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SU~~~RY

Scanning microscopic and functional studies were made of granulocytes

isolated fran CPD anticoagulated whole blood by counterf 1CM centrifugation

in a Beckman JE-6 rotor. The collection buffer was phosphate (20 nt4)

buffered saline (280 nOsM ) with glucose (28 nt4) and hui~an serun albumin

(1.2% w/v) . The final suspension contained less than 2% nononuclear cells

and 5% red cells. Incubation and fixation at var ious temperatures re—

vealed t~~ distinct temperatu re dependent shape transformations. At 22 ,

37 , 40 and 45°C granu locytes were aireb oid with extensive highly textured

veils. These snoothed progressively, bullae and blebs forned, and nethranes

peeled finally leaving nonfunctional spheres with snooth surfaces . At 4°C,

• granulocytes were irregular spheres , less rugose but with numerous micro—

villi and nodules . Veiling was absent . Phagocytosis , initially 1CM ,

progressively declined over 48 hours while cell surfaces becane snooth . Sa~~
forn~~i blebs , but all terminated as nonfunctional spheres with untextured

surfaces containing occasional larg e single holes . Cellular stability

estimated fran changes in volute distributions , and phagocytosis by micro-

flucrescence maasur~ients of yeast and latex particle ingestion were also

t~~~erature dependent and paralleled the shape pro gressions . It is concluded

that at body (370C) or fever (40°C) temperatures , granuloc ytes have dynamic

n~ ibranar surfaces characterized by extensive veiling and high function .

At 4°C they are relatively inactive spheres devoid of pseudopodia or veils,

yet functiona l at slCM rates .

Li :
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INTl )DUCrICt~1

The shape, netaboli~ n , and function of blood cells are inf luenced by

t~ içerature. Particularly responsive are granulocytes whose n~~t ranes

deform and undergo configurational transformation in response to ch~nica1

or physical stimuli. Human granulocytes suspended in autologous pla~ na

were s1K~ n to be aneboid at 370C consisting of spheroidal and nulti-veiled

extensicns~ . Redi~~tion of the t~ çerature of granulocytes to 4°C markedly

-
. 

reduced notility2, phagocytos is3 , and netabolisn~
4 . Lysis also was greatly

retarded for granulocytes stored at 40C. Only 6 percent were lysed after

2 days while all cells stored at 22°C or higher underwent hypotonic lysis3.

M~ile el.evaticn of body tw~ erature during infection causes increased

granulocyte ntzzters in the circulation , little is knCMn of granulocyte

function and the shape transformation induced by increased t~~~erature.

}~ at has been stxMn to induce extensive changes in cell surface

norpl~~logy of cultured lymphoid cells5’6. Relatively short exposures to

te~ç~eratures of 45-50°C caused intracellular structural alterations , active

methrane nov~~ent, capping , and loss of microvilli. The associated inhibition

of Na~ dependent amino acid transport was thought to explain the observed

m~it rane and cytological changes7’8

In previous studies we e~ployed microfliorescence of fliorescein

diacetate and ethidiun branide to estimate the stability of cytopla~ nic and
9

nuclear mElt)ranes of granulocytes at ten~~ratu res suitable for preservation . Also,

changes in vo1~.m~ distributions have been used to neasure the integrity of

granulocytes stored at 4°C and 220C for 3 days3 . In this paper scann ing
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electron microscopy identified norphologic changes n response to changes

in teTç)erature and t~~ shape transformation sequences were observed . One

progression of change occurred at 22, 37, 40, and 45°C which was

similar but occurred at faster rates for the higher t~~çerature s. A

second different sequence was observed for granulocytes incubat ed at 4°C,

characterized by the absence of veils or petal forms. Measur~~~nts of

granulocyte stability aixi particle ingestion enabled us to identify

nx)r~*clogic features related to the functional and non-functional states .

