
changed after treatment with monensin. In the distal small 
intestine, the cytochemical pattern allowed the monensin- 
induced vacuoles to be attributed to the former cis- or trans- 
Golgi face. Further, the cytochemical results demonstrate 
that vacuolization is not restricted to the stacked cisternae, 
but includes the trans-most cisterna. The latter, usually lo- 
cated at some distance from the Golgi stacks, has been 
defined as belonging to the GERL system in several types 
of cells. The clear response to monensin, an agent that selec- 
tively affects the Golgi apparatus, indicates common prop- 
erties between trans-most and stacked Golgi cisternae. 
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The Golgi apparatus plays a central role in the intracellular 
traffic of membranes and of lysosomal and secretory mate- 
rials (Tartakoff 1980; Farquhar and Palade 1981). Compo- 
nents of the Golgi complex are engaged in processing and 
packaging products destined to be transported to the cell 
surface and to lysosomes, and vice versa they are also the 
final destination for membranes retrieved from the plasma 
membrane (Farquhar 1982). 

The carboxylic ionophore monensin, a metabolite of 
Streptomyees cinnamonensis (Pressman and Fahim 1982), 
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induces massive vacuolization of the Golgi apparatus ac- 
companied by a perturbation of the intracellular t ra f f ic  
(Tartakoff and Vassalli 1977, 1978). In addition to a distur- 
bance of endocytosis and recycling of cell surface receptors 
(Basu et al. 1981 ; Dickson et al. 1982; Marneli et al. 1982; 
Wilcox et al. 1982), monensin-induced inhibition of secre- 
tion has been described in several types of cells (Tartakoff 
and Vasalli 1977, ]978; Uchida et al. 1979; Ledger et al. 
1980; Nishimoto et al. 1982). Specific functions of  the Golgi 
apparatus, such as terminal glycosylation of glycoconju- 
gates (Tartakoff and Vassalli 1979; Tartakoff  et al. 1981 ; 
Niemann et al. 1982; Pesonen and Kfifiri~iinen 1982; Ledger 
et al. 1983) and sulfatation (Kajiwara and Tanzer 1982) 
are impaired by treatment with monensin. Recent results 
on kidney cells from baby hamsters infected with Semliki 
forest virus (Griffiths et al. 1983; Quinn et al. 1983) point 
to a predominant effect of subcompartments located at the 
level of intermediate to trans cisternae. 

In most of  the studies, which include morphological de- 
scriptions, monensin was administered at concentrations of  
0.1-25 gM for 30 min and longer periods. Under these con- 
ditions stacked Golgi cisternae are lacking; instead, massive 
accumulations of  large vacuoles dominate within the former 
Golgi areas. 

We studied the effect ofmonensin, administered intralu- 
minally at concentrations of 5 and 10 gM, on small-intesti- 
nal absorptive cells of the rat primarily under consideration 
of the following three aspects: 

1. Are initial alterations after short periods of treatment 
(2-5 rain) attributable to certain regions within the stacks ? 
After longer periods of  treatment, due to the loss of  the 
polarity of the stacks, it is not possible to attribute vacuo- 
lized Golgi components to the former cis- or trans region. 

2. It is open to discussion whether monensin may influ- 
ence the cytochemical reaction of thiamine pyrophospha- 
tase (TPPase) and acid phosphatase (AcPase), two enzymes 
widely used to characterize Golgi structures. 

3. The role of  the trans-most cisterna deserves special 
attention. It is not yet established whether this cisterna, 
frequently located at some distance to the stack, is a compo- 
nent of the Golgi apparatus (Hand 1980; Farquhar and 
Palade 1981; Broadwell and Oliver 1983; Pavelka and El- 
linger 1983), or whether it belongs to the GERL-system 
and thus should be regarded as a separate entity (Golgi- 
associated endoplasmic reticulum/lysosomes; Novikoff  
1976; Novikoff and Novikoff  1977). With respect to this 
question the response of the trans-most cisterna to monen- 
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Fig. I a-d. Controls: Comparative 
structural (a) and cytochemical 
(b--d) demonstration of the 
organization of the Golgi stacks 
in absorptive cells of the small 
intestine. 
a Duodenum: The clear polarity 
of this stack is representative for 
the entire length of the small 
intestine. Narrow cisternae at the 
trans side (--9 contrast to dilated 
cisternae and vacuoles at the cis 
side containing lipid particles (~). 
The trans-most cisterna is located 
at some distance from the stack 
(-~). x 35000. 
b TPPase Distal jejunum: Two 
reactive cisternae (~)  mark the 
trans side. The trans-most 
cisterna, setting off from the 
stack, reacts slightly (-~). x 
45000. 
e AcPase - Distal jejunum: 
Reaction is restricted to the trans- 
most cisterna, which resides at 
some distance to the stack (--~). 
x 45000. 

