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ABSTRACT :

Y

Y

Cationic and anionic fi{ritins were used to map the
distributioﬂ o{ charged sites . on intracellulér aﬂd
e. - . .

_\f¥tracellular.sUrfaces. The distribution of tracers . at

cell surfaé%s an& injected‘intp ;rve ells'yas examined byl

- \ b

. \ |
.electron micﬁoscopy.
‘ .. 7 \\ . .' i , ! s,

The distribution of microinjected ferritin, ranging 'in

charéé ‘fréh anionie. to  highly cationie, 'sﬁowéd that

+ - ’ ! T -~

intnaéellulan surfaces are negatively charged. Highly

icatidnic ferritins .(HCF> pI'9) were mostly bound to ‘and

", caused swelling gbf ‘the rough . endoplasmic 'retiéulum.
Cationic ferritin {CF bI_T.B*B;O; and anionde fef}it n;(AF‘
pI H.O-u.h)-caused ‘no changes. in morphqlogy. }er 1t16

'd;strlpu?ion. in.Mﬁhe _c&toﬁiﬁsmicv spéée'-vabied'"wa’ﬁ its

charge.  Signifijcantly more CF was bounfl to surfaces han

was found in the free cytoplasmic sp33¢< \ConVegseJy,,ﬁh re"

.was significantly more AF in the free fcytbblasmic -spage

R ' : \
.than g¢lose to surfaces. Comparison of the structures i

the:sebregdry pathway showed that thefe were no significan
. differences iin the amoﬁht of CF (b; 7.0-8}0{ bound. ~The\

q°léi cémprei beads were not q1§tinguished bytthei;'cﬁarge.

Diffeﬁéncgs in eﬁaége dbe not regulate‘membrane;membﬁang'

‘interactions in the sechetpry pathway.

. . \ ~.

The microinjfection of cationic but not 'agionié\

molecules causes - swelling of the rough endoplasmic
K4 ‘

114




-.ll‘ﬁ 4 ‘ N | ' . ‘ A . ‘ . ’
e ‘reticulum. . Calcium buffers, lanthanum éhloride,' lysozyme, °

bovine serum albumin, highly cationie and anionic'ferribin

were microinjecte 'into salivary - gland cells and theéir
. :

effects observed by light and felectnon microscopy. .

Immediately after \the microinjection. of polycationi%

*

molecules; the cytoplasm changed from transparent to opaque

as the ‘rough endoplas ie neticulum.becane Ewollen. binding

of ’'polycationic  molecules to the' rough endoplasmic

reticulum may cause the embrane to become ‘permeable to

eertain solutes and swell\due to osmotic forces.

. »

Clusters of anionic sites, -labeled by HCF, are present.
thrdughout ‘the basal lamina. \The penebration of ferritins,

with:a range of charges from anjonie to highly cationie,

R .thnqugh the basal lamina into the speceé between fat body

cells vhries with the charge ) the tracer. Cationic

'ferritins penetrated the basal lamina and bound to anionic -

- gites on membrane surfaces. Little \anionie ferritin was

found in the sPaces surrounding the.fat body. The basal .

lamina therefore acts like a negatively charged sieve to

control the -composition of the fluid ‘that bathes the fat ‘

body cells. More CF was bound to the embranes of the

plasma membrane reticular system than to t e lateral plasma

membranes, suggesting that there are regio‘al differences .

\ L)

in surfacp chaqge. '
g

. *

HCF bound to the fat body plasma membrane and - showed.

’

g)
the fate of the membrane - as 4t turned over. . After

&

iv




. ) . ,| N ’ -
pinoeytosis tw‘_ooatgd .vgsicles, the first sites « of

-intracellular écéﬁmqlatién were mulfivesicular bodies which

Becaqelfilled with HCF between .30-60 min After the cells'

v

were exposed to ﬁhe trdcer, By 60 min, the HCF was

-

increasingly found,ﬁn lamellar bodies that are presumed to

formx ?fom ‘multi ’sicular bodies. At no time‘du;ing the
"experiments were an;kéarts of the'$qugi > complex lébeled
with' the tracer, .;ulin; ‘out’ direct membrane recycling.
Sinqe!ipmellar bodies occur in many'other cell ,types,'t%eyf"’

,mayiﬁéve a géneral role in ﬁembﬁane dynamics.
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' priﬁéinlgs; that cap:bé‘demonstratéd in model systens. ?or
- e

'the c6nsideration of surface properties. T Co

. ’ " CHAPTER 1. INTRODUCTION - ' \

- -

The evolution and proliferation of 1life has been
dependent. or the ability of cells to control and segregate

the reactions necessary for growth and differentiation.

-
s

The devélopment of l-imitir_lg membranes was a’necessar'y step

in- the origin of'self-repiigating cells * (Alberts et gl.;

" ) 5

1983).\ The organization of molecules into structures for

specific ~fﬁnép15ns is governed by physicochemical
. . ', 6 , w -\ . - v
. - : i <y

example,- the hydropheobic -gffect causes spontaneous

>
- o -

aggregation of* phospholipids :nto, bilayers under lhe

o . ROTE .
. approﬁriape conditiQnEn(Tanfdrd,r¥b79). The ‘proliferation

of interfaces at various léwels of organization suggests

that their‘properties may pliay an importént role iy the

brganizdtioh_anf'?unctiqn,of cells,. ‘It is well established

that the properties of surfaces diffev:enormously from the
» " . . . .

surrounding medium (Bangham,.198TK and in this way provide

an environment for metabolic and régulatony activity. " The

Y L4

charge at cellular interfaceg ‘plays a major! role in

détérmining its pfoperties (Jones, 1975; 'McLaughlin, 1977;

Sherbet, 1978) and in ‘this way is of prime importance in

.

L4 ( ‘
Surface charge of macromolecules and aggrpgates of

macromolecules may have a role in cell function at several

levels of érganization. These include: SR ,
. i i ’
1)molgcu1e/solution e. g. the electrophoresis of charged

{

) o o

”
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proteiés through - inteTcelldlar bridfes '(Woodruff_ and
Telfer, 1973; 1980), ‘

2)'molecule/ion, molecuLs/moleculec e. . the, b}nding of
.calcium g; calmodulin (Cheuﬂg, 19%0), the binding "ok
h;stones to DNA (Busch,a1965;. Earnshaw é& al., 1980)_
5).membrane/soldtion e. 8. regulgtion q? membrgnei bound

enéyqes (Wojtezak and Nalecz, 1979; Famulski et ‘al., 1979;

Nalecz et al., 1980), ion selectivity (Diamond and Wright,

1969; Diamond, 1975), .
' CJ
N) membrane/membaane} e. £, membrane " fusion

et al., 1981), cell to cell

—— ———

(Papahad jopoulos, 1978;’ Ekerdt

contact (Deman et ‘al., 1974; Wright; et al., 1980),

thylakoid  stacking inm photosynthesis (Barber, 1980),

<

5)'extrgcelluiar matrix/solutién e. £. permeability of the

basal lamina - (Rennke €t al., 1975; 1978; Rennke and-

Venkatachalam, 1977).

In Chapter 1, .the"'nature and function of surface

charge will be examined and be relgted to the specific

-

objectives of this thesis. ’ )

-
]

.1 Anionic sites, surface charge and surface potentiag —

-

+

The ternm sﬁrface layer refers to the three-dimensional

Y . ) .

region of‘_coptact between two homogenous phases in which
molecules and ions can interact with either phase (Levine,

1978; James, 1979). - The molecules and 4ions in this

surface léyer will show properties that differ from ,éhose
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in the bulk phases (McLaughlin, JQT??g.James;'1979);' The

surface can be described as a .series of shellgl that . merge

into one another in response to the molecular organization . _

and properties of the cellular surface (James, 1979).  The

‘resulting interface is an ionic atmosphere held in thg area

by the ionic groups at the surface of the cell (James,

e

1979) . The characteristics of interfaces can_  vary

¢

depending on the level of organizat}gn.'

»

.. ‘Cellular surfaces predominantly have a net ~negative

chag%e "which has an important influence'oﬁ the properties

/ ’

1 of the imterface (Heiss;'1969; MeLaughlin, 1977; Sherbet,

'1978). '.Anionic sites are the exposed functional groups of
: o ‘ : A . )
molecules thrat form the interface between two-compartments.

- »

héharges may also be induced or altered by ion.adsorption~

- (Lis' et al.,” 1981a, 1981b). Surfaceé dharge, which is .

measured ~in'Unit§ of‘negative'chque,~§s‘the net cﬁarge of

the strgéturaﬁand is, the result of the félétive number of
a;iénic ;ndk caéignic zite; (Sherbet; 7978);” *Sﬁrfacee“
2poten§ia13‘§ne'the result of-the redistribution 1;f\ mogiie

charged ions :and'holecuLfé'at theﬂinter{gce_qau;ed by~£he

‘ surface charge. . This unéqualg distribution of charge-
- . - L T :

-

carrying ‘molecules results . in an electrical potential

differénce between the bulk. and surface phases of the-
T o I O
solutlon2 that 1is #easured .din millivoltaﬁ;(HeLaughfin,

. K

. N g B P

1977) . e
. B v o e
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It has been claiméd that ruthenium red is a specific marker

. for dbidlc-pblysaccahides that contain sialic acid and

'Simonneau et al.; . 1980). ~The results of Luft (1971a, .

‘1971b) show that rutheniumﬁred, as a hexaValent polycation,

ninteractions and is therefore not spécifi¢. '

"and - the ' basal lamina gbohn t al ., 1977) with ruthenium

Bioﬁhysical techniques . 8uch as particle *
B . . ) - ' .
electrophoresis measure the surface potential and‘related

properties (Sherbet, 1978; Jémes, 1979) Charged tracers

<

* used foF. electron mlcroscopy ay be attracted or repelled -

-

,by the surface potentlal and ‘may bind electrostatically to

chgrged sites (Burry gnd Hood, 1979; Feder and Giaéver, .
1980), - ‘ s ‘ -

;;
'

1.2 The ultrastructural’localization of .charged, sites .

Uitrastrucﬁu;al techniques give specific. infoimation

abdut the distribution of charged groups and their relative

qembrane surface dhgrge. . Cationic

elébtron-kdens tracers such as ruthenium red (Luft, 1971a;
1971b), alcian blue (Behnke and Zelander,. 1970) ,aJQ ionie’
lanthanum (Shea, 1971; Shaklai and?TavassoIi,‘1982) have '

been used +4in tissue fixatives as mankers for charged sites..

hyéluf%gic . acid (Dorscheidt-Kafer," 1979%a; 1979b;

N

binds to a large variety of polggnionf by electrostatic

) . M
.

The labeling of the cell surface (Kahane et al:, 197§lﬁl

. &
— ——

! . . / -o“ .
red results in a layer dr large clusters of dense amorphous .

.
. .
N .' . o
» . L. . . '
. i b 4 ‘ Lt W"
: " o . - 2
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* material. Quantitative analysis is not ﬁossible. A'major

drawback of ruthénium red is°that is must be included in

the, fixative ~and subseguent pﬂ%paratiﬁe‘steps until the

" tissue is postfixed in osmium tetroxide (Luft, 1971a).

Ioniec lanthanum has been used as an electron dense

marker for anionic sites (Doggenweiler and Frenk, 1965;‘

L9

Heuser and Miledi, 1971; ‘Morris and_Schober, 1977) ,since
it may mimic the binleGg 6f calcium (Weiss, 197U,

Sauerhgber et al., 1980) Lanthanum has a hydrated radius

— —

of 0.31 .nm and is similar to » that of calcium (0.28 nm)
(Nayler and Harris, 1976). As ‘with ruthenium red,
lanthanum is usually included in the . fixatjive -and

subsequent steps (Doggenweiler and .Frenk, 1965). - This

suggests 'that the lanthanum may detach during processing
[ 4 . .

. . . :
for electron microscopy. Since ruthenium red and lanthanum
must be inecluded in the tissue fixative in ' order to

ioaalize anionic sites, their usefulness is limited.

Gasic et gl: (1968) developed the use of colloidal
iron, both positively and negaﬁivelj charged, for detecting
surface cﬂarge on prefixed cells at pH 1.8. Ig"was shown
th;t“~ neuraﬁiniéase 'pre;réatqgnt' removed most of the
positivg coiloidgl-iroﬁtbinding &f the cell surface- (Gasié
et al., f968)} Since the pKa of the aidlic acid carboxyl
groupc!! not low enough tor it to be negatively charged at
pH 1.8 INordt, 1980), it is doubtful that the distribution
of sralicfacid.gas examined. Colloidal iron has also been

te

o ' ' I

L



and Wood, 1979).

usqd to exam;ne thg charged sites on fractiénaﬁed cellular
surfaces’(Virtangn énd Wartiovaara, 1975; ‘Feria-Velasco et
al., 1976;?ﬂ The use of unphysiological pH in tges;|
iqvestigatiéns also make - the reéults questionabiei
Therefore, results using colloidal iron can be questioned
on the.groﬁnds that the éells were prefixed and 1labeling
was done at lqw pH where mo;t ionogenic groups wouldaqot be
charg;d. Prefixation with'glutaraldehyde .can modify and

redistribute charged sites (Grinnell et al., 1976; Burry

J

-~

The development of cationized ferritin (CF) by Danon

t al (1972) allowed the localization of anionic sites on

t

livinifoigls. Ferritin is an iron storhge protein with a

distinctive shape, a propért& whicp allows individual

molecules to ge recognized by electron microscopy. The

size of ferritin is 11 nm in diameter with an iron core of

6 nm (Harrison et al., 1967). 1In éddiyion, modification of

.
*-

the carboxyl groups with tertiary amines éauses a change in
. »

the isoelectric point from 4.0-4.4 to 7-10 (Danon et al.,

1972; Rennke et al., 1975) depending on the conditions of

the reaction.

CF has bDeen used to examine the distribution of

" anionic sites -on, cell surfaces (Pinto da Silva et al.,

1973; Grinnell-et al., 1975; Borysenko and Woods, 1979;

- Walker, 1981) and subqeilular fraetiqhs (Abe et al., 1976;'

— —

Eagles et al., 1976; waelltandATyhurst,'1977). Since CF

&
e,



binds to the cell surface it can act as a.?urgaoe marker to

trace the fate of the plasma membrane (Farquhar,  1978).

However, the. ability of anionic ferritin (AF) to detect
cationic sites is disputed. Some ‘researchers have reported
that AF does not bind to the cell sunface (Danon et al.,

1972; King and Preston, 1977; Farquhar,.1978; Borysenko

and Woods, 1979) while others have found. consistent

labeling (Burry and ﬁood, 1979; McNeil et al., 1981). It

is possible that there is variation between different cell

types but it is likely that under most conditons the net.

» . . Ty,
negative surface charge of cell membranes would repel AF

andiprevent binding to surface cationic sites.

Two important consideﬁatiogs in'examfhing CF .binding
to cellular surfaces are:

1)what functional groups does CF bind

.

'é)does the binding of CF cause a redistribution. o anionie

8ites?

_: Some researchers (Abe et al., 1976; Sturgess et al.,

1978) consider CF to act as a marker for sielic acid. In

vitro tests of CF binding show that the reaction 1is
non-specific with respect to the negat{vely ‘charged group

- .

(Burry and Wood, 1979; Feder and Giaever, 1980). Usin

il

Sepharose-activated latex beads covered with substrate, CF

.was found to bind to sialie abid, the ca}boxyl groups of

*,proteins and phosphate grbups of phospholipids ‘(Burry and

' Wood, 1979). - \/

NG IO
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The binding of CF causes the redistribution of surface

anionic sites at the ééil surface (Ben-Ishay et al., 1975;
Urihﬁell et al., 1975, Moller and Chang, 1978; Petty,
195&; Butman et al., 1980) but not on fractionated
iptracellular organelles (Eagles et al., 1976; Howell and

Thyhurst, 1977). Mitochondrial outegl but not inner
membranes are sensftive to CF-induced redistribution
(Hackenbroﬁk and Miller,u‘1975;~ Hoehli and Hackenbrock,
]677). The fluidity of the membrane may £egu1ate the

clustering of surface anionic sites (Shinitzky and Henkart,

"1979).

A

In intgrpreting the bind%ng patterns of‘CF to sgrfaces
it is _important to note that électrostatic potegtials of
point chargeé in aqueopé solutions are virtual;yfreduéed to
zero at distances above HO nm (Rand, 19815. CF binding

reveals ‘short-range electrostétic interactions and it

«

therefg%e visualizes the distribution of clusters of

aﬂionic sites since one CF molecule may biﬁd ~to .many
anioniec groups (Danon‘ et al., 1972; King and Preston,
1977). Examination of the pattern of- fefritin ?iﬁding
ubing ferritins ranging in‘charge from anionic to cationib,

can give information on the polarity and field strength of

the surfacg dharge.

7
/
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1.3 Correlation of ultnastructpral'and“biophysieal .

methods of surface charge measurement

A

Biophysical Nechniques such , as particle
. .
Y ‘ *
electrﬁgg;reyis, ‘isoelectric focugsing, and two-phase,
; i

W

N~
cné?}é) (Sherbet, 197

sensitive, they can onI?/;ive information about the net

-

charge and not the physical distribution offthe charged

aqueou@ partitioning are gﬁll influenced by net surface
8,

While these 'techniques are

sites (Burry and Wood, 1979).

Orde} of 'magnitude comparisons - of the number of
anionic sites determined by CF bidding 1and particle
electrophoresié give comparable values (King .and Preston,
1977; Walker, 1981). Similarly, the use pf\radioactivél;
labeled CF has given results comparable to Dbiophysical
ﬁechniques’(Grinnell and Hays, 1979). ‘

1.4 Mgmbbane surface charge-may regulate membrane/membrane

,intgractions

The likgiihood of two mem%raneé being able to come
into . cgntact can be estiméﬁed‘ py applying the
befjaguin-Landau-VerﬁEy-Overbégk (DLVO) theory of lyophobic
colloidal particle interaction (Denjaguin and Landau, 1941;
Vebwey and Oveﬁbeek, 1948). There are Aetailed reviews Qn

the appliqability of this theory in biological systems

(Parsegian, 1573; Dean, 1974; 1975; .Deén and. Matthews,
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1975;. Gingell’ and Ginsberg, 1978). Qyt’ the main,

considerations are that the Size and. charge of the

-

~biological particles ‘are in the right range for the

applic@ion of DLVO theory.

The DLVO theory is based oh studies of the interactiﬁn
between the electrical double 1layers (also known as the
Guoy-Chanén and Stern lSyer) that form at' a charged
interface in contaéf ‘wiéh a.salt solution (Dean, 197U4).
Since mosf cellular surfaces have a net . negative cﬁarge,
the electricﬁl double layer wil}l consist of ﬁhq attraction
of counter ions ' (cations) and the repulsion of anions
(Dean, 1974). The actual dimensions of the double layer

* :

depends inversely on the salt concentration (Dean, 1974).

