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LySoSOMES WERE I-NTRODUCED into the field of inflammation
and connective tissue injury as a result of studies conducted at New
York Univ-ersity and at the Strangewavs Research Laboratory in
Cambridge.1 Shortly after it became clear that vitamin A acted to
cause degradation of cartilage matrix both in vitro and in vivo by
the release of proteases from cartilage lvsosomes, it was hypothesized
that lvsosomal enzvme release in various forms of acute tissue injury
could accouint for hydrolvsis of connective tissue macromolecules.5
Further studies in both laboratories have suggested the plausibility
of this hypothesis. Thus, lvsosomal proteases present in cartilage
and in leukocvtes hav-e been shown capable of degrading cartilage
matrix, isolated proteoglvcans and simple chemical substrates."

Leukocv-te lvsosomes of the rabbit contain at least two sorts of
proteases capable of cleaving isolated cartilage proteoglvcans: an
enzmne or enz-mes active at near neutral pH, and one enzyme
active in the acid pH range.7- When purified, high molecular-weight
(10') proteoglvcan of bovine nasal cartilage (PP-L) was exposed to
extracts of leukoc-te Ivsosomes (but not to other subcellular frac-
tions), this substrate was readilv cleaved, releasing polvanions of
lower molecular weight which resembled those released bv trvpsin.
This uronic acid-containing, readilv diffusable material was non-
dialyzable and precipitated readilv with hexamine cobaltic chloride.
Thus, in vitro as in vivo, when proteoglycans are exposed to excess
vitamin A, they7 could be degraded bv Iysosomal hydrolases to release
anionic polysaccharides; degradation proceeded as readily at neutral
as at acidic pH. Since it became clear that proteolytic activity in
the acid pH range could be attributed to the cathepsin D in rabbit
leukocyte granules, the identification of a neutral protease capable
of cleaving extracellular materials became of considerable interest.
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Neutral proteolvtic activity in humnlan leukocvtes has been studied
extensivelv by several investigators and, indeed, the major portion
of this sort of activity is usually attribtuted to the elastin-like enzymes
studied extensivelv by Janoff and his associates.!' WVe have investi-
gated the subcellular distribution of a number of einzymes in rabbit
polvmorphonuclear leukocv-tes, and general results of these data
can be seen in Table 1. Rabbit pol-morphonuclear leukocvtes clearly
contain a neutral protease acting on calf thv-mus histone, using libera-
tion of acid-soluble arginine or tvrosine as assay.8 The enzyme has
relatively little action upon hemoglobin. Its subcellular distribution
differs considerably from that of enzymes acting in the neutral
pH range on such substrates as acetvl-DL-phenvlalanine f-naphthvl
esters, on L-leucine-2-naphthv-l amide and on N-CBZ-L-alanine
p-nitrophenol esters.'0 Nor could orcein elastase be demonstrated
in rabbit polvmorphonuclear leukocvtes. These data differ considerablv
from findings in human granulocv%tes. The enzyme was clearly shown
to be associated with azurophil granules and was readily inhibited
bv a material present in the cytoplasm of these cells. Mloreover, it
could be activated by increasing the ionic strength of the medium-
eg, in 2.5 'M KCI, and by polyanions such as heparin and dextran
sulfate. The enzvme, convenientlv referred to as a histonase, was
partially separated bv Sephadex gel filtration and bv isoelectric
focusing, until the specific activity of the activated enzyme showed a
300-fold increase over that determined in whole cells. This relatively
purified enzyme of rabbit polvmorphonuclear leukocvtes could be
shown preferentially to hydrolvze substrates such as histones or

Table 1-Percentage Distribution of Protein, Histonase, Acid Cathepsin and ,-Glucuroni-
dase, in Subcellular Fractions of Rabbit Polymorphonuclear Leukocytes*

Post granule
Nuclear debris Granule supernatant

Protein 4.4 0.9 (5) 33.0 5.6 (5) 63.8 5.3 (5)
Histonase (pH 7.2)
Tyrosine 6.6± 5.5(3) 87.0 14.1(3) 6.3± 11.0(3)
Arginine 1.8 2.3 (5) 97.2 3.1(5) 0.8± 1.8 (5)

Cathepsin
(Hemoglobin pH 3.0) 7.0 2.6 (4) 44.0 17.1 (4) 48.5 18.9 (4)
s6-Glucuronidase
(pH 4.5) 4.6 3.9(5) 77.4± 9.8(5) 18.0+ 6.4(5)

* Mean ± SE, standard deviation in parentheses. From Davies P, Krakauer K, Rita
GA, Weissmann G,8 in which experimental details may be found.
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Table 2-Specific Activity of Acid Hydrolases in Human Leukocyte Subfractions*

Nuclei and Postgranule
Homogenate debris Granules fraction

3-Glucuronidaset 100.5 90.5 1095 12.3
Acid Proteases (pH 3.0)
Hemoglobin: 18.0 <1 26.2 6.1
Histone1 8.6 6.6 10.4 8.3

Neutral Proteases (pH 7.4)
Hemoglobin: 33.1 53.7 84.4 8.2
Histonet 16.6 17.1 19.3 5.3

* Human leukocytes fractionated in sucrose/heparin and differential centrifugation
yielded: nuclei and debris (800g, 5 minutes) granules (15,000g, 10 minutes) and postgranule
fractions. Mean of three determinations.

t ;g of phenolphthalein/mg protein/hr
*ug of tyrosine/mg protein/hr
s;g of arginine/mg protein/hr, determined in the presence of 2.5 M KCI

proteoglvcans, btut it displayed only modest activity on hemoglobin
and 1vsozvme.

