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Summary 

Acidotropic weak-base amines were used to investigate the role of acidic compartments in the pathway of aterograde-to- 
retrograde conversion of axonally transported vesicles in axon terminals. A local concentrated population of nascent axon tips 
was produced by transecting the rat sciatic nerve in situ to allow local and direct exposure of the axon tips to test solutions. 
Immersion of the nascent axon tips in solutions containing 10 mM ammonium choloride or 10 mM propylamine caused the 
axon tips to become distended by an accumulation of elongated membranous tubules and occasional large vacuoles that were 
both distinct from retrograde organelles. To test whether this accumulation was the result of an impairment of 
anterograde-to-retrograde conversion, a radioactive pulse-labelling method was used together with a retrograde collection 
ligature, to quantify the proportion of anterogradely transported proteins that returned from the axon tips by retrograde 
transport. Exposure of the axon tips to 10 mM ammonium chloride caused the anterogradely transported membrane proteins 
to accumulate in the axon tips and reduced by about 50% the amount of protein that returned to the retrograde collection 
ligature. These observations implicate the involvement of acidic membranous compartments in the anterograde-to-retrograde 
conversion pathway that leads to the formation of retrograde organelles in axon tips. Exposure of nerves to Acridine Orange, 
which is a vital acidotropic fluorescent dye, confirmed the presence of acidic compartments in the axon tips. Based on these 
observations, we propose that the membranous tubules that accumulated in the axon tips in the presence of weak-bale 
amines represent a transient intermediate in the pathway of anterograde-to-retrograde conversion of axonally transported 
vesicles in axon terminals, and that acidic membranous compartments within axon terminals are required for the conversion 
of these tubules into retrograde organelles. 

Introduction 

Anterogradely  t ranspor ted  membranous  organelles 
are the principal source of membranous  componen t s  
for the axon and its terminals.  Such organelles are 
cont inuously  assembled in the cell body  and trans- 
por ted  to the axon terminals by  the mechanisms of 
anterograde  axonal transport .  In the axon terminals,  
some of the anterogradely  t ranspor ted  substances are 
secreted, some are degraded  locally, and some are 
recruited to form re t rograde organelles that  are trans- 
por ted  back to the cell body  by the mechanisms of 
re t rograde axonal transport .  

The mechanisms that convert  anterograde organ- 
elles into re t rograde organelles in the axon terminals 
(A-R conversion) are not  unders tood ,  but  it is clear 

that re t rograde t ranspor t  is not  simply a reversal of 
anterograde transport .  For example,  electron micro- 
scopy of anterograde  and retrograde organelles has 
indicated that they differ significantly in size and 
structure. Apart  f rom the mitochondria ,  the vast 
majori ty of anterograde  organelles are small mem-  
branous  vesicles that are relatively uni form in size 
(typically 35-80 n m  in diameter).  By contrast,  retro- 
grade organelles are much  larger (typically 80- 
200nm in diameter),  he te rogeneous  and include 
m an y  multivesicular and multilamellar bodies 
(Tsukita & Ishikawa, 1980; Smith, 1980; Fahim et 
al., 1985). These s t ruc tura l  differences be tween  
anterograde  and retrograd organelles indicate that the 
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anterograde-to-retrograde (A-R) conversion process 
involves substantial remodelling of anterograde mem- 
branous elements within the axon terminal. 

Studies on the uptake and retrograde transport of 
exogenous markers by axon terminals indicate that the 
pathway of A-R conversion may intersect the local 
pathways of endocytosis. For example, one marker 
that has been used widely to trace the endocytic 
pathway in axons has been the enzyme horseradish 
peroxidase (HRP). When axon terminals are exposed 
to HRP, this exogenous protein is taken up by 
endocytosis and rapidly appears in vesicular and 
tubular membranous compartments within the ter- 
minals, and then subsequently in retrograde organ- 
elles, such as multivesicular bodies, which are 
transported along the axons to the cell bodies (LaVaiI 
& LaVail, 1974; Bunge, 1977; Tsukita & Ishikawa, 
1980). In the cell bodies, HRP appears in secondary 
lysosomes (Broadwell & Brightman, 1979). These 
observations suggest that retrograde organelles are 
intermediates in an endocytic pathway that utlimately 
delivers endocytosed membranous components to 
lysosomes where they are catabolized. 

A considerable amount is known about the path- 
ways of endocytosis in non-neuronal cells (for review, 
see Mellman, 1984; Mellman et al., 1987). In receptor- 
mediated endocytosis, endocytic vesicles form in 
coated pits and rapidly fuse with intermediate com- 
partments called endosomes, which are membranous 
vacuoles that are involved in the sorting of endocy- 
tosed ligands and receptors (Helenius et al., 1983). 
From the endosomes, membranous components can 
be 'recycled' to the plasma membrane via the exocytic 
pathway or sequestered in multivesicular organelles 
that ultimately fuse with lysosomes. An important 
characteristic of endocytic pathways that has emerged 
in recent years is the maintenance of an acidic pH 
within the endocytic and endosomal compartments 
(for review, see Mellman et aI., 1986). 

