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Summary

Backgrottnd Basophils arc circulaling. secretory gruniilocytes that are generally
considered to be end-stage cells. In one species of guinea-pigs, basophilic leucocytes
have been shown to recover from stimulated secretion in short-term cultures. Similar
studies have not been done using human basophils.
Objective The purpose of this study was to examine human hasophils in short-term
recovery intervals following stimulation of secretion to determine whether visual
evidence of recovery occurred.
Methods We examined the ultras trucUiral morphology of early recovery (l0min-6h)
of human basophils following secretion stimulated by formyl-mcthionyl-lcucyl-phenyl-
alanine (FMLP). A combined technique for electron micro.scopy consisted of post-
fixation exposure to cationizcd ferritin and reduced osmium, providing maximum
quality images and allowing identification of intracellular spaces/organelles that
opened to the cell .surface, often oui ofthe plane of section.
Results The ultrastructural evaluation revealed that control basophils (0 time 6h)
did not undergo regulated secretion or develop the morphologies associated with
recovery following secretion. FMLP-stimulated basophils underwent an overlapping
continuum of piecemeal degranulation - anaphylactic degranutation (0 time- I min).
producing vesicle- and granule-free, completely degranulated. viable, mature basophils
with polylobed nuclei. The early recovery period (10min-6h) following FMLP
stimulation was characterized by reconstitution of granules. Morphological mechan-
isms for granule reconstitution included a mixture of conservation, condensation, and
synthetic events,

Coticlttsion Human basophils. like guinea pig basophils. have the polential to recover
from regulated secretion.
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. . . to tLssues from the peripheral blood. Basophils are
Introduction ,, , , , , ,

secretory cells characterized by synthetic product storage
Basophils, like other granulocytes, are generally viewed in prominent cytoplasmic granules and regulated secre-
as end-stage cells with no potential for renewal or tion of these products by exocytosis of granules [1].
prolonged functional life, partieularly after migration Many secretory cells with similar granule storage sites

and secretory programs (i.e. numerous endocrine and
Correspondence: Dr A. M. Dvorak. Department of Pathology. Beth exocrine cells) are not end-Stage cells and characteristi-
Israel Hospital. 330 Brookline Avenue. Boston. MA 02215. USA, cally replenish seereted materials as needed [2]. Evidence
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Fig. I.Unstimtihiled biisiipliils. inctibiiiL'ti in htiller for 1 min (p;inel ;i), .''inin (panel b). I li (pjiicl L'1. orb h ipuiicl LI). arc roLind, have
irregular. slH)rt siirliicc processes, and retain evtoplasniic particlc-lilk\i sccrctois tiraiuilcs. Some graniile,scontain concenti'it: dense
membrLines (panel d, arrows); others are partially devoid oi"dense maierial, piirtieiilarly by (i h (panel d). The surface of un.stinuilated
basopllils is outlined by a uniform layer of entionized ferrilin: no ferritin is prescnl within eells or partially empty granule ehanibcrs,
N = micleus. (a.d) xl.SOOO; (b,e) '
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Fig. 2. FMLP-stimulalcd ba^iphiK, lixcd for electron microscopy at 2()s (panels a cl or I mm (panel d) after siinnilation, show
morphological changes of secretion. In panels a and b. the cells retain their round shape and do not have increased surface processes.
Some of the granules in panel a have released their dense granule contents and appear clectron-lucetit (arrow). Similar electron-
lucent. cnipt\ granule chambers have niiirkcdK increased si/cs in panel h. A few unaltered granules retiiain (panels a and b). and
rcsiikiiil yraniilc particles arc evident in soine swollen yraiuitcs (pane! b. arn)w). Calioni/cd ferritin is hound lo the cell surface but
tlocsnol Ciller lhe swollen granules (panels a and b). The changes in panels a ami hare typical of piecemeal degranulation. In panel c.
a laryi.'degranulation ch:imher(c) in ihc cytoplasm is filled with loosely packed granule particles. It opens to thecsterior of thecell at
one point where a plugofcatiotiized ferritin is bound (arrow). Several etnpt\ grantilc chambers are present in the cytoplasm, and ihc
cell surface processes ha\c increased in length. In panel d, a few unaltered granules retniiin in a cell with markciJl\ complex surface
contours, where grsuuiles have been released. The nucletis (N) is poiylobcd, ( aiionized ferrititi binds to the cell surface and lo the
membrane of several dccpl\ invaginated portions of the surface within the cytoplasm (arrows) — one of these contaitis an
extruded granule. The changes in panels c atid d are typical ofanaphylaclicdeyranukition. (a) ^ 12 ()()(); (b) x 10 500: (c| x 16000; (d)
X 13 500.
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that basophils also recover from regulated degranulation
by granule reconstitution was acquired through electron
microscopic sludicsofguinea-pig basophils in shori-terni
cultures lolloping soLretion [3]. Masi cells (cells with
functional similarity to basophils) of two species (rat and
human) are also known to reconstitute granules by
several mechanisms rollowing iheir regulated secretion
by exoc>iosis [reviewed in ref. 2].