In direct contrast to this substrate-specificitv in rabbit pol-
morphonuclear leukocv-tes, neutral proteases of human leukocytes
are much more active upon hemoglobin. From data listed in Table 2,
the specific activity of enzymes capable of cleaving both hemoglobin
and histone is clearly greater at neutral than in the acid pH range.
Mforeover, the subcellular distribution of these proteolytic activi-
ties differs considerablv from the relatively homogeneous distribution
of the neutral protease in rabbit polymorphonuclear leukocytes.
Thus, considerable proteolvtic activity upon both hemoglobin and
histone, in the acid pH range, remains in postgranule fractions;
significant neutral proteolytic activity sediments with the nuclei.
That the subcellular distribution of these enzymes trulv reflects
a difference from the distribution of a lysosomal (azurophile) marker
enzyme may be seen from the subcellular distribution of f-glucuroni-
dase in the same homogenates. These observations are in keeping
with the morphologic heterogeneity of leukocyte lvsosomes in the
human, compared to those of the rabbit. Mforeover, protease activity
in the neutral and acid range in human leukocytes does not appear
to be entirely confined to granules rich in 3-glucuronidase.
What is the biologic function of these neutral proteases? We have

been intrigued by the possibility that enzymes released from Iysosomes
within the cell, or perhaps taken up by other cells during inflamma-
tion, may provide one stimulus to alterations in transcription or
translation.'3.14 In order to test this hypothesis, therefore, we turned to
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a sy-stem pre-iouslv stuidied in relationiship to nmechaniisms of lv-mpho-
c%-te tranisformation by phvtohemagglutinin (PHA). The ntcleuis
of the transformed ly-mphocvte mav be characterized as containiing
excess of euichromatin over heterochromatin.5 'Moreover, the tem-
plate acti-ity of ntuclei from stimulated ly-mphocy%tes for exogenotus
RNA polvmerase exceeds that of uinstimutlated ly-mphocy-tes bv
se-eralfold. Indeed, the uisual inierements in template activity pro-
v-oked by trvpsin. an effect which has been attribtuted to hydrolysis
of repressor materials and/or histone by the enzyme, are less easily
demonistrated in ntuclei from PHA-stimtulated cells. These finidings
led tis to stuggest that ntuclei of stimulated cells may have been
exposed, preemptively, to an endogenous trvpsin-like enzy-me.13 Sub-
sequently it ,-as fouind that, when isolated rabbit li-er nuelei xvere
incubated with inicreasing amounts of cry-stalline trvpsinm their tem-
plate activity for exogenouis, bacterial, RNA polvmerase was increas-
ingly- enhanced.4 WVere our hypothesis, that neutral proteases pres-
ent in lv-sosomes could resemble trv-psin in augmenting the template
activitv of isolated nuclei, correct, then it should be possible to
inctubate rabbit liver nuclei with fractions rich in neuitral protease
activity (rabbit leukocvte lvsosomal lvsates), in order to similarly
increase their temperate activity for exogeneouis RNA polvmerase.

Data presented in Table 3 summarizes experiments in which
ntuclei from rabbit liver were incubated at 37 C, at neutral pH,
with freeze-thawed lvsates derived from rabbit polvmorphonuclear
leukocy-te lvsosomes, rich in neutral histonase. Template activity of
nuclei exposed to histonase-rich fractions rose roughl- fivefold when
compared to nuclei incubated with buffer alone; exogenous RNA
polv-merase was added to both groups in order to test template
activity . That these increments in RNA s'vnthesis represented true

Table 3-Effect of Lysosomal Granules on Template Activity of Rabbit Liver Nuclei for
Bacterial RNA Polymerase

Preparation cpm*

RNA-Polymerase + nuclei + granules 2934
0 + nuclei + granules 170
RNA-Polymerase + nuclei + ) 634
0 + nuclei + 0 146
RNA-Polymerase + nuclei + granules + actinomycin 143
RNA-Polymerase + nuclei + 0 + actinomycin 154

* Assay: Results expressed as cpm of H3GTP in RNA in 10 minutes. Assay with RNA-
Polymerase = 50 units; Nuclei = 20 ,ug DNA; Granules = 7.1 jig protein; Actinomycin
D = 25 Mg; 0 = Glycerol solvent for RNA polymerase, 0.34 sucrose for granules.
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D-NA-depeindenit RNA svnthesis w-as established by the finding that
inicorporationi of H:GTP into RNAA w%-as inhibited by appropriate levels
of actinomvcin-D. Mtore exhaustive treatment of nuclei with grantule
preparations at neuitral pH, or similar treatment at acid pH resulted
in breakdowv-n of DNA, RNA, and polyrnerase, effects which were
attribtutable to lvsosomal niucleases and cathepsins.