d TPPase - Duodenum: Cis - as 
well as trans cisternae and 
vacuoles are highly reactive. 
x 35000 

sin, known to affect the Golgi apparatus but not the endo- 
plasmic reticulum (Tartakoff  1983), is of  major significance. 

Materials and methods 

Female albino rats (Sprague-Dawley), weighing 200-250 g, 
were fasted overnight. Laparatomy was performed under 
anaesthesia with pentothal,  and ligatures were made in situ 
on segments of the duodenum, of the proximal or distal 
je junum, or of the ileum, measuring approximately 6 cm 

in length. Subsequently, 0.3 ml of monensin 1 (Lilly Re- 
search Center Limited, Erl Wood Manor,  England) at con- 
centrations of 5 or 10 laM were injected into the lumen. 
After 2, 3, 4, or 5 min, respectively, the ligature was opened 
and monensin replaced by 2.5% glutaraldehyde (electron 
microscopy grade, Merck, Darmstadt),  pH 7.2, buffered in 

1 Monensin was a generous gift of Dr. H. Kroeger, Lilly Research 
Centre Limited, Erl Wood Manor, Windlesham, Surrey, 
GU20 6PH England 
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Fig. 2. Monensin, 2 min; a-c 
demonstrate moderately altered Golgi 
stacks, which predominate at 2-3 min 
after treatment with monensin. 
Irregular dilatations are apparent on 
the stacked cisternae. 
a The trans-most cisterna, situated at 
some distance from the stack (-~) 
and paralleled by endoplasmic 
reticulum (~), is not affected, x 
40000. 
b Almost complete vaeuolization 
characterizes the ultimate cisterna of 
one side (--~). x 32000. 
e Vacuoles located at some distance 
to the dilated cisternae accompany 
the stack. Being reactive for TPPase 
in absorptive cells of the proximal 
small intestine (see Fig. 4a) and for 
AcPase along the entire small 
intestine (see Figs. 4b, 5c), the 
vacuoles can be assumed to be 
derived from the trans-most cisternae. 
Endoplasmic reticulum closely 
adjacent to the vacuoles (~,) is 
excluded from vacuolization, x 32000 

0.1 M cacodylate. Subsequently, small segments were ex- 
cised and immersed in the same fixative. 

For  morphological studies fixation lasted for 2 h at 
4 ~ C. After an overnight rinse in buffer, specimens were 
postfixed in 1% veronal acetate-buffered OsO 4 dehydrated 
in a graded series of  ethanol and embedded in Epon. For  
cytochemical studies, fixation was performed for 1 h, fol- 
lowed by an overnight rinse in 0.1 M cacodylate buffer con- 
taining 10% dimethylsulfoxide and 7.5% sucrose. 30-40 ~tm 
thick sections were cut on a freezing microtome. 

TPPase activity was demonstrated according to the 
method of  Novikoff  and Goldfischer (1961); sections were 
incubated in a medium containing 25 mg thiamine pyro- 
phosphate, 7 ml double-distilled water, 10 ml Tris maleate 
buffer, pH 7.2, 5 ml 0.025 M manganese chloride, 3 ml 1% 
lead nitrate, and 1.25% sucrose for 70 min at 37 ~ C. 

For  localization of  AcPase according to the method of  
Barka (1964) sections were incubated at pH  5.0 in a medium 
containing 10 ml 1.15% sodium fl-glycerophosphate, 10 ml 
Tris-maleate buffer, pH 5.0, 10 ml double-distilled water, 
20 ml 0.2% lead nitrate, and 7.5% sucrose for 20 min at 
37 ~ C. 

