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Summary. The fluorescent acridine derivative, quinacrine, 
was found to accumulate in rat and mouse pancreatic islet 
cells storing insulin, glucagon, pancreatic polypeptide, or 
somatostatin. Following administration of  large doses of  tol- 
butamide via an oro-gastric tube, the intensity of  quinacrine 
fluorescence of  insulin cells was substantially reduced. Simi- 
larly, the pancreatic insulin content was lowered. In contrast, 
the fluorescence intensity of  the glucagon, pancreatic poly- 
peptide and somatostatin cells appeared unaffected. Basal 
plasma insulin levels in the mouse were slightly elevated fol- 
lowing quinacrine administration (25%). Glucose-stimulated 

insulin release was markedly enhanced (51%) in quinacrine- 
pretreated animals, whereas insulin release induced by cholin- 
ergic stimulation was unaffected. The results show that quin- 
acrine accumulates in the various pancreatic islet cells. The 
drug seems to be confined to the secretory granules and af- 
fects the insulin response to glucose but not that to cholinergic 
stimulation, suggesting that these secretagogues act through 
different or partly different secretory pathways. 
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The  f luorescent  ant i -malar ia l  acr idine derivative, quin-  
acrine,  was recent ly  f o u n d  to accumula t e  in pancrea t i c  
islet cells [1, 2] with an  a p p a r e n t  half-life o f  abou t  40 h 
in the  insulin cells [2]. F luorescence  mic roscop ic  exami-  
na t ion  ind ica ted  that  the f l uo ropho re  a c c u m u l a t e d  in 
the secretory granules  a nd  it was  suggested  that  the dis- 
a p p e a r a n c e  rate o f  the f luorescence  might  reflect the 
tu rnove r  o f  granules  a nd  thus the secre tory  activity o f  
the  cell [2]. 

The  aims o f  the present  invest igat ion were (1) to es- 
tabl ish  which  o f  the pancrea t i c  endocr ine  cell types  ac- 
c u m u l a t e d  quinacr ine ,  (2) to e lucidate  whe the r  quina-  
crine accumula t i on  in the insulin cells was  af fec ted  by  
their  secre tory  activity, a nd  (3) to examine  the effect  o f  
qu inacr ine  on  s t imula ted  insulin release. 

Mater ia l s  and methods 

Animals 

Female mice of the NMRI strain (weight 25-35 g) and female Wistar 
rats (weight 150-200g) were used. Animals had free access to food 
(standard pellet diet; Astra-Ewos, Srdert~ilje, Sweden) and water. 

Drugs and chemicals 

Quinacrine hydrochloride was obtained from Serva, Heidelberg, 
FRG. Gum tragacanth was from Sigma Chemicals, St. Louis, Missou- 

ri, USA. Tolbutamide was from Hoechst, Frankfurt/Main, FRG. All 
other chemicals were from British Drug Houses, Poole, Dorset, UK. 

Fluorescence microscopy and immunocytochemistry 

Small tissue specimens were taken from the splenic and duodenal 
parts of the pancreas (24 h after the intraperitoneal injection of quin- 
acrine; 19.6 ~tmol/kg) and frozen in a propane-propylene mixture at 
the temperature of liquid nitrogen. After freeze-drying and fixing by 
exposure to formaldehyde gas at 80 ~ for 1 h, the specimens were em- 
bedded in paraffin or Epon (Polaron, Watford, Herts, UK). Paraffin 
sections (6 ~tm in thickness), were mounted in Entellan (Merck, 
Darmstadt, FRG) and examined by fluorescence microscopy using 
filters giving excitation at 405 nm (Leitz, Wetzlar, FRG). Occasionally 
sections were stained with aldehyde fuchsin which is reported to dem- 
onstrate insulin storing granules [3]. 

For identification of quinacrine-containing cells, consecutive plas- 
tic sections (1 .ttm) were examined, one for quinacrine fluorescence 
and the other for the presence of insulin [4], glucagon [5], pancreatic 
polypeptide [6], or somatostatin [7] using immunocytochemistry [4-7]. 
Details of the hormone antisera are given in Table 1. Immunoperoxi- 
dase (PAP) staining was used throughout. 