These data clearlv stuggest that neutral proteases derived from
leuikocvte lvsosomes have the capacity to: a) degrade extracellular
material stuch as the proteoglvcans of cartilage matrix and b) expose
sites in previouslv intact nuclei otherwise unavailable for transcrip-
tion by RNA polvmerase. Now it is clear that these experiments bv
no means indicate that such events take place in intact tissues or
tunder pathologic circumstances. However, protease-sensitive steps
in transcription have also been identified,"' and it has recently
become possible to suppress many of the inflammatory and prolifera-
tive events consequent to leukocvte accumulation in intact animals
by administering appropriate protease inhibitors.' It will be impor-
tant to determine whether, in pathologic states, materials extruded
from leukocv-te lvsosomes can gain free access to the c!%toplasm
and/or the nuclei of, as vet, uninvolved cells.

Mechanisms of Enzyme Release from Phagocytic Cells

Since the description of cytases by7 Metchnikoff, which, he be-
lieved, escaped from phagocvtic cells when these died, it was not
appreciated that alternative means might exist whereby these enzymes
might be released from phagocv7tes. WN"hereas a series of studies have
clearly indicated that extracts of leukocyte lvsosomes can provoke
acute and chronic inflammation in experimental animals,'8 discrete
mechanisms which account for the release of such materials from
phagocvtes wvere not clearly identified until recently. In Table 4 are
listed four discrete situations under which Ivsosomal hvdrolases
and inflammatory substances, ordinarily sequestered in membrane-
bounded granules, can gain access to the exterior of cells.
The first circumstance is indicated simply as cell death and is

so readily appreciated that it may appear trivial. WX7hen a variety of
toxins are added to phagocvtic cells, injury to the cell membrane
is an early consequence, and all intracellular materials are released
pari passli from the injuried cell, including those ordinarily seques-
tered within l-sosomes. In this regard we have studied the model
amphipath melittin, which is a biologic detergent that causes pri-
marv lvsis of the cell membrane and only subsequently disrupts
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Table 4-Mechanisms of Lysosomal Enzyme Release in Tissue Injury

Mechanism Model Disease

Cell death Melittin Infection, toxins
(animal, bacterial,
chemical)

Perforation from within MSU, silica Gout, silicosis
Regurgitation after feeding Bulk phase: Rheumatoid synovitis,

AG/AB complexes, pseudogout, immune
aggregated AB, complex nephritis
zymosan, CPPD

Reverse endocytosis Surface: Vasculitis, SLE,
AG/AB complexes nephrotoxic nephritis
(? cytochalasin)

intracellular lv-sosomes.'12" Similar rupture of the outer membranes
of cells can be induced bv a number of animal, bacterial and chemi-
cal toxins, as well as synthetic detergents such as Triton-X100, freezing
and thawing, etc. Under these circumstances, cVtoplasmic enzvmes,
potassium, and cellular constituents, in addition to lvsosomal hvdro-
lases, find their way into the surrounding tissues. The cell dies not
because Iysosomal hydrolyses are released into its cytoplasm but
because injury to other parts of the cell, especially the cell membrane,
cannot be reversed.
The second, albeit rare, circumstance more nearly conforms to

the suicide sac hypothesis of DeDuve.2' Under some circumstances,
materials gain access to the inside of the lvsosomal svstem wherein
they cause membranes of the Iysosomes to rupture from within. WN'e
have discussed elsewhere 22-23 reasons for believing that crystals of
monosodium urate act in the same fashion as silica (elegantly
demonstrated in the studies of Allison 24 and his coworkers). Both
of these crystal types appear to be membrane-lytic, both for artificial
and natural membrane svstems, by virtue of their capacitv to form
hydrogen bonds with appropriately aligned phosphate ester groups,
such as those of the internal lvsosomal membrane. Damage to the
organelle leads to the release of lysosomal enzymes concomitantlv
with the release of cytoplasmic enzvmes and other intracellular con-
tents as the cell dies by a kind of perforation from "ithin of the
cell's vacuolar system. This mechanism will not be discussed in detail.
The third mechanism is perhaps more common in pathology. WN-hen-

ever cells engage in phagocytosis, they release a portion of their ly-
sosomal hydrolases into the surrounding medium, unaccompanied by
seepage of cytoplasmic marker enzymes.22 This effect, now appreciated
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1b many authors,f'5_' appears to be due to the extrusion of lysosomal
materials from, as vet, incompletelv closed phagosomes, open at their
external border to tissue spaces but already joined at their internal
border by lvsosomes actively discharging their acid hydrolases into the
vacuole. Pictures consistent with this mechanism have been published
bv Zucker-Franklin and Hirsch,31 by Henson 2729.30 and by several others.
This mechanism is diagrammed in Text-figure 1. Under these circum-
stances, we have demonstrated that lysosomal acid phosphatase and j-
glucuronidase are extruded into the surrounding medium without con-
comitant extrusion of lactate dehydrogenase. Trivial explanations could
not account for these findings eg, there was no consumption or degra-
tion of any of the enzvmes during phagocytosis, nor was there selective
absorption of LDH bv granules or leukocytes after regurgitation. This
sequence of events follows not only the uptake of immune complexes
but accompanies ingestion of other inert particles such as zvmosan or
crystals of calcium pvrophosphate dihydrate.-2 When cells regurgitate
their hvdrolases after uptake of immune precipitates, thev form the
sort of inclusions found in the RA cells obtained from svnovial fluids of
patients with rheumatoid arthritis.