The rate of aggregation i3 governed by the interplay of

. repulsive and attractive forces between partielés (Dean,

1974; Gingell -'and‘Ginsbe.rg,' 1978). Thepulsive forces

have their origin in the electrical .do

surround the particles. No interaction occurs when the

partiéles are far apart but on elosevéppﬁoaeh of the 't§o
doublé ,layers, repulsion 1is encountered (Dean, 1974).

Modulation of surface charge by divalent cations such as

.calcium ~may be important in regulating the repulsive forces

(Dean and Matthewg 1974, Papahadjopoulos, 1978). .

-
e

ble layer that

Attractive forces arise from electrodynamic

interactiggs " invelving long range - London-Van der Waals
forces which are a probeéty of all molecules - (Dean, 1974;

.




Parsegian, 1973). The fotal inténaction energy -is° derived

f?om the sumﬁation of Eepulgive and‘ attractive .energies °

(Parsegian, 1973 Dean, 1974;’ 1975). Since the
concentration of cﬁarge - carrying 4{ions 'is 'important in
determining the structure of the surface double layer, it

s

becomes a key consideration in DLVO theqry. -

'Therefore, in the simplest situation, the physical

-

factors that regulate thre interaction of two charged

surfaces widl be London-Van der Waals forces of attraction

"and electrical double li&er forces of repulsion. Reduction

' )
of the negative surface ¢harge will reduce the ~ repulsive

.
-

forces and increase the probability of interaction. -This
T is domplicated-by the fact . that the London attractive

energies are additive and operate at distances }arger'than

electrostatic forces (Dean and Matthews, 1975). In the

’ ¥

energy curves for the total interaction betyeen particles’

repulsive forces have the feature of an exponential

-

function with a range on the ordér of the thickness of the

" double layer (in ‘the order of nanometers) (Dean and

Matthews, 1975). Attractive forces decrease as an inverse

power of the’distqnce, and thus Qil; predominate at very

small and very large distances (Dean and Matthews, 1975) .

kY

These electrostatic and -electrodynamic forces have ‘been

,/recogniked' as playing an  important role in

membrane/membrane interactions such as vebicle/vesicle

="'

(Haynes et .al 1979; Morris et al., 1979), vesicle/cell

-

FEY . L4 -



. “\ ' tr )
(Dean, 1975; \Rlattner, 19787 cell/cell interactions,
(Deman et al., 1974; . Wright et al., 1980).

¢

)
.
.

- . Exten31ve Lork oq the role of these forces in membrane

- » o

interactions have been done using model phosphollpld

-

‘ membraned where the results support the theory . of the
. ’ \ : o
electrical doqbl? layer and its role in DLVO colloidal
\ .

interactions (McLaughlin, 1977; Ging€ll - and Ginsberg,

-

o o .
. 1978; Rand, 1981) However, more recentievidence suggests

* that - the DLVO theory |is uﬁtgnable at close _membrahe
contacts (<3 . nm) where }epulsive forces due to hydration

barriers far "~ outweligh electrostatic and e}éctrodynamic

forces (Rand, 1981).

’ . ¥

At the é@lluiar evel, charge differences may play a
role in the interacti‘n_between different surfaces. 1In the
* hierarchy o¢f membrane ‘nteractionéntiatiare involved in the

sedretory pathway, higher negative .surface charge may
i g L
® , ! -

prevent some membranes. from close contact and fusion.
Attractive forces can arise between particles with
non-identical sunface charges (Bierman, t955). - Measurement

of-, the isocelectric point of microsomeg stripped of their

ribogomes showed that they "had 4 lower pegative surface
'charge than the plasma membraneréf Ehrlich ascites cells

“(Wallach et g;.,IT966) domparlsoﬁ of the surface chérgé'

. Vo
of rractfonated liver célls by free flow electrophoresis,

-

gave the contradictorycconﬁlusion that microsomes without

/

ribosomes’ did noﬁ differssignificantly in surface charge

- - » > -
: Pl . »
- . - -~ .
.
. -
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from plasma membrane késicies‘(slad-ﬂolmbérg, 1979). .,

-

The surface charge of | synapti;\\\vesicles and

synaptosomes have been compared ‘by free - flow

electrobhoresis,and eiectrophoretic light scatteking' (Ryan

.

et “al., 1971; Siegal and Ware, 1980). Free flow

eleétrophoresis showed that the synaptosomes had a higher

negative surface charge than the synaptice yesic}%s while

electrophoretic light scéttbring showed that the syngptic-'

vesicles had a higher negative surface charge. .

»

Comparison of fractionated intracellular mq@branes\’of
rat kidney 'proxiﬁal tubule cells showed that plasma
»gembrane,‘micqosomes and lysosomes migrated with ,different
velocities in an electric field (Heidri;h et al., 1972;

Hannig et al., 1974). Since there was a large amount ~ of

qverlap”between membranes, it was'not‘possible to interpret
o

the‘3urface'charge of membranes in terms of the current

¥

model of membrane-membrane interactions in the secretory

’
El

pathway (Hannig et al., 1974).

s
1 ' .

Since most studies to date have used fractionated celx

' membranes, with varying degrees of.attentiqn paid to thé

pgr}f?‘uf the'frac§ions usegg it is difficult - to make

definitive copclusidns on ,possible differences in sﬁrface

LY

éharge. However, 1t |is impdrtant. to use different

-

techniques to examine ﬁhethér surface charge differencés‘

exist between intrdcellular membranes. ' Microinjection’ of



“ .

3

ferriﬁin, ranging in charge, into whole cells has not been

-~

used but it offers a novel way of examining the charge of

‘ intracellular surfaces. "

1.5 The basal laminé may act as a ¢harged sieve

- . - ¢

The basal lamina is a connectiver tissue layer, common
* ¥ . .
to® both vertebrates and invertebrates, that surrounds all

. cells except blood cells (Heathcote and Grant, 1981). Its

<

e - logation at the surface of the cell that synthesizes it

-

suggests the basal lamina has an important role in cell and

tissue scaffolding (Banerjee et al., 1977; Bernfield and

2

Banerjee, 1978). The~preseﬁcé of anionic - sites in the.-
\ .

basal® lamina have been demonspréted in cells of gpe kidney

-

glomerulus (Rennke et al., 1975; Caulfield and Farquhar,

1976; Kanwar and Farquhaf, 1979a), wax moth neural lamella

'(Dyb6WSka and Dutkowski, 1977) and . fat body (Dutkowski,

e 24

1977), mouse salivafy glands (Cohn et al., 1977), pancreas
.- '~ and intestinal mucosa (Simionescu et él., 1982) and
cultured cells (Leivo, 1983). T

The function of the anionic sites  has been

demons}rated',cléarly for the kidney'glomerulus wheré Ehey

act as a_ charge barr'ier to prevent anignic plasma proteins

from entering the -forming urine (Deen et al., 1983). It is-

- .-
»

"not clear if this is a genéfal function of anionic sites on
the basal lamina - or a case of specialization to fill a

speeific'function. S M )
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The anionic sites of kidney glomefular_ basal lamina

have been identified as heparan sylfate by enzyme digestion

(Kanwar‘and Farquhar, 1979b) and isolation from tissue

»

fractions (Kanwar and Farquhar, 1979c). The presence of

.

glycoséminoglycans.iﬁ basal 1laminae have been shown in

insects (Ashhurst, 1982; Telfer et al., .1982), rat

duodenum and incisor tooth, (Laurie et al., 1982) and rat
saiivary gland (Bernfield and Banerjee, 1972). Because of
the physiecal propertiés of glycosaminoglycarns, there may

result an unequal distribu;ion‘ of ions between the basal

-

lamina and ° the fluid surrounding it. The
giycosam}noglycanq have a net negative charge, high charge
deﬁsity and gel-like consistency becauée of their 1large
branched structure ‘and pegatively charged sulfate groups

(Chakrabarti and Park, 1980). Thereforé; the

glycosaminoglycans are well suited to influence thé

electrical properties of fissues (Laurent, 1977; Compei

and Laurent, 1978). U . -

) .

One consequence of the -presence of immobil%zed charged
molecules in basal laminae is that they introduce a ,Donnan
type of ion distribution betﬁeen compartments (Comper and

; :
t al., 1981). The concentration of

Laurent, 1978;  Dow

.

cationé will be greater«in the basal lamina as compared to

»~

the fluid in whiech it 1is bathed. Electron-microprobe
analysis has shown‘higher qdncentrations of‘ potassium in

r . o
the Dbasal lamina of Calliphora salivary glanQ@ than in the
)

[ .

A

[y
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fluid on either sides _of the basal lamina (Gupta et al.,

—

1977). The polyanionic properties of basal laminae may act

»

like ion exchange resins and therefore affect the
distribution of charged molecules availab}e to cells
- .

The* physiological significance of the electric

potential differences, arising from the redistribution of

ions between the basal lamina and thHe fluid in which it 1is
bathed, has not Dbeen studied. Cell attachgent and
migration may be influenced by basal laminae (Nardi, 1983)

L . ,
Since cell surface charge is important in the locomotion of
. € :

cells on substrates (Ebbesen and Guttler, 19T79; Weinberger

and Brick, 1980). It is important to examine the
distribution of anionie Sites and tq determine their
function, The results of work on the basal lamina (Rennke

et al., 1975; .1978; Rennke and Venkatachalam, 1977) have

—' \—— .

cle;rly shown that the anionic sites act as a charged sieve
\\) .

in the movement of charged proteins. "~ It is not known

whether this 1is a general function of the basal lamina.
The fat 'bodyi is an ideal <c¢ell type ¢to examine the
distriﬁution and function of anionic sites of the basal
lamina since this cell is involved in proéein Secretioq and
uptake (Dean et al., 1984),

1.6 Thesisa Aiis . .

In order ﬁo correlate cell structure and funetion with

interfacial c¢harge properties, I~ have wused the charged

-

A
™
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tracer ferritin as a marker for surface, charge. The -

b
-

»+distributiofi. and function of charged sites at severai

’

“levels of organization were examined. ‘ S :

- d

The' aim ,of this thesis will be to answer the foilowiné

questions:

1) Ccan microinjection'of charged Q:E?;¥% be used to eiamipe

the ' distribution  .of charged sites at intraqeilular
, 7 _—

interfaces?

2) Does the charge of the tracer\ molecule affect _its
L] N .

distribution in the cytoplasmic space? .

3) Do differqnt‘éuﬁfaces of the ’sedretory pathwéy have

different charges? -

T

-4) What effect does the binding of the charged tracers have

-

>on the structure of the intracellular surfaces?

5) What' is the distribution of charged sites at the

F

external cell surfhces, such as the plasma membrane and- =

basal lamina, and are there régioﬁal specializ;tions?‘

6) What is 'the function of the charged éites on the baéai
lamina? | | ‘

7) Can tﬁe biﬁdlng of traegrs to the plaqma membrqne be

14 ) .

used 40 examine . the fate of the membrane as it is turned

over? : . .

Y

The exper@ments examining ' the intracellular charge

Q\I,J/;::;ribution were done using the salivary gland cells of

, Chironomus tentans (Diptera:Chironomidae) sincé‘tthey ‘were

an ideal system for in vitro studies and microinjection

¥
]

i
. onee

e N e ¢ o



(Lambert and  Daneholt,
. Experimepté examining tQQ
) the cell surface were done
larvae of Lalpodes ethlius
& -
&)
Mg .
. . v
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' . . L 4
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=

19753 Grossbach,

1977).

distribution of charged sifes at

on the fat body of Fifth

-

+
instar "

(Lepidop;era:ﬁgsperiidae)..
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.CHAPTER 2 .

¢ . ER
' THE~DEVELQPMENT OF A TECHNIQUE FOR THE MICROINJECTION

a

OF ‘TRACERS INTO CELLS WHILE MAINTAINING THEIR VIABILITY

2.1 Introduction o
- - .

The distribution and nature of. charged sites at
bioloéical 'interfaces . plays. an important role in

defermininé surface properties (Jones, 1975; McLaughlin,,
. . ,

1977)¢ : In ‘order to determine whether it is possible to

examine the intracellulas distribution of charged sites I
< . S ’
have developed _ a ;ihple method for the microinjection of

the secretory cells of the salivary ygland of Chironomus

“~

"téntans. - o ~
- . . . +
The tracer horseradish peroxidase (HRP) éan be

- visualized by the - Iight and electron microscope, thus

Fa

facilitating identification of _microinjected .cells for

' ; ., Y ‘ .
.electron microscopy (Straus, 1964; Graham and Karnovsky,

1966). Althouéh commercial preggkations contain a }hriety
of isozymes. rénéing " in charge (Rennke and Venkatachalam,

A§79); éRP.h@s-Qeen réborted to bind te- surface anibﬁiq
‘sites (B&ck,. {;72: 'IKenn&fand Shivers; 1974;3.Keaﬁkl and
Gﬁnion, 1&79)}'vﬂowévef, Davies g£~gl; 'S1981) found that
néither ngtivé or cgtiohdc horgerqﬁish ﬁ?roxiéase bouhd‘to

Phd

+

the cell surface of cultured endothelial cells.

~
> /

19
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- The results show »thatc the HRP reaction product
diffused in the cytoplasm of the injected ceil and was noE
fqund:iﬁ any adjac;nt cells. Examination by eie?tron
microscopy showed that the reaction product was bound to
the intracellulér surfaceé. “Aléhough these resu;té show
that it is possible ts microinject tracers inside intact

cells, the di?fusion of the reaction product, may 1limit

"conclusions about the actual distribution of the HRP.

2°.2: Materials énd Methods

.; " a
(a) Rearing C. tentans

Eggs rafts of C. tentans were ,allowed to hatch 1in
plastic tﬁbs filled with tap water containing a layeér of

sand and ground "filter paper. The larvae were fed twice

wWeekly . on groun‘g‘ fish food. Under an 18 hour day /7 6 hour

night cycle, the larvae reached the adult stfge in 6 to 8

weeks. ’ ' .

R . .
L . . . . ,

L ' ’

(b) Culturifg of s 'ivén ‘glands
, g of salivary g \

L} . A

Salivary glands of the fourth larval Instar were used

"in all experiments. The salivary gland cells are largé

polytene cells _that  specialize in .the syntﬁesis - of

secretory proteins (€nossbach, 1977; Hertner et al., 1980;

#

Mahr et al., '1980). The secretory proteins form a’

- ’/

rd

gelatinous - substance that ’is used to trap food particles -

.
&

LA
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and make tubes in which the larvae live (Lambert and

Daneholt, 1975). The large size (100-200 um in diameter)

.

of Chironomus salivary gland cells has facilitated studies

using microdissection (Edstrom and Lonn, 1976;"Lonn and

"

,Edstrom, 1976; Vincent .and Tanguaf,'1979), microinjection

(Paine, 1975) and the analysis of the .components involwed
- ~in the synthesis of the .secretory proteins (Lamb and
Danehoit, 1979; Andersson et.al., 1980; Edstrom et al.,

1980; Olins et al., 1980; Rylander and \Edstfbm, 19@0;
Rylander et al., 1980). - . ’
Large larvae'(ZO to 30 mm in length and dark red: in
colour) living in.tubes were selected., Larvae wére washed
in tapﬁwater and placed i;‘a drop of culture medium (87 mM
"NaCl‘, 27 oM KClv,'1.3 mM CaClp, 10 mM HEPES, pH.7.1). When
the head was pglled-off, the. large paired: salivary giand;

: |

came out of thé pody'aﬁtachéd to the saiivary gland hucta.-

The glands Wwere transferred rapidl& to a fresh dhop of
L ‘ .
culture médium,'in a Falcon 1004 petri dish (Falcon,

Oxﬁard, CA). The salivary glands adhered tightly to clean

plastic, thus facilitjting microinjection. .

.

(¢). Tracers

-~ . ' - )
. - . : -
HRP (Worthington Enzymes, pIl 7~8)~ was 3suspended in
N . v, . . s
injection buffgr‘,(100 mM KCl, 5 mM HEPES, pH 7.0) td a
AP final concentration "~ of 1 mg/ml 'gé_ determined

spectrophotometrically using ﬁhé standard that 1 mélﬁl has




Y.

plasma membrane and the tip became visible witﬁinﬁ@Le

h o
cytoplasm. The tracer was then injected’ ,a;‘§ - the

1]

-~

/

an absorbance of 2.275 at a wavelength of 403 nm .(Rennke

and Venkatachalam, 1979).

-

(d) Microinjection

A 50 ml plastic syringe, filledg with paraffin 0oil, was’
connected to polyethylene tubing by a 20 gauge needle.
Micropipet;es pulled for electrophysiology were modified by

breaking the tip with a pair of fine tweezers. These were

filled with ‘tracer andg¢ connected to the polwéthylene

.

tubing, excludiﬁg ,all air bubbles;”-Tﬁe,micropipette was
attached to a Prior? micromanipu&éfqr;;(Rrior Instruments,_

England).  The voigﬁe; dfﬁuﬂkf’°gnjeet§d was estimated by

» =9

‘measuring the éize of a drop of tracer appearing in

paraffin oil uﬁder the same conditions used to inject

cells. From 50,000 to 106,000‘pﬁ3was 1njected ‘into each

i

'cellu This'correspondé to-5-10% of the cell 'volume (Paine,

1975; Egyhazi et al., 1980).

-

A Salivary glaggs'were viewed at a total magnificétion

.

of 100 in  darkfield illumination* of a .Zeiss
photomicroscope. The tip of fheAmicropipq}te was put- into

the same focal plane as the basal surface of the cella'?The
micropipette was slowly advanced until it penqtrate¢ {the

1{’
micropipette withdrawn. The injeécted cell was identified

on a qgﬁ of the salivary gland.
e .
g
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(e) Fixation and Processing

From 5 to 30 minutes after microinjection, the:cultqre
medium was removed and the gland was flooded with ice cold
5% glutﬁ}bldehyde in 0.1 M phosphate buffer, pH 7.%¥, and
fixed for 1 hour. After rinsing in the same bufférz the
gland wa; washed in Tris-HCl buffer pH 7.6. The tissue was
incubated in 0.03% diaqidobenzidene frqé base: in 0.1 M
Tris-HC1 pH 7.6 on a ropary’ shaker at room teﬁperature.
After 10 min, 30% Hp0,was added to maKe the solution 0.03%

in concentration (Locke and Collins, 1968). The tissue was

. shaken for ‘a further 6 min. After washing in Tris buffer,

-

the glands were photographed with a Zeiss photomicéosgopg
and then proce;sed for j}ectron micréscopy. i

The glands were postfixgd in ;a. vial' containing 1%
éapium fefrokide in 0.1 M phosphate buffer, pH:T.h for 1
hour on ice. . The gland was carefuliy washed in buffér and
then in .distilled water. Il was then dehfdrated in a

graded series of alcohols, washed in _propylene oxide ahd

embedded in Araldite (R, P. Cargille Laboratories, Inc.,

‘Cedar Grove, NJ).