MATER IALS A)~~ M~~HODS 
-

Fifty ml of whole blood was collected at roan teiperature by vene-

• puncture into syringes containing 7 • 5 ml of citrate-phosphate-dextrose

(CPD) . Granulocytes were isolated by ccunterflCM centrifugation in a

Beckman JE-6 rotor as described 1y Iaionetti et al. ~~~
. The blood was gradually

cooled to 100C in the rotor and the blood was at 10°C during the one hour

required to isolate the granulocytes. The collection nedium was phosphate-

buffered saline (280 m0~~/kg 1120) containing 0.02 M Na2HPO4 , 0.028 M glucose,

and 1.2% w/v human albumin (Am our , salt poor) . The pH was 7.1. The rotor

was sterilized prior to use with a 10% solution of sodium hypochiorite

(Chiorox) , flushed with the ptmp, and follCMed by 1.5 liters of sterile isotonic

t Ni~Cl and 200-300 ml of sterile elutriation buffer. All solutions were

sterilized by filtration through 0.22 u filters. ~pproxiinate1y 1.8 x 10~
granulocytes were obtained in 8.0 ml of suspension containing less than 2%

naicnuclear cells and 5% red cells.
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Granulocytes• were incubated under sterile conditions as described by

Contreras et al. ~~
. ~1ultiple collections of granulocytes fran the sterilized

• 
rotor were pooled and divided into covered sterile 50 ml Corning polypropylene

tubes under a laminar flow hood. Each contained 14 ml of buffered collection

nediun and 5.5 x 10’ granulocytes. Tubes were maintained without agitation

at 4, 22, 37, 40 and 45°C and saipled periodical ly for up to 48 hours under

the laminar flow hood. At appropriate intervals t~~ ml containing 8 x 106

Pt~tJ’s were withdrawn and fixed for microscopy and tested as described below.

Granulocytes were counted and volume distributions made with dilutions con-

taining 2 x 1O5 Pt!tq’s per ml with a Coulter Mzxlel ZH counter and Channelyzer as

previously described9.

• At the specified intervals 1.3 x io6 PMN ’s in 0.3 ml of the incubation

were fixed with 2.7 ml of 2% glutaraldehyde in Millonig’s buffer maintained

at the incubation tasperature . They were dehydrated, dried, coated with gold-

palladium and photographed with scann ing electron microscopy (SE~4) as described

by lain et aL 5 and Ipionetti et ai~.
9.

Reactivity of granulocytes with fluoresce in diacetate (FDA) and ethidi un

bromide (EB) was tested on 0 2  nil of the incubated suspensions containing

2.0 x io6 Rb’ s. ~~t nounted slides were counted within 1.0 minute after

admixture of cells with the FDA-EB mixture, as previously described9.

Ingestion of latex or yeast by PfV’ s was estimated fran the percentage

of cells containing fluorescent latex9 or zynosan pretreated with ethidiun

branide~
0. One ml of the incubation containing 4.0 x io6 r?.v’s was witlx1rawn

I ~~~~~~~~~~~~~~~~
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as 2 aliquots of 0.5 ml each . Fluorescent latex (0.025 ml Fluolite-ICI,

Finland) (875 x io6 particles, 0.1—0.3 u diameter) was added to one 0.5 ml

aliquot resulting in a ratio of cia . 400 particles per PMN . Ethidiun

treated zynosan (0.025 nil, 360 x io6 particles, 1—1.5 u diameter) was

added to the other yielding a ratio of 200 zynosan particles per Pt44.

Both were incubated for 30 minutes in auto logous serum at 37°C, washed

twice, and the percentage of cells containing particles counted . Latex

ingesti on was rated as high , medium, low or zero, and yeast ingestion as

high , low or zero aocording to criteria previously defined 10 .