In ihe present work, we examined the ultrastruotural
morphology of human basophil recovery in shorE-lerin
experiments (up lo 6h) following formyl-methionyl-
leucyl-phenylalaninc (KMLP) slimulaiion. Previously.
KMLP sliinulalion o\' human basophils was shown to
induee a rapid continuuiu of uliraslruetural changes [4],,
eorresponding In time lo [he regulated secretion of
secretory products, determined biochemically [.S]. and
characterized by early piecemeal degranulation merging
into an anaphylactic degranulation phase. Piecemeal
degranulation in human hasophils is characterized by
the development of partially empty and empty granules
which do not fuse and remain in the cytoplasm [1,6];
anaphylactie degranulation in human basophils is char-
acterized by the extrusion of individual granules to the
cell's exterior following granule and plasma membrane
fusion 11.2].

In the recovery period (10 min dh). we used a combined
method postfixalion exposure to calionized ferritin
[7.8] and reduced osmium [7] — lo yield optimal ultra-
structural information. That is. the reduced osmium
postllxation leclmiqiie ma.\imi/es the imaging of glyco-
gen. granule contents and membranes [7]. and the post-
fixation exposure to cationized ferritin allows binding of
caiioni/ed fcrriiin to negatively charged membranes in
continuity wilh ihe pla.sma membrane, thus detining such
continuities that are present at section levels out of the
plane of view [7], These techniques together provide a
view of morphological granule reeonstitution in human
basophils at early recovery times beyond stimulated
secretion. The evident morphological mechanisms were
primarily those of conservation (by re-uptake of granules
and portions of granules and membrane as vesicles and
vacuoles). condensation (electron-dense fbei in refilling
granules), and synthesis (Golgi expansion and progranule
formation).

Materials and methods

Basophil purification

Buffy coat cells, obtained from normal donors under-
going hemapheresis. were partially purified by counler-
current centrifugal elutrialion and then placed on Percoll

density gradients (I 075 and 1 066g/mL). Purified basophils
were recovered from the interface between the two
Pereoll layers [5.9]. Two final preparations containing
52Vo and 28% basophils were used for these studies.

Fig. 3. Basophils. in the recovery phase following FMLP
siimulaiion (fill), have a full complement of uniformly elec-
tron-dense granules. The cell shape and surlacc contour
approximate those of eontrol unstimulated cells (F"ig. I) and
tho.sc undergoing picecmeal degranulation (Fit:, 2a,b) and
didcr from those of colls undergoing anaphylactic degranula-
tion (Fig. 2c.d). The eell nuclei (N) remain polylobed. Numer-
ous perigranular vesicles are aKo electron-dense (arrow), (ii)
X 13500: (b) X30000.
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Histatnim' release assay

Cells wore resuspended in PAGCM (PIPES [piperazine
N.N'-bis-2-cthanc sullonic acid]-albuniin-glucosc supple-
mented with I mM CaCU and 1 mM MgCK) and stimu-
lated with a linal concentration of 1 /;M FMLP at 37 C
lor various periods of time (()-6h) in a linal volume of
100//L containing -̂ 1 million basophils or 2-3 million
total eells. Cells not stimulated with FMLP were also
examined. In both nf the experiments, a portion ofthe
cells was set up in separate tubes (including samples
for total histamine content and spontaneotis release).
challenged similarly, and the supernaiant harvested to
a^certahi the extent of histamine release as described
previously [4.5], For one preparation, this reaction
period was 10 min. and in the second experiment, the
rcaetion was stopped afler 30min. Net FMLP-stimu-
lated release for the iwo preparations was 30"/H from the
preparation sampled at 10 min and 39% from the pre-
paration sampled at 30 min.