(f) Electron Microscopy

’

iIhin sectiohs.of gray interference colour-were cut on

a diamond knife and mounted 6n 400 mesh copper grids. For

¢

photography, sections . were viewed withqut further

@

23
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enhancement of contrast or stained in in uranyl acetate

(Locke and Huie, 1980) for 5 minutes. ° Micpographs _were

_takeh on a Philips-EM 300 at 80 kV.

a

2.3 Results !

@

J
IV

(a) Cell viability after microinjection

Microinjected cells excluded trypan blue dye when

¥

tested for viability. The stucture of injected cells was a-

more sensitive indicator of the effects of micéoinjection‘

since cells ;hat‘ghowéd changes suggesting damage (such as

swollen rough endoplasmic .reticulum) continued to. exclude
-

- trypan blue dye (see Chapt.: U).

(b) Localization of HRP

HRP-injected cells were identified by the  dark black
reaction product in the cytoplasm. When cells were

injected with a large amount (about 20-30% of the cell

" volume the feaction ‘product filled the entire cytoplasm

(Fig. 1). Injection of HRP into the gland lumen outlines

the shape of the iﬂdiyiduél cells (Fig. .2). When HRP was
injected into the -nucleus and left for 30 min before
fixatidn{ the reaction product wag -confined to the nucleus

{Fis; "3).

\\\



Fig. “ft HRP-injected cell in Chironomus tentans salivary

gland. After préssure microinjection of about 25% of cell

R}

volume with 1 mg/ml HRP solution, the cell was TfTixed and

reacted with»‘diamihqpenzidenegHZOZ.‘ The dense reaction

product fills the cytoplasm. Bar=50 fm, x165. .

”» . [l
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. x380. -

Fig. 2. Microinjection of HRP into- the salivary gland

lumen. A large excess of 10 mg/ml HRP solution was:

injected into the lumen of the salivary gland, fixed and
S :

. reacted dfaminobenzidene-ﬂz 2° The reaction product

outlines:the individual®cells. Bar=100 am, x90.

i

Figs. 3-5. Diffusion of  HRP reaction ‘product in the

T -
. T.
[

‘nucleus and cytoplasm.
Fig. 3. HRP was micgoinjected into the nucleus and left

for 30 min  before fixation and Eeactiqn with

"diaminobenziQene-Hzoz. The reaction product. is confined to

the nucleus. Bar=100 um, x160.

Fig. 4. A cell that has been microinjected with 10% of

its volume and fixed 30 sec later shows the reaction
r . .. . .

product mainly around the point of.injection; Bar'z50 Mam,

“

,Fig. 5. § cell that has been microinjected with 10% of
” - 3 | - o
its volume. and fixed 30 min later shows the reaction

ﬁrodhqt<dibpersed throﬁghout_the entire cytoplasm. Bar=50

st

pu, ,x;3'8.0 .






Injection of smaller amounts of HRP (5-10% of cell
volume)' are seen as localized reaction prodhct around the

o

injection site when fixatién follows within 30 sec after
injectioé l-(Fig. 4y, Whén - a cell _thaf has beéen
microinjected with HRP is left in culturehfor 30 min before
fixa;iongf ihe reaction.product is dispributed through £he

entire cytoplasm (Fig. 5). At no time was any reaction

product seen in any adjaéént cells.

HRP can Qe‘pressu}e-microinjected into salivary -gland
cells and the protein or ita.enzymatic product diffuses in
.the‘cytoplasm;‘ Since the reaction product‘is osmiophilie,
it can be localized'by'electgon microscopy.

L]

(¢) HRP reaction product is bound to intracellular surfaces

- Micﬁdinjedtei'cells .could easily ,;e identified 1in
unstéined  Seqti?ns Recause of ' their incrgased contrast.
Examin;t;oﬁ of HRP-injected cells by eledtron microscopy
showed that thetrreacti;n producé was surface bound (Fig.
6). The plaéma membrane, ribosomes énd endoplasmic
reticulum "are outlined by the psmioﬁhiiic reaction p;oduct

(Fig.“6,‘7)f Unstained sections of HRP-injected . cells

appear as though staihed by urangl acetate ‘except that‘iﬂ

stained cells the contents of the lumen of the endopla;mid

réticulum .Were stained while only the intracellular
. - ' .

surfaces appeared stained' in’ HRP-injected cells (compare

?igq 8 aﬁd\9), The surface localization of the reaction

[\




-

' x150,000.

-

Figs. ‘6, 7. HRP  reaction product is ‘ bound to
intracellular surfaces. Salivaryﬂ .gland cells were
microinjecté& w}th ;bout 10% of their volume of 10 mg/ml of:
HRP, - and fixeH 30 min later;‘lThe tissue was reacted with
diaminobenzidehe-HgOg. RER rouén endoplasmic reticulum, R
ribssomes, Cont non-injected ce11§! M, mitochondria, cv
coated ve;icle. Bar=0.2 um,

Fig. 6, Comparison of injecﬁed and contrgl cell shows

that'_the injected cell has greatly increased contrast , due

tq the HRP reaction ’product. The reaction product is
1

- ¢

adsorbed to membranes (arrows) and ribosomes. -There is
little or no reaction produet in ¢the c¢cytoplasmic 'space,
* .

Fig. 7. The basaf surface of a injected ‘ce{i' shows the
reaction product ads?rbed to ribosomes énd'membraﬁes and a

B .

coated vesicle, x80,000. ) . .

b4







Figs. 8, 9. ' Ceglls that ‘have ©been ipjected with HRP

resemble control cells that havg been section stained.

. ) - [ ' ’
Cells, prepared as described in Fig. 6 (Pig. 8% were

compared to control cglls thgt had been section atained
he ~ S v

(Fig. .9). The surface localization of the HRP reactipon

product resembles the'staining of the uranyl ‘ion. Fig. '8

~

. unstained (HRP), Fig. 9 urah?l acetate section stainéd

-

(UA), bar=0.5 um, x42,000.

< 4 } -
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product. was not obscured when increased amounts of- werse

-~ ¢

injected (Fig. 10). .

Wwhile the HRP reaction product is surface bound, the

uniforq;té and diffusion of the reaction prodhct does not

make it possible to coﬁpare the distribution of the actual
o . A a

HRP molegcules. i °
b | .
a

2.4 Discussion’ , ’ [ -

'. .
The localization of HRP depends on the generation of

highly insdiuble A polym%rs that are osmlophllic and

. 1]
homogenous -when ~viewed by electron, m;croscopy (Essner,

o

1974) ., Diffusion of the prpdqbﬁs bf_enzyme reactions give

a dﬁbsfionable localigzation of the protein_  in questibn-

-

(Cornelisse dpd VanoQuijn;‘1973a; 1973b) Gniess there is a
membrane limiting the diffusiqn;ﬂ;While'it is possible that
the actual HRP molecules diffused and were bound to
cy-toplasmic surfaces (Bodk 19723 Seligman et al., 1973) .
it is .more 1ike1y that the reaction product diffused and

was adsorbed to surfaces (Novikoff et al., 1972; Noyikoff,

1980). - IR g .

-

in staining with: uranyl salts. It has been shown that the
uradyl ion 1is positively charged and binds to anionic sites

of - surfaces in model systems (D'Arrigo, 1975; Ting-Beal,

1979; Degens and Ittckkel, " 1982) The HRP reaction-

 The éppearence of injected cells suggests:a.éimilarity -

&




.

Fig. 10. ‘The surface localization of \the HRP -réactldgri%
produeé is not van artifact of the injection of Emalll
amounts of HRP. Cells that were injeéted with about 30% Qf
their 'volume .wefé examined . by electron microscopy. - The
reaction product is surface bound (arrows), .but the rough

ndoplasmic retjculum is swollen. "RER roqgh,endbplasmic
reticulum, R ribosqmes;’ Unéfgined, par:O.Z,um, x135;000,‘

-
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product may be acting in a similar way.

-

HRP has been used widely as an intracellular t?ace}
for marking celli. in ncurobiology (Muller acd McMahan,
1976; Neale et al., 1978; Cccw et al., 1979), but"'lit'r.le
attention has been paid to the actual lccalization in the
cytoplasmic space. fhis could be due to the faect that
cells tend to be d&verloaded with HRP anc-while this marks

. ! : < .
the cell clearly, it obscures the iftracellular

locéalization of the regction product (Bock, 1972; Eckert

and Boschek, 1980).

Microinjection of charged molecules into 1live cells

may alter salt and water movemeﬁts by disrup;ing the normal

BohnanAequilibria.i It is possible. that such changes hsy~

alter ion binding at surfaces and thus the surface
potentials. "However, if changes do occur they do not

noticeably affect cell ultrastrycture or cell viability.

In conclusion, it is possible to, microfnject tracers

into Chironomus salivary gland cells without killing them;

The diffusion of the reaction prOduct 1imits the procedure
since the location of the HRP can only be inﬁerred from the

reaction product. The use of. direct "non-enzymatic tracer

- .

moleculeq, such as cationic ferritin; “to examine .the
\ - T .

distribution of anionic sites shoufh allow a direct test: of

37

o

thev "hypothesis that intracellular surfaces are negativelyAi

> .
-

charged. ;L ' . L S



CHAPTER 3

/

THE CHARGE DISTRIBUTION IN THE ROUGH ENDOPLASMIC RETICULUM/
-

GOLGI COMPLEX TRANSITIQNAL AREA INVESTIGATED

BY MICROINJECTION OF CHARGED TRACERS

3.1 Introduction

While much is known aboﬁt the morphological correlates
of the ;steps ,of intracellular transport of  secretory
prpﬁeins, little is known about tﬁe'factors that rséulate
ipteraction between different mémbranes (Palade, 1975;
Jamieson and Palade, 1977; Farquhar and Palade, 1981).
There is a series of fissionffugidn Qvents.in the secretory -
pathway which éﬁk;s‘a .hierarchy of membr;ne interaction
(Palade, ~1975). <fhisica1 differeﬁces between membranes in
the'secre£ory pathway may be thg.basis for thee specifieitf
of their interaction{ i This"sfudy “attempts to detect
differences inngufface’ charge 'betwegn‘ membﬁanes of the
endoplaémic~ }eticuium/Golgi complex- transitional area of .

the secretory pathway.

'Partic;e~ éléotrophoregis (Dean, 1§75;, Hahnig -and
Heidrféh, 197“),.-isoglectric_pofh?.Qetermination (Wallach
‘_E‘gl.,.1966) and binding of charged'ﬁéiécules (Hackenbrock~
and  Miller, 1975; 'Abe'gglgl;} 1976; Eagles et al., 1976;
Bitfiqer and Heid, 1&77{ <‘HQWe1L énq Tyhurst , 6-1977;‘

1)

Virtanen, - 1978) havq shown that .isolated sub-cellular

LN

3 ) : »
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structures have a net negative charge. Since like charges
. .

repel, the resulting electrostatic force may play an
. ’ A

important role in bepulsiqn at distances of 2.5 to 10 nm

t al., 1979;

under physiological ‘‘conditions (Parsegian

Rand, i981). t | Ce

While it has been. suggested that(the nggativé surface
charge may simply provide a barrier to c;ose app;Bach
(Plattner, 1978) it is~possible that the su}face charge of
mémbranes ﬁlayé a fundamental role in.regulating surface to
surface interactions and.fusion (Deén, 19753 Poste and
- Pasternak, 1978; Gad et al., 1982). The modulatdon of
surface charge, :perhaps involying calciﬁm, may be .the way
that membrane-membrane fusion is brought about (Douglas,

1974; Papahadjdpoulos, 1978; Duneic et gl.,\1979; Haynes.

t al., 1979a, 1979b; Morris et al., 1979; Portis et al.,

1979; Wagner et al., 1980) .

The Golgi éomplex bea&; (Locke and Huie, 1975; 197§a)
are situated a4t the base §f forming transitional vesicies
~and may be the morphological correlate of . the postulate&v
“"lock-gate" at éhe level of the endoplasmic reticulum/Golgi
comgzéx;ézzpsitiona; area (Palade, 1975). Depletion of ATP
¢collapses thengeaq  fing structure and 1is alsp éorrélated'
with a halt in’ pro;ein' transport (Brodie, ﬁ.{31‘98.‘1). Bead
arrangement :is not affec;gd by treatments thét-diérupt the
cytoskeleton (?vodie,/1982§>. Bismuth binding to the beads
may ﬁe . through phosphate- group;’,(Locké.and'ﬁu;e!'1§77;

> )



" Brodi t al., 1982). If the‘thSphape. groups cause a

negative surface charge on the beads, then it may have a

in vesicle formation. A high negative cﬁarge on the

Ll

the cyioplﬁsmic surface from entering the area of vesicle

4 .
ormation, Differences in surface charge between two faces

of a membrane can causelinstability-and vesicle formation
-

(Allan et al., 1976; Hope and Cullis, 1979). i

p) . <
"It is therefore important to compare the surface

charge of structures in. the secretory pathway to .seé if

sequential changes;in charge are @etectablé and. to see if

‘such as particle elelkrophoresis that have been uséﬁ, are
limited in resolution and depend on fractionated

organelles,
f { L]

4

‘marker for = surface charge on cell surfaces (Danon et-al.;

1972; Grinnell et 1., 1975; Burry and Wood, 1979),

. e

[

intact cells this study uses ferritins’ ‘modified to have

anionic to highly cationic charges” (Rennke et al., 1975).

A
£

microfnjecten into seorq}bny cells of 'the salivary gland of

Chironomus tentans and thelr intracellular distribution
- ; . : e ‘

Five “types qr“._chérged :férpitin'" vere :separabely,

-t:-’

()

. beads may prevent negatively cRharged membfane protéins on

the . Golgi complex beads are hjghly charged. Approaches.

subcellular fractions (Eagles et al., 1976; Howell anéj~'
Tyhurst, 1977) and freeze-fracture (Pinto da Silva et gi.;‘

1981). To examine the dis@ribution of cbabggd sites inside -

Highly cationie’ ferritin (HCF) has ' been uséd as a‘,;




"distribution in the cytoplasmic qpace?

quantified in an attempt to answer the following questions:

41

1) Can variously charged ferritins be uﬁeda to map charge

~.differences on intracellular structures as well as external

surfaces?

2) Does the charge on the trécer molecule affect its

3) Do structures in the secretory péthway differ in Qhéir

surface charge? . /

' 4) Can any specific charge K; detected on the Golgi complex

beads?

_The results show that the distribution of ferritin

molecudes in the cytoplasmiec space varies with their

charge, with the pésitiyely chargea ferritins 'béing bound

by intracellular structures (Brac, 1981). The membranes of

" the 5pdgh endoglaémic' reticulum were not - 8ignificantly

different from ihose in the Golgi complex. The Golgi
", ) 0 o ‘ i ‘ L
complex beads were'got‘aistinguished py theirfcharge;~

(3

3.2 Maﬁepialsuénd Methods . , ‘ -~
- T . -v -!,: o o .. '
¢ G’f - . .
. , " ;‘ . N . ‘ : " ) . s . .
(a)Rearing E} tegtans ; '

Larvae of C. tentans wére used in all ‘experiments.
They were raised as described in Chapt 2.2 (a). .

LY

ST
Pod

f(b) Cﬁlturing of salivary'glands ‘ . 'qf

2
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Saliyary’gléndé of the fourth larval instar were used '

in all experiments. The salivary glands were cultured as’

described in Chapt. 2.2 (¢).

i
t )
¥
2

- (e) Trdcers
. _ ;‘. |
AF (pI 4.,0-4.4). (from Sigma Chemical Co., St. Louis,
MO) and two types of HCF ‘(HCF2 pI 8.5-9.4, HCF3 pI
9.5-10.1) (from Polysciences Inc., Wa?ringtbn, PA and Sigma
Chemical Co.) were dialyzed-againstfdigtglled water for’2u
hours to remove all salts. The isoelectriec points ?er@
. deférmgned by the fsoeléctric precipitation method (Rennke
et al., 1975). The ferritin .was dilutéd~“in injection
.-Suffer (100 mM KCl, 5 mM HEPES, pH ’7.0) to‘a final
éoncepération ‘ 'of ‘ 10 ' mg /ml as determingd
spectrophotometricaliy USiné-the~spandard £hat 10 mg/ml has

an absorbance of 79.9 at a wavelength of 270 nm (RennKe et

1., 1975).

—

: CF of intermediate positive charge (CF1 pI 7.0-8.0 and
CF2 pI 7.9-9.1) were provided by Dr. H. G. Rennke (see-

Rennke et al., 1975). | “ , o

The asis of the conversion of- ahion;e (native)
ferriﬁiq to. the eétibhic derivgtﬁve is the use Jf Y
carbgdiimiq;'; hydroohlofide as an activéfor . and

"1,3—br6b§qed1;minﬁ‘ or 1,@-hexanediamine'(dépendin;'on tﬁe

sourée’ as nucleophile +to replace the ‘carboxyl groubs_

~ .
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\ . e . .
(Hoare and Koshland, 1967; Danon-et al,, 1972; Rennke et

»

i)

¥ W ——

1., 1975).

<
L,

(d) Microinjection'

-
£

Microinjection.of'the salivary gland cells was carried

»

‘out as described in Chapt. 2.2 (d). Injected cells were

ﬁdentified by makiné a map of the salivary gland.
P - : .
¥

v -
(e) Fixation- and processing

-

4 . . 5
At 30 minutes after .microinjection, the culture medium

was removed &nd the giand was flooded with' ice cold 5%
glutaraldehyde in Q.1'M phosphate buffer, pHAT.M,aéhd fixed
fb;'!1 tﬁour. ~ After rinsing ih the ;sme buffer, the gland
-, wasftrsnsfsfred to a vial csntaining 1% osmium tetroxide in
0.1 M pheshate buffer’’ pH 7 4, and postfixed forg} hour on
ice. The'gland ﬁas‘carefully washed in buffer and then in
‘distilled water. It was then dehydrated in a graded series
of aléoﬁéls, washed in propylene oxide and embedded ;}n
Araldite (R. P. Cargille Laboratories, Inc., Cedar Grbye,

-

NJ).

. H

Bismuth staining of tissue before. osmication is ths

]

method of choibe for the localization of beads in arthropod
tissue (Locke and Huie, 1976a). The beads can be seen "1n
uranyl acetate stained tissue (Locke and Huief 1976b) and

especiaily artsr tanniec acid mordanting in the .initial

- 4 ¢ .

e

‘;
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O

fixative (Brodie, 1982b). Bismuth staiping of tissue was

.

not used for microinjected cells because it obscured the’

ferritin localization.’

(f) Electron microscopy «

Thin sections of‘daﬁk gray 1interference colouf were
cut on -a diamond knife and ﬁ@uqtgd on 400 mesh copper
érids. Sections were stained with bﬁsmuth'for 30 minutes
to increase the contrast of the ferritin (Ainsworth and
Karnovsky, 1972) or in uranyl gcetate (Locke and Huie,
1980) for 5 minutes. Micrographs were takep on a Phifﬁps

<

EM 300 at 80 kvV.