Indeed, it is the uptake of antigen-antibody complexes from the
bulk phase of the circulation, tissue fluids or joint fluid that may
account for the liberation of inflammatory materials from leukocvtes
in the many forms of tissue injurv associated with circulating, large
molecular-weight, aggregates.
WTe have studied the morphologic correlates of hvdrolase extrusion,

after the ingestion, by polymorphonuclear leukocytes, of inert
particles such as zvrmosan, or of precipitates formed by the inter-
action of heat-aggregated immunoglobulin G (aIgG) with rheuma-
toid factor (Ig-M). In scanning electron photomicrographs (Figure
1), we see the appearance of a normal polvmorphonuclear leukocvte,
the ruffled leading edge of which is essentially free of cvtoplasmic
organelles (toward the upper right of the figure). The multilobed
nucleus accounts for the snail-like appearance of the raised edge.
When such a cell is exposed to zymosan particles (Figure 2) a
striking surface rearrangement of the phagocyte is observed. In cell
suspensions exposed to zymosan particles, all particles not engulfed
by the cells are separated from the phagocyte during fixation and
dehydration. The cells themselves undergo a series of internal gm-
nastics that result in the appearance at their surface of a series of
phagocytic cups or invaginations presumably forming the residue
of appendages designed to engulf the zymosan particles. These re-
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niarkable ii'x-aginiations. or clips, canl be seen in over 9OT of polv-
morplhonuticlear leuikocvtes from htuman peripheral blood exposed
to z.-mosani. Inl direct contrast, when cells are exposed to immune
precipitates formed bv aggregated IgG and Ig'M, a different series
of morphologic sequtielae is observed (Figure 3). The cells become
oriented tow-ards one or two poles; at these poles the cells appear to
erect a series of phagocvtic projections or tentacles apparently de-
si(reled to eingurlf the masses of immune precipitates still somewhat
adherenit to the cell. (In contrast to the behavior of zv%mosan, the
imnnlnie complexes appear to be far more resistant to dissociation
fronm the phagocyte by the process of fixation and dehydration.)
The phagocvtic tentacles, which appear almost squid-like in their
morphology-, do not arise uiniformly over the surface of the phagocvtic
cell, but seem to be concentrated at one or another pole. Previously
ptublished results of transmission electron microscopy indicate that,
at the base of such phagocvtic projections, phagosomes may be seen
merging with lysosomes which extrude their electron-opaque ma-
terial into the still-open phagosome. Indeed, there mav be discemed,
by transmission microscopy, a phagocy%tic vacuole joined at its
internal border by a lvsosome.22 The open vacuole is ringed by dis-
crete cross-sections of cvtoplasmic projections which have the
same dimensions as the projections seen clearly7 in scanning electron
photomicrographs (Figure 3).

In most cells, the kinds of intracellular rearrangements described
above are accomplished by means of two svstems of filamentous pro-
teins: microtubules 32 and microfilaments.33 The microtubule svstem,
which is sensitive to colchicine,334 has been shown to be responsible
for granule movement in manv cell tvpes. These include the melano-
cvte,33 the pancreatic islet cell,36 the platelet,3 the neuron,38 the salivarv
gland cell and the basophil.39 Therefore, it was reasonable to suppose
that agents which influenced the state of aggregation of microtubules in
such cell types might be used to influence the response of phagocvTtic
cells to the ingestion of inert particles. MIoreover, recent studies have
suggested that the functional state of microtubules might be regulated
by the intracellular level of cyclic A'Mp.22.4041 Consequently, we have
exposed cells to a series of agents designed to raise the level of cy,clic
ANMP within the leukocvte. Cells were treated with appropriate con-
centrations of cyclic AMP, with dibutyrvl cyclic AMP and with these
nucleotides, to which had been added agents capable of inhibiting the
phosphodiesterase which degrades cyclic nucleotides (theophylline,
2-chloroadenosine). Furthermore, adenvl cvclase was stimulated in
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leukocytes bv prostaglandins of E1 aind F, especially w-hebn added w-ith
theophylline. In studies described in detail elsewhere,22 w-e have dem-
onstrated that these agents have the capacity to retard the release of
hvdrolase from human peripheral blood polvmorphonuclear leukocvtes
exposed either to particles of zvmosan or to immtmne precipitates. More-
over, these effects could be mimicked by high concentrations of colchi-
cine, a drug known to bind selectively to the ttubtulin stubtuniits of the
final microtubules.