A powerful tool in the study of the role of acidi- 
fication in the membrane dynamics of non-neuronal 
cells has been the use of 'acidotropic' weak-base 
amines (De Duve et al., 1974; Seglen, 1983; Dean et al., 
1984; Mellman et al., 1986; Anderson & Orci, 1988). At 
neutral pH, weak-base amines are uncharged and can 
diffuse across cellular membranes if they are suf- 
ficiently lipophylic. When they diffuse into acidic 
membranous compartments within cells, they become 
protonated. In their protonated form, the amines are 
less lipophylic and consequently they accumulate 
within acidified compartments and thereby raise the 
internal pH. Studies on endocytosis in non-neuronal 
cells using exogenous weak-base amines have in- 
dicated that the endocytic pathway is critically depen- 
dent on the acidification of endocytic compartments. 
Elevation of intravesicular pH using weak-base 
amines interferes with the sorting of endocytosed 

ligands and receptors in endosomes and inhibits 
fusion of endocytic compartments. In this way, weak- 
base amines can cause an accumulation of endocytic 
intermediates leading to an impairment in the re- 
cycling of plasma membrane and in the delivery of 
membranous components to the lysosomes (for re- 
view, see Dean et aI., 1984; Mellman et aI., 1986). 

By analogy with other secretory cells, it is likely that 
the endocytic pathway in the axon terminals also 
proceeds via acidic compartments (Kelly, 1988). 
Recent support for this has come from the work of 
Sulzer and Holtzman (1989) on frog retinal photo- 
receptors, who have demonstrated for the first time 
the presence of acidic compartments that accumulate 
HRP in presynaptic terminals. Based on their obser- 
vations, they proposed that the acidic compartments 
in these terminals were endocytic in origin and that 
they might be analagous to endosomes. In view of the 
evidence cited for the incorporation of endocytic tracer 
into retrograde organelles, these observations suggest 
that the A-R conversion pathway in axon terminals 
may also proceed via acidic compartments. 

In this study, we have used the nascent axon tip 
method of Sahenk and Lasek (1988) to investigate the 
possible involvement of acidic compartments in A-R 
conversion in axon terminals. The sciatic nerve was 
transected in situ to create a concentrated population 
of nascent axon tips, allowing the local and direct 
application of weak-base amines to the axon terminals 
under defined solution conditions. Our results 
demonstrate that acidotropic weak-base amines im- 
pair A-R conversion in these axon tips. These obser- 
vations suggest that A-R conversion in axon terminals 
proceeds via intermediate compartments of low pH, 
which may be endocytic in origin. 

Materials and methods 

Effect of weak-base amines on axon tip morphology 

Sprague-Dawley male rats weighing 250-300 g were anaes- 
thetized with sodium pentobarbital (38 mg kg-1). The sciatic 
nerve was exposed and a 6/0 silk thread was passed through 
the perineurium of the nerve at the junction of the common 
peroneal and tibial branches to facilitate subsequent ma- 
nipulations. The nerve was then transected just distal to the 
silk thread to produce a locally concentrated population of 
axon tips. The proximal stump containing the nascent axon 
tips was carefully separated from adjacent tissue without 
excessively disrupting the surrounding connective tissue or 
compromising the blood supply to the nerve. A small tube 
containing about 100 ixl of control or test solution was then 
placed in the leg of the animal and the proximal stump of the 
nerve was inserted into the tube (Sahenk & Lasek, 1988). For 
the control experiments, the axon tips were immersed in 
Ringer's lactate solution (Travenol Laboratories, Inc., Deer- 
field, IL). For the experiments on the effect of weak-base 
amines, the lactated Ringer solution contained 10 mM am- 
monium chloride or 10 mM propylamine (both obtained 
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from Sigma, St. Louis, MO). The animals were maintained 
under anaesthesia throughout the experiments. 

After 1-3 h, the animals were killed and the nerves were 
removed and fixed for 1.5 h in 3% glutaraldehyde in 0.1 M 
phosphate buffer. Two mm-long segments were then re- 
moved from the distal ends of each nerve and placed in fresh 
fixative for an additional 3 h at room temperature. The tissue 
was postfixed in 2% osmium tetroxide in the same buffer for 
2 h at 4 ~ C, dehydrated in graded ethanol solutions and 
embedded in a low viscosity embedding medium. One 
jxm-thick sections were cut from longitudinally oriented 
tissue, stained with Toluidine Blue, and examined with a 
light microscope to locate the axon tips. Thin sections were 
then cut, stained with lead citrate and uranyl acetate, and 
examined with an electron microscope. 

Morphometry of axon tips 
The areas of the axon tips were measured in nerves that had 
been fixed after exposure for 3 h to Ringer's lactate solution 
alone (control) or Ringer's lactate solution containing 10 mM 
ammonium chloride (experimental). One ~m-thick sections 
were cut from four experimental nerves and four control 
nerves. The sections were stained with Toluidine Blue and 
four non-overlapping fields in each nerve were photo- 
graphed at a magnification of x 400 and printed at a final 
magnification of x 2400. The cross-sectional areas of the 
axon tips were measured from these photographic prints 
using a digitizing tablet and image analysis system (VIAS 
from Pelco, Ted Pella, Inc.; Tustin, CA). Over 100 axon tip 
areas were measured for each treatment (25-30 axon tip 
areas per nerve). 