For  cytochemical controls equivalent media lacking the 
substrate were used. 

Postfixation, dehydration and embedding were per- 
formed as described above. Ultrathin sections either un- 
stained or stained with alcoholic uranyl acetate and alkaline 
lead citrate were examined in a Philips EM 400 electron 
microscope. 

Results  

Controls 

Golgi stacks of  mature small intestinal absorptive cells 
mostly display a clear polarity (Fig. 1 a): dilated cisternae 
containing lipid particles characterize the cis side; at the 
trans side narrow cisternae predominate. The trans-most 
cisterna frequently is situated at some distance to the stack. 

Unlike the morphological appearance of  the Golgi 
stacks, which is constant along the entire length of  the small 
intestine, the cytochemical reaction pattern o f  TPPase and 
AcPase differs between proximal and distal small intestinal 
segments (Pavelka and Ellinger 1982; Fig. l b-d).  In the 
duodenum and in the proximal jejunum all cisternae are 
strongly reactive for both enzymes (Fig. 1 d). The intensity 
of  the reaction declines gradually from proximal to distal 
small intestinal regions. In the distal jejunum and in the 
ileum TPPase and AcPase are restricted to cisternae o f  the 
trans side: TPPase is apparent  over one to three trans cister- 
nae; the trans-most cisterna stains slightly for TPPase or 
is free of  reaction (Fig. I b) but exhibits high AcPase activity 
(Fig. 1 c). 

In addition to the staining of  the Golgi apparatus, pri- 
mary and secondary lysosomes are reactive for TPPase and 
AcPase. In accordance with former reports (Saito and 
Ogawa 1966; Hugon  et al. 1970; Goldfischer et al. 1971; 
Novikoff  and Novikoff  1977) slight reaction for TPPase 
is demonstrable in the endoplasmic reticulum and at the 
apical and lateral plasma membrane. 



Fig. 3. Monensin, 5 min. In the 
supranuclear area groups of vacuoles 
characterize the former Golgi region. 
Stacked cisternae are not 
demonstrable. Nuclear envelope and 
endoplasmic reticulum are unaffected 
by the monensin-induced 
vacuolization, x 25000 

Fig. 4a, b. Monensin, 2 min, 
duodenum, a TPPase; b AcPase. 
Stacked cisternae as well as 
accompanying vacuoles are strongly 
reactive for both enzymes. Slight 
dilatations are apparent on individual 
cisternal segments. In (b) the trans- 
most cisterna exhibits conversion into 
vacuoles (-~-). a x45000; b x40000 
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Fig. 5a-e. Monensin, 2 min, distal 
small intestine. 
a TPPase, distal jejunum. Intense 
reaction of two cisternae at the trans 
aspect of the stacks. Proximal and 
trans-most cisternae exhibit traces of 
reaction product. At the left stack cis 
cisternae are vacuolized, whereas 
vacuolization of the trans-most 
cisterna is apparent on the right 
stack. • 37000. 
b TPPase, ileum. Reaction is 
restricted to one cisterna at the trans 
side of the stack. Cis cisternae ('A') as 
well as trans-most cisterna (-~) are 
devoid of reaction product, x 37000. 
e AcPase, distal jejunum. At the trans 
aspect of the stack two cisternae 
exhibit reaction product. The trans- 
most cisterna (-~) partially is 
converted into vacuoles, x 40000 

Monensin-treated animals 

Ultrastructure. 2-5 rain after adminis t ra t ion  o f  monensin  
most  Golgi  stacks of  the absorpt ive  cells a long the upper  
third of  the villi are affected. The degree of  the al terat ions 
depends on the dura t ion  of  treatment.  Golgi  cisternae may  
either be irregularly dilated, or  may  be replaced by smooth-  
surfaced vacuoles. The nuclear envelope and the endoplas-  
mic ret iculum remain unaffected. 

a) At  2-3 min after t rea tment  with monensin slightly 
altered stacks predominate .  In rare cases the stacked cister- 
nae are dilated, whereas the t rans-most  "se t t ing-off  
c is terna"  is unaffected (Fig. 2a). The major i ty  of  the stacks, 
however, exhibits the t rans-most  cisterna ina vacuolized 
form (Fig. 2b)  and the stacked cisternae di lated but  not  
converted into vacuoles. Vacuol izat ion of  the t rans-most  
cisterna appears  to precede vacuolizat ion of  the stacks. 