filet trun niicro.'icopy

Aliquoted samples ofcells. either stimulated with FMLP
or not. were recovered for eleelron inicroscopy h\
immersion fixation of suspended cells in a mixture o\'
aldehydes, as before [7], at times 0.20 s, I, 10. 20. 30 min.
1. 3. 6h. Cells rrom sonie samples were resuspended in
Hanks" balaneed sail solution (HBSS), containing 5

(0-5mg) cationized ferritin (Miles Laboratories. Inc.). on
a rotary shaker set at low speed for 30 min at room
temperature [7,8]. Further processing and embedding
was as reported [7]. Thin sections were stained with lead
cilralc and viewed in a Philips 4()0 electron microscope.

Results

Human basophils. recovered in short-term cultures
during the 6-h interval following FMLP-stinnilated his-
laniine release, showed iiltrastruetural indications of
granule renewal features differing from lhe ultra-
structural morphology of unstimulated human basophils
maintained for similar periods in short-term eultures.

Control unstimulated basophils, maintained in bulTer
(20s. I. 5. 10. 20. 30min. 1. 3. 6h). ditTered Iitlle from
published descriptions of ihe ultraslruetural anatoms of
peripheral blood basophlLs [10]. They were small cells
(---7 IO//ni) with condensed nueiear chromatin in poly-
lobed nuclei. Small, irregular surface processes and
cytoplasmic membrane-bound secretory granules filled
with elcetron-densc particles were evident (Fig. 1), The
eytoplasni contained monoparticulate electron-dense
glycogen particles and elongated mitochondria. Goigi
struelures were pmtrly developed, and rough enii(iplasniie
reticulum was virtually absent. Small, membrane-bound,
eleetron-lucent cytoplasmic vesicles were present, These
structures had no apparent relationship to granules.
Golgi or plasma membranes. The large secretory granules

Fig. 4. Recovering hitsophil granules (} h) show ecntral. elL-Liron-dcnsc condensation foci superimposed on less dense peripheral
panicles. These IVKI Viiry in shape from rectangular (panels ;i and c) to rountl (panel h). One recovering granule (panel a) retains a
peripheral area t)!' loeal piecemeal loss of lhe peripheral granule panicles adjacent lo the central dense core. 1 his area of granule
release is nearlyeleetron-luceni and is intimately assoeia ted uitli a chister of eleclron-dense glycogen particles (arrow), (u) x 67 000;
(h) x60(K)():(e) x63()()0.
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(-̂ 1 //ni) wore lilied wilh typical granule particles: some
granules hud multiple dense concentric membranes and
homojiencously te.xtured Chiircot-Leyden crystals {CLCs)
within them. At later time intervals, a portion of the
secretory granules, while not enlarged, had diminished
particulate content. These structures were memhrane-
bound and well-separated from other granules and the
plasma membrane.

The ultrastrueturai morphology of the release reaction
stimulated in human basophils hy FMLP has been
presented in detail [4]. These findings, eomprising a
kinetic study spanning 0 time stimulation to lOmin
after exposure to FMLP. vvere recapitulated here.
Briefly, we identified individual basophits expressing
the morphology of piecemeal degranulation (an early
event spanning the first 30s after FMLP) and that of
anaphylactic degranulation (a somewhat later event
spanning 20s to 2inin following FMLP stimulation)
(Fig. 2). We have postulated that these diverse morpho-
logies reflect a continuum of events that are produced by
this trigger, leading ultimately to ihe release of virtually
all secretory granules from these activated cells. Particu-
larly, full granules and empty granule containers were
absent from completely degranulated cells, reflecting the
externalization of granule membranes as well as secre-
tion of the contents of granule chambers.