(g)'Quantitation of ferritin distribution

E] 7

The strategy for measaurin surface ' charge with

.

. microinjected ferritin was to see 1) if there wWere obvious

differences between structures orf, 2) if differences could

!

be measured by countin% 'fernit%n particles bound to

different surfaces. Between _100% to 1500 ferritin

"particles .were counted within each injected cell.. This

number of particles was -found in T micrographs. T

Comparison of the rough endoplasmic- reticulum and-
Golgi complex was barried'out’oﬂ the sg}ected micrographs.
The Golgi complex was defined as  the struqture‘ that

comsists of the smooth face of the éndgflasmic reticulum

¢
¢ -
) s . i




where tr;nsitiop vesicles form, the transiyional area
ad jacent tol the forming face 6f the Golgi saccules, the
Golgi'saccules and the secretoﬁ} vesiclés. at the mature
-face of the Golgi saccules, This ayea'was marked with a
wax pencil on t?e micrographs and thrgq sqb;categOﬁies of
cell sﬁace defined within it: 1) cisternal space of .the

rough endoplasmic reticulum and other components of the

S 4

nvacuelar system not available to the férritin,,Z) the .space

r ., ¢

witgin 15 nm of surfaces where ferritin particles are

-~ -

; . . [
assumed to be bound to that surface, and 3) the remaining

-3

space further than 15 nm from surfaces whére the ferritin

is assumed to be free. .

1

(h) Méasurement of total cytoplasmic space

e

’, -

A transparent ov&%lay sheet with é 2.5 cm lattice of

, " . ) .. VA
80 dots was placed on the micrograph to estimate the. total
cytoplasmic space. The number of dots in the eytoplasmic
»

space of the ~'endoplasmic reticulum and Golgi complex was -

counted. The area, value of one péiniuat a‘magnificationrdf

L NEE T )
(2.5 cm x 10,000 um/ecm)/138,500, . o

138,500 is equal to L et .

I
‘.
-
o

.
. i

aa® e e -
P s

| JThe totl cytoplasmic spacé-of a particular area is’

given by the ‘number of dots Sver‘that area multiplied by

-

3-26 X 16%um2[‘ ‘ 1“  ' W et

. o, ’

N 3126 x 1B%um2. n R , - n~ 

g 2
wn
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C4
. (i) Measurement of the surface\cytoplasmicsspaceJ
c‘ - ' p ,v :
. A tfansparent overlay sheet ruled with lines 6.5 mnf

EY

apart and tptal length of 7723..mm was placed on the

Y

m;crogﬁaph,where the lengths of‘meﬁbrane‘profilés were to
be meaéured. ‘iny sections of gray interference cojour
2 ' ,
L 4 s

* (approximately 60 nm thick) were used' for membrane profile .

e

~ L4

measurements. The number of times a line crossed membrane

{

r L]
profiles, normal in section and. that could. be clearly

o
7

identifiéd,'wés'counted._ It has been shown that the number

L]

of t;ﬁés a surface is cut by a line is directly related to
i . ' '

. the profife length .(Williams, 1977). If L equals the total

the'pnofile,in questidn, then \,

contour length = I/2L x A .-

length of lines (in .mm) Qﬁ a micrograph that has an area A

- -

3 ) -
{in mm~) and if I equals the number of times that ligcs cut

P

«
’

When the cqntoﬁr length of a given struature was

deiermined in one micrograph, the “length was eonverﬁgd to

micrometers. "~ The surface cytoplasmic space was determined

-

-
ne

b; multiplying tzhew,p conﬁbur iength by 1.5 x 10 . um* . CThfs

' ~ . “-!’—o H .
Qistance wachhosen ta .represedt the cytoplasm within which

ferrltin particles were considered bo be bound. - This takes

~into account the size of the, ferritin"particle whqgl is

w

approximabely 11 nm in diameter.

. The ‘%ransltibn vesicles have a high rad&ys of

.

46
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curvaturg becéusq‘ot their stze (about 50 nm). Because of

“(T\/
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the‘sampling method, the transi;ion-vesiclgé are prone to

 Space. This was corrected byacalculating and graphing thé
’ méﬁsukgq and true §urface membrane length (Fig. 11), and
- K ] ;
- -using it to correct -the surche é¢ytoplasmic space " of

3

& transitioh vesicles.

, , e, , ,'
. (j).Denermination of free cytoplasmic space
‘ - . ] o

. -Since the total cytoplasmic space is dJdefimed as the

A}

“ sqh “of the surface cytqglasﬁic ‘space plfs .Eif free

© e cytdplasmic space, and the total1:agf‘ surféee cytdplaémic
Spacé% have been measured. the free cytoplaqmié sbaoe could

N
*® - +

‘ Ld
be caleculated. R

.
? o]

- . . -
o LN »

Y . . K

- (k) Counting ferritin particles

-

b E

&

-0

gioroinjécted cell were con%ertéd tq - mean ‘number of
. \ b ’ .I
e ferritin partieles per square micrometer plus or, minus ’the
-, L . ' c R
standard deviation, to allow direct comparison.A”
T . . - a . L . »
N h‘.,vu‘ S . - [ B ' ., . b R ‘l : . ) . N
e, (L);Compaéison of diéfefent surfﬁces. . '
. ~ _ a ‘
‘;‘ - "'; ..
) . The Jean deﬁeity of rbrritin particles in the surface.
4 : RS

transition veaiclea, golgi sacculgs and seeretory vea?cles

.« L

-

. Lo e, . , .
® < . . . e 1 ' ‘ -

.

Ty

]

- the error of underestimating their Surface cytoplasmic

" The results ffom a series of micrographs from ' each

‘was eo-pared within each ;gdiVidyal cell.‘ Sinca a variable

fcytoplasmic 5pace .of the rough endoplasmic retieuLum = :

~




L 4
Fig. 11,  Correction . of . membrane surface length

méasurement is related =~ to vesicle diameter. The

R e ' : . '
measurement of mgmbrane lengths ‘is nécessarv tq calcqlate

tﬁe cytoplassic sﬁaée ‘clasgified as bound. For veqééles

under 1000 nm,” - the -apparent surface cytoplasmic: space‘ is-

- o .,

undérest%?ated.’ Transition vesicles are -abeut 50.nm and

' t 0.

would -be ﬁhderesgimated by 30i,_; This hypothetical burvé

was derived. by comparing the difference between the area

adgacént a strajght and curved membrane.

-
® .\
4




Piameter of vesicle (nm)
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number of ferritin particles was injected int§ each cell,

3

éodpariSons‘ ¢could only be made within each injected cell.
Results were compareq statistjically by ahalfsis'of variance

followed by the Student Neyman—Keuls test for multiple rank

R .

)

"ordering (Zar, 1974).

The ferritin distribution was examined in more than

200 microgfaphs from 25 microinjected cells.
3.3 Results: ' B : -

“(a) Structural changes and cell viability -« after

microinjection

=3

Microinjgction of AF (pI 4.0-%#.4) and CF (pI 7.0-8.0)

~did not cause structurai damage, while injection of HCF1

{(pI‘7.9-9.1.) and < HCF2 (pI ’85539.H) caused the- rough‘

1

endoplasmic reticulum to swell (Figs. 12-15). " HCF3. (pI

(84]

'9.5-10.1) -bound to intracellular surfaces causing damage

and did not diffuse f:r:cj\.'the injection 'site ("Fv‘lg. 16).

Since . CF (pI 7.0-8.0)- and AF (pl. 4:0-4.4) diffused

throughout "tﬁe eytoplasm-ﬂand -did -nqt ‘cause the rough

endoplasmic reticulum to swell, they were used to exémine'

"the surface chérgé~oq~rntﬁacellular surfades.
" t ] . o S, . . ‘ *
Microinjected cells that were tested for viability

consistently excluded trypan blue dye. The structure. ef

‘o N "

injected cells was a more sensitive indicator. of -the-

~
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Figs. 12-16. The diétribution of ylgﬁ?injpéted ferritinl

'which‘ranged in its chargp from anidn;c:tq highly cationic,

/An thé~cytoplasmic spaée. The‘gaé is pqﬁai to Q.2 um in
;‘éll figures. F ferritin, ER endobasmio:ret;cuium:%\

Fig. 12. AF (pI 4.0-4.4) is,predominantly found in_ the

\. I

free cytoplasmic space. 'Bismuth'stained, x1M5,00Q.

Fig. 13. CF (pI 7.0-8.0) 1is distributed -in  the  free
- ) : v ' V 2 -

eytoplasmic space and also bound: to surfaces. Bismuth
.stained, %145,000.

Fig: 14, HCF1~(pI 7.9-9.1) is mostly bound to surfaces

and. has caused . some morphological changes to the rough

edqoplasmic reticulum. Bismuth séained,'x90,000.

J ‘ , .
Fig. 15. HCF2 (pI.8,5-9.4) is bound to.surfaces and has

‘caused gross, . s#ellink of the ‘endoplashié reticulum.
ﬁnsta}ned, %x90,000. . o |
g;Eig. 16. 'HCF3 GQI 9l5—10,1)>is bound to the endoplﬁ%q;é."
i retieulum ‘and has cauﬁed gross éhaﬁges in mdrpholog}.‘ylt'
has npt Tdiffusedl'from the injection si;ef Unstaineq,

L}

x90;000.. R - | .
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- The ratio of bound to free AF ' was 0.5 and

‘(Table 1) but it

point of ferritin is 6o§relétédxwith an

e
-

¢

effects df the tracer molecules than trypén blue dye

exclusion since cells with swellen rough éﬁdbplasmid

reticulum excluded trypan blue,

(b) Distribution of microinjected ferritin :in the

cytoplasmic space SR o

Microinjected ferritin was found 1in the <c¢ytoplasmic

space of ‘injected <cells :(Fig.,. 12-16). Analysis of AF
[

distribution showed significantly more free "than bound

ferritin (Table 1). The ratio of bound to free ferritin is

a‘meésure of -the ‘affinity of the ferritin for a surface. A .

k1

[ } v
ratio of 1 shows equal  numbers of bound and free ferritin.

/

therefore it

ipterabts weakly 'with membrane surfaces. 'This ratio was

»

reversed for CF with significantlyf more bound than free

ferritin, . In three separate gxpeiiments; the ratios of

bound to free CF were 2.0, 2.6 and 2.8 (Table '1). This
shows that the CF' ‘interacts strongly with intracellular
surfaces relative to AE",

3

0 . 4"‘ Al . 6' >
The ratio of bound ‘to free HCF1 (pI 7.9-9.1) was 3.8

caused some swe;iingu'bf the rough

endoblagpic reticulum (Fig.‘ 13). Boéth HCF1 and HCF2  (pI
e ‘.-" . . . . - N . ‘ . ) . . ‘ n
8.5-9.4 and pI 9.5-10.1) were strongly bound\ép eytoplasmic

‘surfaces (Figs. 14, 15). The ratio of bound'tp free -HCP2

*

' g , . . LI . 1 g
‘was 6.7 (Tab%e 1). Thus, dincreases in the isoelectric

g ‘
-increase in the

.
’ . ) )
P ¥ . .
«

[ = N -
. + 0 ‘ v M
® o | ' ’
, . .
- @
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Table 1} Location of mibroinjected‘cationic and anionic -

1

ferritins in the cytoplasmic spaée. <
5‘ N ' 2 ! *
Ferritin particles/uam %SD
. | . *
) . . Free - Bound" Bound H. . n
' S °  TFree ' TFree=-
. : o Bouqd‘w
Anionic- ‘ g ‘ e
, Fereitin 548%123 29.2+83 0.5 p(.Oer .7
) w“' ’ . - *
* “ - [
b ' . . e . '
1. 17764 35083 2:0~"° p<.01 ’ 5
Cationic o , A : P o
Ferritin  2+-118%37 306270 2.6 'Aﬁgx’.’ooi L
3. 78%31 219£56 ° . 2.8 . 57 p<.001” - 7
. - . . ¢ . ) .. e .'." - 1. . .
- Highly } o . e
’ Cationic 702+63° S 912#224 4.5+ 7 p<.001 7
‘Fer¥itin , ' ’ i |
one - . _ g . -

RMighly @ e - . i .
Cationic, *  -309:114 2040343 . 6,67 . ,p<.001 7
Ferritin ~ .- : - ¢

two -

Highly
Cationic ) * highly bound ¥ - .
-Ferritin ' ' V ‘

three . . ,
LY
,
Student ‘s t-test’ |
¥ Morphological damagé prevented détailed~analysis:
- . . N 6’—:
” a ) o
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L

. @ndoplasmic reticulumn.

A pathvay .showed that there were no significant differences

'between the surfaces. Similar results were found in three s

R & \_/ L] 5 5 ‘
v . . v v ‘ - o 9
‘proportion of bound to free ferritin. N
- . ' s > -,
Since CF was sunface'Bodnd itss dr§{ribution relative y €
to intracellular structures can be wused to oompare the - -
. ) T Y . . . B 4
.surfaog;pharge of diffferent structures. ; ) s .

t

,;e

(e) Distribution of CF in the endoplasmic reticulum/Golgi
T, . . s ‘ ‘

complex transitional area e >

4. 7 . . : L ]

. w

* The distributign of CF bound to the rough endoplasmic

P i : ]

reticulumg . transition vesicles, Golgi saccules and o
» 4 ‘

secret%ry vesicles was examined (Figs. 17, 18).- Since

there " were® no -obvious differences between the strnctures& w T w

)

(Fig. 17, 18), the distribution of CF was quantitated' to
see if significant differences existed.' The_ mean density .

of CF was significantly greater in the Golgi complex than_0 ‘

' .

in thé rough endoplasmic reticulum (Table 2). There waszno:

» : -0

'significant difference in the amount of free ferritin in 2

1

the eytoplasnic .snace between the Golgi cdhplex andﬂrougw .o

4 . R
. f
. i ‘.,

Comparison of the different surﬁeces in the secretory

Y

t
4

~ . -
. N :

separate experiments (Table 2).

The Golgi complex beads eould be identified 1in° thin‘ .X
sections but - they were not distinguished by their binding

of-CF (Fik. 17). Therefore if the pnosphate,groups impart

“
AR At



" %155,000.

-~

Figs., 17, 18. The distribution of .nmicroinjected CF in the

By

rough endoplasﬁic -reticulum and’ Golgi ‘complex., The
» A . , . )

' distribution of CF in two different cells used to compare

fertfitin binding is shown. _CF is bound to the surfaces of
the secgetory'ﬁathway F ferritin, ER endoplasmic Fetibulum,
TV transition vesicles, arrowhead to Golgi complex beads,

GS Golgi saccules,-SV secretory vesicles. Bismuth stained,

-~

o

a
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Table 2. Distribution of microinjected cationic.ferritin

in the secretory pathway.

‘

-

Endoplasmic
Reticulum

1. 12741

Total 2. 197%41
Ferritin 3. 207%55

1.,203%57
Bound 2. 27669
Ferritin 3. 301+30

1.773433
Free 72, 109%39
Ferritin 3. 158%*57

7

N '

Ferritin particlesﬂumztSD

U
>

-

Transition - Golgi Secretory
Vesicles Saccules: Vesic%es
1, 181%49%
2, 285%83 % .
L. 3 311+110¢% Coe
‘ 7
253480 159462 23098 &
388:164 21496 208+112¢
. 599+294 399+173 430+282 § -
) 1, 92+39 W
2, 14626501
3,.,221+654H °

.

* - .
The distribution of microinjected cationic ferritin was

examined as described in the Materials and Methods.

, comparisons
particles/nm%,

Since

re based on the average number of ferritin
the sum of the bound and free ferritin does

not necessarily equal the total ferritin ypless the total
area is takKen into account. Different amounts of ferritin °
“were injected into each Ttell. The numbers 1, 2 and 3 refer
analyses from individual cells (1 n=7, 2 n=7, 3 n=5).

‘ » 2 g K .
¥ There is significantly more ferritin[pmz in the Golgi - |
than in the endoplasmic reticulum, p<.05 Student's t-test. .

S5

$ The amount of bound ferritin of the structures compared
was not significantly differeqt.. .

Il The amount of free ferritinﬁumz found in the.  Golgi complex
and the endoplasmic reticulum was not significantly diff-
erént. - - v . g
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- " . - o - ) | A
a net _negabive'Surface charge, it ¢annot be detected wlth
,\ v i " ) . N + 0

this technique,.

o

. .
-

L ® ~ -

ot , -

“(d) Distribution of“AF in the endoplaSmic ratieulum/éolgi-
. complex transitional area o _ ‘
N . L l

! (
’ ¢ ‘a
.

"The dlstributlon of bound AF¥ was examined in the

'segretory pathway u31ng theisame chiferia‘thatmwere w-sed’

)

e for CF (Rig. 19)., There was no signffioant diffebence .
- -between gpe Golgl complex and rough endoplasmic reticulum
in the amount of AF gm he ‘free, surface or .the total

cytoplasmic' space»iTable¢3); The Golgl complex beads were

not c{aracterized by'AFfoindlng (Fig.” 19),

s : - . .
+ . > . - . .

3.4 Discussion N S Y
. C . B ‘\_ . S,
- >l ] ‘ : B
(a) Micr01njection of ferritin can be used to m?p swrface b

l.s,n - [ A - '. i
B -, PR .
. charge- o e SR ‘ e e
. . Fs - . Wy L3 Yo s
" N 4 A . R ] H . . ° .
) . P PR s
Y ore * '\ AN L oan . LT -

Microlnjecglan‘ of ferritins’ (GE; ands AF) psed to -

. examine the surface charge in salivary gland oell d0es not

-~

% !‘ .
affeéct cell mprphology or yiability. Experiments on
‘ , , . ,
~ ' fractions  of imQracellular membranes have showd’that they ,

- \ Lo # U' 7“

have a net negative chariF (Hallach ;g al., 1966,5 Hannig

and Heidrich, * 197U; Bite§fer ana Heid, ﬁ977).( In" ;ntact :

s

i R L e - dEL
.
L

cells we should tlherefore expecy that tracprs would be

’/

¢gistributed according to the}fjoharge. Ppaitively oharged

‘ tracers ahould'be-bound to ‘anionic sites op' 1m§rac§1l%lar !

.,
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Fig. 19. The distribution of 'microinjected AF in the » L.
- P 3 . - . . )

rough endoplasmie reticulum and .Golgi complex. ~Moét AF (pI .

TH.%;Q."? partdcles are in the' free cytoplasmic ‘spac§. F

‘r . ) ‘ *0

ferritin  particle,'ER endoplasmic reticulum, TV transition ' *

R N i " \ . . . . ) 3 I ‘ = ' . ‘
vesicles, GS. Golgi sav¥cules, 'SV ' secretory vesicles. ,

N N . . B ’ )
. \ ‘ A

Bismuth stained, x159,000. - o _ "
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1 . . v .

Table'3.zp£stribution of microindected anionic ferritin .

b 4

K 4 %
in the secretory“pathway.

N -
’ : .