Quantification of A-R conversion 
Sprague-Dawley male rats weighing 225-275 g were anaes- 
thetized with sodium pentobarbital (40 mg kg -1) and 15 fxl of 
Ringer's lactate that contained 150txCi of [3H]leucine 
(specific activity = 143.5 Ci mmol 1; New England Nuclear, 
Boston, MA) was injected into the L5-$2 ventral horn 
segments of the spinal cord. The sciatic nerve was then 
exposed immediately and crushed with a 6/0 silk ligature at 
the bifurcation point of the peroneal and tibial branches to 
produce a locally concentrated population of nascent axon 
tips (see above). After 7h, the animals were reanaesthe- 
tized, the sciatic nerve was exposed again, and a collection 
ligature was placed precisely 15 mm proximal to the crush 
site to collect the radiolabelled material returning from the 
axon tips. Previous studies on experimental and control 
animals have shown that the peak of the wave of radio- 
labelled anterogradely transported vesicles had passed the 
site of the collection ligature by this time and had already 
reached the crush site (Bisby & Bugler, 1977; Sahenk & 
Mendell, 1980a). After placing the collection ligature, the 
nerve was transected at the crush site and the proximal 
stump of the nerve was inserted into a small tube containing 
either Ringer's lactate solution (control) or Ringer's lactate 
containing 10 1TIM ammonium chloride (experimental con- 
dition) as described above. 

After an additional 3 h period, the animals were killed and 
the nerve segment distal to the collection ligature was 
removed and then cut into three segments (Fig. 1): a 2 
mm-long retrograde collection segment (directly adjacent 
and distal to the collection ligature), a 2 ram-long axon tip 

segment at the cut end of the nerve, and an 11 mm-long 
intervening segment that spanned the distance between the 
collection segment and the axon tip segment. The interven- 
ing segment was then subdivided into four 2 mm segments 
and one central 3 mm segment.' Each segment was solubil- 
ized in I ml Soluene-350 (Packard) and the radioactivity was 
then determined in a scintillation counter using a toluene- 
based scintillation cocktail (Permablend II, Packard). The 
radioactivity was converted to disintegrations per min 
(d.p.m.) by the method of internal standardization (count- 
ing efficiencies ranged from 25 to 35%). For each animal, the 
radioactivity in each nerve segment was expressed as a 
percentage of the total radioactivity for all the nerve seg- 
ments distal to the collection ligature (i.e. the retrograde 
collection segment plus the intervening segments plus the 
axon tip segment). 

Visualization of acidified compartments 
Acridine Orange was used to visualize acidified compart- 
ments within the axon tips. For these experiments, axon tips 
were produced by transecting the sciatic nerve as described 
earlier. The proximal stump of the nerve was then immersed 
in Ringer's lactate that contained either 27 fxM (10 pog m1-1) 
Acridine Orange (Allied Chemical, New York, NY) or 27 tXM 
Acridine Orange plus 10 mM ammonium chloride. After 
1.5-2 h, a 3 mm-length of the nerve stump (containing the 
axon tips) was excised, rinsed briefly in three changes of 
Ringer's lactate, and then frozen in isopentane, which was 
cooled in liquid nitrogen. Eight ixm-thick sections were cut 
from longitudinally oriented tissue blocks and mounted on 
slides under cover-slips. The sections were examined under 
ultraviolet light (emission light over 590 nm) and photo- 
graphed using a high speed film (Kodak T-Max P3200). 

Results 

Effect of weak-base amines on the morphology of axon 
tips 
The effect of two weak-base amines, a m m o n i u m  
chloride and propylamine,  on the ultrastructure of the 
axon tips were examined. Figure 2 shows the tip of an 
axon in a control nerve that had been exposed to 
Ringer 's lactate alone. In addit ion to small vesicles and 
occasional elongated tubules (40-80 nm), the axon tips 
also contained m a n y  organelles that resembled retro- 
grade organelles. This he terogeneous  group of organ- 
elles included clear vesicles (0.15-0.25p~m), dense 
vesicles (0.13--0.15 txm), vesicles with dark or light 
central cores (0.15-0.20 p~m), occasional multivesicular 
bodies (0.2-0.3 ~xm) and mitochondria.  Axon tips that 
had been exposed to a m m o n i u m  ions or propylamine  
were dis tended by the accumulat ion of numerous  
elongated tubules and contained relatively few organ- 
elles that resembled retrograde organelles (Figs 3-5). 
The tubules were similar to those that accumulated in 
a previous s tudy  with protease inhibitors (Sahenk & 
Lasek, 1988) and also to those observed in untreated 
axon tips, a l though they were larger in diameter. In 
axon tips that had been exposed to a m m o n i u m  
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Fig. 1. Diagram showing the experimental procedure for 
quantifying A-R conversion. Arrows show the direction of 
movement of anterograde and retrograde organelles. Solid 
line shows the position of the collection ligature and the 
dotted lines show the positions of the retrograde collection 
segment (R), the intervening segments (I1-I5) and axon tip 
segment (A). 

chloride, the diameter of tubules varied from 60 to 
90 nm (61.54_+7.60, n=12 random measurements). In 
axon tips that had been exposed to propylamine, the 
tubules were slightly larger, reaching 80-100nm 
(97.83_+15.63, n=12 random measurements) (Figs 4 
and 5). In addition to the membranous tubules, axon 
tips that had been exposed to ammonium ions or 
propylamine also occasionally contained large vacu- 
oles with diameters of about 0.25-0.7 t~m with some 
ranging up to 1.5 t~m or more. 