A clear a t t r ibut ion of  initial d i la ta t ion  to certain regions 
within the stacks is not  possible. Di la ta t ion  widely occurs 
on all cisternae throughout  the stacks, t h u s  resulting in 
a loss of  the polar i ty  (Fig. 2c). Morphological ly ,  cis- and 
trans sides cannot  be dist inguished in these cases. The va- 
cuoles, which accompany  the stacks at  some distance, are 
reactive for AcPase (see below) and thus can be assumed 
to be derived from the t rans-most  cisternae; they are helpful 
in the definit ion o f  the trans side on these stacks. 

Transi t ional  elements of  the endoplasmic  ret iculum re- 
siding closely adjacent  to the vacuoles are excluded from 
vacuolizat ion (Fig. 2c). 

b) Treatment  for 4-5 min causes massive vacuol izat ion 
o f  the Golgi  appara tus  (Fig. 3). Stacks of  f lat tened cisternae 
are not  demonst rable ;  vacuoles are restricted to the Golgi  
area. Morphological ly ,  it  is impossible to decide which o f  
the vacuoles are derived from the cis- or trans side. 
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Fig. 6a, b. Monensin, 5 rain. 
a TPPase, duodenum. All of the 
vacuoles that occupy the former 
Golgi region are highly reactive. 
x 30000. 

b AcPase, distal jejunum. Reaction is 
restricted to some of the monensin- 
induced vacuoles; others are devoid 
of reaction, x 26000 

Cytochemistry. Monensin applied for 2 5 min does not af- 
fect, or only minimally alters the activity of  TPPase and 
AcPase, as far as can be demonstrated cytochemically. The 
Golgi reaction in absorptive cells o f  treated animals reflects 
that of  controls. 

a) At 2-3 rain o f  treatment in the absorptive cells of  
the duodenum and proximal jejunum all stacked cisternae 
as well as the trans-most cisterna, independent from the 
degree of  vacuolization, react intensely for TPPase (Fig. 4 a) 
and AcPase (Fig. 4b). In absorptive cells of  the distal jeju- 

num and of  the ileum strong TPPase activity is apparent 
over 1-3 cisternae at the trans aspect of  the stacks (Fig. 5 a, 
b). The irregularly dilated cisternae o f  the cis side, and 
the vacuolized trans-most cisternae show slight reaction in 
the disital jejunum (Fig. 5a), and are devoid of  reaction 
product  in the ileum (Fig. 5b). Strong AcPase activity is 
demonstrable over the vacuolized trans-most cisternae 
(Fig. 5c), and may in addition be apparent over J-2 cister- 
nae at the trans side of  the stacks. 

b) At 4-5 min of  treatment, in absorptive cells of  the 
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proximal small intestine, all of the vacuoles that occupy 
the former Golgi area are highly reactive for TPPase 
(Fig. 6a) and AcPase. In contrast, in absorptive cells of 
the distal small intestine, the reaction for these enzymes 
is restricted to a portion of the vacuoles (Fig. 6b). 

Discussion 

In the present study we analyzed, in the absorptive cells 
of the small intestine of the rat, the response of the Golgi 
apparatus to short-time treatment with the ionophore mon- 
ensin. Intraluminal application at concentrations of 5 and 
10 ~M causes dilatation and vacuolization of all Golgi 
cisternae. The cytochemical reaction of TPPase and AcPase 
in absorptive cells of treated animals mirrors that of con- 
trols. 