; Ferritig\particlesmeztSD

. . »
y . . ] N

-ﬁndopl smic Transitien : Golgi: . Secfe oty
Reticulum Vgsicles Seccules, Vesiclles -

¢

Total | . ‘ : : ' C
Ferritin 4302125 | - | 510292 % - -

7 . ‘ ’ Q
° i ' . - s b Co ) - '
Bound

,Ferritin> - :é 268:149 151?53 . 303;186 $

"

Fl‘eé« ' '. ~” - . ., : ,
Fe?ritin 5481152. _ -, 612x270 ik .

]

fThe'distribution of microingected anionic ferritin was
examined as described "in the Materials and Methods. Since

. comparisons gre based on.the average .number of ferritin .

~ partickes/pm?, the sum of the bound and free ferritin do
not necessarilyuequal ‘the total ferritin anless total. area
examined is taken Inteo accownt: These comparisons’ are from
one microinjected Eell, n=7 o ' ~ »
QThene is &o; significant difference in ‘the total ferritinﬂumz

between the Golgi camplex and endoplasmic reticulum.

.
»

»é There are no significant dﬁferences betwee’n the. amOunt '
z0f bound ferritin in the structures gxamined. "

M The amount of’ fre! ferritin/,pm2 found in the Golgi complex
and the eﬂdoplaamic reticulum is not significantly different,
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surfaces and negatively charged tracers should be repelled.

<~

: The distribution of microinjected ferritins was’ consistent

with this tiew.‘ As the isoelectric point'of the ferritins‘

increased,the proportion of boynd to . free ferritin also
p IS 2 ’ ’

: indreased. There was more AF in the free cytoplasmic snace
: th . koUnd to surfaces. .Hoﬁever, there was some bound. AF
' . there%ore not only 1is net charge lmportant'o;t also the
distribUtion'of cnarged sftest' OgherwiSe,~ao501utel§ no‘AF

. ' cocld be bound.“‘ |
” The‘micrbi-.;l’j‘ection, of HCF1, HCF2 and HGF3 Pesglted ' in
,v' .°most of tne molecules being, bound to intraceilular

L2

.- . . ) ’ - '
surfsces.ﬁ The’most positively charged ferritins caused
swélling , of tne rougﬁvendo&lisgic retic lum,and.tney_did
not diffuse frem the injection site. The. gindifg thét

- cationic but not anionic molecules can cause cnanges in
s ' organelle size suggests that binding to the “anionic' sites
alters solute and water-equilibria_ It also shows that the _

P .

ff,) distribution of molecuﬂes is strongly influenced by surface

A w . R “

- L N
» Al . , ‘ e . -

A 'chsrges. e - s . c
- - c ) - P . . ' ".; L ,L\

- -,
< . . . . . -

The mieroinjected ferritin can bé considered to be 'in

v .

S equilfbniun Qetween being ﬁ;ee in the, cytoplasmie spaée or -

'-ﬁ.‘r.
Cn L2

P ' N ‘).
will determine, its distribution, bexweEn the surfaee and

free cytopiasnic spaces. It is posaible that the noleeules

. ‘ « & [

ST are. bound»in the {ree cytoplasmic space to struetures that
PR R ' L -

SR cannpt be visualiaod 1n thin sections., ﬂererbyelesgimjthe;

-

DURIE ‘ bound to 8urfacea. ~The charge on the~ rerritin molecule_

¢ v . - o

‘.

a
)

L



.- . -

differential distribution of the ferritin tracers clegrly .

shows that surfaqu are more negatively chargéd thaq the

free cytoplasmic‘sbaces, within the intact cell..-

. -

(b) Accuracy of the method

-

Thefe'ane twd possible sources of ., error that might

affect the ‘quantification of ferritin,distribution.: These -

e - ! -
are (1) all ferritin particles can be seen’ because of thggr

density but- not the orgahelle to -which they may be Eound,

:and (2) éurfaces tend 1Q*bé underestimated because df'image

loss effedta. First, ferritin that“is gategorized as free

ihy in fact be bgund to a surface which cannot be ‘seen in .

the micrograph. This would lead to an underestimate-of the

[T
Vi -

amount of bound ferritin. Second tﬁe suéfacé area may be

«

underestimated because of image loss effects which lead to

overestimates:of bound ferritin. For example,-the surface

R area of the endoplasmic reticulum 13 usually underestimated

»

"since the‘ presence - of membranes cu‘t;pbliquely ‘-are .'r.lot h

identifded as surfaces (w1111ags,,19%75. Correction is not

. . possible without 'estimating “the ~amounu» of tﬁage loss.

Since  the underestimation bf ,surface area - cannot 'be

‘acédratelyﬁdetermined eorrection is of linited value., - ‘It

C 3 e’

h;s' béen ‘suggédtéd that these two effeets may cancel out

q

Tt: is theqefore unlikely that theae errors uould 1nf1uence'

the !eaults in a p@&ying{ul uay. ' N ‘. ~ o

A}

- . ' o LI ! o % . ' . -
. it . co . . : . . .
a “a . ‘e

'and eorreétions should not. be gttenpted (Hilliams, 1977).'
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(‘e) Comparison of the surface charge in the 'endOplasmic_

reticulum/Golgi complex'transitionsl area - :
« ’ ' . o Y ¥
! Surface ~charge is important . in. ‘membrane-membrane

‘intergctions since modulation by calcium +ean .affect

Al

»

re&ulsion and gttraction between. surfaces (Haynes. et dl.,

19794, 197§b' Portis‘ et al. 1979).  Finding "no

'significant differences between the surfaces lof membranes‘

o ~i—
a

involved in intracellularz tnansport suggests that major

differences in surfice charge are not the mechanism of

- 4

. regulating,—membrene-membrane " interaction. If differencei
v - ~

' ®exist, they cannot be detected with this - technique.

‘ Comparison‘ of the'electrophoretic mobility of fractionated

intracellular rat kidney'showed'no significant ‘&ifferences.

. .
. _ ) L . . * L4

'between ‘the membranes. involved in secretion (Hannig and

Heidrich, 1?fﬂ). . :
Transition vesicles connect‘tWOQQistinct compartments*
of the vacuolar 'system.. ~Locke (1983) ‘emphasized- the'
division of. membranes of tﬂ‘ vacuolar systenm 1nto pre- axnd

) - . L] . »
post - tnansition compartments. Pre-transition membranes are

‘derived solely from the. endoplasmic reticulum while tige

\J

dpqst;transition ucompantment receives membrane from' the .

- : - "2 .
plasma membrane and the endOplasmic reticulum. - If the

Golgi cbmplei beads areﬁinvolved in maintaining the sharpa/

3

discontinuity betueen- these t“é, conpdrtments : (3rodie,

) 1982b), then their chi?ge 1; ot inportant in this role,

-

14
~

L]

T “ Yoo . ' “,4 v . \v
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»
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] INTRACELLULAR POLYCATIONIC MOLECULES
CAUSE REVERSIBLE SHELLING OF THE

'*ROUGH ENDOPLASMIC RETICULUM

LY

.y + . "
» : *

4.7 Introduction . -

]

.Swelling of the endoplesmic. reticulum has been ‘e

- reported . to be a#sign of death in various cells (Pilar aqd

b)
Landmesser, 1976 Eggleton and Norkin,, 1981 Smith rand

-~

T ‘ﬁijhout, 1983). Since polyeationic moleeules cadbe lipid
L ~bilayers to become leaky (Bhwang et al., 1979, ' Hammoudah

et ai., 19791 DeKruijff et al., 1980; Manderaloot ‘et a1.,'

T981) suelliag of the rough¢ endoplasmic reticulum (RER)

‘may be ,due to the increaeed cytoplasmic concentrabion of

-t

cationic molecules. Microinjeeted highl cationio, but not
&

. aniontc, ferritin binds .to intraeellular 'suyrfaces - andv‘ T

dausesathARER to euell even though the cells }Qﬁiin viabie
. : ‘ ‘ ' - o
» . (Chapt. 3). _ .

N . 1 order to getermine wheﬁﬁer ‘the cherge of the

moleéuler;isv related .to RER swelling, the effeete of

microinjected molecules with a ran e of charges havei been‘
. . “.’ " &. L
: observed on the integrity of cel orgenedleeu ,The'lighth;

Fl » .

‘and’ electron nicruicope 'obeervqtione repﬂéted he;g show -

! . b -

that y ycatione ceuse swelling, of"fBER; buyy-not.otheru

‘organ lles.‘

. . . .
. 4 . o R B . ) ' . ! . -
CL P , ) L R TR e

»
s

-~

Py
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4.2 Ma¥erials and Methods - S

(a)ﬁﬁicroinjectibn of molecules into salivary gland'célls
v N .

o +

,
v oL . . -

The salivary glands of late fourth instar larvae of'g;

tentans weﬁé used in this study.‘ The 1arvaeawere¢réareﬂ'.

-

»

and the salivary glands ‘were maintained im vitro " as
described. in Chapt. 2. ‘'Briefly, the glands were cultuged
in media consisting of 87 mM  NACl, .2.7. mM KC1, 1.3 mM

CaClz, 10 mM HEPES,~ pH 7 1 in Falcon 1004 petri dishes.

The salivéry glands adhered tightly to clean plastie, " thus

o, . . v

facilitating microinjection. The glands were observed and
.micrpiajécted.A1n=“darkfie1d microscopi using; a 'ééﬁﬁs
photbmicrdscouc. Experiments were' pe;fobmeq after the‘
glands ﬂéd been in vitro 15-50 min, Test molecules were

pressuve-microinjected with micropipettes 0which were

connected to a sealed plastic syringe filled with paraffin

" oil. .The volume of traeen Jnjqcteq’ ﬁas' estimated by

r . . - 4

‘measuring the isize of a drop of tracer appearing ,;ﬂ?
-paraffin o0il under - the’ same éonditiohs “used to inject

“cells. About 50‘000 to 100 000 ,um3 were injected- per

delivery. This" correaponds to 5-101 qr the cell volume

(Paine, 1975; Esyhazi et al. 1980) - S |
S Y | . ‘
o - . ., . ‘ y ‘

(b) Tracprs S R . . * U

‘The followins soleculea u’ro uieroinjected in buffer

.

(100' lH KCI 5 “-ﬂ HEPBS pH 7. 0) at the eoncentrations

.10 . . ) b a
3 , ) s . Y
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shown.

1) Galcium-BGTA buffer (caleiym concentration 10  uM, see | .
. ﬂosehand Rick, 1978) , C g . B .

2) Lanth;hum'cnlorice (0.1 mM) : - | |

3) Lysozyme (10 mg/ml; pl ;}\ Sigma Chemical Co.)

“» '
4) Highly cationiec ferritin (10 mg/mly pI 8.5-9.H}

3

. ,'u_Polyscigncés:Inc.f .
- 5). Cationic ferritin (10 mg/ml, pI 7. 9 9.1)
h 6) Antonic. ferritin (10 mg/ml, P 4.0-4.4 31§ma Chemical P
. Co.) _ | )
. o Bogine sérum>aibunin (10'mg/ﬁl; pI 4.6 'Sigmé, Chemical i
N Tt :'_ L -
8) cortrol buffer (100 mM KCl, 5 mM HEPES pH 7.0) T
. C . . | : - ,
Some cells were injected uith two different types vqf ’
kll "7 test moleculeS’e g” micrpinjection of boviﬁé serum albumin'A
33; ‘ .followed by Jection:of ly;:zyme. Injeeted cells tested
. éok ‘ viability by trypa; blue vital dye consistently '
excluded dfe. ‘ ‘
5 . " , 4 o - .
(o) Tibsue processing fof ‘electron microscopy |

- After. microinjection, the culture medium was remdved

r

and the shlivary “gland vas floodéd with ice-cold . 5%"
- glutaraldehyde 1n 0.1 M phosphate buffer, pH.T. m and fixed /, *
foﬁ‘ Ahr. | Arter rinaing 1n the ‘same bufter,,the gland was »

traneferred to a v&al oontaining‘ji oaniun tetroxide in 0 I

H phosphnte burfer, pH 7. M, nnd.podtfixed for 1 hr on 1ce.:

.- ‘,Q‘ ,-L. , . !
e L] . 4

! ' '
.
’ . ' - - : ' . . ’
e . . ' i * .. N .
Lt a - - . . 1 . +
' . , s . ‘ L L L) .
. o , Lt . . . E , . o

) - . . N . . . .
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The gland was care?ully washed in buffer and then distilled

[

water. The gland was then dehydrated in a graded.seﬁies of
. t . ‘ ¢

alecohol, rinsed ;in propylene' oxide and embedded in

LN
s

Araldite. . Lo A

L

.

@hin sections were cut on a diamond knife and  mounted

¥

on.copper grids. For photography, sections were stained in
¥ . ) .

rbismuth for" 30 min to enhande the "contrast of ferritin

(Ainsworth and Karnovsky, 1972) or uranyl acetate for 5 qin'

-~

(Lgeke and Huie, 1980). Micrographs were taken on a

+
\ . . ’

Philips EM 300 at 80 kvV. - . S

k.3 Results ’ p . ‘ o

[ . -
N *

-} ‘ ., :
(a)lg v;tro morphology of saliyary-gland ce€lls
- . , . .
» ) - .
The large salivary gland cells of, 'C. tentans are

convenient experimental cells for hiéapinjection studies.

[y

The cytoplasm is nofmally transparent when cultured in
vitro (Fig, 20). Microinjection of ' control solution

. (containing 100 mM KCl, 5 mM HEPEE pH 7.0)., did. not ocause

, . - : -
- any nbticeable change -in the ‘cytoplasm (Fig. 21).

*

“‘injectidm’df_the‘3amercell\with lanthanum chloride (0.1 mnM)
causgd"“thg 'qytoplésm 'té“'go ~ opaque 'immediately afﬁer.

injection (F;é. J22)§ a@d thy éhis:way {é;g. 23?;' ..Since

. lanthanum .bu§:‘not potéssiua féauséd the é&toplasg to gg

opaquh3 it 1i»s probahlybdue.td ﬁhe'positive-cﬁarges of the
.. . i [ . . : R .

lanthanus molecule. It shbuld thereforo'bp,posaiﬁlg‘Rp'
» . oo L e .

69




KF}gs. 20-23:. Microinjectidn ofhcontrol solution into the

A

*

cell does not, cause the cytoplasm to change. LigSg

prebafation in darkfiéldp-bar:ﬁO,&m, x400. - . =

1 ’ °

e ? ' o . ' ' .
. JFig. 20. fThe normal morphology of the salivary gland cell.

——————
-

that" has -been .in vitro _for® 30 min. The cytoplasm is.
. - " . o '4 M \

. - r . R - .
. tramnsparent., “ . ST

- Fig.» 21. . Microinjection of 3 pulses of- injection buffer
. , * [ * . A . . . v’ . N
. * (contafning 100 mM KCi) does no! affect the cytoplasm.

“ -

 Ftg. 22. Micrpdnjection of the same cell as in . Fig., 21- .
" ) & ’ . A ’ ' )

with 1 .pulse of lanthenum chloride (0.1 mM) cised the

P
=

cytoplasm- to go opaque. .

opaque 15 min -after

-

Fig. 23. °The ciboplasm remains
injection.-ﬁ - * ' - - . . ¢ :

[
4
. P »

Figs. 24-2?. A gell that has been pre-injected with an
. v ’ .o, . “ ‘

anionie protein goééf opaque wheh microip;egzed with a

cationic protein. Livé‘preparatioh in dagkfield, bar=50

- ' 4

‘hm’ xu‘OOO E T - | : ﬁ ’ . . .
. Fii, 24, A cell that has‘quﬁ'inJéoted~w?£h'3 pulses . of:
' -"bovine setym .albumin (10 mg/ml, pI 4.6) has no visible

Dnad ehahge in the cytopladm immedjately after ihjectign.

Kl

Pig. '25.;‘The"§ang cell as in E;g; 24, was - picroinjecteéd

with . bulsea”‘of lysozyme {16 mg/ml, pI 11) whieh"caﬁiéi

ltho»hyﬁzplaan % go opaque. S v







o o

cause the same change by injection. of other polycationic

e 7

@oleculei;

y , @ o
-
’

(b) Injection of cationic but not anionic molecules causes:
a change -in cdell transparency

. Microinjeqt}on of anionic proteins such as bov%ﬁe
serum albumih‘ i10 mg/mi,’pl 4.6) caused no e?ange to the
cytoplasm kFiQ; 24) but a.second injection into the same
ce{l ~of the highly cétio;ic protein lysozyme (10 ﬁgﬁml, pl
11) caused most,of the cytqgiasm .to become opaque (Fig.
25). Control 1injections tf lysozyme alone caﬁsed similar

changes in cell transparency. The change 1in transparency

“

due to the injection of /lanthanum and lysozyme were both

irreversible during the eiperiment‘(60 min) althowgh the

célls continued to excl@de\trypan blue. Both lanthanum and

'

, ! ) ‘
i;jg;yme are highly catiohﬁc“molecules. It was therefore

interestI‘tp determine if cationic molecules such as

caleium could cause similar changes when microinjected.

- - *
. 1

(e)Calcium cduses reversible changes in cell transparency

a
-

[ ¥ & '
. -~

Microinjectiod of caleium-EGTA buffer eonsistently’

¢auaéd the c&éoplaan "to go 'fnom transpaqent to opaque
{mmediately after niéroinjectipn (Figs. 26-30). These

.chagges were not a’'result of cell/death since cells that

» ’

had been injected with test moleenles continued té‘raxciude

trypan blue. Injection'of caleium buffer showed zones of

t- - d R ',/.
. - . | )

©

7

~3 .



Figs, 26-28, Microinjection of cgléium-EGTA buffer into a -
s ‘ . ’ e ‘\‘ / 3 .

éaiivary gland ‘cell ¥ causes it to go from transparent to 15 jf

L

)

opaque., Live preparation in darkfield, ‘bar:'SO Jlm; x400., - . ’ 4

Fig. 26. fThree injections of calcium-EGTA ( calcium 10

*
’,

MM )into ‘ the cytoplasm cadées the ‘&ytoplasm to become' -

opaque.

: ¢

_Fig. 27.  Ten min  after-_injection the cytoplasm has

returned to normal.

[ %

® <o [}
- -

Fig? 28, Same ¢ell injected ten times causas the

cytoplasm,” but: not the nhcleqs, to go bpaque.

- <
. e
-

H L 4

-
oF

Figs. °29-30.  There 1is a graded change 1in opaqueness

during microinjection of daléiuﬁFEGTA into the éyﬁoplasm;

Live preparation in darkfield, bar=190f§;;n%220.'A‘

Fig. 29. One pulse of calcium-EGTA .( - calcium aﬁO',uM)

"]
A
S

t ,causes a small change. in the tytoplasm near the tip of the

\ N -

~~“micropipette. ~\\} 1 ﬁ
Fig. 30. Three more pulses of calcium-EGTA (A'calCium. o ST
' : . . ¥ & v

w,

HM)° causes a - defimite'cﬁ;:%e.in_tﬁe cytoplasm but mot in
. ' . ’ . - ' o

the ngcleus. The zone of opaquihess pa&};ally' surrounds

v
- -

“the nucleus. ‘ o

~
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z’opéqqengss near the micropipette tipJRFig.,‘zé), which were

oﬁiy "viéihie in the  cytoplasm and not the ‘nucleus.