RE~ JLTS

• T~~perat ure effects on granulocyte surface. That granulocytes exhibit

• a host of shapes is evident fran scanning microscopy photographs taken

at different taTp eratures (Figure 1). These are representative of granu locytes

fixed after 20 minutes of equilibration at each temperature. Granulocyt~s

collected at lO0C and fixed while in suspension were primarily spheres with

highly irregular rugose (wrinkled ) surfaces (Fig . 1A, top) . A small nuT~er

displayed short multifolded , exoplasmic rt ffles and cytoplasmic veils. Granulo-

cytes brought to 4°C and then fixed, revealed totally different topology.

~~~y were spherical , devoid of veils and less rugose . Many short blebs and

nodules were evident (Figure 1A; middle) . Granulocytes at 220C and higher

assui~ d the am~~oid shape described by Lichtman et al. ~~
. At 22°C these were

polar , randomly oriented , tightly rugose spheres with one or nore extended veils.

(Figure IA bottom, Figure IS, top, middle bottom) .
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At 37, 40 and 45°C, the initial state was characterized by greatly

extended leafy or folded veils. These were so extensive as to thscure the

f spherical portion and make them appear to be ccsnposed entirely of inethrane

(Figure 1B, top, middle, bottom) . Functional studies d~ ionstrated that

granulocytes were maximally phagocytic where veiling was maxinun (See

below). Brief exposure of PMN ’ s at 450C for the 20 minutes required for

ta~perature equilibration elicited a sequence of shape changes suggesting

great susceptibility to beat (Figure 15, bottom) . Veils became greatly

extended and ~~ irenced to ~~coth and peel while the spherical body reduced

its highly textured wrinkled surface gradually forming nodules and blebs.

Effects of incuba tion on surface, neirbranes, and function

of granulocytes. Granulocytes incubated at various ta~~eratures for

tine periods sufficient to evoke changes in norphology, size and particle

ingestion are s1~~ n in Figures 2, 3 and 4. At 22°C and higher a camon

sequence of shape transf ormation occurred related princip ally to changes

in nunbrane properties. Cytopla smic extensions gradua lly lost their highly

puckere d texture . Folds and wrinkles disapp eared as the m~lt)ra nes became

~iooth and filmy. The spherical parts became less rugose with patches sug-

gesting residues of n~~rI,rane . On sane spheres blebs appeared . Ultimately ,

• rn~~~ranes peeled or detached leaving ~tooth spheres with anal l meithrane

residues or slight indentations. At 40 C after t~~ hours , a significant

fraction had become siooth spheres . Progressiv ely all cells transform ed

similarly for 21 hours. Many contained holes revealing a m~rbrane and an

• inner core (Figure 2~, bottom) .

_ _  - ~~ • • H
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At 40C granulocytes slowly transformed into s~theres with no evidence

of mthrane extension, transformation, or peeling (Figure 2B) . Instead

granu locytes transformed slowly over 48 hours . Menbranes retracted and

formed irregular villi and digitifonn projections with ball shaped endings.

• Gradually these retracted leaving spheres covered with loose folds of lesser

curvature (Figure 25) . By 48 hours all PMN ‘s were spherical with many

irregular bit ~tooth contours. Micr ovilli had shortened to small nodules.

The final observation revealed spheres with even snooth surfaces devoid of

str uctures except for vesicular blebs in sane cells consistent with i~enbrane

pinched of f by exocytosis .

Voltme studies. Volu~ne studies revealed gran ulocytes to exhibit

t~iperatu re dependent swelling and possible frag mentation . Distributions of

sizes obtained with the Coulter cell counter and Channelyzer clearly showed

gra nulocytes to be nost stable at 4°c, to be less stable at 22°c and least

stable at 40°C (Figure 3 ) .  Vohzne measur ements fran electronic signals are

reliable for spherical part icles such as granu locytes at 40C. Distorted

shapes at higher temperatures negated measurements of absolute volu~es.

Therefore , we have plotted only channe l nurrbers,which are proportional to

• volire, the neiian value of which rep resents the midrange of sizes in the

• distribution. Instability of granu locytes was chara cterized by increase s

in size and decreases in nuither within each distribution. Previous studies

on storage of granulocytes had s1u~n swelling and fra gmentation 3 character-

ized by shifts in distr ibution toward higher channel nuth ers (greater voltme) .

•

- -  -— -~~