To quantitatively analyse the enlargement of the 
axon tips, the cross-sectional areas of axon tips were 
measured for control nerves and for nerves that had 
been exposed to 10 mM ammonium chloride (Fig. 6). 
Comparison of the distribution of axon tip areas for the 
two conditions indicated that they were significantly 
different (P ~ 0.01, Kolmogorov-Smirnov test). The 
average cross-sectional area of the axon tips was 
31 IJ, m 2 ( n  ---- 1 0 5 )  in control nerves and 55 IJ, m 2 ( n  ---- 121) 
in nerves that had been exposed to ammonium 
chloride, and the maximum cross-sectional area was 
110 iJ, m 2 in the control nerves and 330 IJ, m 2 in the 
treated nerves. In addition, the 24% of the axon tips in 
control nerves had a cross-sectional area of less than 
10 i~m 2, but the proportion was only 2% in treated 
nerves. These measurements indicate that the extent 
of accumulation of membranous tubules in the pres- 
ence of ammonium chloride was insufficient to in- 
crease the average cross-sectional area of the axon tips 
by about 80%. 

Effect of ammonium chloride on the A-R conversion 

To test whether the accumulation of membranous 
elements at the axon tips was the result of impairment 
of A-R conversion, a pulse-labelling method was used 
to investigate the effect of ammonium ions on the 
proportion of anterogradely transported membrane 
proteins that returned from the axon tips (Fig. 7). The 
data are the means for three control animals and five 
experimental animals. The total radioactivity in the 
nerves distal to the collection ligature (i.e. the axon tip 
segment plus the intervening axon segments plus the 

retrograde collection segment) varied between 12 513 
d.p.m, and 27 032 d.p.m, for the different animals; the 
average was 17329 d.p.m. This variation resulted 
from differences in the amount of radioactivity taken 
up by the neuronal cell bodies, which was determined 
principally by the proximity of the site of injection 
within the spinal cord to the cell bodies of the ventral 
motor neurons. This positioning was difficult to 
control precisely. Therefore, to compare the data from 
different animals, the radioactivity in each nerve 
segment was expressed as a percentage of the total 
radioactivity in the nerve distal to the collection 
ligature for that animal. 

In control animals, 43+2% of the radioactive mem- 
brane proteins were recovered in the axon tip segment 
3 h after applying the collection ligature and 21+ 2.5% 
of the radioactive membrane proteins were recovered 
in the retrograde collection segment. The radioactive 
proteins in the axon tip segment represent proteins 
that had accumulated at the axon tip as a consequence 
of their association with anterogradely moving organ- 
elles. The radioactive proteins in the retrograde collec- 
tion segment represent proteins that had returned 
from the axon tips as a consequence of their associ- 
ation with retrogradely moving organelles. The low 
amount of radioactivity in the intervening axon seg- 
ments indicates that most of the radioactivity associ- 
ated with the anterogradely moving organelles had 
reached the axon tips. Most of the radioactivity i n the 
intervening segments probably represents radioactive 
proteins that were associated with retrograde organ- 
elles that were moving towards the retrograde collec- 
tion segment. Previous studies on the kinetics of A-R 
conversion at the nascent axon tips have indicated that 
radioactive membrane proteins continue to return 
from the axon tips for up to 30 h, after which no more 
radioactivity accumulates in the retrograde collection 
segment (Bisby & Bulger, 1977; Sahenk & Mendell, 
1980a). 

In nerves that had been exposed to 10ram am- 
monium chloride, the amount of radioactive proteins 
that returned from the axon tips was less than for the 
control treatment. Specifically, 53+3.4% of the radio- 
activity was recovered in the axon tip segment and 
10_+4% of the radioactivity was recovered in the 
retrograde collection segment. Thus the proportion of 
radioactivity in the axon tip segment was 23% greater 
than that of the controls and the proportion of 
radioactivity in the retrograde collection segment was 
52% less than that of the controls. Statistical analysis 
using Student's t-test indicates that these differences 
were statistically significant (P ~ 0.01), but that the 
small difference between the proportion of radioac- 
tivity that was in each of the intervening segments in 
the experimental and control conditions was not 
statistically significant (P < 0.4). Therefore, the de- 
crease in the amount of radioactive protein that 
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Fig. 2. Electron micrograph of an axon tip after exposure to Ringer's lactate solution for 3 h showing heterogeneus group of 
membranous organelles such as clear vesicles (asterisk), dense vesicles (arrows), vesicles with dark or light central cores 
(arrowheads), cup shaped bodies (small arrow), and elongated tubules (double arrow). • 20 000. 