It was therefore of considerable interest to deternmine the mor-
phologic consequences of the action of these agents tipon hutman
white cells exposed to zvmosan particles. Figure 4 is a scanning elec-
tron photomicrograph of a leukocvte, treated with prostaglandin
E1 and theophvlline before challenge by zvmosan particles. It may
be seen that the phagocv tic cups are still prominent-cUp formta-
tion has not been inhibited-but within these cups (which indeed
have now turned to saucers) the outlines of barelv ingested zxmosan
particles mav be identified still subjacent to the cell surface. These
particles, which by virtuie of their intercellular location, have not
been washed from the cell during fixation and dehvdration, can be
seen only in outline. These data are compatible with the hypothesis
that prostaglandin E1 and theophvlline inhibited the translocation
of zvmosan particles from loci near the periphery of the cell (the
granule-poor, ruffled edge) to more central locations. It mav, there-
fore, be inferred that lvsosomal hvdrolases still packaged wvithin
lv-sosomes concentrated at the granule-rich pole of the cell might
have trouble gaining access to the peripheral phagocvtic vacuoles.
Indeed, recent studies in our laboratory have quantitativelv docu-
mented the failure of leukocyte lvsosomes to degranulate into phago-
cytic vacuoles of cells treated wvith prostaglandin El, mimicking, in
this regard, the action of colchicine. These data would clearlv suggest
that at least one consequence of raising the level within cells of cvylic
ANMP is to impede the traffic of lvsosomes to the phagocvtic vacuoles.
Consequently, extrusion of acid hvdrolases into the surrounding
medium by the regurgitative pathway would be significantly re-
tarded.

Unfortunately for this simple scheme, detailed studies of the
action of cyclic nucleotides (or agents which raise the levels within
cells of cyclic AMP) have indicated that, at least for some particles,
there is a significant retardation of uptake by phagocvtic cells.42
Thus it was found that concentrations of cyclic ANIP above 1O0 M1
writh theophylline, or prostaglandin and theophvlline, have the ca-
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pacitv to retard phagocvtosis of ' I-labeled, heat-aggregated BSA
by mouse peritoneal macrophages. Contraryvwise, and perhaps more
interestingly, very low concentrations of cyclic ANMP itself (1O}" \I)
have the capacitv to stimulate uptake of these particles. Therefore,
it was difficult to decide whether inhibition of hvdrolase extrusion
in phagocvtic cells was due to an intracellular event (interference
with microtubule function) or due to inhibition of phagocvtosis per
se. Consequentlv, together with Dr. Peter Dukor, now of Basle, we
studied the degradation of prev-iouslyr ingested ''5I-labeled BSA by
mouse peritoneal macrophages.42 In keeping with our previous
results, we observed both effects. At lov concentrations of cyclic
AMP-< 10-8 NM-translocation of previously ingested BSA to lyso-
somes was enhanced (judged bv its subsequent degradation into
TCA-soluble fragments). Contrarywise, at high concentrations of
cyclic ANIP-above 10(i M, especially with theophylline-a colchicine-
like effect was noted. Retardation of the breakdown of previously
ingested aggregated 2-25I-labeled BSA bv the macrophage was ob-
served. These data were entirely compatible with the hypothesis that
cyclic nucleotides exert a biphasic effect intracellularlv: acceleration
of granule translocation by low concentrations and, retardation at
high concentrations, the latter effect mimicking the effect of colchicine
or incubation at 4 C. But data shown in Table 5 clearlv indicate that
when the metabolic response of human peripheral blood polmor-
phonuclear leukocytes to challenge bNr immune precipitates was
measured, levels of prostaglandin and theophvlline sufficient to
inhibit hydrolase extrusion were also sufficient to inhibit the normal

Table 5-Glucose Oxidation in Human Polymorphs During Particle Uptake*

Exposure of cells to RF-algG complex

Difference
Concentration resting vs phagocytic

Compound added (mM) (cpm x 10-') % Inhibition

None (Control) 96 00.0
PGE, 0.28 48 50.0
Theophylline 1.0 61 36.5
PGE, + theophylline 0.28 24 75.0

1.0
Colchicine 1.0 28 70.6

0.001 100 00.0

* C' oxidation of glucose, expressed in differences between resting and phagocytic
cells.
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metabolic accompaniment of phagocvtosis, namely C-1 oxidation.
Similarlv, concentrations of colchicine sufficient to retard hvdrolase
release (1 mrnM) also inhibited C-1 oxidation of glucose. Consequentlv,
in the human leukocvte system, it remained entirely possible that
instead of interfering w%ith the intracellular event we wished to studv,
we were interfering with the first part of the sequence of hvdrolase
extrusion, namely phagocvtosis per se. Since in human leukocvtes it
was difficult to dissociate effects of phagocytosis per se from intra-
cellular effects, another svstem was sought for.

Thus, wve encountered the fourth mechanism of hydrolase release.
Peter Henson 27 ' 3 has been studying the effect of coating v-arious solid
surfaces with immune complexes and exposing these to polv7morphonu-
clear leukocvtes. When polv%morphonuclear leukocvtes make contact
with such surfaces thev discharge their hvdrolases onto the surface b-
a mechanism that we have termed reversed endocytosis and Henson
has called frustrated phagocytosis.27 The former term mav be pref-
erable because superficially the process resembles protein extrusion
from the salivary gland or from the pancreas and indeed, this process
is basically one in which material previouslv stored wvithin organelles
is exported to the external milieu. Although in the leukocvte, this milieu
is usually the phagocytic vacuole, under the special circumstances de-
scribed above, stimulated by IgG in its antigen-reactive form, the
granules appear to flow to the surface where their contents are directly
discharged onto the filter.