Miqpoinjection ,ihto the nu;}eqs"did : £;£ éause any

obfirvable‘changes. \ These effects én the cytoﬁlasm were

‘;raded‘and reﬁersible. When sm#1l amounts kﬂ0-20$ of‘ khe
“ .

. \ .
cell volume of 10 uM calcium-EGTA) were injected (Fig. 26)

the q?toplasm returned to normal within 10 min "Fig. 27)
but when massively injected, ‘the cell would remain opaque

(Fig. 28){ Increasing amounts of calcium abuffer caused

larger areas of opaquehess when injected into the cytoplasm

(Fiésu 29, 30). . Since pblygations consistently caﬁaed

'changes in the transparency . of - the cytoplasm,'injecteé

-

ce"s weﬁg examined‘by :eleet;on microscopy to see ,what:

,changes had occurred.

a

(d) Injected .polycationiec molecules -cause the RER*to swell

: o . . _ p
Salivary gland <cells cultured 1in ~'vitro but . rot

injeot‘d; §howed the normal RER‘characteristic<of‘this cell

type (Fig. 31). .Most membranes are part of the RER with

. . ’ ! ‘ .
humeqops + Golgli complexes. The transien; or permanent

opacity observable by light microscépy was correlated with

ot

swelling of the' RER (Fig. 32). While the RER has swollen,

oht‘her‘organe"l'lreé-sueh as secre;.or-y ‘nulhe's"ﬁ'ave riot,\ (Fig.
. . N v ‘ ﬂ B -
32), , *

’
»

- 8ince ,injeétion of polycationic molecules causes the

RER' to swell it ,is poéaible that ,{'.he' injected molecules

L]




‘the cell from Figs. 26-28 was

‘e

Figs. 3t=32, Conﬁrol ind microinjécted salivary - gland
cell structure. Uranyl acetate stained, bar:Z,um,fxB,OOO

Fig. 31. The structure of a control salfvary gland . which

. ‘e s :
had been in vitro for 30 min. 'The endoplasmic reticulum is

the normal sdze.

Fig. 32. The structure of a cell that had been ' injected

and gone opadque has .gwollen RER %isternae; In order to

examine the ultréstrugture of a cell that had goﬁe opaque,

fixed and processed for
|

electron m;croscoby. The RER has. swollen enormously but

N . -
© the other membranes have not. RER=rough . endoplasmic

R

~reticulunm, Nu:nucleus} SV=secretory vesicle. ; S

.

Q
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* .

- bdind to the RER.surface, Micrqinjection of highly cationiec

-

)'éisruptian'of-the morphology but not as great éwel}ing“

L -
. 6 . » A .
> [N 5 ~
E . . <
>
'] a

4 ]

ferritin (pI 8.5-9.4) cohsistently-caused gross swelling of

thé RER (Figs. 33). This was correlated with ' its .charge
- ! . ‘' . ~

_since. cationic ferritin (pI 7.9-9.1) caused.noticeéb1e~‘

Ed

(Fig. 34) while anionic ferritin " (pI 4.0-4.4) did not

cause tge RER to 5qe11 and was localized méinly'in the'free;

eftoplésmic space  (Fig. 35). Only the RER,swgfled as a

" ‘ . ‘ pe
"result of qatio&€c ferritin- injection. cheﬁ organelles

t

'such’ as secretory vesicles, Golgi saccules, and transition

vesicles did not‘syell although. they did bind  cationic

. ferritin.. Swelling as a re;ponée to polyo%tion binding is
- . .

_thus a specific response of the RER rather than - a general

membrane response. o . )

ﬂ.ﬂ'biécqésion . . o
PO .‘ . . ‘2'

Micrbingection of polycationic molecules consiétently

caused éhanges in therpaciti of -the cytoplash which could

be .segn with - the iight mtcroseope;4 Thg_ opacity was

o

‘cqrrelated with a striking ease 1in. size of the RER

cieterdhe.‘ ot other orgapelles. The .changes aré‘hpg an

arfifact of

process since they'could not be .

, induced' by c&ntro; ipjéctidns with ‘ﬂdtassiumi- buffer,‘ 

. : o ) . }
anioniec ferritin or bovine serum albumin. »

A ‘.

It .has been shown that the ‘eharée of the ferritin

”
d

" 'molecule directly affedts its distribution in the



.

il
¢

Figs. 33-35. Microinjection offcationié‘but' not anionic

ferritin qausea'the RER“to swell. Bar:O.Zlum. l

-

Figs. - 33. 'MLcroinjecpion of highly cationic ferritin ,(pI

'8.5-9.4) causes the RER to swell -at a concentration of‘10_

mg/ml. Unstained, x80,000.

F3

Fig. 3y, 'Microinjec§ion "gf  catiénie - f;rritin of

. intermediate positive charge (-10mg/ml, pI'7.9-9.1)\causes

"swelling of the RER but :mot as great as the highly cationic '

ferritin. ‘Bismuth stained, x140,000. .

Fig. 35. Mi¢roinjeétion’of.anionic ferritin (10 mg/m1, pI.

L]

4,0-4.4) does- notf cause any morﬁhdlogical changes to the .

cytoﬁlaémic membranes. Bismuth stained, . x140,000.
RERzrough endoplasmic reticulum, GC=Golgi  complex,

Fzferritin particle(s).

PO

L. M
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A . _
cytoplasmic space ‘(Chapt. 3). Cationic ‘mo'lecules, are

.

bound to surfaces while angonic-molecules are predominantly

in the. free cytoplasmic space. Since increased positive

¢harge led to increased surface bindlng. and.increased

positiye,chapge also led to greater swelling of the RER, it

seems likely that binding,is necessary for the swelling to

'oceur. The common factor shared by the ‘molecules that

: caused RER swelling is -that they are polyqations and likely

5

to 1nteract with negatively charged surfaces.
~ . .
While 1little. is known about solute concentration.

~

differences across‘ tﬁe* endoplasmice reticulum insjide the

cell, it is known \that microsomes, which are composed

mainly ‘of endoplasmic reticulum fragments, are osmotieally
active‘apd will swell,lg-xitgg due_to, osmotic differences
(Tedeschi et él,, *1963). T'The‘fsct that the eodoplassic
reticulum swells {® vivo when polycationic molechles~'bind
to it soggests‘ that a ,coneentretlos~ difference exists
across:it and thst #the 'biphicé of positively charged

tracerd causes a chasge in RER permeability.’

‘8

It has been shown that calcium and - chér‘lpolycatioqs‘

that bind to anionic pﬁospholipids in model systems can

fchange thé configuration from a bilayer to a non-bilayer‘

»

structure‘ such a8 f the hexagonal phase (Cullls‘ and.

. Dexrulhrf,.,1979; . DeKruii{f and'-tullis, 1980)... These .

&

intéractions are electrostatic (DeKruijff and Cullis,

1980), suggestlng/that the -charge of - the molecules is

Ty .
7. v

4
1}
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*

——

‘phospholipids and causing thei formation of nonfbilayen‘

structure causes\the.membrane‘to'lqse its aniity to act as.

important. ~ The change fram pdlayer to non-bilayer
' ' -

- B . ; . . L 3
a permeability barrier and to become leaky to monovalent

cations such as potassium “(Mandersloot et al., °1981).

While the function fof non-bilayer structures in membranes
\ .

‘is still in question,® there is evidence for non-bilayer

\.

structures in mierosoﬂes which 1s the result of ‘the action

of certain endogenous prqteins (DeKruijff’g& gi., 1¢980) .°

Th‘e’yidence suggests that -the microin'je'cﬁion v_of‘f

polycatf%nic moleeules may cause a permeability change in
the’ endoplasmie “reticulum by binding to .anionic

structures.  The reason that - the RER but not“~other
L g .

memhraﬁes-'sﬁell' so greatly relates €ither to its lupinal

composition or the jnetﬂre ‘of the phospholipids 1n ,its'

L

membranes.  -Comparison of the phospholipid composition of

.

intrgcelluiar nembianes~shows that RER and Gplgi complay

are very different but there is much overlap between Golgi

" complex and plasma " membrane ~(Me1d91esi eé’ al.,. 1978;

Boggs, f{980). The d&fferende,in phoepholipid‘démpositﬂbn

of the RER may make it fiore sensitive to polycation-ipduced
swellings = .~ .« | o . .

.If the cisternae of the endoplasmie ‘Feticﬁfuﬁ are
PR '

topolosically equivalent to the extracellular speee, “then

" jonie differences that exist across the plasma membﬁune may‘

- also exist across the membranes ‘qf‘ the endoplasmiel

’ : X e . . 'y -
’ ' ~
.

* . . e L)
. .. Y

oot o . e . L [ 3 ;. L.

2,



&

reticulum. It _hds: been shown"thgt the endoplasmic

reticulum ia many eil% types accumulates caléium as part of

a calciunm pomeoéfatic meehaniém‘(Blapk et al., 1981; Wick
. . - ’ . ’ . ‘
and_ Hepler, 1980), Since intracellular pbtassium is high

r

difference would ,exist. if this .was also 3tfue for the

-

membranes of the RER. The'hermeability to potassium may be

a key’ factor ip‘the swei;ing of the RER.

b : . a
R - .
~ %

and ‘'extracellular potassium low; ‘a great eoncentration-

83
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. . CHAPTER 5 S '
Ty }4 . . . ‘ .
. CHARGED SIEVING'BY THE BASAL LAMINA ANb
THE DISTRIBUTION OF ANIONIC SITES ON THE “ ' ’.,
EXTERNAL SURFACES OF FAT ﬁQDY CFLLS'
. - ‘ ; s L
- (]
5.1 Introduction ' ) R : /

In all tissues, excebt bloddqcells, the basal 1lamina

is the primary bérrier between tﬁe tissue and- the fluid-in ~
. . e,
which it is bathed. The’permeability of the basal laqina .

4
~ to macromolecules will depend both upon its porosity and

the nature of the charge upon :the ¢hannels that make uf the
struétural compongnté " of the sieve (Ashhurst, 1982). The -
surface charge of the bagal lamina should" Qirectiy affect

the movement and distrjbution of charged molecules in the

tissdg it surround{. Foﬁ examﬁle, in Calpodes eﬁhliug; the
‘size of the majpr hémo;ymph proteing.(1b-1]’AQ in sizé{,
K(webqten, 1§821 and their charge (ranginé from anionic to
. catidnéc) (Myssett, 19%7); may play a riie {h'the ﬁovemént
of prgzeing from the hemolymph to the lymph sﬁ#ces of the
| fat, body. R o ‘ : ///5 ‘ %
?he basalolémina of fat body ' cells sep;f;;es ;;:\\\' o

. _hemol mph,: in which the fét bbdilis suspended, from the

1§ﬁph‘

aces ‘that surround the fat‘body cells themselves. . S
At the fat body surface there is a sys%gm J¥'plgsmanm

m%mbfane infoldq forming'lyhph ‘spaqeé called the plasma

.

.HT"’ ) | “ R 8 4 ‘ ".- ) . of
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membrane reticular system.,(PMRS) (Locke, 1984). Lateral

“intercellylar lymph ’spaeeé are formed by the/appos{ng'

-

. . - - -
1984). . . ’ . . .
A . ‘ - . . . . /I¢,‘ .
. vt

. . e t

To examine the . role of the basal ¢lamina in the

- " movement of cﬁarged molecules to the fat body,.ferritins,

. ranging in chirge from anionic to highly catiopic, were

injected into . larvae of Calpodes. The distri§3£153 of

these Werritins was examined with respect to ﬁﬁe‘ basal

895

.membranes of different cells (Locke, 1984; Dean gt al., o

. /
lamina, the lymph spaces around the cells, the ‘membranes of

- -

the lymph spades and intracelluldr vacuoles. . The results

'show that there are clusters of ‘anionic sites in the basal

lamina,. 'Thése prevent anionic but a¥ow cationie ferritins
into the 'lymph spaces of the fat body and could therefofé

affect the distribution of variously charged hemolymph

-

proteins. - Furthermore, the membranes of the PMRS are

differentiatéd’ from  the . membranes of  the latefa;

.

intercellular spaces by more .anioniec sites. Y

5.2 Materials and Methods

.

(a) Test animals - ) ..

‘n
4

Larvae of C. ethlius were reared as previouéif

, .

desc}ibed (Locke; 1970)., ~Mid-fifth stage’larvae were used
3 » e
in this study because their fat body 1is metabdlically

-

-active -at. this ‘étage’ (Locke and Collins, 1968). After

&

&
.

.



v

. .0
injection with tracer solution, larvae were kept in a 22 C.

- > . -
! “incubator .with ax\Jz\\ff light, 12 hr ‘dark cycle and were
' . allowed td'feed normally .- :
] k]

B

»

Y .

: ’
b) -Tracers

. The net charge of four different types of ferritin

-(ranging " from anionic  to highly cationic) were

characterized by isoelectric precipitafion‘?ﬁennke et ‘al.;

—

.-
-

- 1975). Native “(anionie) ﬁgcritin (AF1) was obtained from

-y
- .

. ’ B A
Sigma Chemical Co~, highly catiqnic ferritin (HCF) was.

-

obtained from Miles #8iochemicals?! Anionfv ferritin (AF2) .

an&,cationié ferritin (CF), were synthesized and kindly &

a

donated by. Dr. H. Rennke (see Rennke et al., 1975 for

‘médification procedure)..'The tracers were diluted with

¢ -

Grace's medium '(Gibco Chemical "To.) and 40 ul was.then. °

injected. fnto larvae weighing 1.6-1.8 gr. The hemblymph.of

these larvae has a volume ofaappboximateliﬂ300 al so thgt

the effective concentration of the tracer exposed to the

o - v

-k .
-fat body was diluted by a .factor of 8.5. The two anionic

~

. * and-cationic fprritins hdad a final hemolymph cbncéntration

of 4.7 mg/ml. HCF had a hemolymph concentration of 1.2

mg/ml. ‘ L . ‘ :
’ TN ' : . L
¢) Fixation and Probeaaing‘ . L
- " After incubation for 30 or-60 min, yﬁﬁvae were ligated,

and 1inflated with 1ce cold 5% glutaraldehyde in 0.1 M

"

4 [} ! sy
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) phosphéte_buffer pH 7.4 with 21:sucrose. After immersipn
o o in. freeh fi;ative forh1 to 2 hr, the tissue was wa;hed in .
0.1 M phésphate buffer pH 7.4 with 2% sucrose. The tissue-
¢ was postfixed in osmium tetroxide in 0.1 u~phosphate'%uffer
. 7 pH 7.4 with 2% ::EFose on ice for i ﬁru The tisgue was
washed carefully in ice cold buffer and then in distilled ,
waéér. -After dehydration in a graded‘serie; of alcéhols{u

’ I
’ the tissue was rinsed/&g propylene oxide and’embedded in

Araldite. . : Y

.q) ElectronhMicroscoﬂy o ' -
’ ' e

- - Thin sthibns of gray ingerferenpe,colour.ﬁeré,éuﬁ‘ on

o6

a diamond knife and mounted on 300 mesh copper grids.
Segt?ongkwere stained ®n bismith for 30 min tbxéﬁérehse fhe"
contrast of the ferritin (f?hsworthkand Ka}éovsky;'1972),
or uraﬁylﬁwaéetate‘ for 5 min k%dcke"ahd \Hﬁie, t§80)i
7uicr5!¥apﬁsf wer?‘itaken op'g‘Philibs,§M‘3003a£ 80 kV." The

results are ‘based on obégnvafions of'uozaniméls and several -

. -
N

. hundred migrqgrgphs..-&A ) ' : : .o

LI




(e) Quantitation of CF Distribution

»
-

-

fhe amount:of CF bound to the plasma memﬁrané' of the

PMRS and the lateral 1nterce11u}aq spaces wasfcompabed at

LY

30 and 60 min of incubation. . Micrographs at the same

magnification ahd appropriéte location {u-é samples per
lgcation pef animgﬁ);were ta@én and the.leng}heof membrane
in micrometers %as Jmeasured with a caréogrébher's.wheel.
bnly sections of gray ;ﬁtérference colour‘(éPérox;matély 60

nam thick)" and mémgrige brofi;es notmal in section were used

for caiculating' ferrifin densities.- Ferr??in particles

within 15 nm of a surface were considered to, be bound. All’

resulﬁs are- given as ferritin particles 'per squaré

»
¢ .

micrometer plus or minus the standard deviation (i.e.o‘the

denéity of ferritin within'thhErea 15 nm.Bf the heqbrane).

Dené}ties " were compared _stétistically by +the Studentf!

t-test (Zar, 197"); ‘ R ' R

@
LS

5.3 Results

(a) The tipe'éburse of ferritin pene%rgtion *

-

from the hemolymph was® B .equilibrium by 30-60 min of

'inqubation,‘éince,analysis.of_ferritin'binding (see Resultas
section "Quantitation .of CF bound to the membranes of the

= . . . | 2

' PMRS and‘;atoral intercellular. spaces") at these times

Y

showedlho differences. ' All micrographs présented were from

’

Uptaké or.fgréitin particleé_}ntp intercellular spaces



e .
the ‘animals exposed for 60 min. ' .-

b) The labeling of the basal lamina by ferritin

an

- ~

HCF (pI 8.5-9.5) intensely labeled the basal lamina

of fat: body cells (¥ig. 36). Large clusters of HCF were

found on tgé ﬁehbrané of the PMRS, while smaller clusters
of HCF were localized on the me;branés;of the lateral
inﬁércellular spaces (Figs; 37, 38). A slightly 0b11QUé
sécfion lfhrough tﬁ?'basgl famina shoﬁed discréte clﬁmps éf

ferritin particles throughout the thickness of the basal

lamina (Fig. 37). Highér magnificationmrésolved clusters

of particles separated by unlabeled areas (Fig. 38).