Fig. 3. Axon tip following exposure to 10 mM ammonium chloride for 3 h showing dense accumulation of tubules structures. 
x 15 000. 

Fig. 4. Axon tip, densely packed with elongated tubular structures (arrows), showing large vacuoles with diameter of about 
250 nm (arrowheads) after exposure to 10 mM propylamine for 3 h. x 20 {900. 

Fig. 5. At higher magnification, part of an unmyelinated axon tip exposed to propylamine showing vacuoles with diameters 
of 100-300 nm. x 27 000. 



370 

3 0 -  

20 

I0 

o 
o 

< 3 o -  

2o 

I0 

50 I O0 

CONTROL 
A 

,60 260 26o 360 
B 

NH4CI 

0 50 I O0 150 200  250 3 0 0  

Cross-sect ional  Area (#m 2) 

Fig. 6. Histogram showing the distribution of cross- 
sectional areas for axon tips after exposure to (A) Ringer's 
lactate and (B) Ringer's lactate containing 10 mM ammonium 
chloride. 

accumulated in the retrograde collection segment in 
the experimental animals can be accounted for by the 
additional radioactivity that accumulated at the axon 
tips. These observations suggest that the accumu- 
lation of membranous elements at the axon tips in the 
presence of ammonium ions was the result of an 
impairment in the removal of anterogradely trans- 
ported proteins from the axon tips by the retrograde 
transport pathway. 

Visualization of acidified compartments using 
Acridine Orange 
A vital acidotropic fluorescent dye, Acridine Orange, 
was used to test for the presence of acidified compart- 
ments in the axon tips. Acridine Orange has been used 
widely to visualize acidified compartments in the 
non-neuronal cells (Allison & Young, 1969; Poole, 
1977). Because this dye is a weak-base amine, it tends 
to accumulate in acidified compartments within cells. 
Low concentrations of the dye are sufficient to label 
intracellular acidified compartments without signifi- 
cantly elevating the internal pH of those compart- 
ments. The extent of accumulation of the dye is 
dependent on the pH of the membranous compart- 
ment and is indicated by the colour of the fluorescence 
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Fig. 7. Effect of ammonium chloride on A-R conversion. 
The radioactivity in the axon tip segment (A), intervening 
segments (1-5) and retrograde collection segment (R) are 
shown for control (Ringer's lactate) and experimental 
(10 mM ammonium chloride in Ringer's lactate) treatments. 
Data for the control treatment are the mean of three animals 
and data for the ammonium chloride treatment are the mean 
of five animals. The error bars represent the standard 
deviations. The values for the axon tip segment and retro- 
grade collection segment were significantly different 
(P < 0.01, Student's t-test). 

because the fluorescence emission spectrum is depen- 
dent on the dye concentration. At low concentrations 
the dye emits a green fluorescence, but at higher 
concentrations the emission spectrum shifts towards 
longer wave lengths (yellow or orange). 

Axon tips were exposed to 27~M (10 ~g m1-1) 
Acridine Orange in Ringer's lactate for 1.5-2 h in situ. 
The nerves were then removed from the animals, 
frozen, and sectioned for fluorescence microscopy. 
Sections examined under ultraviolet light showed the 
presence of yellow-green fluorescent spots at the cut 
end of the nerve that were comparable in size to the 
nascent axon tips (Fig. 8). In addition, faint fluor- 
escence was also detected in the distal regions of the 
axons but no fluorescence was detected more proxi- 
mally. At higher concentrations of Acridine Orange 
(greater than 270 ~M), the colour of the fluorescence in 
the axon tips was orange, which indicated that the 
concentration of the dye in the axon tips was also 
higher: However, this was associated with a non- 
specific increase in yellow background fluorescence. 

To confirm that the fluorescent staining of the axon 
tips was the result of accumulation of dye in acidified 
compartments, we exposed axon tips to Acridine 
Orange in the presence of a much higher concen- 
tration of ammonium ions which would be expected to 
elevate the internal pH of any acidified compartments 
and thereby abolish the accumulation of the dye. 
Figure 9 shows that exposure of axon tips to 27 ~M 
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Fig. 8. Fluorescent micrograph of the nerve stump after exposure to Acridine Orange (27 IXM in Ringer's lactate) for 30 rain. 
Distal (d) cut end where nascent axon tips are located shows fluorescent spots. More proximally (p) no fluorescence is 
detected, x 130. 

Fig. 9. Nerve stump showing no fluorescence after exposure to 27 ~M Acridine Orange in the presence of 10 mM ammonium 
chloride, x 130. 

Acridine Orange in the presence of 10 mM ammonium 
chloride abolished the accumulation of the dye within 
the axon tips. These observations support the con- 
clusion that the axon tips contain acidic compart- 
ments. 