The specific morphologies of FMLP activation in this
early time frame revealed piecemeal degranulatinn IIMg,
2a.b). This morphology was characterized by tlie devel-
opment of a large number of cells {at the earliest times
[fl'. I()"l tested after stimulation) with release of electron-
dense granule contents and retention of granule-si/ed
containers (partially empty and empty) in the cytoplasm
(Fig. 2a). The cells' surface was not amplified by elon-
gated processes, and the cells clearly were mature poly-
morphonuclear cells without evidence of cell injury (Fig.
2a). At somewhat later times after stimulation (20". M)").
cells undergoing piecemeal degranulation showed marked
enlargement of partially empty and empty granule con-
tainers, which nearly filled the cytoplasm (Fig. 2b). As in
the cells without such enlargement o( releasing granules,
the electron-dense tracer, cationized ferritin. used after
fixation did not enter these structures, indicating that
they were not open to the plasma membrane at these
early times (Fig. 2a.b). Also, the cell surface did not show
evidence of activation (e.g.. elongation of processes) as
was regularly present during active granule e.xtrusion
(Fig. 2c..d). The basophils displaying piecemeal degranu-
lation with niassi\e container enlargement were mature
polymorphonuclear cells with no evidence of cell injury
(Fig. 2b).

Laier. after stimulation with FMLP. generally at 30".
r , 2'. there was e,\tcnsive evidence of the morphology oi"

anaphylactic degranulation. This form of regulated
secretion in human basophiis was characterized by the
formation of intracytoplasmic degranulation channels
and e.xtrusion of membrane-free granules and granule
particles en masse or individually to the cell surface
(Fig. 2c). These polymorphonuclear cells showed no
signs of cell injury: some contained empty, granule-sized
containers and enlarged containers, indicating overlap
wilh the morphology of piecemeal degranulation in this
FMLP-stimulated continuum of release activity (Fig. 2c).
The surface activity of cells in the process of extruding
granules and adding granule membranes to their plasma
membranes was extraordinarily complex and was char-
acterized by numerous elongated processes (Fig. 2c.d).
Cells that had reached this point in release activity (1 -2
minutes after FMLP) were often izranule-free, undamaucd

Fig. 5. Tht? peripheral cytoplasm of these recovering basophils
(30 min) shows several elongated lubules (arrows) that are filled
with granule pariieles elosc lo ihe cell surface. Cationized
lerriiiii siains the plasma membrane but not the internal
organellcs. A large aggregate of glycogen particles is present
(panel b). N = nucleus, (a) -<4I 000: (b) x37()O0,

£. 1996 Blackwell Science Ltd. Clinical and Experimental Allergy. 26, 281 294
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Fig. 6. A puucigranuUir, recovering basophil (1 h) (panel a) is clongLticd. h;is iwu lubes of nuclei (N) visible, and ;i laryc. round
aggregate ofelcclron-dcnsi.- glycogen particles; the entire cyloplasm is viruially filled wilh vesicles. The cell stirlace is stained with
cationized lerritin. whieh also binds to Ihe surface of one cxlruded granule (large arrow, and enlarged in panel b). Another granule
(small arrow} remains in the cytoplasm and contains granule particles; a large number of vesicles (which either are electron-lucent or
contain electron-dense particles [arrow]) stirround Ihis one remaining cyloplasmic granule (arrow enlarged in panel c). In panel b.
noie Ihat several vesicles (arrows) are aitachcd to the plasma membrane immediately beneath the overlying extruded granule, (a)
x23O(K);(b) x845()0;(c)

C 19% Blackwell Science Lid. Ctinicai and Experimental Allergy, lit. 281-294
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cells with polylobed nuclei und extensive surface activa-
tion. Many cells retained several granules of normal size
(•̂ 1 /Mil) wilh no evidence tif content losses. Large cleft.s
into the cytoplasm lri>ni ihe cell surface and some empty
granule containers now permitted entry and siaining
with the postlixalion cleclron-dense tracer, catitmized
ferritin. indicating iheir continuity with the cell surface
(Fig. 2d). The cyloplasmic vesicle content, which was
high [4] in piecemeal degraniilating cells examined ui
0 10" after slimulaiion. became low in actively extrud-
ing basophils at 30" and I' times after FMLP [4] (Fig.
2c.d). Moreover, residual granules that did not become
altered in this early phase of release showed no evidence
of central condensation and did not reside near cell
surfaces (Fig. 2d). Kxirudcd granules, on the other
hand, were often closely attached to cells in an extra-
cellular location.