-
*
®

If ferritin Sinds ﬁp the structural'eomponents of the

®

basal ;:?ina,' then it should be associated with the

-structures that are visible when contrasted .with wuranyl

acetate. Analysis of $gctions spainedwﬁith uranyl acetate
Showéd that HCF 'Wésv boupd only to the uranyl acetafe
staining pbrtioné’of phe pasal lamina (Fgg.' 39). Analysis
of thd@bther ferritins (AF1, AF2 and CF)‘sh;4Ed<that these

were also found 4in the same location of the basal lamina
p ! - \ ; ’

(Figs. U40-44), Decrease of the positive charge on the

ferritin molecule - led ’to much less binding to the basal

lamina. ' o : : o

v

The appearance of clustering by, HCF and CF to the

eleptronv,dénae portions of the basal lamina may be due to




0.,"

Figs. 36-38. HCF labels the basal lamina. .
Fig. 36. HCF labels the anionic sites of the fat body
basal lamina. Large clusters of HCF dre found in the PMRS

o *

. and lateral intercellular spaces. Bismuth stained, bar=0.2 .

pm in ai%’figures, xT73,000.
Fig. '37. An oﬁliqd@ sectidn shows clusters of HCF ...
throughout the basal 1amiga; ATher; afe large aggregates of -
ferritin in the rﬁns: Unstained, x45,000. |

_ Fig. .38. The qistribﬁtion pleCF closely corregponds to
the.por@ibn of theibasaf lamina that is stgined'HZih uranyi
a;qtate. Therg are few paétieleé ip, the eléctﬁqn-lucént
-éreas. " Hranyl acetate stained, x175,000. PMRS=plasma

‘membrane reticular system, Bl=basal 1lamina, Hy=hemolymph

F:‘erritin, LS=lateral inteércellular space.
» * ’ ‘
’
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Figs. - 39, 40. Cohparison of the distribution of HCF and
qF in the basal lamina. Oblique, sections of the basal
lami{h‘shbw that for HCF (Fig.. 39) and ,CF (Fig. 40) ‘'the
electron-dense portion of the basai;laMina has bound the .
‘ferritin. An_elaatie_(iber_has a dens% array of bound HCF
i . ST , 4 |

(Fig. 39).> ‘Uranyl acetate siained, x175,000. “Bl=basal . e
lamina, F=ferritin, FB=fat body, Ef=elastic fiber.
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Figs. 41, 42, Transverse sections of the

Y

show that cationie ferritins bind .to the

8 ~ e

A4

basal 1lamina

L4

electron-dense -

areas. Both HCF (Fig. 41) and CF (Fig. 42) bind to the

uranyl-staining portion of the basal .lamina.
than CF is bound to the basal lamina. .While
" eationic ferritin bind to the cell surface

shows dense aggregates while CF (Fié.

- aggregated.- Uranyl acetate _stained, x175,

a
\

lamin'_a-; F.=fer'r'itin, FB=fat body. -

-

.Mugh more Héi:
both’typeh of
HCF‘(Fig. H]) .
h2) ;is not

000. Bl=basal

.






' ) - b . T :-‘1 -
I e : v
d ¢ . - ' . [\ . - 5% ‘
v 1 N -, * .‘:‘ -' = ) ’., ‘ -
. . - . RN ~ PR . " .'- -
¢ h . ’ . . -t »
- , S -
M 4 - , ..‘ e «
4 L 3 ’ e ' ‘ »
N L ] . LJ‘}-\E\':‘} , - . g ...
% ' . #
» |" - g
(N [ \'.’ \ .
.. e . . y
R ‘ o &
+ -3 .
. - . ‘ -
. ' L :
™~ | . S A ‘e
Figs. 43, 44. Distribution qf anionic ferrditfha in the .
L basal lamipa. . “Transverse . sections of cells labeled with '
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AF1 (Fig. 43) and AE2 '(Fig. 44) also shows that -ghe
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ferritin particles are boupd ,to the 'ur"am'rl-stainin?portion .
of the ba‘sgl lalgiria‘. The amount of ferritin bound is much . J
. J . ' 1
s less than w‘iph' the cél_:iqni.é ferritins, /Urqul acetate .
.- 8tained, x175,000.  Bl=basal ) lamina, F=ferritin ,4 FB=fat '
body. . ; . | . K o
1/ . 4 ¥
. ) " .
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artifactual shfiﬁkage"duﬁing fixation. The  binding of’

-

polycationic molecules, such as HCF, can neutralize anionic
grdups, which in turn can“cause collapse or denaturation of

the macromolecules to -which they bind (Skutelsky et al,,
. [}
v . .
1978; Skutelsky and Bayer, 1979).' This puts into question

-

the existence of the. pore-like structures in.the basal

;aminé wherée the ferritin QGes'nop'bind (Fig. 38-40). A1ll
> ’ : *4 .
ferritins regardless ,gf\charge sere bound to the staining

portion-of the-pasal' lamina but -the amount of ferritin
v . ’ 10., ."-’: . . ‘ . . ’. . .

varied}gngatiy. C e * *
N ' -’ ® Y
s - - '
The binding of HCF suggéstéd .that the basal lamina

might be negatively charged: and
- .. e Ty

" thgt it could .act as a

-
"ty

negatively éharged‘siévé to a}fectf.the distribution .of .

t 3

charged molegcules between hemolymph and the 1ymph spaces.

Ve ~ N

, cm /

’ El P

B - v L
“ * - - ," "

the PMRS »

»

, @

o . . ' F
Although the concentration of AF1 (pI, 4.0-4.4) was

higher than HCF, very few particles of AF1 wére found~in

the PMRS at the surface of the fat body (Fig. 45). Some

amorphous” material (possibly protein) had ferritin

.

pérticles associated with it., Almost no ferﬁltin particles

were found in the region of the. basal IAQpﬁé.

4

s =

AF2 (pI 5.5-6.5) sparsely labelled the Basal lamina

and there were few pérticles in the PMRS (Fig. 146). "Most

(c) The penetration of ferritin through the basal lamina to




.

- Figs. U5-48,- Penetraﬁ}on of ferritin into the 'PMRS 1is

related} to the. ¢harge of the molecule. Bismuth stained,

©

"x90,000. . )

-
Al

.Fig. 45. AF1 does ,3°t bind appreciably to the basal
lamina, and few particle¥ dTe found ih the lymph spgées.,

Fig. U46. AF2 is present in very small numbers in the PMRS

.

and basal lamina.

L)

'_Eig.' b7, CF sparsely labels the basal lamina.  The

membranes * of the PMRS are labelled .with clusters of CF

particlgs. : .

~—e e « - " .- .

ng, 48. HCF is present in large aggregates in the PMBS
which ‘appear to be ‘surfade bound. PMRS:zplasma membrane

reticular system, Bl=zbasal lamina, Hy=hemolyph, F=ferritin.

-

3
s
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‘of the particles in. the spaces were ‘bound to 4he plasma’
membrane . (Fig. 46).

: i . - £ .
Particles of CF (pI 7.0-8.0) " were clustered at’ ‘the

surface of the PMRS (Fig. 47). The basal lamina was -«

v

sparsely. labelled (Fig. " H7).

“

Large clusters of HCF were found at surfaces Jof ~th

»

“pMRS and .lateral intercellular spaces (Figf' MS) " Larg

clusters of particles which exhibited clpse packingg were

bound to memBranes of the lymph spaces (Fig. 48y.

~ ‘. . L

T
e ‘

' There 1is thus a dramatic difference between the(

density of the. ax;onic and cat1on1c derivatiwes of ferritin

5 N
-

“on the 1ly s\de of the basal 1amina. AF was noﬁ removed .

from “the hemol h during the experiment since fixation and -

examination of‘ t 8 hemolyph showed -much ‘more “AF. than‘n the

"

1ymph spaces Ydata not shown)
:‘\‘—3 ", - , i “- ;

The basar lamin ppesumablypprevénts, the penetration

';cf negative1y~ charged ferritins but allows positively

.
)

v charged ferritins into the 1ymph of the PMRS, -
’ -

-
A A

»

d) The penetratiom of ferritin into intercellular spaces

L]
L]

Very few AP1 and  AF2 particles were found in the

ﬂinpercellular spacesf between fat body cells (Figs. 49,
. 50). . CF showed sparse labelling of .the lateral,

inte%cellular spaces (Fig. 51)., . HCF was found "in the _

/

Ny .
/ . A)

~
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Figs. R9;52; ‘Penetration of ferritin into intercellular
#paces. Bismuth stained, x92,000l
Figs. 49, 5Q. .Very few particles of AF1 (Fig. H9) or AF2

(Fig. -567 are found in the intercellular spaces.’

Fig. 54. CF is found sparsely labelling the -embranes of
[ ] .
the lateral'intercellular spaces.

_Fig. 52. HCF. is bound 1in aggregatés in the .lateral

~ihteféeilular ‘s?aces. LS=lateral intergellular ‘space,

F:ferr;tin,






a

‘the PMRS

- for the PMRS or the lateral plasm; membrane binding (Taple

\

intercellular spaces, ‘gn tightly packed aggaeg'a‘;,.es bound to

the membrane (Fig. 52).

The distribution of ferritins in  intracellular

vacuoles‘was also dependent upon the chargq of the ferritin

. «*

molecules. - Multivesicular bodies contained large clusters

of HCF but AF. was very difficult to find and only few
- ‘ . e -
vacuoles contained AF particles (Figs. 53, 54). AF was

not found in any other intracellular vacuoles in éhe fatf

body. The large clusters: of HCF 1in the multivesicular

bodiés may correspond, to the <clusters of~HCF that were

cbserved at the surface of the cell (Figs.“36{ 3%,‘us).4

[

'These results show that .negatively but npot positively
charged ferritins are ,(excluded from the fat body Spades,

presumably by the basal lahinay

- ]
EN -

(e) The quantitation of CF bound to the membranes of the

PMRS and lateral intercellular spaces
, Comparison of the amount of CF bound by "membranes of
. ‘ . pos ' ‘
and - the laterh} intercellular spaces showed that

»

. the membranes of the PMRS consfstently boqnd more CF at-
both.30 and 60 min of incubation (p<.001 t-test) (Table u).-f\> -

. There was no significant difference between 30 and 60 min

u)"




L]

Figs. 53, -5%, Multivesicular bodies conta%n aggregates of
HCF ' (Fig. 53) but 1little AF (Fig. 54%). Fig. 53 is
bismuth stained, Fig. 54 is unstained, x8§,000.

‘MVB=multivesicular body, F=ferritin.

-

'Fig. 55. CF labels thé basal lamina of tracheoles, which
penetrate the fat body atfapproximately the same debs%py ag.
the basal lamina at theyfat body surface. Bismuth.stained,
x90;OOOm' Bi:basalv iém;na, Tr=tracheole, FBéfat 'body,

‘F=ferritin.
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Table 4. Quantitation of cationic ferritin binding to

.

the membranes of the Plasma Membrane Reticular

System and lateral intércelluigr space.* . ‘

9,

membrane : . 30 min n / 60 min n
PMRS : ) 17643 % 10 169+33 % 10
lateral . ° . . '
intexcellular . . 39%26 8 40+27 8
space: .
*Experimental details are given in the Materials :

and Methods section. 11 measurements are in
ferritin particles/um” tSD. '

#At both 30 and 60 min the number of cationic
ferritin particles bound to the membranes of the
PMRS is significantly greater than-the amount
bound to the membranes$ of the lateral intercellular
.space (p{.OOl t-test).

”"

K4




B

-

-The differential labeling of the PMRS was not due to

c?ncentgption differences since the basal laminae of

tracheoles that penetrate the fat body-had similar amounte
of-bound CF as did the basal lamina at the fat body surface
(Fig. 55). This suggests that the membranes of the PMRS

may have ‘significdhtly more anionic sites than the

membranes of the latenal intercellular sbeces.\

5.4 Discussion
L]
The anionic sites of the basal lamina of the fat .body

Y

act as a barrier to enibnic but not cationic derivatives of
the protein ferritin. The specialized case of  the kidney

glomerular basal'lamina has clearly shown that the anionic

sites of the basal lamina (Rennke et al., 1975; Kanwar and

-

) Farquahar, 1979a) play an important role in the movement of

charged proteins across it (Rennke and Venkatchalam, 21977

)

Rennke et al., 1978) " Loss of anioniec sites from the basal
lamina, whether through enzyme digestion (Kanwar et al.,
1980) or pathological condition (Caulfield and Farquahar,
-»197§;. Olson et al., 1961), causes chaﬂées fiq" glomerular
basa{}iamina'permeability to charged proteins. Clusters of

anion

the endothelium in capillariesn~and 1t is proposed that

-

L]

these may also haVe a role in regulating ‘the movement of'

"charged QQlecuLes across the endothelium (Simioﬁegeu et

gl., J1982). ' The anioniec sites_of‘basal'laminae“mey have a

) B
‘s . L -

sites have'also been fourd of the basal lamida hof.

-
<
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?

- o ~ r o
. oy ..
proteins. T ‘.

1

<*- The anionic‘31tes on the plasma membrané of fat body

cells may' play a rolélin the movement of the tracers into

fat body spéces. Cationic tracers, éftér diffusing through
- } M .

4

the' basal lamina, bind to anionic sites of the PMRS or“the

; ‘PMRS-’has more‘ anionic sites as determiaed by CF bin&ing,

Y than the létéral plasmé membrane. * It has. been proposed

that‘thé PMRS may form the .reaction chamber for the loading

ana unloa&ing of 1ip6bhorin (Locke., 1984)l The regional

g differentation of surface charge may play !'}ole in this
function, - . -

B '
-
) . »

Since major hemolymph proteins of Calpodes have' been
found ' to be the same size (10 to.-11 nm)‘a; ferritin and
approximately the same charge as the anionic ferritins used

in  this study (Mussett, 1977; 'Heb§ter, 1982), phé charge

of the basal lamina may play a role in regulating protein
"enyry into 'thg spaceé surrounding fat body cells. - It has

.. been shown that the fat body synthesizes and secretes these
~ f ) B ‘ -

. . - C : s
&~ proteins into the hemolymph and then at a later time may

resorb them (Locke and Collins, '1968; Locke

%ischmme“ 4 - ! v

’

fgeneral role 1in determining’ the permeability to charged

plasma membranerof the lateral intercellular spaces. The

Webster, 1982). ._A'hodif;cation of the charge differences .

‘between thé basal lamina and proteins may be necessary ?foﬁ
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Anionic sit}s of “the basal lamina‘gay‘alsb affect the

[

> distribution of smalieg. molecules and = idns.The

redistribution of ions by fixed' polyanioniec groups wbuld

L

result in a Donnan potential (Comper'and Laurent, 1978). PR
’,

X;ray microanalysis has shown that the  basal laminae ~“of
inseect epithelial cells sequester potéssium and exclude
sodium and chloride (Gupta'gi;gl., 1977; Gupta and ‘Hall, .
1979). The high levels of proteoglycans cdntainingosulphub
and bhdsphorus could be-responsible for tg}s discp;mination
(Dutkow?ki,. 19775 Dybowskg‘aand Dutkowéki, 19775 K;nwar
and Farquahar, 1979b). Tﬁdv anionic sites of ;;he barsal
:iamina labgled by HCF mafjaffect the_transpsrt of.boéh
large and small molecules from -the bemolymph to create the

v

“lymph bathing the c¢ells.

fe

&- : ’ i




., " CHAPTER 6

Lamellar bodie3‘are the intracellular site

-« ¥

of membrane turnover ih.the fat body_ .

!

‘

6.1 Introduction : ., . S

-

. . , , .. -

. The fat bod& is’ the main tissue for hemolymph 'protein

synthesis in insects (Wyatt, 1980). 1In Calpodes ethlius

there is a dramatic increase in the amount of_ hemolymph’
_ protein during the last larval stadium (Locke and Collins

1968), that is correlated with an increase in  ecdysteroid

titre (Dean et al., 1980), The secfetion of hemolymph

proteiﬁs by the fat body wouid mean an increase ip the

- . ) w}*
plasma membrane area if there were no mechanisms to deal

i

with the excess (Palade, 1959; 1975). . ' .
A L} ' R ”~
The bathways of plasma memﬁrane turnover have ‘been
examined in 65115 ‘by'thewusé of highly capioﬂic ferri;in,

which binds to the plasma membrane and marks the mémbrane
compartments ‘involved (reviewed. in Steinman et al., L283).

In some cell éypes,‘surféce mebbnane has been traced back

-

-into the .secretory pathway (Golgi saccules and secretofy

granules) thus prbviding‘evidenqe for ,membrané :rqéyélini“
.(garq#ﬂar, 1978 ; ”He;zog and'Miller,.197§; Ottosen et al., :
f§80; ’Thyber;: 1980; rTh}bgng_gg al., 1980) even r#hougﬁ.
.some studies showed mlnim;i amounts of tracef in.the Golgi

complex {Denef and Ekholm,. 1980; Nielsen et al, -1981%;

" ’ ¢ °
L ‘
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Nilsson et al., 1983). Other studies have found that

plasma membrane couli‘be traced ' to multivesicular ©bodies
(MVB) and lysosomal compartments ?nd not the Golgi”&ompiex

(Tartakoff et al., 1981; Van Deurs et al., 1981; Van

—

Deurs ‘et al., 1982; Van Deurs and Nilausen, 1982;

-

Williams, 1982; King, 1982).

. In order to map the " pathway of plasma membrane
turnover in the fat body of Calpodes, the uptake of highly
cationic ferritin (HCF) and its distribution at wvarious

times after injection, was examined. The basal lamina that

W

,subrounds the fat bodyv:of Calpédes acts és a charge

)

selective barrier preventing anioni& but allowing cationic

s

derivatives of the protein ferritin into and around the

b )
cells (Chapt. 5). The results show that after uptake by

-

coated. vesicles at the cell-surface, the first  sites of

‘accumulation ~were the MVBs but soon after the ferritin was

s
’

found in lamellar bodies that formed from the MVBs. - No

-

evidence for direct membrane.  recycling to the secretory

-
pathway was found.

-
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‘6.2 Materials and Methods

(a) Test animals ‘

Larvae of C. ethlius were reared as previously
de;cribéd (Locke, 1970). Mid-fifth stage larvae were used
in this.sbudy‘ because their fat body is -metabélically
acéive at this stage (Locke and Collins, 1968), After
injection with tracer solution,(larvae'were kept in a 220 C
incubator with a 12 hr light; 12 hr dark cycle and were

1

vallowed to feed normally.
b

.(b) Time course of HCF uptake

HCF (pI 8.5-9.5) was obtained from Miles Biochemicals.
Cationiec ferritin (CF pl 7.0-8.0) wﬁs synthesized and
kindly donated by Dr. H. Rennke (see Rennke et al., 1975
fortahg}fication précédure). The trapers were diluted with
Grace™ medium (Gibco Chemical Co.) and ﬁg Ml was then
injécted into larvae weighing 1.6-1.8 gr. Concentration of"
the tracer exposed to the fat body was diluted by a factor
. of 8.5 becauée of the volumeﬂ of hemolymph. HCF had a
hemo lymph concenfration of 1.2 mg/ml, yhile C? “had a

concentration of 4.7 mg/ml. ’ ' \

Larvae were injected with the tracer solution and then

2

fixed at 30 sec, 10, 30; 60 and 240 min.
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(¢) Fixation and Processing : : . SRR
‘ : . \ : - ¥
After thgiﬁpproﬁ;iate incubation perioa, _raNQab were
ligated-and inflated with ice cold 5% glutaraldehyde in-0.1 - -

‘M phosphate buffer pH 7.4 with 2% sucrose. Thé tissue was

. 'ﬁFOCesged és de'scribed in section 5.2 (c){‘

¢

(d) Electron Microscopy ‘( 3;'5;

Thin sections of gray interference colour were cut on
a .diamond knife ,and mounted on 300 mesh copper grids.‘

Sections here'v;ewgd unstained, or stained 'in bismuth to

enhance:'ferritinl-codtrast (Ainsworth and Karnovsky,'1972}
or ur;ny}_acetéte (Locke and Huie, 1§80).‘ Migr&@raphS‘were
taken on a Philips EM 300 at 80 kV. The results are based
om observations of of at least 3 animals for '’ eaép time

period in- 2 separate experiments. ‘ , , -

6.3 Results . .

(a) Uptake of ferritin at the fat body eell surface

-

At the shortest period of incubation (30 sec), HCF was

bound to*'the fat body plasﬁé membrane'(Figﬂ 56). - When the

plasma membrane was;hormal to the plané of the sec®ion, the -

particles were in 'é sinqle row bound to the membrane and

ﬁ\”}éﬁz;;ted by a particle to membrane spacing of 4-5 nn.

