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Neuropeptide Routing in the Bag Cells: Kinetic Differences in the
Appearance of Newly Labeled Peptides in Transport and Secretion

S. Arch, A. Linstedt,' G. Whitney, P. Teal,> and T. Smock®
Biological Laboratories, Reed College, Portland, Oregon 97202

The bag cell neurons of Aplysia synthesize and secrete several
peptides. Some of these, in addition to the egg-laying hormone
(ELH), are strongly implicated in the various alterations of cen-
tral neuronal activity that accompany an electrical discharge of
the bag cells. Thus, the secreted peptides appear to play a va-
riety of roles in the animal’s physiology. We have been inter-
ested in the intracellular mechanisms that precede peptide se-
cretion from the bag cells because of the evidence that most, if
not all, of these peptides are derived from a common precursor.
Our objective has been to determine if presumed products of
this precursor are processed coordinately following their syn-
thesis. We have concentrated on two peptides (ELH and the
acidic peptide, AP) because they are most easily identified in
our analytical systems. On pulse-chase radiolabeling of the cells
in vitro, we found that labeled AP appears before labeled ELH
in axonal transport. This observation is not easily accounted for
by the assumption, taken from studies of other peptide-secreting
cells, that a precursor to both peptides is loaded into secretory
granules before further processing ensues. Since the initial dis-
proportion in the representation of the peptides in transport is
no longer detectable at long chase times (18 and 24 hr), we
examined the possibilities that ELH production is delayed rel-
ative to that of AP or that AP is degraded more rapidly than
ELH. No evidence was found for either process. The dispropor-
tion between the newly labeled peptides in transport was evident
on analysis of the medium bathing bag cells depolarized after
24 hr of chase. In addition to indicating that neither delayed
production nor degradation is a major process affecting the pep-
tide stoichiometry in transport, the secretion results appeared
to show the existence of a queuing mechanism that constrains
granule intermixing at secretory terminals. Finally, by analysis
of single-cell peptide contents, we sought to determine if indi-
vidual cells specialize in production of one or the other peptide.
All the cells we assayed had produced both ELH and AP. Hence,
we interpret our results to be consistent with an inference that
ELH and AP are produced in a manner that leads to their
independent inclusion in secretory granules.

The bag cell neurons of Aplysia californica were the first pep-
tidergic neurons demonstrated to produce their characteristic
secretory product, the egg-laying hormone (ELH), by way of a
larger precursor protein (Arch, 1972b). It was subsequently de-
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termined that a second peptide of approximately the same size,
but considerably different isoelectric point, the acidic peptide
(AP), was also synthesized, transported, and secreted by these
neurons (Arch, 1981; Arch et al., 1976a, b). The kinetics of
appearance of these two peptides in the cell after pulse labeling
led to the inference that they are derived from a common pre-
cursor. More recently, peptide mapping (Berry, 1981; Berry et
al., 1981) and gene sequence (Mahon et al., 1985; Scheller et
al., 1984) studies have supported this inference. There is also
structural and functional evidence for the existence of three
smaller peptides produced from the precursor sequence (Roth-
man et al., 1985; Scheller et al., 1983, 1984).

Although the precursor molecule appears to give rise to sev-
eral peptides for which there is some form of physiological evi-
dence of secretion, these sequences comprise less than half the
precursor. Both earlier (Arch, 1972b; Arch et al., 1976a, b) and
more recent (Berry, 1981; Yates and Berry, 1984) studies in-
dicate that an initial cleavage of the precursor results in the
production of a substantial fragment that remains in the cell
somata and turns over slowly (cf. Loh et al., 1975). The re-
maining portion of the precursor appears to undergo further
processing with transport to secretory terminals reducing its
representation in the cell somata. It appears, therefore, that the
initial stage of precursor processing precedes the formation of
secretory granules.