In reverse endocvtosis, phagocvtosis per se does not take place.
Therefore, it was of considerable interest to see whether agents which
inhibited the export of acid hvdrolases during uptake of immune
precipitates from the bulk phase would have an effect upon extru-
sion of acid hvdrolases onto the filters coated with immune com-
plex. The scheme for such experiments is shown in Text-figure 2;
from this diagram it will be clear that we postulate normal func-
tioning of microtubules in order for granule extrusion to proceed.
Data shown in Table 6 indicate that in this svstem, as well as in
the previous system (regurgitation during feeding), release of acid
hv-drolases is significantlv retarded bv agents which elevate the
level within the cells of cyclic ANIP, as well as by colchicine. These
data would indicate that the effect we have studied truly represents
an intracellular effect of high levels of cyclic AMP rather than an
indirect effect upon phagocvtosis per se, since, in reverse endocvtosis
phagocytosis cannot proceed. Indeed, control experiments, in our
laboratories and in that of Henson, have clearlv shown that in-
sufficient immunoglobulins are leeched off the filter paper during
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incubation (less than 1IM of applied material) to cause enzyme

extrusion were this small amount of immunoglobulin alone to be
present in the bulk phase.
Not all immunoglobulins or precipitates per se will cause hvdro-

lase extrusion. Thus, coating of the surface with Ig\f alone or of
nonaggregated IgG does not cause extrusion of acid hvdrolases.

Table 6-Inhibition of Enzyme Release from Human Leucocytes Exposed to Immune
Complex on Nonphagocytosable Surface

Percent of control enzyme release

Compound ,B-Glucuronidase LDH

None (control) 100.0* 100.0*
Dibutyryl cAMP (10-i M) 75.7 99.4
PGE1(2.8 X 10-4 M) 81.3 97.8
Theophylline (103 M) 83.1 101.4
2-Chloroadenosine (10- M) 73.0 97.8
PGE1+ theophylline 55.9 96.6
PGE, + 2-chloroadenosine 62.9 99.0
Colchicine (10" M) 73.3 102.5

* Human WBC's exposed to algG + IgM (200 ug) on millipore filter released 16.5 ± 3.2%
of total ,-glucuronidase and 9.5 4 3.7% of total LDH as opposed to resting cells, which
released 3.2 ± 0.6% of total ,-glucuronidase and 8.0 ± 4.4% of total LDH (N = 7). Drug-
treated samples: N = mean of 4 determinations.
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Nor is this process complement-dependent. Extrusion is uinassociated
with damage to the cells (as indicated by release of lactate dehv-dro-
genase or other indexes of impaired cell viability). Nor is it likely
that inhibition of enzvme release is due to some extraneous influence
of cyclic AMIP in combination with theophvlline alone, since exhibi-
tion of prostaglandin E1 and 2-chloroadenosine (another inhibitor
of phosphodiesterase) is as effective as admixture of prostaglandin
with the known inhibitor phosphodiesterase, theophvlline.

Further support for this hy-pothesis has come from recent experi-
ments in which cells have been pretreated with cvtochalasin B, at
concentrations ranging from 3 to 10 j&g/ml. This agent, as Davies
et al43 and 'Malawista 44 have shown, inhibits phagocvtosis of particles
by polvmorphonuclear leukocvtes. After pretreatment with cvto-
chalasin B, human leukocvtes can be exposed to zvnosan particles.
The cells do not take up the particles,, which aggregate onto the cell
surface and cause the cells directly to extrude lvsosomal hvdrolases
from organelles which discharge immediately subjacent to the adherent
zv%mosan particles. What this experimental svstem accomplishes in
effect, is to turn the regurgitation-during-feeding model into the
reverse-endocvtosis model. Biochemical studies of this event, to be
published in detail elsewhere, indicate that when cells are treated
with cvtochalasin B and subsequently exposed to zvmosan, hvdro-
lase release is markedlyT enhanced compared to control cells fed
zvmosan alone. This explanation was appreciated from morphologic
studies in which granules could be seen to merge with the cell
membrane subjacent to the adherent zvmosan particles.