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The curves s1~~ ed skewing to the right and loss of area within the

distribution while cell fragments accumulated, as evident fran a new

peak at low channel numbers corresponding to the volumes of the

• fragients3. The initial size distribut ions (4 , 22 , 400C) were syninetrical .

Madian channel numbers at 4°C and 22°C of 62 and 61 respectively indicated

populations of PfIN ’s of equivalent volumes. At 40°C the median nunt)er 64

indicates larger cells due to swelling and possibly veiling or psuedopod

formation . No nononuclear cells were present but a small red cell

contamination was observed in the lower size range (median numbers 14 , 12 ,

13 respectively). The volume data shows clearly that granulocytes were nost

stable at 4°c. No shift occurred which ~~uld indicate swelling or shrinking.

The numbers of cells within the populations likewise revealed that small loss

of cells occurred , (Ca . 3%). On the other hand , incubation for longer than

20 hours at 22°C or 40°C caused swelling and fragmentation. By 24 hours at

400C and 22°C a.1i~ost total loss occurred . Fragments accumulated in the lower

channels. The magnitudes of cell loss were calculable by compar ing the

number of cells in the Pf14 population at anytime with the initial number .

M~thrane stability by microfluorescence. The stability and function of

granulocyte m~ t)ranes was determined by studies of esterase activity with

fluorescein diaoetate (FDA) , from the accanulation of ethidi uin bromide (ES)

in nuclei , and fran studies of ingestion ot latex and zynosan . The sum of

percentages of esterase active PMN ’ s, those whose nuclei reacted with EB ,

plus P?.V s lost through fragmentation (Channelyzer ) accounted for all cells

under investigat ion . Asstmptions made were that viable Pr.t4’ s were all

esterase positive and intact cytoplasmic nembranes allowed fluorescein to

— — •-- •—
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accumulate within the cytoplasm. It was further assumed intact nuclear

n~ rbranes excluded ethidiun bromide preventing its reaction with ~~~ and

resulting intense red fluorecence. Finally , it was assumed that viable

P~N’s ingested particles maximally. These parameters were shown to

change predictably with temperature and with incubation (Figure 4 ) .

Initially, nearly all RIN ’ s produced fluorescein from FDA. A slight

decline with increasing t~~~erature was accapanied by an increase in

ethidiuin reactivity from 1 to 5 percent. On incubation , nuclear per-

meability increased as evident from ES uptake while cytoplasmic fluorescein

dim inished. This was particularly seen at 45°C. These changes accelerated

as temperature was increased fran 4 to 45°C. Frag mentation followed maximum ES

• uptake as determined from percentage s of remaining cells in the size plots .

T~ içerature effects on ingestion of latex and zynosan. The phagocyt ic

functions of granulocytes as measured by ingestion of particles was consistent

with the fluoresce in accumulation , ethidiur n exclusion , volumes , and stability

data observed at various temperatures. R 114’ s were maximally phagocy tic initially

at all t~ ipera tures (Figure 4) and lost phagocytic capability with incubation .

Considerable variation was found with increasing tempera tures . At 4°C despite

high total overall activity the capacity for high ingestion of both yeast

(dotted bar ) and latex (cros s hatched bar ) was minimal. High capacity for

ingestion of yeast and latex increased to 40°c. However, these indices fell

at 45°c even after a short (20 minutes ) equilibration , showing sensitivity to

heat in excess of 400C (l050F) .  In the late stages of incubation at each

4-

I
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ta~çerature phagocytic cells lost high and medium capaci ties for particle

ingestion and displayed only low capabilities to ingest yeast and latex.

‘I~ nperature inactivated granulocytes. The surface features of granulocytes

inactivated by heat over a four hour period at 45°c are shown in Figure 5.

Progressive loss of rugosity, bleb formation , high polarity and membrane

stripping is evident. At four hours , veils were absent and the granulocytes

were all spherical. The exisEence of residue s of cytoplasmic membrane is

revealed by slight rugosity and membrane patches. At this time mast of the

cells (80% ) were yet capable of producing fluoresce in in cytoptasrn , and only

a small number (20%) accumulated ethidium , reflecting nuclear mEr bra nes

permeable to the dye . Phagocyt ic function decreased as the number of yeast and