The locations of further processing of the precursor fragment
containing the secreted peptides is not known. Yates and Berry
(1984) suggest, from studies using monensin-intoxicated cells,
that an intermediate containing both AP and ELH may be in-
serted into secretory granules before further conversion occurs.
This would be consistent with the evidence for intragranular
precursor conversion from studies of the production of neuro-
physins and their associated nonapeptide hormones in the mag-
nocellular neurons of rats (Gainer et al., 1977). Similarly, pre-
cursor conversion, or the presence of conversion-competent
enzymatic activities, have been found in a variety of peptide-
secreting, nonneuronal cells (Fletcher et al., 1981; Glembotski,
1981; Gumbiner and Kelly, 1981; Hook and Loh, 1984). The
studies reported in this paper were undertaken to determine if
ELH and AP are likewise produced within the neurosecretory
granules of bag cell neurons. Since our initial results cast doubt
on this mechanism, we have evaluated a variety of alternative
hypotheses.

Materials and Methods

Aplysia californica were obtained at 3-week intervals from Alacrity Ma-
rine Biological Services (Redondo Beach, CA). They were maintained
in a 165 gallon aquarium containing recirculated artificial sea water at
15°C and 34 parts per thousand. An overhead fluorescent light photo-
cycle of 16 hr light: 8 hr dark was automatically controlled. All pro-
cedures described below were conducted at 15°C unless otherwise noted.
All glass- and plastic-ware used in these studies was silanized.

The parietovisceral (abdominal) ganglion was removed from freshly
killed animals, and the bag cell organs (BCO) with 1-2 cm lengths of
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connective nerves were dissected. After preincubation in ultrafiltered
(0.22 pm) artificial seawater for 4 hr, the BCO were transferred to a
defined medium (Arch, 1972b) for radiolabel uptake. The incubation
medium volume was 250 ul and contained 25 uCi 3H-leucine (L-leucine
3,4,5-°H, >140 mCi/mMm, New England Nuclear, Boston, MA). Ra-
diolabel incorporation was terminated after either 1 or 6 hr by transfer
of the BCO to a chase medium (Arch, 1972b) containing a 1000-fold
excess of unlabeled leucine. Chase continued for various times as noted.

Pulse-chase procedure

For the pulse-chase studies, the BCO were removed from the chase
medium, blotted dry, and frozen on dry ice. They were typically stored
at —25°C for 24 hr or less before preparation and analysis. For the
studies employing 1 hr labeling pulses, a frozen BCO was homogenized
and prepared for analysis as described below. In the series using 6 hr
pulses, the frozen BCO was thawed at 2°C on a thermoelectrically cooled
microscope stage and then manually dissected into two samples under
a dissecting microscope. One sample was obtained by making two tran-
sections approximately 1 mm apart along the root of the connective
nerve immediately rostral to the cell cluster. This sample is enriched
for bag cell neurites but is unlikely to contain cell bodies. The other
sample was obtained by slitting the connective tissue capsule surround-
ing the bag cell cluster and gently extruding the cell somata. Each sample
was immediately ground in 50 ul of ice-cold, 0.1 M acetic acid containing
100 ug/ml each of ovomucoid trypsin inhibitor, bacitracin, and N-A-P
tosyl-lysine chloromethyl ketone (TLCK; Sigma Chemical Co., St. Louis).
The homogenate was subsequently centrifuged at 10,000 x g for 10
min at 4°C. The resulting supernatant solution was removed and re-
tained on ice while a second homogenization of the pellet in 50 ul of
the protease inhibitor supplemented acetic acid was performed. The
second supernatant solution after centrifugation was pooled with the
first and the combined volume was lyophilized in a vacuum centrifuge.

Single-cell analysis

A different postincubation procedure was used to obtain single bag cells
for analysis. After 6 hr, BCO were transferred from the incubation
medium to one containing 1 mm Ca2+ and elevated Mg2+ (Arch, 1972b)
to suppress secretory activity. Thirty minutes later, the bag cell clusters
were removed from the BCO. They were then transferred to fresh low-
Ca?* medium containing | mg/ml collagenase (EC 3.4.24.3, Type IV,
Sigma Chemicals). Enzyme treatment lasted for 3 hr and was followed
by a brief rinsing in the same medium devoid of collagenase. Single bag
cell somata were then separated from the cell clusters under low-Ca2+
medium with glass needles. Each cell was taken up in a capillary tube
with a minimum of surrounding medium (1-3 ul) and transferred to a
plastic microtube containing 50 ul of the acetic acid grinding medium
previously described. The remaining bag cell cluster and three to five
samples (5 ul each) of the low-Ca?*+ medium were similarly transferred
to grinding medium and all tubes were frozen on crushed dry ice.