Consequently, as background, we have studied the enhanced
release of enzymes from cv,tochalasin B-treated cells exposed to
z_vmosan. Such relaxed or paralyZed cells constitute another test for
the hypothesis that agents which elevate the level of cyclic AMP
within cells act v-ia the microtubule system rather than bv means of
the microfilaments. While it is appreciated that cvtochalasin B
interferes with the function with microfilaments, indirect effects on
microtubules have also been postulated. Consequently, we treated
such cells vith dibutvrvl cyclic A'MP, cyclic AMP and theophvlline,
prostaglandin and theophvlline and with colchicine. W\7hen leuko-
cvtes were treated with each of these agents, inhibition of enhanced
release was readily demonstrable. Such experiments tend to confirm
the hypothesis that agents which raised the levels of cy7clic AMNP
within cells acted at a site also sensitiv%e to colchicine, probably the
microtubules.
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If cells relaxed bv treatment with cvtochalasin B could still re-
sponid with enhanced extrusion of lvsosomal enzvmes into the
surrouinding medium after contacting zvmosan, and if trans-
location of granules to the cell surface was unimpaired (except when
disnipted as above, by cANIP, etc), microtubules would be expected
to be qjuite prominent in cvtochalasin B-treated cells exposed to
zvmosan. Indeed, that is exactly wvhat was found: cells treated in this
fashion displayed an abundance of microtubules as regularly
aligned as in control cells. Moreover, such cells treated with pro-
staglandin and theophvlline also displayed intact microtubules. But,
if an'vthing, the microtubules were even longer and randomly ar-
rayed throughout the cell. The possible significance of this observa-
tion will be discussed below.

A General Mechanism for Immunologically Induced Endocytosis

Since the observations of Lay and Nussenzweig,45 it has been ap-
preciated that peripheral blood leucocytes contain receptors for
immunoglobulin G (but not immunoglobulin MI). These receptors,
which are not sensitive to trvpsin, are discrete from the complement
receptors present on the same cells, which are sensitive to trvpsin.
MIoreover, Henson 27 has found that endocytosis and subsequent
release of lysosomal hydrolases from polymorphonuclear leucotves
could be readily induced by aggregates of immunoglobulin G and of
immunoglobulin A but not of immunoglobulin NM or other classes.
Immunoglobulins of the subgroups IgGi and IgG3 were most ef-
fective in inducing release when ingested in the aggregated state,
whereas native immunoglobulins induced little or no enzvme release.
Therefore, it appears that immunoglobulins G (and perhaps A)
in the antigen-reactive configuration have the propertv of interacting
with nonprotein sites of the leukocyte membrane in order to pro-
voke endocvtosis (and hbdrolase release). Recent studies in our
laboratory bv 'Mrs. Ann Brand have indeed shown that aggregated
human IgG, but not native IgG, interacts with artificial lipid structures
in the smectic mesophase (bilayer configuration). These structures
(liposomes) undergo modest perturbation in contact with immuno-
globulins in the antigen-reactive configuration. Studies of the asso-
ciation between immunoglobulins and liposomes bv means of Sepha-
rose chromatography on Sepharose 4B show both anionic (dicetvl
phosphate) and cationic (stearylamine) liposomes capable of inter-
acting with immunoglobulin G in the heat-aggregated stage. Moreover,
the enhanced diffusion was demonstrated of previously sequestered
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marker anions from liposomes after their contact %vith these immuno-
globulins.

Therefore, it is reasonable to suppose that the first stimululs to
endocytosis of aggregated immune complexes from the bulk phase, or
to extrusion of enzymes onto immunoglobulins in the antigen-reac-
tive configuration when present on a filter paper, is the interaction of
the Fc fragment of immunoglobulins with the lipid bilavers at the
surface of leucocv-tes. This interaction (see above) would occur when
IgG molecules become fixed in the antigen-reactive configturation
by v-irtue of union of Fab with divalent antigen, antibody to Fab
determinants, or by heat aggregation. Each of these can promote
lattice formation of IgG monomers and would render available
regularlv arrayed, now hVdrophobic, Fc ends for interaction with
lipid bilavers (Text-figure 3).

W\hat would be the consequences of this interaction between
immunoglobulins and surface lipids? 'Membrane-perturbing agents
such as digitonin, etc are capable of altering the reactivity of
adenvl c'vclase.46 It would, therefore, be reasonable to suppose that it
is membrane perturbation by Fc regions of immunoglobulins which
stimulates leucocvte membrane adenyl cvclase to increase the level of
cyclic ANIP within cells.' Furthermore, in order for a phagocyte to re-
spond to membrane perturbation by endocvtosis and movement of
lvsosomes to phagocvtic vacuoles or to the cell exterior (depending
upon whether its task is to ingest from the bulk phase or to extrude
onto a solid surface), the microtubule system must remain intact and
under appropriate controls.

W\ithin cells, microtubules are in a constant state of assembly and,
disassembly. 'Monomers of tubulin are in equilibrium with the aggre-
gated state in which intact microtubules exert their influence on cell
form.32.4041 Goodman et al 41 have postulated that, in nervous tissue at
least, microtubule protein can function as an appropriate substrate for
phosphorvlation by cyclic ANIP-dependent protein kinases. WNere this
situation to hold in the case of the leukocv-te, w-e would expect that
cyclic ANMP would activate a specific protein kinase in the leucocvte
cy-tosol to phosphorvlate microtubule subunits. It would therefore be
expected that phosphorv-lation of tubulin subunits might promote

* Recent data 47 suggest that increments of cAM\fP in leukocxtes after phagocytosis are
found, not in polvmorphs, but in mononuclear cells. This observation came from experi-
ments using the cyclic AMfP-binding assay. Since the protein kinase of human poli-
morFhs has been found (by- Dr. P-K. Tsung in our laboratorv) to be stimulated equally
,well bx- cyclic IMP, assavs of other csvcic nucleotides are required in phagocytic cells.
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TEXT-FIG .3-Relationship between immunoglobulins and endocvtic rearrangement.

aggregation of microtubules and thus regulate their function. Indeed,
Gillespie 4f has presented evidence (albeit in tubule-rich pancreatic
strips), w-hich suggests that cyclic ANMP exerts a biphasic effect on
microtubule protein, as judged by the affinitv of the tubulin units for
colchicine. Low concentrations of cANMP induced aggregation of micro-
tubules (decreased colchicine-binding) whereas higher concentrations
induced disaggregation (enhanced colchicine-binding by tubulin mono-
mers).