Vacuolization of the Golgi apparatus induced by mon- 
ensin is a constant morphological finding (for review, see 
Tartakoff 1983). In ganglion cells, preferential dilatation 
of intermediate cisternae has been reported (Lindsey and 
Ellisman 1981); in contrast, uniform vacuolization of all 
cisternae throughout the stacks has been shown in a multi- 
plicity of cell types treated with monensin at concentrations 
of 0.1-25 I~M for 30 min and longer periods (Tartakoff and 
Vassalli 1977, 1978; Ledger etal. 1980; Tartakoff etal. 
1981 ; Nieman et al. 1982; Griffiths et al. 1983; Quinn et al. 
1983 ; Tougard et al. 1983). In agreement with the long-term 
studies, our results obtained at 2-5 min after treatment re- 
vealed uniform response of all cisternae constituting the 
stacks; we were unable to demonstrate a preferential effect 
on any particular Golgi sub-compartment. This disagrees 
with the results gained from functional studies on other 
types of cells (Tartakoff et al. 1981; Nieman et al. 1982; 
Griffiths et al. 1983 ; Quinn et al. 1983), pointing to a distur- 
bance at the level of intermediate to trans Golgi regions. 
It is not yet clear whether or not a correlation exists between 
the monensin-induced impairments of the Golgi function 
and the morphologically demonstrable vacuolization. 

In addition, we did not find an increase in the number 
of stacked cisternae that has been observed to precede the 
gross vacuolization of Golgi components in embryonic car- 
rot cells (Morr~ et al. 1983). 

The uniform response of stacked cisternae to monensin 
results in a loss of the polarity of the stacks. For further 
characterization of the dilated and vacuolized Golgi stacks 
the cytochemical pattern is essential. Consistent with the 
results obtained with other types of cells (Griffiths et al. 
1983; Tougard et al. 1983) monensin does not influence 
the Golgi reaction of TPPase and AcPase. Different staining 
patterns of these enzymes are found in absorptive cells of 
the duodenum, jejunum, and ileum (Pavelka and Ellinger 
1982; Ellinger and Pavelka 1982); they may reflect func- 
tional differences between the proximal and distal small 
intestine. The characteristic reaction of TPPase and AcPase 
in all Golgi cisternae in the proximal portion of the small 
intestine, and the reaction restricted to trans cisternae in 
distal segments, remain unchanged after treatment with 
monensin. In absorptive cells of the distal small intestine, 
because of the polar distribution of the reaction product 
within the stacks, and the localization of TPPase and 
AcPase, aids in defining cis- and trans sides on the vacuo- 
lized stacks. By means of the AcPase reaction, the vacuoles 
located at some distance to the stacks can be characterized 
as derivates of the trans-most cisternae. The cytochemical 

results demonstrate that the monensin-induced vacuoliza- 
tion is not restricted to the stacked cisternae but includes 
the trans-most " s e t t i n g -  off cisterna". Vacuolization of 
the trans-most cisterna appears even to precede dilatation 
of the stacked cisternae. In this respect, our results contrast 
to those gained from GH3-prolactin cells (Tougard et al. 
1983), which indicated a fragmentation rather than vacuoli- 
zation of the trans-most cisterna. 

The relationship of the trans-most cisterna either to the 
Golgi apparatus or to the endoplasmic reticulum is not 
yet established (Hand 1980; Farquhar and Palade 1981; 
Broadwell and Oliver 1983; Pavelka and Ellinger 1983). 
In a multiplicity of cell types, the trans-most cisterna of 
Golgi stacks has been defined as " G E R L "  (Golgi-asso- 
ciated endoplasmic reticulum/lysosomes; see Novikoff 
1976; Novikoff and Novikoff 1977), and thus, suggested 
to represent a specialized region of the endoplasmic reticu- 
lum. The clear response to monensin, an agent that affects 
the Golgi apparatus but not the endoplasmic reticulum 
(Figs. 2c, 3-6; Tartakoff 1983), indicates common proper- 
ties between trans-most and stacked cisternae, and suggests 
a relationship of the trans-most cisterna to the Golgi appa- 
ratus rather than to the endoplasmic reticulum. 

In absorptive cells of the small intestine, transitional 
elements of the endoplasmic reticulum are frequently lo- 
cated closely adjacent to trans Golgi cisternae (Pavelka and 
Ellinger 1983). The significance of this association is not 
clear; it is notheworthy, however, that the "Golgi-asso- 
ciated endoplasmic reticulum" retains its position despite 
the massive vacuolization of the trans-most cisternae, but 
is not included in the monensin-induced disorganization 
of the Golgi apparatus. 
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