The residual cell clusters were subsequently homogenized manually,
centrifuged for 10 min at 10,000 x g (4°C), with the supernatant solution
retained for analysis. The single cells and medium samples were thawed
on ice, drawn into and expelled from a capillary tube, and frozen on
dry ice. This freeze-thaw and mixing sequence was repeated three times.
All samples were then lyophilized and held at —25°C until analysis by
isoelectric-focusing electrophoresis.

Analysis of the medium samples was performed to determine the
extent to which the medium carried over with the single cells contributed
to the electrophoresis pattern obtained. The results indicated that an
upper limit of 15% of the total radiolabel detected in the single-cell
samples could be ascribed to contamination from the medium. The
distribution of radiolabel in the medium samples approximated that
detected in the residual cell cluster samples and presumably represents
leakage from cells damaged during single-cell dissection. No evidence
of secretory discharge of peptides was detected.

Isoelectric-focusing electrophoresis

Isoelectric-focusing gels containing pH 3.5-10 ampholytes (LKB-Pro-
dukter, Bromma, Sweden) were prepared and run as previously de-
scribed (Arch et al., 1976a). Following overnight extraction of the gels
in two changes of 10% trichloroacetic acid (TCA), scintillation counting
of sequential gel slices in Wilson’s counting solution (Ward et al., 1969)
was performed. Data retrieval, reduction, and graphical analysis were
managed by computer.
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Neurosecretion procedure

For studies of peptide secretion from the BCO, the pulse-chase proce-
dure described above was followed, but the chase interval was ended
by transfer of the BCO to a 200 ul vol of osmotically balanced medium
containing 10 times the normal potassium concentration (Arch, 1972b)
and supplemented with 1 mm TLCK. After 60 min, the BCO were
transferred to a rinse medium and held for variable periods before being
challenged once again in high-potassium medium. The high-potassium
medium, after removal of the BCO, was lyophilized to remove H,0,
redissolved in ultrapure water, centrifugally filtered through a Nylon 66
membrane filter, and injected into a reverse-phase C,; column (5 um
spherical packing, 4.6 x 25 mm; Alltech Assoc., Deerfield, IL) connected
to an high-pressure liquid chromatography (HPLC) system. The sample
was eluted at ambient temperature with a programmed gradient starting
at 100% aqueous 0.01 M ammonium acetate (pH 5.5) and ending at
70% ammonium acetate : 30% acetonitrile. Sequential fractions were
collected at a rate of | ml/min and sampled for analysis by scintillation
counting. The retention times for ELH and AP were determined by
calibration of the column with previously purified radiolabeled peptides.

Results

Our initial experiments were designed to determine if recently
synthesized ELH and AP appear in axonal transport coordi-
nately. We chose to follow the appearance of AP and ELH as
indicators of the final stages of precursor processing because
they are known to be transported by a colchicine-sensitive pro-
cess and secreted in response to depolarization (Arch, 1972a;
Arch et al., 1976b; Kupfermann, 1972; Loh et al., 1975; Stuart
et al., 1980). Moreover, because of their relatively high leucine
content (Chiu et al., 1979; Scheller et al., 1983) and dissimilar
isoelectric points (Arch et al., 1976a), radiolabeling and iso-
electric focusing give clear indications of their presence in sam-
ples of interest (e.g., Fig. 1, top). Although neither the pI 9.3
(ELH) nor the pl 4.8 (AP) peak of radiolabel on IEF gels is pure
with respect to contaminating radiolabeled species, elution from
IEF and re-electrophoresis on SDS-PAGE, or chromatography
on HPLC, indicates 80% or more of the TCA-precipitable, leu-
cine-radiolabel is in a single species at each isoelectric point
(Arch et al., 1976a; and unpublished observations).