Recovery from FMLP-induced human basophil secre-
tion was characterized by a number of morphological
events. First, there was Hltle evidence of residual piece-
meal degranulalion. characterized by regular-sized,
electron-lucent cytoplasmic containers and no evidence
of piecemeal degranulalion with enlarged, electron-lucent
granule containers at the time intervals sampled, span-
ning 10. 20 and .̂ Omin to 1. 3 and 6h. Rather, many
granule containers displayed central condensation o\'
electron-dense materials, often superimposed on less

dense contents. Ultimately, large numbers of cytoplas-
mic granules were completely filled with electron-dense
malerial. granules that revealed no evidence ol" focal
eleclron-lucent areas characteristic of piecemeal degranu-
lalion. Such granules also did not generally have large
collections of dense concentric membranes (Fig. ?).

Granule condensation of central dense materials on a
less dense background was noted in both small and large
(--I//m) parliclc-containing granules, many of which
were located in the peripheral cytoplasmic area (Fig.
4). The central dense nucleoids resemble ihe general
process of granule condensatioti seen in recovering and
maturing human masi cells [II 13]. The central densities
in human basophil granules should not be confused with
the central dense cores that are an integral pan of the
anatomy ol" mature human eosinophil secondary gran-
ules [14]. Most of the recondensing basophil granules
displayed a single dense core, but some had several. That
these granules represent refilled granules, which were
previously emptied by piecemeal degranulation [1.6], is
suggested by the presence of some granules with central
condensation cores that also retained focal eiectron-
lucenl piecemeal holes in their particulate material
(Fig. 4a). We also noted elongated tubular granules
filled with dense particles in the peripheral cytoplasmic
area, structures that are not generally present in unsti-
mulated cells (Fig. 5a.b).

Fig. 7. The peripheral cytoplasm of two
roeovcring basophils (3h) shows
aitaehed chains ot eleciron-lucenl
vesicles (panels a am) b) and several
vesicles wilh granule panicles (panel b),
lilectron-dense glycogen particles are
present in ihc cytoplasm. Calioni/ed
lerritin binds io the plasma membrane as
well as to a vesiele ihat is open to the cell
surface. This vesicle (arrow) is attached
hy a narrow channel to an underlying
vesicle whieh does not contain ihe
postlixalion eleclron-dense tracer and,
iluis. is nut in continuity wilh the surface.
The narrow channel restricting ihis
access must be less than the I )-nm size
of lerritin. N = nucleus, (a) x63000;
(b) X 123 500,
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Ki};. 8. Clusters o\' \csicles in the periplicral cytoplasm of
recovering basophils (3h) are either apparently enipiy (elec-
tron-lucent, panel a) or filled with electron-dense particles
(arrows) similar to those in granules (panel b). Two extruded
granules with overlying calioni/ed lerrilin remain attached lo
ihe cell surface (arrows in panel a). N — nucleus, (a) x31 000;
(b) -4) M)(l.

Paucigranular basophils were noted at recovery times.
These mature cells with polylobed nuclei were not
damaged. Thc> dillercd from ihc nearly granule-free
basophils. which abounded at 1 min after FMLP stimu-
lation as a result of extrusion of nearly all secretory

granules, in that they had large numbers of cytoplasmic
smooth membrane-bound tubules and vesicles (Fig. 6).
Other fealures o\' these cells were large masses of aggre-
gated glycogen in their cytoplasm.

The large number of cytoplasmic vesicles present in
recovering human basophils often formed local collee-
tions in the peripheral cytoplasm. These collections
surrounded granules and were sometimes concentrated
beneath surface-attached, previously released granule
particles {Kig. 6b). Mosl of these vesicles were smooth
membrane-bound, but coated pits in the plasma membrane
were seen in similar locations bcncatli granular particles.
Some vesicles that were attached to the plasma mem-
brane and that were located in the peripheral cytoplasm
at these locations contained the postfixation tracer,
cationi/ed ferritin. indicating iheir continuity with tlie
ceil surface (Fig. 7b). The vesicles located in these sites
ctinsisted ofa mixture of electron-lucent structures and
vesicles lilled with dense and particulate materials analo-
gous to adjacent cytoplasmic granules or to overlying
granule particles on the plasma membrane (Figs 7 9).