For measurement of fluorescence intensities the exciting wave- 
length of 405 nm was obtained from a stabilized DC Hg lamp (HBO 
200 W/2, Osram, Stockholm, Sweden) and the emission monochro- 
mator (Zeiss, Oberkochen, FRG) was set to transmit the wave-length 
of maximum emission. Relative fluorescence intensities were deter- 
mined by measuring the photocell output with a precision galvanome- 
ter. Extra-insular parts of the pancreatic parenchyma were used to ob- 
tain blank values. Each value is the mean of five to six recordings 
from each paraffin section. Correlation between fluorometer readings 
and amounts of quinacrine in islet cells has not been possible and the 
method has to be regarded as semi-quantitative. The instrument used 
has been described previously [8]. For further details of the procedure 
see Ekelund et al. [2]. 
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Table 1. Details of the antisera used 
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Antigen Immunization 
in 

Code no. Working dilution Source 
immunofluorescence 
staining 

References 

Bovine insulin Guinea-pig 

Porcine glucagon Rabbit 
Rabbit 

Bovine pancreatic Rabbit 
polypeptide 

Somatostatin 
(protein-conjugated) 

LA1 1:80 (3 h) 

7811 1:1280 
4304 1 : 80 (3 h) 

BPP 1 : 320 

L. Heding, Novo, Bagsvaerd, Denmark 4 

Milab, Malm6, Sweden 
J. Holst, Copenhagen, Denmark 5 

R. E. Chance, Eli Lilly, Indiana, USA 6 

Rabbit K18 1:200 Milab, Malm6, Sweden 
Rabbit 19 578 1:480 M.P. Dubois, Nouzilly, France 7 

Fig. I a-f.  Correlation of quinacrine-fluorescent islet cells in rat pancreas with immunostained cells in two series of three consecutive plastic sec- 
tions (1 lxm). a Quinacrine fluorescence, b insulin immunofluorescence, e glucagon immunofluorescence, d quinacrine fluorescence, e pancreatic 
polypeptide immunofluorescence, f somatostatin immunofluorescence. Arrows indicate localization of somatostatin cells with quinacfine fluo- 
rescence, arrow heads indicate pancreatic polypeptide cells ( • 188) 

Experimental procedure 

Quinacrine (19.6 ~tmol/kg), dissolved in NaC1 (0.154 tool/l), was giv- 
en intraperitoneally 20 h before intravenous injection of approximate- 
ly half-maximal doses of glucose (2.8mmol/kg) or carbachol 
(0.16 p.mol/kg). The compounds were dissolved in NaC1 (0.154 mol/1) 
and given in a tail vein at a volume of 0.2 ml/20 g. Blood was sampled 
by the orbital bleeding technique in conscious mice as described pre- 
viously [8]. Plasma immunoreactive insulin levels were recorded 2 min 
after injection of the secretagogues. Repeated experiments in this lab- 
oratory have shown that maximum concentrations of immunoreactive 
insulin in mouse plasma following a rapid intravenous injection of 
these compounds are reached after approximately 2 min [10]. Pan- 
creatic insulin was extracted in acid ethanol as described previously 
[111. 

In one series of experiments mice or rats were given tolbutamide 
(1.8mmol/kg) suspended in 0.5% (wt/vol) tragacanth solution 

through an oro-gastric tube. Control animals received only the vehi- 
cle. In mice this dose of tolbutamide was administered three times ac- 
cording to the following protocol: day 1 in the afternoon; day 2 in the 
morning and in the afternoon. Quinacrine was injected on day 2 in the 
afternoon i h after the last tolbutamide administration and the pan- 
creas was excised 20 h later (i. e. on day 3). The rats were given the 
same dose of tolbutamide on day 1 in the afternoon and on day 2 in 
the morning (i. e. only twice). Otherwise the same protocol was used. 
The volume load was 1 ml for the mice and 2 ml for the rats. 

Insulin and glucose determinations 

The concentrations of insulin in plasma and pancreas were deter- 
mined by radioimmunoassay [12]. Appropriate mouse or rat insulin 
standards (Novo Research Institute, Bagsvaerd, Denmark) were used. 
Plasma glucose levels were determined enzymatically [13]. 
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Fig.2a-d. Insulin immunofluorescense (a, b) is not overtly affected by tolbutamide, whereas aldehyde fuchsin staining (c, d) is greatly reduced. 
Paraffin sections, a, c Control mouse; b, d tolbutamide-treated mouse ( x 250) 
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Fig.3a and b. Quinacrine fluores- 
cence in insulin cells is reduced by 
tolbutamide, a control mouse; b tol- 
butamide-treated mouse. Paraffin 
sections. Note that cells in the pe- 
ripheral parts of the islet appear un- 
affected ( • 350) 

Statistical analysis 

Student's t-test was empolyed for tests of significance. Mean + SEM 
are given. Increase ( A ) in plasma immunoreactive insulin concentra- 
tions in response to stimulation was calculated by subtracting the bas- 
al plasma insulin concentrations in appropriate control groups, and 
by calculating the weighted SEM, taking into account SEM of both 
groups, 

Results 

Distribution o f  quinacrine amongst islet endocrine cell 
types 

Quinacrine was found to bind avidly to most pancreatic 
islet cells in the mouse and rat. Figure 1 shows that insu- 
lin, glucagon, pancreatic polypeptide and somatostatin 
cells can accumulate quinacrine in their cytoplasm. 