zynosan particles internalized were clearly less . Nevertheless , adherence of

latex and yeast to the cell periphery was readily visible and measureable.

Ccvplete ingestion of particles was limited presumab ly by the absence of

sufficient membrane to engulf mare than a small fracti on of the partic les . In
0 0contrast , granulocytes brought alternately to 4 C fran 37 C could repeatedly

(6 tines) extend and retrac t veils and increase and decrease particle

ingestion (to be published) .

—
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DISCUSSIC~4

~thereas transmission electron microscopy has elucidated much intracellular

detail, scanning techniques of granulocytes in suspension have revealed a

dynamic surface and cellular topology which differs substantially fran that

seen with light optics of wet nounted , settled , or stained spread prepa-

rations. Granulocytes in autologous plasma at 37°C were ameboid consisting

of rugose spheres with highly convoluted surfaces fran which extended

nultiveiled , pleated and leaf liJce neirbranes1. The aneboid shape was

inhibited and the cells assuTed a rugose spherical shape at 4°C or when

exposed to metabolic inhibititors or cytochalasin B. Such a dynamic surface

is consistent with the capacity of granulocytes to deform , spread , and

locxm te towards chemical stimuli. Data of this paper are in agree~~nt with

these findings.

By means of phase contrast and transmission electron microscopy, Bessis

and colleagues have learned much of taiperature and aging effects on leukocytes.

Veils on neutrophils were shown to undergo retraction in wet mounted slides

subjected to 4°C11 . The granulocyte surface as described by Bessis is

covered with microvilli, projections, and invaginations in a state of continual

agitation 12. Cold (between 0°C and 10°C) caused an increase in cellular

viscosity, a decrease in notion and witl-K5rawal of projections , all ca~pletely

reversible. Heat (between 45°C and 55°C) induced major disruptive changes.

They were liquifaction of the cytoplasm, contraction of nucleus and cytoplasm

and generalized edema. Bessis described the death of polynorphonuclear granu-

locytes on wet mounted slides in phase contrast’2. There were gross changes

• in pseuciopods, retraction of veils, fragmentation of membranes , Brownian

I
— - - . — _~~~__ _ 4 _ • —-• —
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nov~ ent within the cytoplasm , sphering , and plasn olysis. Additionally

there were manifestations of increased membrane pen~~abi lity to water ,

• such as vacuolization and edema of cytoplasm , nucleus and organelles12

In scann ing microscopy, surviving PI ’Ws fran long incubat ions be-

cane bald , smooth spheres , devoid of surface texture , veils, or membrane

frag~~nts. Of significanc e is that spherical granu locytes obtaine d by

heat inactivation at 40 or 4~°C or by retraction of membrane at 4°C

retained saie capacity to adhere , and within the limits of available

n~~mbrane, to ingest part icles . At 4°C, all granulocytes were phagocytic

L~it did not have avidity for particles (particularly yeast) that was

evident at higher temperatures.

As suggested by Lichtman et al. 1, the membrane is apparently re-

tracted at 4°c. Nevertheless function is retained in 50 percent or more

of the cells for at least 26 hours when veils were absent. Heat inactivated

• granulocytes, initially very avid for particles at high t~ rper atures , lost

capacity for ingestion coincident with loss of membrane (Figures 2A, 4 , 5)

as seen fran the morphology data of this paper. Membrane stripped spherical

residues of t~~perature inactivated granulocytes nevertheless retained a

• J 
- residual capacity for phagocytic function. After 2 hours at 40 and 45°C

function was best characterized as adherence rather than internalization

of particles . This might be due to one or a cath ination of the following

possibilities . Heat may have inactivated ccvplenent proteins in serum

H
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required to opsonize the particles 13. It may also reflect the residual

cytoplasmic n~ rbrane still stretched around the nucleus deficient in quantity

or capacity to incorporate particles. Finally extreme temperatures (4 , 40 ,
• 450

C) may have disrupted thermally sensitive cytoskeletal structures which

are required to maintain morphology as well as phagocytic functions6’14.

Other st~ziies13 ’15 using cytoskeletal structure sensitive drugs support the
• notion of temperature induced structural and functional alterations.