Granule-si/ed, membrane-bound vacuoles were seen
in the peripheral cytoplasm and were in continuity with
the plasma membrane, as evidenced by the presence of
the electron-dense postfixation tracer, cationi/ed ferritin.
within lliem and staining their membranes (Fig. H)).
These spaces, de\oid of granule content, were less frc-
quciuly present than were granules in the process of
being individually enclosed by short, arm-like extensions
of the cytoplasm (Fig. II). Such enclosure suggested
cytoplasmic rc-uptake of previously extriidcti granules
that remained intaci and attached to the cell surface.
Inlernali/ation of these granules resulted in their rein-
vestiture with a plasma membrane-derived membrane to
which the granule was attached. Initially, these released
granules were coated by cationized ferritin when
attached to the ceil surface. As they became enclosed,
this postfixation tracer no longer bound to the granules.

The majority of basophils recovering from FMLP
stimulation of histamine secretion did not show extensive
increases in Golgi structures. Some cells did show
increased numbers of Golgi area electron-lucent, smooth
membrane-bound vesicles, and others had concentrations
of small vesicles and larger progranules filled with electron-
dense particles (Fig. 12).

Oiscussii>n

We document here ultrastructural events that underlie
granule renewal in luiman basophils recovering from
KMLP-induced dcgiaiuilation. While some unstimulated
basophils, maintained over the same time frame, showed
some losses of particles from granule eonlainers, these

( 1996 ^\A<cV-we\\^\tx\QcL\A,aiimul and Experimental Allergy. lb.2M 294



Fig. 9. The cell surfaces of these recovering basophils (3h) have attached, extruded, membrane-free granules (arrowheads) that are
heavily siained wiih the postfixaiion eleelnm-dense tracer, eationized lerrilin. Granule particles are easily seen in panel a. but iheir
elariiy is diminished in panels b and c. where eationized territin nearly fills the granule-occupied extracellular space. The cytoplasm
immediately underlying the extruded granule contains particle-fillcd vesicles (arrows) in panel a. In panel b. vesicles (arrows) are
attached to the plasma membrane immediatelv beneath the extruded granule (noie the large aggregaie of eleclron-dense glycogen
particles nearby). In panel c. a vesicle (arrow), which is attached to the plasma membrane honeaili ihe extruded granule, contains
cationized ferritin. indicating continuity with the overlying extracellular area. N = nucleus, (a) x70000: (b) x 56 500; (c) x 84000.

\

Fi^. 10. Recovering basophils (3h) contain granule-sized, membrane-bound vacuoles in the peripheral cytoplasm (arrowheads).
Cationized ferritin has stained these sirucUires. indicating continuity with the extracellular space. Some vacuoles (panels b and c)
contain residual granule particles ihal have also hound the cleciron-densc postfixation tracer. N = nucleus, (a) x45000:
(b) x32OOO: (c) x49500.
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Fiji. 11. Recovering basophils show extruded granules (3 h) in various stages of internalization. Note the progressive investiture by
iwt) short eytoplasmic itrms (arrows) which close and exclude the extracellular tracer, eationized ferritin. Cationized ferritin binds to
the cell surfaces and the surfaces of granules ihat still maintain continuity to the cell surfaces (panels a d). (a) x53O()O; (b)
X76000; (c) x590O0: (d) x45000; (e) x50000; (0 x65()00.

structures were not enlarged, and we did not see in
the control basophils the ultrastructural changes of
the continuum piecenie;U degranulation — anaphykictic
degranulation produced by an FMLP stimulus [4]. Char-
acteristically, the release reaction that is stimulated in
human basophils by KMLP produces empty granule
containers, similar in size to full granules, and empty

granule containers that are massively enlarged. These
changes, typical of piecemeal degranulation [6]. do nol
show continuity to the cell surface at early times (seconds)
as documented by the exclusion of cationi/ed ferritin, an
electron-dense postfixation tracer which makes this dis-
linction possible. At later times (minutes) in the degra-
nulalion continuum stimulated bv FMLP. extrusion of

iy% Blackwell Science Lid. Clinical and Experimemal .Allergy. 26. 2M 294
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Kig. 12. Golgi areas (G) near the polylobed nuclei (N) of
recovering ba.sophils (6h) show large numbers of vesicles
(a) and cleetron-dense progranulcs (b). (a) <3O5(K): (b)
X 32 000.

granules and their tiicmbrancs prevails, and irregularly
shupcd cells have deep clefts penetrating inlo their
cytoplasm, which do stain with cationized ferritin [4].
Thus, completely degranulated cells are produced in
quantity by I 2min after FMLP stimulation [4]. These
cells are devoid of granules and empty granule ctintain-
ers. Some cells may retain a few granules that arc not

altered. Wlien present, such granules neither show changes
Ul the density of particle packing nor display condensa-
tion foci. The number and distribution of cytoplasmic
vesicles which characterize this degranulation continuum
(() 2 niin) include large numbers of perigranular vesicles
in the granule emptying phase of piecemeal degranula-
tion and a marked reduction of cytoplasmic vesicles in
ihe granule and granule membrane extrusion phase of
anaphylactic dcgranulalion [4]. Completely degranulated
basophils (1 -2min after FMLP) are viable cells having
essentially no cytoplasmic vesieles or granules.