Effects o f  tolbutamide pretreatment on quinacrine 
distribution among islet endocrine cells 

In an attempt to elucidate whether quinacrine accumu- 
lation in insulin cells depends on the presence of insulin 
secretory granules and/or  the presence of insulin, large 
doses of tolbutamide were administered repeatedly to 
mice via an oro-gastric tube. Immunocytochemical 
staining for msuhn revealed a seemingly unaffected 
immunofluorescence intensity in the insulin cells fol- 
lowing tolbutamide (Fig.2). The unchanged insulin 
immunostaining after tolbutamide probably reflects the 
limitations of the immunocytochemical procedure as a 
technique for quantitative studies. In contrast, they 
stained only very weakly with aldehyde-fuchsin indicat- 

ing an almost complete loss of stainable granular mate- 
rial. Interestingly, the insulin cells were almost devoid 
of quinacrine fluorescence, whereas quinacrine fluores- 
cence of the other islet cell types appeared unaffected 
(Fig.3). 

The quinacrine fluorescence intensity of the insulin 
cells was reduced by about 55% in tolbutamide-pre- 
treated mice, and the pancreatic insulin content was 
lowered by about 40% (Fig. 4 a). In a similar experiment 
in the rat, the effect of tolbutamide was more marked 
than in the mouse. The quinacrine fluorescence intensi- 
ty was reduced by 75% and the pancreatic insulin con- 
tent was lowered by 65% (Fig.4b). Plasma insulin and 
glucose levels in these animals at the time of removal of 
the pancreas were as follows; plasma insulin, 15.7 _+ 2.4 
and 29.6+4.4mU/1 for control (n=7)  and tolbuta- 
mide-treated (n--7) rats, respectively (p<0.02), and 
plasma glucose, 5.5 _+ 0.2 and 4.6 _+ 0.3 mmol/1, respec- 
tively (p < 0.05). 

Effect of  quinacrine on basal and stimulated insulin 
secretion 

The effect of quinacrine on basal levels of insulin and 
glucose in mouse plasma 20 h after its administration is 
shown in Figure 5 a. Quinacrine raised the basal plasma 
insulin levels by 25%. This slight increase was not ac- 
companied by any change in plasma glucose levels. 

In the next series of experiments, the effects of quin- 
acrine pretreatment on stimulated insulin release were 
studied. A half-maximal dose of glucose or the cholin- 
ergic agonist carbachol was injected intravenously and 
the acute insulin release recorded. Glucose-stimulated 
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Fig.4. a Relative fluorescence intensity of quinacrine in islet insulin 
cells (left panel), and pancreatic insulin content (right panel) at 20 h 
after injection of quinacrine (19.6 fxmol/kg) to mice given either vehi- 
c len or tolbutamide�9 mmol/kg) via on oro-gastric tube at 24h, 
7 h and 1 h before quinacrine administration, b Relative fluorescence 
intensity of quinacrine in islet insulin cells (left panel), and pancreatic 
insulin content (right panel) at 20 h after injection of quinacrine 
(19.6 pmol/kg) to rats given either vehicle ( n )  or tolbutamide (N) 
(1.8 mmol/kg) via an oro-gastric tube at 24 h and 7 h before quina- 
crine administration, n=number  of animals examined. * p<0.01, 
�9 * p < 0.001 

~- a 
u 

757 15- 
z 

E 

so. , ~ lo. Ld ~  

FGLUCOSE7 

2s~ 

~> / "  I E T i ~  !  ,ool I l l  A 
 ,ol ,Ill I l l  

Fig.5. a Basal levels of immnnoreactive insulin and glucose in mouse 
plasma 20 h after injection of quinacrine (19.6 !xmol/kg, �9 ) or saline 
([]). b Increase ( A ) in plasma levels of immunoreactive insulin 2 min 
after an intravenous injection of approximately half-maximal doses of 
carbachol (0.16 lxmol/kg) or glucose (2.8 mmol/kg) in mice pretreated 
with quinacrine (19.6 gmol/kg, � 9  or saline (control, []) at 20 h be- 
fore the experiment. Plasma glucose levels are shown in the right pan- 
el. There were 16 animals in each group. * p <  0.01, ** p <  0.001 
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insulin release was markedly enhanced in quinacrine 
pretreated animals, whereas insulin release induced by 
carbachol was unaffected (Fig. 5 b). No difference was 
observed between controls and quinacrine pretreated 
animals with regard to plasma glucose levels. 