If it is assumed that these two species are components of a
common precursor and that this precursor, or a common in-
termediate, is converted intragranularly, the two peptides should
appear in transport with a fixed stoichiometry. Consequently,
we allowed BCO to incorporate *H-leucine for 6 hr and then
prepared soma and neurite samples for assay by IEF. The 6-hr
labeling period was chosen because earlier studies (Arch et al.,
1976b) indicated that this much time was required for biosyn-
thetically labeled protein to appear in axonal transport. Figure
1 illustrates an example of a 6 hr label: 15 min (O hr) chase
sample. It is evident that the peptides of interest are both abun-
dantly present in labeled form at this time in the soma sample
and that labeled AP is already present in the neurites. As can
be seen in Figure 2, the labeled peptides continue to accumulate,
relative to other labeled and precipitable species, in the neurite
sample with increasing time after the end of the radiolabeling
period. The precipitable radiolabel not attributable to either
peptide in these samples, i.e., the denominator in the specific
activity calculation, shows no trend across the series. The lowest
value (1171 + 146 cpm, mean + SEM) was at 6 hr and the
highest (2321 + 362 and 2324 + 757 cpm) were at 0 and 24
hr.

It is notable that labeled AP appears in its native form in the
neurites before labeled ELH. The course of the changing rela-
tionship between newly synthesized ELH and AP in transport
is shown in Figure 3. If we take the radiolabel stoichiometry
between the two peptides in the soma samples at the end of the
incubation period (0 hr chase) to be an indication of their syn-
thetic stoichiometry, then it appears that the peptides entering
transport at the earlier times after the end of radiolabel incor-
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Figure 1. Two profiles illustrate the distribution of labeled peptides

from bag cell somata and neurites after separation by isoelectric focusing
electrophoresis. The peaks labeled A4 and E, respectively, represent AP
and ELH and occur at pH positions of approximately 4.8 and 9.3. The
two gels were prepared from a single BCO rinsed 15 min after a 6 hr
pulse labeling in 3H-leucine. The relative quantities of the two peptides
present in labeled form in the neurites is very different from their syn-
thetic stoichiometry as seen in the cell bodies.

poration do not reflect this proportionality. On the grounds that
this unexpected difference between soma and initial neurite stoi-
chiometries may provide some insight into the processes of
peptide production, we attempted to investigate this transport
disproportion further.

The temporal change in peptide stoichiometry is evident spa-
tially along the neurites at a single chase time (Fig. 4). The more
distal neurite samples show relatively more labeled AP than the
more proximal. It is interesting to note that the distal samples
show a prominent neutral peak of radiolabel in addition to those
for the peptides (see also Fig. 1, bottom).

To examine the possibility that the latency in ELH appearance
in the neurites is the result of a slow conversion of an ELH-
containing intermediate, we assayed the peptide content of the
medium surrounding the BCO after they had been depolarized.
As is evident in Figure 5, even at 24 hr after incubation, when
the neurite ELH:AP (E:A) ratio is at the same value as the initial
soma ratio (Fig. 3), little labeled ELH is secreted on an initial
depolarization. However, when a second depolarization is im-
posed, labeled ELH appears in quantity. The results for six
replicates of this procedure are summarized in Table 1 and show
that the changes between first and second secretion challenges
are statistically significant for only the materials located at the
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Figure 2. Radiochemical specific activity (RCSA) of the two peptides
in the neurite fractions is plotted as a function of chase interval. ELH
and AP were identified at their isoelectric points on electrophoretic gels
and the counts per minute (cpm) in three contiguous gel slices at the
respective pIs were summed. The calculation of RCSA was made by
dividing the summed cpm for each peptide by the total cpm in the gel
after subtraction of the contribution from the other peptide. The values
shown are means (£SEM) of 5-10 individual determinations at each
time point.