Control basophils also did not show the morphologi-
ciil features that accompanied granule renewal in the
recovering basophiU. The latter preparations were
characterized primaril) by conservation and condensalioti
c\enls; some cells had morphological evidence of
enhanced synthesis. (These experiments were done in
the continued presence of FMLP. If il were possible to
ellecti\ely remove FMLP from its receptor and provide
a medium that mimics the in vivo environment, the
recovery by synthetic mechanisms might have been
more complete). Synthesis ma\' actually be increased at
limes be\ond these studies, since they were terminated
relatively early after degranulation (i.e. 6h), For
example, in studies of recovery following unaphylactic
degranulation of isolated lung human mast cells, con-
servation and condensation preceded synthesis as
mechanisms of granule reconstitution [11,15-18]. Con-
servation and condensation morphology in recovering
human basophils included the development of eleetron-
dense condensation foci in cytoplasmic granules, promi-
nent subgranular vesicles resting beneath exocytosed,
plasma membrane-attached granule particles, internal-
ized, cationi/ed ferritin-stained membranes forming
giaiuilc-si/ed spaces in the cytoplasm, and extension of
cytoplasmic processes (arms) that enclosed and internal-
ized extruded granule particles. All of these events were
absent from controls.

Another striking change in the recovering basophils
was the presence of extensive collections of cytoplasmic
vesicles in the peripheral cytoplasm and near some
recovering granules changes that were totally absent
from controls and characteristicalK absent from the
completely degranulated cells thai preceded the recovery
limes studied. Using an enzyme-aHinity method to loca-
li/c histamine in ultrastructural samples [19 21], we have
found Ih:if these clustered vesicles are histamine-rich
[221. While their predominant subplasma membrane
location suggests that they may represent retrieval of
released histamine in mature cells without enlarged Golgi
structures, it is also possible ihat some histaminc-rich
vesicles originate in Golgi synthetic structures. Whatever
their source, the vesicles are a prominent feature of
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recovering human basophils. and. thus, a similarity to
tiie recovery process documented earlier in guinea-pig
basophils is highlighted [?].

We have previously examined ihe ultrastructural mor-
phology of recovery from anaphylactic degranulalion of
two histamine-rich cells in short-term cultures guinea-
pig basophils [3| and human lung mast cells [11.15-18].
Recovery of rat mast cells from secretion has been
examined by several groups [23 37] (and reviewed in
ref. .38). These studies (spanning --40 years) and those of
human lung mast cells [11,15 18] leave little doubt that
mast cells have the capacity to recover from stimulated
secretion. The relative extent of such recovery in vivo vs
recruitment of agrunular mast cell precursors from the
blood to various tissue sites where maturation proceeds
is not known. It is possible that recovery from antecedent
piecemeal degniiuilation. by the lefiMing of conserved
containers, represents a major event in those disorders
associated with this form of secretion [1.6.39.40].

Prior to ihe studies reported here, basophils of only
one species — guinea-pig — had been shown \o recon-
stitute granules following stimulated secretion [3]. The
ullia.siructural similarities of recovery seen in basophils
from human and guinea-pigs are extensive. Whether
this event lakes place in vivo is entirely unknown. The
two studies document, however, thai these mature
granulocytes. previously regarded as end-stage, non-
synthetic cells, not only survive massive regulated secre-
tion but also recover from their altered morphologies by
reconstituting secretory granules. In the human basophils
studied here, the ultrastructural morphology of recovery
suggests conservation and condensation as major mechan-
isms, spanning 10 min to 6 h after release. There was also
expansion of s\nthctic organelles in some cells, suggest-
ing multiple (Liiui;Or alternative) routes of granule pro-
duct recovery.
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