Discussion 

Recent investigations have shown that the fluorescent 
acridine derivative, quinacrine, accumulates in several 
peptide hormone-producing cell systems, including the 
pancreatic islet cells [1, 2]. Similarly, the quinacrine ana- 
logue, chloroquine, has been observed to display a high 
uptake in pancreatic islets both in vivo and in vitro 
[14-16]. However, previous work did not establish 
whether all the major islet cell types, i.e. insulin-, glu- 
cagon-, somatostatin- and pancreatic polypeptide-con- 
taining cells, had the ability to accumulate and store 
quinacrine and its analogues. The results of the present 
study suggest that they do. One possible mode of accu- 
mulation of quinacrine in tissues is trapping through 
protonation within intracellular organelles of low pH 
such as secretory granules and lysosomes [17-19]. 

The data from the experiments with tolbutamide 
lend support to the assumption [2] that a major propor- 
tion of the accumulated quinacrine in the insulin cells is 
associated with the secretory granules. Tolbutamide 
treatment reduced the insulin content and virtually 
eliminated aldehyde-fuchsin stainable material, the na- 
ture of which is unknown. After tolbutamide-treatment, 
insulin cells were less efficient in accumulating quina- 
crine, whereas the glucagon, somatostatin and pancre- 
atic polypeptide cells seemed unaffected (Fig. 3). These 
observations support the view that the insulin cells are 
important target cells for tolbutamide and further sug- 
gest that a reduced quinacrine fluorescence intensity re- 
flects an increased insulin granule turn-over [2, 20]. 

It has been shown previously that administration of 
the quinacrine-analogue chloroquine affects the secre- 
tory activity of insulin cells. Thus long-term experi- 
ments in vitro with cultured islets showed that this drug 
inhibited insulin secretion and synthesis, whereas a 
slight stimulatory effect on release was noted in acute 
experiments [15]. Pretreatment (20 h) of mice with quin- 
acrine in the present study slightly enhanced basal insu- 
lin secretion without changing the plasma glucose level. 
Further, quinacrine pretreatment greatly increased the 
insulin secretory response to glucose without affecting 
the insulin response to cholinergic stimulation. This dif- 
ferential effect on stimulated insulin release is highly 
suggestive of important differences in the stimulus-se- 
cretion coupling for these secretory pathways. Since 
quinacrine accumulates in the secretory granules (and 
possibly lysosomes) there is reason to believe that the 
effect of quinacrine on glucose-induced insulin release 
may be exerted within the secretory granules and/or ly- 
sosomes. The mechanism of action of quinacrine is not 
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known. In addition to the well-known binding to DNA 
[21] the quinacrine analogue chloroquine produces a va- 
riety of effects, many of which have been related to ac- 
cumulation in lysosomes. Changes that have been de- 
scribed include: inhibition of catheptic activity and 
degradation of proteins [22], lysosomal labilization [23], 
and enhancement of lysosomal fusion with other organ- 
elles [24]. Whether such effects are relevant for the effect 
of quinacrine on glucose-induced insulin release must 
await further study. However, it should be pointed out 
that the present results appear compatible with the hy- 
pothesis [25] that glucose-induced insulin release may 
involve lysosomal activation. Furthermore, previous in- 
vestigations have shown that the insulin secretory re- 
sponse induced by glucose, but not that induced by cho- 
linergic stimulation, was related to the activity of the 
lysosomal enzyme acid amyloglucosidase in the pan- 
creatic islets [25-27]. 

In conclusion, the acridine derivative quinacrine ac- 
cumulates in the insulin, glucagon, pancreatic polypep- 
tide and sornatostatin cells of the pancreatic islets in the 
rat and mouse. Degranulation of the insulin cells by the 
sulphonylurea drug tolbutamide substantially reduces 
the ability of these cells to accumulate quinacrine, sug- 
gesting that the drug is associated with the secretory 
granules. Quinacrine pretreatment greatly enhanced the 
glucose-induced insulin release in mice without affect- 
ing the insulin release induced by cholinergic stimu- 
lation, suggesting different secretory pathways for these 
two secretagogues. 
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