~~~erts and Steigbigel16 observed that incubation of polynorphonuclear

leukocytes at 40°C for 1 hour increased bactericida l capacity and phago-

cytosis which they suggested may account for fever induced enhancement of
• bactericidal capacity in vivo. Our observation , in vitro suggest this to

be true. Additionally our data shows that temperature induced enhancement

processes are also tine dependent, i.e. at higher temperature s (40, 45°C)

and longer tine ,significant depressio n of phagocytosis occurred . This is

a:msistent with the findings of others17’18

I
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Figure 1. Morphology of granulocytes stored at 4 , 10 , 22 , 37 , 40 , and

45 C for 20 minutes. Figure lA: top - 10 C, middle - 4 C, bottom — 22 C.

Figure lB: top - 37 C , middle - 40 C, bottom - 45 C. Granulocytes were

• fixed after 20 minutes of equlibration at each temperature . Granulocytes

were magnified 2000 tines in the left column and 6000 times in the right

colucn.
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- Figure 2. M~rpho1ogy of granulocytes stored at 4 C and 40 C for up to

48 hours. Figure 2A : Granulocytes were incubated at 40 C and fixed after

1 hour (top) , 2 hours (middle) , and 21 hours (bottom) . Figure 2B:

Granulocytes were incubated at 4 C and fixed after 2 hours (top) , 26 hours

(middle) , and 48 hours (bottom) . The granulocytes were magnified 2000 times

• in the left cvl~~n and 6000 times in the right colum.
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Figure 3. Temperature effects on volume distributions of incubated

granulocytes. Volume distributions are plotted for granulocytes

incubated at 4 (top) , 22 (middle) and 40 C (bottom) . The numbers

over the peaks are median channel numbers (midrange) and the numbers

under the peaks are the numbers of cells in thousands in the 0.1 ml

• aligtx ts that were counted .
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Figure 4. Temperature effects on n~ rbrane integrity and particle ingestion

by granulocytes. Incubations were carried out at 4 , 22 , 37 , 40 and 45 C.

~~~y ~~re sampled at tine intervals previously estimated to cause de-

nonstrable changes in n~~mbrane permeability to fluoresceindiacetate

(F, white bars) , ethidium bromide CE, black bars) , yeast (Y) and latex (L)

ingestion. H, M, and L refer to high, medium, and low capacities for

ingestion of particles , the criteria of which were: Yeast, high is~~5 and

L is ‘~~ 5 per granulocyte; Latex, high is ~ 30 , medium is 5-15, and low is

< 5  particles per granulocyte. The arrows define intervals of incubation

at 40 C and 45 C during which interualization of particles was reduced

in favor of adherance.
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Figure 5. Morptology of t~içeratuze inactivated granulocytes.

Granu locytes were incuba ted at 45 C for 1, 2 and 4 hours, then fixed.

The magnification was 2000 tines. For the lower right photograph it

was 6000 tines.
a
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