Discussion 

Nascent axon tips: an experimental method for 
studying A-R conversion 

Our interest in the mechanisms of A-R conversion 
originated with a study on the neurotoxic effects of 
pyridinethione, an industrial antimicrobial agent. Sys- 
temic administration of zinc pyridinethione to rats led 
to an accumulation of elongated membranous tubules 
in the terminals of peripheral sensory and motor 
axons, causing these terminals to become distended 
and enlarged (Sahenk & Mendell, 1979). Studies on 
axonal transport in sciatic nerves of treated animals 
revealed that there was a reduction in the amount of 
anterogradely transported protein that returned from 
the axon terminals by retrograde transport, but analy- 
sis of the kinetics of retrograde transport in these 
axons indicated that the rate of movement of the 
retrograde organelles was not affected (Sahenk & 
Mendell, 1980). These observations suggested that 
pyridinethione selectively impaired local mechanisms 
of A-R conversion of axonally transported vesicles in 
the axon terminals. 

To study the mechanisms of A-R conversion of 
axonally transported organelles more directly, Sahenk 
and Lasek (1988) developed the nascent axon tip 
method. The advantage of this experimental model is 
that it produces a concentrated population of axon tips 
that are more accessible to experimental investigation 
than the natural nerve terminals. In particular, the 
nascent axon tips can be exposed locally and directly to 

solutions of defined composition. Studies on axonal 
transport using the pulse-labelling method have es- 
tablished that A-R conversion of axonally transported 
organelles is highly efficient in these nascent axon tips 
(Bisby & Bulger, 1977). The severed axons apparently 
seal rapidly, and at the ultrastructural level, the 
common finding that we have noted is that there are 
generally more organelles that resemble retrograde 
organelles in the nascent axon tips than in natural 
nerve terminals, and this could be caused by the high 
efficiency of A-R conversion in the axon tips. 

To evaluate further the validity of the nascent axon 
tip method for studies on A-R conversion, we have 
used electron microscopy to compare the effects of 
pyridinethione on nascent axon tips and natural nerve 
terminals (Z.S., unpublished observations). In one set 
of experiments, nascent axon tips were exposed 
locally to a Ringer's lactate solution that contained 1% 
(v/v) sodium pyridinethione (Omadine | for 2 h. Elec- 
tron microscopy of the axon tips revealed massive 
accumulations of elongated membranous tubules that 
were indistinguishable from those seen in natural 
nerve terminals following systemic exposure to pyri- 
dinethione (Sahenk & Mendell, 1979, 1980b). In 
another set of experiments, nascent axon tips were 
exposed to pyridinethione systemically. For these 
experiments, the sciatic nerve on one side of each rat 
was severed, and then the incision was closed and the 
animals were fed for I week with a diet containing 166 
p.p.m, of zinc pyridinethione. The morphology of the 
axon tips within the sciatic nerve was compared with 
the morphology of the natural nerve terminals in the 
lumbrical muscles on the contralateral side of the 
animal. Both the axon tips and the natural nerve 
terminals were characterized by an accumulation of 
membranous tubules as described earlier. The simi- 
larity in the effect of pyridinethione on nascent axon 
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tips and on natural nerve terminals supports the use of 
nascent axon tips as an experimental model for the 
investigation of A-R conversion. 

Furthermore, animals with unilateral sciatic nerve 
transection that were exposed to 2,5 hexanedione, a 
toxin known to produce a distal non-terminal axono- 
pathy with no impairment in A-R conversion (Sahenk 
& Mendell, 1981) showed normal growing axon tips 
and neurofilamentous swellings located more proxi- 
mally in the transected nerve. However, intoxication 
with 2,4 dithiobiuret, an agent recently shown to 
produce a distal termina ! axonopathy (Sahenk, 1990), 
resulted in a massive accumulation of membranous 
tubules similar to those observed with pyridinethione 
both in nascent axon tips and natural nerve terminals. 
These observations provide additional evidence that 
the basic mechanisms involved in A-R conversion are 
effectively taking place at the nascent axon tips and the 
model can be used effectively to characterize the 
experimental distal axonopathies according to the site 
of pathology, distal non-terminal versus distal ter- 
minal. 

Weak-base amines impair A-R conversion 

In this study, the nascent axon tip method was used to 
investigate the possible role of acidic membranous 
compartments in the A-R conversion pathway in axon 
terminals. For these experiments, we selected two 
weak-base amines, ammonium ions and propyl- 
amine, that have been used widely in studies on acidic 
compartments in non-neuronal Cells (Seglen, 1983; 
Dean et aI., 1984; Mellman et al., 1986). Exposure to 
10mM ammonium chloride or 10mM propylamine 
caused the axon tips to become distended by an 
accumulation of membranous tubules. To test 
whether this local accumulation of membranous 
elements in the axon tips was the result of an 
impairment of A-R conversion, the radioactive pulse 
labelling method was used to quantify the proportion 
of anterogradely transported proteins that returned 
from the axon tips by retrograde transport. We found 
that 10 mM ammonium chloride caused an accumu- 
lation of anterogradely transported radioactive pro- 
teins in the axon tips, and a corresponding reduction 
in the amount of radioactive proteins conveyed by 
retrograde transport. 