retention times characterized for AP and ELH with this elution
system. Thus, it seems improbable that the gradual change in
representation of ELH in the neurite samples is the result of a
slow production of the peptide from some other form that pre-
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Figure 3. Mean (£SEM) ratios of radiolabel in ELH to that in AP at
various durations of chase following a 6 hr labeling period are shown
for rostral neurites of the bag cells. These ratios can be compared to the
synthetic stoichiometry measured as the cell body ratio calculated at 0
hr chase and represented with dashed lines. These data were compiled
from between 5 and 10 BCO assayed by isoelectric-focusing electro-
phoresis at each time point. The differences between the neurite ratios
and that of the cell bodies were tested with Student’s ¢ test. A pooled
variance modification for small sample sizes was used (Dowdy and
Wearden, 1983). a, p < 0.025; b, p < 0.01; ¢, p < 0.005.
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Figure 4. Relative quantities of labeled peptides in transport, as a
function of distance from the cell bodies at 6 hr of chase after a 6 hr
period of labeling, are shown in this set of IEF profiles. The BCO was
removed from the chase medium and frozen on a microscope slide over
dry ice. The connective nerves were gently stretched during freezing so
that sequential transections could be made at the indicated levels rostral
to the cell cluster. This example is one of a series of eight BCO sampled
at various chase times. As would be expected (see Fig. 3), the difference
between cell body and rostral neurite peptide ratios is more evident
with shorter durations of chase. The positions of acidic peptide (4), a
neutral species (), and ELH (F) are indicated. Note that the ordinate
scale for the neurite samples differs from that for the cell bodies.
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Figure 5. A, Distribution of radiolabel in the eluate (I ml/min) from
an RP-HPLC separation of 100 ul of high-potassium medium is shown.
This is a first-secretion challenge of a pair of BCO after 24 hr of chase
following a 6 hr pulse labeling. The first major peak (A4) on the abscissa
is the column void with over 70% of the leucine radiolabel contained
in AP. The second peak is *H-leucine. The position of ELH elution is
indicated (E). B, The RP-HPLC separation of the medium from a sec-
ond-secretion challenge is shown for the same tissue. This challenge was
presented 4 hr after the first challenge (illustrated above). The apparent
staging of secretion according to labeled peptide arrival time at the
terminal is evidenced by the appreciable increase in labeled ELH re-
covered after this second depolarization,

viously entered the neurites. The apparent preponderance of
labeled AP in early transport seems to be sustained so that the
first labeled material secreted reproduces a relative AP abun-
dance over ELH.

Newly arriving secretory granules must not intermix freely
with those already present. It is as though there were some sort
of mechanism that constrains the granules in relation to the
active sites of secretion. We, therefore, attempted to determine

Table 1. Radiolabeled species in superfusates of sequential
secretions

Retention

time First secretion Second secretion
(min) (cpm = SEM) (cpm += SEM)
4-5¢ 1467 = 175 820 + 163¢
6-7* 390 £ 76 154 + 25

15-18 208 = 78 147 £ 18

20-21 158 £ 41 72 = 38

25-28 248 + 86 125 £ 40
33-35¢ 68 + 25 590 + 2327

< Retention time for AP.
® Retention time for *H-Leu.
¢ Retention time for ELH.

4 Count rate different from first secretion value at p < 0.05 (two-tailed ¢ test with
pooled variance).
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Figure 6. A, This first-secretion challenge was performed and assayed
in the same way as described for Figure 4, except that the BCO was
exposed to colchicine (5 mm) for 3 hr immediately preceding the de-
polarization. A substantial amount of labeled ELH is secreted under
these conditions. B, Result of the second-secretion challenge posed to
the same BCO is shown.

if fibrous organelles play any role in maintenance of the neu-
rosecretory granule “queue.” When BCO are exposed to either
colchicine (5 mm) or procaine (0.1 mm) (Nicholson et al., 1976)
for 3 hr after a 24 hr chase and then stimulated to secrete, both
AP and ELH are secreted in approximately the stoichiometry
expected from their representation in the neurites (Fig. 6). Thus,
disruption of the polymerization equilibria for microtubules and
other fibrous organelles affects the apparent staging of secretion
of newly synthesized AP and ELH.