For this hypothesis to have anv- -alidityT in the leukocv-te, it would
be necessary to demonstrate that human polvmorphonuclear leuko-
cv-tes do indeed hav-e a protein kinase which is activated by cy\clic
ANIP. Recent experiments in our laboratory by, Dr. Pi-Kwang Tsung
hav-e indeed identified such a protein kinase in purified preparations
of human polv-morphonuclear leucocy-tes. The protein kinase is maxi-
mall- stimulated by a' 10' MI cy-clic AMP and demonstrates the
usual requirements for absence of calcium and presence of magne-
sium. The protein kinase, which, as in other systems, consists of a
regulatory and a cataly-tic subunit, could be purified approximatel-
400-fold ov-er its content in the crude homogenate. On DEAE cellulose
chromatography the protein kinase in its cataly-tic form could be
shown to be specificall- precipitable by- -inblastine together with
microtubule protein. Thus, the first step for suggesting that cyclic
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ANIP-dependent protein kinases can act to regulate tubule structuire
has been ftlfilled, but it remains to be determined whether the
tubulin subunits of human polvTmorphonuclear leukocvtes can indeed
serve as substrates for the protein kinase.

Vere this hypothesis to be tnre, how can one explain the inhibition
of granule extrusion bv increasing the level of cvclic ANMP within
cells? This appears to be a paradox, since we would expect that
cyclic AMP would stimulate endocvtosis by promoting tubule ftunc-
tion. We have previously shown (see above) that low levels of cyclic
AMP do enhance translocation of lysosomes to phagosomes or the
cell peripherv (experiments with mouse macrophages done with
Peter Dukor) and that high concentrations inhibit.42 But high con-
centrations of cyclic ANMP mav have another interesting effect. We
have noted before the polaritv of endocvtosis and phagocvtosis.
WN'hen cells are stimulated to endocvtose foreign material they appear
to rearrange their surfaces at specific sites rather than over the general
cell periphery (Figure 3). This would imply that directed traffic
of lvsosomes to these locally perturbed areas is required and that
a gradient of cANIP exists, which is highest in the pertutrbed region.
W\ere cyclic ANIP to be elevated uniformly throughout the cell, we
would expect random aggregation of microtubules, thereby preemptively
causing aggregation of tubulin into microtubules at areas not nec-
essarily directed toward the cell surface or toward phagocvtic vacuo-
les. A paraphrase of this process would be "if all tracks are open,
train traffic cannot be directed where needed."

This series of events, it will be easily appreciated, is at the moment
highlv speculative. The actual data we have obtained indicate onlv
that there may be an interaction bet-ween immunoglobulins and
cell surfaces in general, specifically those of the polxmorphonuclear
leucocvte. Moreover, we have shown that agents which elevate the
levels within cells of cyclic ANMP have the capacitv to interfere
with the flow of lysosomes to the phagocvTtic vacuole or to the cell
peripheryv. This effect is biphasic, as manv effects of cyclic AMP
are within cells (low concentrations appear to enhance and high
concentrations appear to inhibit the flow and shuttle of granules).
WN7e have obtained evidence for the presence of a protein kinase
(the catalytic unit of which is associated with microtubule protein)
within human white cells. MIuch more experimentation will have to be
done in order to verifv the hypothesis presented above. It may well
be, however, that phagocvtic cells such as the polvmorphonuclear
leucocyte fall into a class of cells, the activities of which can be
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regulated bv c-clic ANIP, acting, as in other cells, v-ia protein
kinases to regulate the fully differentiated function of the cell.
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[Illustrations follouw]
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Fig 1-Human peripheral blood polymorphonuclear leucocytes, incubated for 1 hour in
phosphate-buffered saline. The cells have flat ruffled extensions (arrow), less than 0.1 u

thick at the edge. The bulk of the cytoplasm is massed around the nuclear lobes.
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Fig 3--Human peripheral blood polymorphonuclear leucocyte, incubated for 1 hour with
immune precipitates of lgG with rheumatoid factor. Double arrows indicate the multiple
finger-like projections elaborated by these cells. The projections are approximately 1 A in
diameter with lengths of 2 to 5 ji. Single arrows indicate the amorphous precipitate of
immune complex. Fig 4-Human peripheral blood polymorphonuclear leucocyte, in-
cubated for 60 minutes with 2.8 x 10-4 M prostaglandin E1 before exposure to zymosan
(1 hour). The cup is transformed into a saucer and rounded projections (approximately 1 u

diameter) within these saucers indicate the presence of particles subjacent to the cell
surface.
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