Ultrastructural analysis of the nerve stumps sug- 
gests that the reduction in the amount of retrogradely 
transported proteins in the presence of ammonium 
ions was the result of an impairment of retrograde 
organelle formation rather than to an impairment of 
retrograde organelle transport. Specifically, the mem- 
branous tubules that accumulated in the axon tips in 
the presence of the weak-base amines were structur- 
ally distinct from the organelles that are conveyed by 
retrograde transport (Tsukita & Ishikawa, 1980; Smith, 
1980; Fahim et al., 1985). Furthermore, axon tips that 

had been exposed to weak-base amines actually ap- 
peared to contain fewer organelles that resembled 
retrogradely transported organelles, despite the large 
number of membranous tubules that accumulated. 
These observations suggest that weak-base amines 
can selectively impair the A-R conversion pathway 
that leads to the local formation of retrograde organ- 
elles in axon terminals. 

Membranous tubules are an intermediate in the A-R 
conversion pathway 

The observation that membranous tubules accumulate 
under conditions that impair the return of antero- 
gradely transported proteins from axon tips suggests 
that these membranous elements are derived from 
anterogradely transported membranous organelles 
and that they are an intermediate structure in the A-R 
conversion pathway. This proposal is supported by 
the observation that similar membranous tubules also 
accumulate locally within axon terminals in the pres- 
ence of two other agents that are known to impair A-R 
conversion. One of these agents is pyridinethione, 
which we have discussed above. In addition to pyri- 
dinethione, A-R conversion can also be impaired by 
inhibitors of thiol proteases (Sahenk & Lasek, 1988). 
Using the nascent axon tip method, Sahenk and Lasek 
(1988) demonstrated that the amount of anterogradely 
transported proteins that returned from the axon tips 
was reduced by about 75% in the presence of l m g  
ml 1 E-64, which is a specific inhibitor of thiol pro- 
teases. Electron microscopy of the axon tips after 
exposure to the protease inhibitor revealed that the 
axon tips were enlarged and contained numerous 
densely packed membranous tubules, similar to those 
observed in the present study and in the presence of 
pyridinethione. 

Acidic membranous compartments are required for 
A-R conversion 

The ability of weak-base amines to impair A-R conver- 
sion suggests that acidic membranous compartments 
exist in the axon tips and that the acidity of these 
compartments is necessary for the local conversion of 
anterograde membranous elements into retrograde 
membranous elements. To examine more directly 
whether acidic compartments were present in the 
axon tips, we exposed nascent axon tips to low 
concentrations of the vital acidotropic dye, Acridine 
Orange. Our results demonstrate that Acridine 
Orange accumulated locally within the axon tips but 
that no accumulation occurred in the presence of an 
excess of ammonium ions, which would be expected 
to neutralize any acidic compartments. These obser- 
vations provide additional and more direct evidence 
that the axon tips contain acidic membranous com- 
partments. 
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Evidence for acidic compartments within axon ter- 
minals has also been presented by Sulzer and Holz- 
man (1989), based on their studies on the presynaptic 
terminals of frog retinal photoreceptors. Using the 
endocytic tracer HRP, these authors also demon- 
strafed that the acidic compartments were endocytic in 
origin. These studies suggested that the endocytic 
pathway in axon terminals may proceed via compart- 
ments of acidic pH with at least some of the character- 
istics of endosomes. Our present observations suggest 
that the pathway of A-R conversion of axonally 
transported organelles may also proceed via acidic 
membranous compartments. Collectively, these 
observations suggest that local acidification of mem- 
branous compartments may be an integral part of the 
pathways of membrane traffic in axon terminals. 

Our data do not address directly the identity of the 
acidic membranous compartments in the axon tips. 
The fact that the membranous tubules accumulate in 
the presence of weak-base amines does not necessarily 
mean that these tubules are acidic; for example, it is 
also possible that the site of acidification is another 
membranous compartment with which the mem- 
branous tubules fuse during their conversion into 
retrograde organelles. However,  our ultrastructural 
observations do provide indirect evidence about the 
sites of acidification within the axon tips. Specifically, 
studies on acidification have established that weak- 
base amines can cause enlargement and vacuolation of 
acidic membranous compartments, and this has been 
attributed to osmotic influx of water caused by the 
high concentration of protonated amines that can 
accumulate in the acidic compartments (Okhuma & 
Poole, 1981). Therefore, the enlargement of a compart- 
ment in the presence of weak-base amines is an 
indication that the compartment was acidic. Based on 
this reasoning, it is likely that the large vacuoles that 
we observed in the presence of weak-base amines 
were the principal sites of accumulation of amines and 
thus the prindpal sites of acidic pH in the axon tips. 
However,  we also noted that the membranous tubules 
that accumulated in our studies were slightly larger in 
diameter than the membranous tubules that accumu- 
lated in nerve terminals in the presence of pyri- 
dinethione (Sahenk & Mendell, 1979) and in the 
presence of thiol protease inhibitors (Sahenk & Lasek, 
1988). The larger diameter of the tubules in the present 
study may also be caused by osmotic swelling, and it is 
at least consistent with the possibility that these 
tubules also maintain an acidic pH. 