Labeled AP may appear in transport earlier because its pro-
duction from a precursor form in the cell bodies precedes that
of ELH. To examine this possibility, we reduced the radiolabel
incubation time from 6 to 1 hr. Earlier studies have shown that
the initial precursor has a half-life of about 45 min (Arch, 1972b,
1976); thus, we reasoned that a latency between the subsequent
production of AP and ELH would be more evident with the
shorter labeling puise. The results of this study are summarized
in Figure 7. If production of AP occurred substantially earlier
than that of ELH, we would have expected the ratio values to
display a positive slope over the chase interval. Although the
regression line for these data has a positive slope (6.38 x 10-%),
it is not significantly different from zero (p = 0.80); hence, if
AP is being produced earlier than ELH, the latency is too short
to be resolved by these methods.

An alternative possibility to account for the earlier appearance
of AP in transport could be biochemical heterogeneity among
the bag cells. If the cells “specialize in the production of one
or the other of the peptides of interest, as is the case for POMC
products in the anterior and intermediate lobes of the mam-
malian pituitary (Herbert et al., 1981), the apparent temporal
difference in the production of ELH and AP could be ascribed
either to kinetic differences in precursor degradation or to the

Neuropeptide Routing in Bag Cells
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Figure 7. Mean E:A ratio (£ SEM) determined for 6-10 BCO at each
point is shown as a function of chase time following a 60 min incubation
(horizontal bar) of the tissue in *H-leucine. The least-squares regression
line fit to the data is shown.

location of the two cell types relative to the region from which
the neurites were sampled. To test this possibility, we labeled
BCO for 6 hr and then manually recovered single-cell somata
after a 3-hr postincubation in collagenase-containing medium.
Examples of isoelectric-focusing electrophoresis gel profiles ob-
tained from single cells are presented in Figure 8. It is evident
that single cells produce both peptides at their native isoelectric
points; thus, heterogeneity among bag cells to the extent that
they produce only one or the other peptide is not apparent. The
results of this study are summarized in Figure 9. This summary
supports the inference drawn from the individual cases but also
indicates substantial variation around the modal ratio value.

Two measures were taken to account for introduction of sam-
ple and methodological biases in the single-cell analyses. For
the graphical presentation, normalization of the single-cell pep-
tide ratios was performed by calculating the difference between
the single-cell E: A ratio and that of the residual cell cluster from
which the cell was removed. After this manipulation, if each
cell in a cluster were essentially identical to every other, all cases
would be logged at O on the abscissa. To control for method-
ological variations, labeled cell clusters were homogenized, as-
sayed for radiolabel content, made up into aliquots to produce
volumes and count rates comparable to those encountered with
single cells, and then taken through the same sample preparation
procedures as used with the single cells. Ratio difference cal-
culations for 10 such samples from two different clusters dis-
played a range of values that would be included within the width
of a single bar on the abscissa. It appears therefore that the
variation displayed in this group of single cells is not a conse-
quence of those aspects of tissue or procedural variability over
which we have control. That there is a skew toward a relative
excess of labeled ELH may be explained by the duration of the
postincubation period. Some cells may have exported relatively
more AP than the population average. Whether this explanation
can be extended to the more extreme cases is not clear. The
possibility that some cells may be expressing more than one
precursor sequence (Scheller et al., 1982; ¢/ Mahon et al., 1985)
cannot be excluded in our analysis. Indeed, the indication of a
secondary mode at approximately +0.5 on the abscissa could
represent a contribution from the products of such an additional
precursor.

Discussion

These studies were undertaken to gain further information about
the location of the major posttranslational processing steps in
the generation of the secretory peptides characteristic of the bag
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Figure 8. 1EF profiles prepared from three individual bag cells taken

from one bag-cell cluster are shown. Both ELH and AP are evident in
each cell.