Studies on the uptake of HRP by axon terminals 
have indicated that this endocytic tracer ultimately 
appears in retrograde organelles, and this suggests 
strongly that the A-R conversion pathway intersects 
the endocytic pathway in axon terminals (see Intro- 
duction). Although the identity of the membranous 
tubules that accumulate in the presence of weak-base 

amines is not clear, it is possible that they may be 
endocytic in origin and that they may represent a point 
of intersection between the pathways of endocytosis 
and A-R conversion. This possibility is supported by 
ultrastructural studies on the uptake of the endocytic 
tracer HRP in neuronal and non-neuronal cells, which 
have revealed that HRP rapidly appears in weakly 
acidic endocytic compartments called endosomes that 
can assume a tubular morphology that is similar to the 
membranous tubules that accumulated in this study 
(Graham & Karnovsky, 1966; Bunge, 1977; Helenius et 
al., 1983; Geuze et al., 1983). In addition, studies on 
non-neuronal cells have demonstrated that weak-base 
amines can cause endosomes to accumulate in the 
cytoplasm (Berg & Tolleshaug, 1980; Gordon et al., 
1980; Merion & Sly, 1983). The accumulation of these 
endocytic intermediates has been attributed to an 
indirect inhibition of the fusion of these organelles 
with each other or with other intracellular compart- 
ments (Dean et al., 1984). To test the possibility that the 
membranous tubules that accumulated in our studies 
are endocytic in origin, we plan to investigate the 
uptake of the endocytic tracer HRP in axon tips in the 
presence of weak-base amines. 

It should be noted that the inhibition of A-R 
conversion in our experiments was not complete. 
Specifically, the amount of radioactive membrane 
proteins that accumulated at the retrograde collection 
ligature was reduced by about 50% when the axon tips 
were exposed to 10ram ammonium chloride. One 
possible explanation for this partial inhibition is that 
the pH of the acidic compartments was not elevated 
sufficiently to completely impair the normal function 
of these compartments. Another possible explanation 
is that there is more than one pathway of A-R 
conversion in axon terminals and that a proportion of 
the membrane proteins can enter retrograde organ- 
elles through a pathway that does not involve acidic 
compartments, or that is less sensitive to pH. An 
investigation of the concentration-dependency of the 
weak-base amine effect would help to resolve this 
issue. 

Possible involvement of acid proteolysis in A-R 
conversion 

The similarity in the morphology of the distended 
axon tips in the presence of weak-base amines, 
pyridinethione and thiol protease inhibitors, suggests 
that these agents may act at a common stage in the A-R 
conversion pathway. The biological activity of pyri- 
dinethione is not known but the high affinity of this 
compound for heavy metal ions (Dalziel & Thompson, 
1964) and its reactivity with thiol groups (Chandler & 
Segal, 1978), suggest that it could inhibit thiol en- 
zymes or enzymes requiring heavy metal cofactors 
(Sahenk & Mendell, 1980b). In contrast to pyri- 
dinethione, the biological activity of thiol protease 
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inhibitors and  weak-base  amines  can be def ined more  
clearly. In fact, s tudies on non-neurona l  cells have  
s h o w n  that  weak-base  amines  and  thiol pro tease  
inhibitors are bo th  po ten t  inhibitors of lysosomal  
prote in  degrada t ion  (Seglen & Gordon ,  1980; Seglen, 
1983). Based on this over lap in the action of these two 
different agents ,  it is attractive to p ropose  that  the 
impa i rmen t  of A-R convers ion  by  weak-base  amines  
and  thiol p ro tease  inhibitors m a y  be f rom the action on 
pro teases  that  require acidic p H  for their activity. 

A n u m b e r  of different  observat ions  lend suppor t  to 
this hypothes is .  First, Martz  and  co-workers  (1988) 
have  p rov ided  evidence  that  l imited proteolyt ic  cleav- 
age of certain axonal ly- t ranspor ted  po lypep t ides  oc- 
curs dur ing  A-R conversion.  Second, ~there is also 
direct evidence for the presence  of acid hydro lases  in 
re t rograde organelles.  Specifically, Schmied and  Hol-  
t zman  (1987) have  demons t r a t ed  the presence  of acid 
p h o s p h a t a s e  activity in mult ivesicular  bodies  wi thin  
the terminals  of frog pho to recep to r s  us ing  cytochemi-  
cal me thods ,  and  Sahenk  and  co-workers  (1990) have  

demons t r a t ed  the presence  of ca thepsin  D in nascent  
axon tips and  in re t rogradely  t r anspor ted  organel'les 
us ing immunocy tochemis t ry .  

Until recently it has  been  a s s u m e d  wide ly  that  
re t rogradely  t r anspor ted  prote ins  do not  normal ly  
acquire acid hydro lases  until  they  reach the cell b o d y  
and  fuse wi th  p r imary  lysosomes  (Broadwell & 
Brightman,  1979; Broadwell  et al., 1980). The obser-  
vat ions repor ted  here  sugges t  that  re t rogradely  trans- 
por t ed  organelles m a y  acquire at least some acid 
hydrolyt ic  activity at a m u c h  earlier state in their  
existence, name ly  at their  site of origin in the axon 
terminals.  
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