cells. It is well-established that posttranslational modifications
of membrane and secreted proteins begin in the cisternae of the
endoplasmic reticulum, and continue in the Golgi sacs and
membrane-bounded vesicles (Blobel, 1980; Palade, 1975; Roth-
man, 1981). With respect to cells that secrete more than one
biologically active peptide, the location of the processing steps
that separate one peptide from another could have regulatory
implications. For example, if peptides are separated from one
another prior to granule closure, regulation of granule contents
could occur. Alternatively, if the major conversion steps in pep-
tide production do not occur until granule closure, the peptide
makeup of the secretory output of the cells will be essentially
invariant. Given the evidence that ELH and AP are components
of a common precursor (Arch et al., 1976 a, b; Berry, 1981,
Berry et al., 1981; Mahon et al., 1985; Scheller et al., 1984;
Yates and Berry, 1984), we predicted that secretory granules in
axonal transport would show the same stoichiometry of ELH
and AP as detected in the cell bodies at the end of a period of
radiolabeled amino acid incorporation, if separation of these
two peptides takes place intragranularly. The results of sampling
the proximal, rostral neurites immediately after a 6 hr pulse of
labeling (Figs. 1-3) are not consistent with the prediction that
cell body and neurite samples would show equivalent E:A stoi-
chiometries. Moreover, the stoichiometry within the neurite
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Figure 9. Frequency distribution of E:A ratios for 59 single bag cells
is displayed. The values on the abscissa represent the difference between
the single cell ratio and that of the residual cell cluster. The width of the
histogram bars was determined by the variability detected from assays
of replicate samples.

fraction converges on the original soma value with increasing
time after the end of radiolabel incorporation. This adjustment
of labeled peptide representation in the neurites implies the
existence of a process that compensates for the initial dispro-
portion.

A possible compensating process, if precursor or common
intermediate conversion is intragranular, could be a latency be-
tween AP and ELH production. If this were the case, an inter-
mediate antecedent to ELH should be detectable in the neurite
fractions. A candidate for this role could be the neutral species
noted in the more rostral neuritic fractions illustrated in Figure
4 and also apparent in Figure 1, bottom. However, it would
seem that the more rostral the sample, the longer the posttransla-
tional interval available for conversion to have occurred; yet it
is in these more rostral samples that the neutral species is most
apparent. In any case, if a slowly converting intermediate for
ELH were in transport, we would expect to see a trend toward
decreasing quantities in the denominators of our neurite specific
activity calculations (Fig. 2). As noted, these values do not show
any trend. This suggests that the source of increasing represen-
tation of labeled ELH is the cell bodies and not conversion from
species already in transport. We also performed the 1 hr labeling
pulse series to determine if the presumed latency between AP
and ELH production could be observed at the time of initial
precursor processing. The stability of the E:A ratio over the
chase interval examined does not favor a hypothesis that AP is
produced appreciably earlier than ELH.

An alternative to a latency in the sequential production of
AP and ELH couid be a more rapid turnover of AP than of
ELH within the granule. For example, peptide mapping of the
putative precursor (Berry et al., 1981) has indicated the presence
of a second AP-like sequence. If both these APs are produced
in the granule, but one is more liable to further processing, an
initial disproportion between labeled AP and labeled ELH may
be “corrected” over time as the more labile AP sequence is
degraded. If this were the case, however, the course of specific
activity change evidenced in Figure 2 would be expected to show
a flat or eventually declining trajectory, depending on the rel-
ative kinetics of AP production and fractional degradation.

Another approach to evaluating a process of progressive AP
degradation during transport is shown in our secretion studies.
If the apparent relative increase in labeled ELH during chase
is, in fact, a relative decrease of labeled AP, then by 24 hr of
chase, the peptides will have reached a point of equivalent ra-
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diolabeled stoichiometry in the neurites and terminals (Fig. 3).
Hence, a secretory stimulus at this time should yield approxi-
mately equivalent amounts of labeled products in the medium.
This prediction is not supported in our study (Fig. 5). There is
a preponderance of labeled AP in the first secretion challenge
to the tissue. Only on the second challenge to the same tissue
do we see significant levels of labeled ELH. An inference from
these results is that the initial disproportion of labeled AP in
transport is sustained to the point of secretion 24 hr later. Al-
though this does not argue against intragranular degradation of
either peptide, it does indicate that the time course of any such
degradation is slow relative to the timing of our experiments.

The staging of secretion in accord with the presumed arrival
time at the active secretory site implies the existence of some
constraint on free intermixing of granules at the terminal. Al-
though the manifestation of a queuing process is not consistent
with the classical conceptions of random movement of secretory
granules in the terminal cytoplasm, the likelihood that an or-
dering mechanism of some sort operates generally in peptidergic
cells isimplicit in the observation that more recently synthesized
secretory peptides have a higher probability of being secreted
than “older”” molecules (e.g., Jamieson and Palade, 1971; Mor-
rissey and Cohn, 1979; Nordmann and Labouesse, 1981; Shar-
oni et al., 1976). By comparison with the timing of studies in
these other systems (typically many days), both labeled peptides
in our samples would be considered “younger” products. Thus,
it would appear that the queuing phenomenon operates on the
more recently synthesized materials only.

The nature of the organizing mechanism is a matter of spec-
ulation; however, filamentous networks have been reported in
both peripheral and central synaptic profiles in other prepara-
tions (Ellisman and Porter, 1980; Gray, 1978; Kondo et al.,
1982; Stearns, 1982). The detailed cytoarchitecture, the rela-
tionships among the various elements, and the associations be-
tween any of these and secretory granules within terminals re-
main unresolved (¢f. Hirokawa et al., 1985). Nonetheless, even
without active associations, the existence of a fibrous matrix
within terminals might provide a passive restraining structure
that would discourage rapid intermixing of granules. Our find-
ings that colchicine and procaine treatments, immediately be-
fore secretion challenge, lead to evidence of granule intermixing
are consistent with a hypothesis that polymerized and mem-
brane-anchored fibrous elements play a role in secretory queuing.

The apparent difference in the kinetics of labeled AP entry
into axonal transport and that of ELH is difficult to reconcile.
The possibilities of a latency between AP and ELH production
and a selective degradation of AP during transport are both
unsupported. Our single-cell analyses also disfavor differential
processing of precursors by different classes of bag cells, and are
consistent with morphologic (Haskins et al., 1981), cytochem-
ical (Smock and Arch, 1977), and immunohistochemical (Chiu
and Strumwasser, 198 1) studies indicating bag cell homogeneity.
Consequently, it would appear that either ELH and AP are
removed from their common precursor, or that they arise from
different precursors before granule loading and are subsequently
enclosed in newly formed granules at different rates. There is
some ambiguity in published reports with respect to the origin
of the AP species found prominently in the somata and neurites.
Previous kinetic and quantitative data support the inference that
it is derived from the same precursor as ELH. However, dis-
crepancies in molecular weight estimates and amino acid con-
tent have appeared in the literature. The prominent p/ 4.8 species
has been estimated to have a molecular weight in the range of
4900 Da by SDS-PAGE (Arch et al., 1976b), while the largest
sequenced species with an appropriate isoelectric point is small-
er by about 1500 Da (Scheller et al., 1983). This difference may
be the result of irregular migration on the gel system used how-
ever (¢f. Yates and Berry, 1981). A more serious challenge to
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the common precursor origin for ELH and AP is posed by the
report, based on peptide mapping, that AP contains a methio-
nine (Berry et al., 1981), while sequencing did not disclose a
methionine in the putative AP (Scheller et al., 1983). Our ap-
proaches do not permit us to address the issue of AP origin
directly; it is interesting to note, however, that the E:A ratio
calculated for the cell somata at the end of the 6 hr labeling
pulse is 1.08 = 0.04 (SEM). This is in rather close agreement
with the value of 1.17 that would obtain (given leucine labeling)
if the sequences for ELH and AP reported to be in the same
gene were the ones we are following.

Our results show the passage of two peptides with the same
“birthdates,” irrespective of their common or disparate pre-
cursor origins, at different rates through the intracellular mem-
brane systems of the bag cells. Since the BCO are known to be
protein synthetically active in vitro for more than 48 hr, the
presence of unlabeled ELH and AP is assumed in all samples.
Hence, although of cell biologic interest, this kinetic difference
in peptide processing under steady-state conditions may not
have physiologic significance for the organism. Conversely, this
phenomenon may indicate the presence of a regulatory window
in which converting, sorting, or granule-loading mechanisms
could operate to adjust the character of the secretory output of
the bag cells in response to changes in the physiologic status of
the organism.
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