Even at the earliest time, some HCF was fqdhh in'cluatéis

*




observed. Baf:0.2‘pm in all figures, 'x85,000% v

0 . ¢

- Figures 56-59. Uptake of ferritin at the fat body cell

Surface. The time course of HCF uptake was examined in

larvae 30 sec, 10, 30 and 60 . min after injection. The

plasma membrane nreticular sfstem (PMR§)‘is a specialization

)

at the surface of fat body cells where much pinocytosis was,

T

—

°

Fig. 56. At 30 sec after injedtidn, FSingle rows and.

" clusters of HCF (F) ‘'are bound to the plasma membrare.

o
?here~§s no evidence of pinmocytosis. The basal lamina (Bl)

has few bound ferritin particles. Unstained.
Fig. 57.- 10 min aft?r injection numerous pinocyﬁic

[

vesicles (designated . :by arrowheads) are taking up

‘aggregates‘of HCF. Clusters of HCF (F) are also bound to

the cell surface. The basal lamina (Bl) is labeled with

° many ggrficleé of HCF. Bismuth stained. .

ﬁig. ‘58, At 30 min after injection, pinocytic -vesicles

{arrowheads) are*étill present, as well as many clusters of
L

HOF bound to the plasma n®brane. The basal lamina (B1)

\

. e \ .
and a thjickened portion ' of an ,elastic fiber (Ef) have

groups of bound HCF. ‘Bismuth étained.

‘Fig. 59. After 60 min, clusters of HCF are still present

on the cell . surface. A slightly oblique section shdWs a

cluster of dehpely}packed JCF (arrow) ggrticlee bound to

+

the membrane. The basal lamina has numerous clg;ters of

bound ferritin particles. Bismuth stained. *

.-
-

?
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. . ) . |
at the membrane sunrface. There _were only a few - HCF

. , . ¢
partiédles bound to.the basal lamina (Fig. .56). ,

By 10 min of incubation, coated vesicles ﬁeye
pinoecytosing HCF - at the 'cell surface (Fig. 57). Large
clusters of HCF were‘bound'to'the plasma membrane. After

30 min of incubation pinoecytic vesié}es were still taking

]

up HCF at the PMRS (Fig.§ 58). At 60, min, there were
aggregates of HCF on the plasma membrane (Fig. 59).
‘Between 10 and 60 min the basal lamina  was consisténtly

- labeled with HCF (Figs. 57-59).
. A

-
'

Membrane-bound ferritin was taken up by fat body cells

'by pinocytosis, The distribution of the ferritin inside the

vacuolar system can therefore be used gs a marker for the

2

‘fate of the membrane. . , e

. T o . .
(b) Intracellular distribution of pinocytosed JCF

Examination of intraceIlular structures at 10 min
’ sﬁowed ho HCF fh"ﬁVB or anyfotﬁer'organglle (Figs..‘éo,
‘613; After 30 min the fir;t site of HCF accumulation was
_the MVB (Fig. #62). At this time no other structures
(excluding p;ngZytic vesicleé) had ény HCF. Not.iallj MVBs
had HCF .after 30 min (Fig. 62). Lamellar bodies did not
éontain«HC? aftpr'30-§1n of incubation (Fig. 63;65). HCF
occurred. in clusters at the periphery of MVB suggesting

rs

that theée had been delivered by pihobytic.‘ves;cles . (Fig.

ot ¢

11
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Figs. 60, 61. Intracellular distribution of HCF after 10

min. No- ‘HCF was found in any orgahe11e3.10 min afiter
1njecti§\. The ™light" and. "dark" MVBs (1-MVB éné d-MVB
respectively) and ' the tubular stuctﬁres (t) had no HCF
(Fig. A‘60). Lamellar Kbodies ~(LB_), MVBs. and tubulér
stbqe;ures (t) are frequéntiy fou;d together. They bontaig
no HCF' at‘ this time '(Fig;_ 61).  ‘fhe 1e1ectrqn-dense
particles in one vesicle (anroﬁhead) are not‘feﬁnitin since
they afe, much smaller and have a different- phape.

~

Unstained, x85,000.







'Eig. 62-661 ﬂVBs are the first organelie to contain HCF.
Fig. 62. 30 min aftér injection, clusters of HCF (F) are
found in ° MVB lumeh ¢close to the iimiting membrane. A
"dark"™ MVB (GMVB) contains Mo HCF. Unstained, x81,000.
Fig. 63. A lamellar body (LB) has no HCF at 30 min after
injection. Unstaine&, x90;000{“

Fig. 64. ' At 30 min -after injection, a MVB has clusters of
HCF (fi at. the périphery.,;The small 1§pe11ar body (LB)
beside the MVB has no ferritin in it. Unstained, i85,000.

| Fig. 65, Aﬁlamellqr body (LB) ‘cont;ins né HCF in its

lumen. Several 'tubular s;ructures ‘(t) are:found at one
end. dranyl acetate stained, x85,000. |

Fig. 66. A "light" MVB (IMVB) with few vesicles in its
lumen;“has cluétera of HCF (f) Qound to the membrane and

contents in the lumen. Uranyl acetate stained, x85,000.
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62, 64, 66).

P . |
» -

At 60 min of incubation another .major structure, the

o

lamellar body, was labeled with HCF "(Fig. 67). While all
MVBs were labered.WiEh HCF some but not all lamellar bodies
3 ’ . ' . . "
contained HCF (Figs. 67-69). This suggests that the

lamellar bodies are a subsequent step in the uptake of

ferritin. The Gblgi complex and other post-transition

vacuolar codpdrtments did not at any time in  ‘these

experiments, contain HCE-(Fig; 67). .

MVBs and lamellar- bodies were frequently ‘Tound' in

close association with each other ’ (Fig. 67).

Dark-staining tubules, that contain ferritin and may be

!

either breakdown products ofllamellar bodiés or connecting
tubules, were fohnd between MVBs and'idmeliar bodies (Fig.
67). Different évpeé .of MVBS which have ppeV}ously'been

classified according to zhe Aénsity of their contents may
be it different stages of maturation. Lamellar bodies may
be términal stages in this quuencé since they accqmulate
HCF. after it first appears in the ‘MVBs. If this is so one

should be able to find intermediate stages in their

formétioq. T , _ -

(¢) Lamellar Bodies develop from MVBs

-

After 60 min of 4incubation with ~HCF, . all - MVBs

contaihed - HCF in their lumen, while some lamellar bodies

.




Figs. 67-69. Lamellar bodies are labeled with HCF
Fig. 67. Lamellar bodies .(LB) are labeled with HCF (F)
after 60 min of incubation. -A_MVB and several tubular

‘structures (t) which 'also contain HCF are in close

L]

assoe}ation with a lamellar body (LB). T gi complex

-»

(QC) contains no ferritin.. Unstained,’x90,0 Oiv
Fig. 68. 'While most lamellar .bodies (LB) are labeled,
‘thérq are some which do not contain ferritin. Unstained,

XBS,OOO- .; P . : | : '

13

'Fig.' 69. Both MVBs - qonta%n**ﬁﬁF?~¥F) after 60 min of

incubation. Uranyl acetate stainmed, x85,000.

b

[



o

J“Q é-l\i-.' -8




- had HCF and others did not. - The various types of MVBs

~

found ‘at 60 min suggests a ‘possible developmental sequence

for the formation of lamellar bodies.

MVBs with an electron lucent matrix invariably have

fewer vésiclésﬂand less HCF, suggesting that they may héve .

been formed from fewer pinocytic vesicles (compare Fig. 66 -~ . .-

with Figs. 70 and T71). Intprmediates—between lamellar

)

bodies and MVBS showed thdt as the vesicles declined the
lamellae 1increased to form ferritin-containing lamellar

bodies (Figs. 72-T4).

- ‘ .
>

The distribution of HCF in the fat boéynafter 4 hr was

. not differenti from ithe pattern found at 60 min (data not

- shown). Since the HCF wa's injectéd\into the hemolfmph in

excess, there would be a'consﬁant source of HCF during the
experiment. : | _ ‘ _

.

Similar results for the time course and destination

were obtained with cationic ferritin of lower positive
#}" \

4

charge (pI 7.0-8.0) (data not shown). ' -

These results suggest that there are continuous cycles’

tg

of MVB formation by piqocytic'jfsic;es,derived"from the .fat

-

body plasma membriane which become lamellar bodies filled
\ A - ) o

with HCF. This interpretation is shown in Figure 75.




e

» . v
‘l

Figs. 70-74., Lamellar bodies develop from MVBs. After 60

min of incubation, there are various intermediates between

\ MVBs and lamellar bodies (LB) which suggest a developmental

S

" sequence. Figs. 70, 72 are bismuth stained; Figs. 71,
73 and.7u‘aﬁe uranylyacetate stained, x85,000.

Fig. 70. 'As the MVB fills up with vesicles and HCF (F)

a

thg . lumeén becomes increasingly dense. The smaller MVB_ has

"a vesicle (arrow) that appears to be fusing_ with the.
_limiting "membrane. Tubules (t) around the MVBs 'also

contain Territin .(F). ,

-

Fig{. 71. A MVB is dpﬁsely'packed with vesicles and HCF3
., It is closely asgociated with tubules (t) and a lamellar
. - . i

body. (LB) that contains HCF,.







-

Fig. 72. A MVB of inteéﬁgdiate‘ density has much HCF

~

" within the lumin;l contents thé£ include vesicles (ve) and

i s

' few membrane lamellae (1lm). a a8
Fig. 73, As the density of the MVB ‘increases the vesicles
(ve). decrease while the lamellae (1lm) increase. The

.ferritin (F) is still visible between the lamellae ~ and

>

around the vesicles. ' A N
Fig. 17 The final stage of lamellar bodi (LB) formation
consists f the elimination Yof vesicles and fhe lumen

filling with parallel arrays of membranes (1lm) which are

filled with ferritin (F). Tubgles' (t) surround tﬁé

lamq;lar body.

a
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ig. 75. An interpretabion of the uptake and fate of -HCF

+

n the fat body. HCF is pinocytosed at the fat body cell

3

uﬁface and deliVered first to MVBs which become lamellar
hdies via 1ntermediate stages. ' The role of the tubules

rhich are round frequently between MVBs and. lamellar bodies

nd- contain ferritinhis not khown;

-
e

- \T
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6.4 Discission ' .
- s . -
HCF binds to the fat body plasma membrane  ani¢nic

-

§ites- and is pinocytosed into the cell, acting as-a marker

for the surface to whicﬁ it is "bound. Analysis of ;thé
. 'r 4 ‘ ’
intracellular distribution of HCF shows that MVBs are the

L]
’

first site of ferritin accumulation and that . they become
.1amellér bodigs. At no time was any HCF founé in gQ% Goléi
Qompiex or other éompohenps of th;\gecrétory pétbw;yf This
supports the finding that cells yary in the way that théy
deal with excess surf;ee membrane .(see ’references in

Introduction sect. 641). - Division of the cells .with

respect to the method of - secretion (continuous,

e

non-regulated secretigg e. g. fibroblasts, plasma.and‘fat_

132

o

body cells as compared to discontinuous, hormene-begulated'

-

secretion ‘e. g; pituitary, thyrdi&'cells and macrophgges)_

suggests that the membrane recycling may be related to the
=

.method of secretion, Cells that continuously secrete do

el

not récyelé membrane direétly ‘to the secretory pathway

¢ while ‘cells that secrete periodically do. This may reflect

1 ]

the deceséity of cells that have sudden massive secrepibn

tb reutilize directly their secretory,membranes.

The novel finding in" this study is that there .is Aq

direct link between endobytoséd HCF.andithe formation. of

-

sequence of “1f5ht"rto'”dark" MVB maturation using HCF as a

tracer (Van Deurs et al., 1981) but no lamellar body was
1] ‘ A .

i —-
-

K]

. o M . "
: ‘ ®

Iameilar'ﬁbdies from MVB. Previous ybpk basriyown ' the



N

identified in 'this sequence, Membrane turnover in the .

compound eyes of tipuliq_flies may involve lamellar bodies
as a final step (Williams and Blest, 1980) but studies with

membrane tracers are lacking.

The.role of MVBs in the uptake of tfacers from the
cell .surface has been shown to be important in many cell
types (Friend and Farquhar, 1967; Locke and Collins, 1967,
1958; Holtzmén and bominitz, 1968; Locke, 1969; Locke
and Krishnan,; 1973; Larsen, 19765. These studies have
used horseradish peroxidase as a tracer, ghich'may or may
not be a membrane marker depending on the type of enzyme
and the conditions of use. MVBs "are heterophagic since
~they haye the lysosomal marker ;c;a phosphatase (Locke and
Sykes, 1975). It - has been geherall% concluded that MVBs

® - .
are an important site of membrane turnover (Holtzman, 1976;.

. Locke.aﬁd Collins, 1980).

-

Lamellar bodies have been described in many different
cell types buf there has been iittle evidence to suggest a

\

'general‘ fuﬁction. The. time of occurrence. and the
similarity of lamellar body and -plasma ﬁéhbranefthiekness
sugggsted.that lamellar bodies are 1nvolved'1ﬂ' ;he uptake
oé © the . excess membrane after the” rélease ‘of
tyroqiné-stor;ge vacuoles in Calpodes fat body';(McDérmid
énd-'Lockg;' 1953). ,Sinbe_:é MVB ‘i;tgrmediat; was not

descrlbed~}n this sequence, it may be possible that in. some

cases lamellar'-bodies form“directly from eﬁdbcxtosed

= o _ ‘ 133
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membrane. fhis suppprts the géneralizatiop thaﬁ' fameliar-
‘bodies are’ conqgfned ﬁiph meﬁbrane turnover. Sincé'tpe
lamellar bodies of Calpodes afe aciﬁ phosphatase positiv;
(MeClintock, 198%2) they may be YPpart of the lysosomal
‘system. Published micrographs havé shown #dense bod%es”
with lamellar arrays ‘of membrane (Arstila et al., 1971;
Sohal et al., 1§76, 1977; Harrod and Kastritsis,  1972) .

suggesting that ‘theséistucturés have largely‘been ignored
"

in many cell types.

Organelles called lamellar bodies, which have the same

basic‘ multilamellar-membrane abpearence, have been

- descbibed in specialized cells such as type II alvqo}ar
cells (Gil ‘and‘:Reiss, 1973; Stratton,-i978)_, and élso

schistosome parasites (McDiarmid et al., i98é) and the
. compound e§e of tipulid flies (Williams and Blest, 1980);‘
In the case of 1amellar'bodies in lﬁng,and parasltes,_°most
‘studies have focussed on 'fhese. stuctures' role in tbg
production of phospholipid.té be added.to the cell -sﬁfface
‘ . . .
(Ryan‘ et gl{, 19?5; Hockley and MéLaren,r1§73). However
lung 1améilar bodies are also iﬁe in;racellul;p site of ;he

.accumulatioﬁ. of HCF (Williams, 1982), suggesting that they

have a similar role as the lamellar bodiés in Calpodes.

. . - : ..
* - -

in summary, the lamellar bodies that “form from . MyBs .

. " are. the intracellular site of acéumulatidn of HCF. ,Since

r

.

‘ 80 many secretory cell types haveilamdlygb bodies they .maﬁ

be 6f general importance in membrane turnover.




CHAPTER 7

SUMMARY
(1) A method for the microinjection of cells was developed
using the tracer horseradish peroxidase that allows light
and electron microscope iocalization of‘ the injected'
tracer. . The horseradisn peroxidase reaction-product
diffused in ‘the eytoplasm and bound ¢to intracellular
surfaces.‘A It is therefore possible to inject protein
tracers into intact cells and examine their distribution by

electron miproscopy'withoutlaffecting their viability.

(2) The distribution.of microinjected ferritin, ranging in
charge from anionic to highly cationic, was used to examine
the surface charge on the rough endoplasmic reticulum and -
the Golgi complex ‘of  intact cells. “Highly oationic
.ferritins (HCF pI>9) were mostly bound and caused swelling
of the rough endoplasmic reticulum,. Cationic ferritin (CF
oi>7.0—8.0) and anionic ferritin‘(AF pI 4,0-4.4) caused ‘no
abnormal morpholdgy. The distribdtion of these:ferrtgins
'in dhe cytoplasmic 'space varied wifh. their 'charge.
Significantly more CF was'noundfto;sunfaces than was fonnd
.in the free cycoplasnicF_spaicj Conversely, there' was
'significanbly more' AF in. thé free cytopiasmic space than
‘close to surfaces. Increaaes in the isoeiectric point of

th rerritins were correlated with a greater proportion of'



bdund ferritin. Therefore the 1ntracgllular surfaces: are

negatively charged.

(3) The distribution of CF (pI 7.0-8.0) was. used as a

. Lot .
measure of the surfgce charge of structures in the

endoﬁlasmic reticulum/Gbigi complex transitional regioh:
Comparison of the different surfaces showed thaﬁ‘there was
po‘significant difference in the amount of CF bound .to
rough . endoplasmic reticulum, transition vesicles, Golgi

éaccules or secretory vesicles. The Golgi - complex beads

were not distinguished by their charge. This suggests that

differences in surfacée charge are .not the mechanism of

regulating the hierarchy of membrane intéractigns in the
secretory pathway.

)

(4) The microinjection of polycationic but not anionic

13

. molecules causes .swelling - of the rough endoplasmic

reticulum. Calcium bﬁffe?s,.ianthanum chloride, 1lysozyme,

\

bovine serum albumin, highly cationic and anionic ferritin

were microinjected into salivary gland cells and their

effects observed by light and electron microscopy.

Iomen iately after -the microinjection of polycationie

,-mbledules, thgﬁcytoplasm changed from transparent to,Opaqué-

- as the rough eﬁdoplasmic rgticulum”becane'swollen. ABindipg

»

of polycationic molecules to the rough ' endoplasmic

reticulum may cause the membrane to become permeable to
some solutes and swell due to asmatic forces. . .

P -



(%) The distribution of anionic §ibes on the basal lamina

4

of fat body cells was  examined * with HCF., Clusters of

,_

anioniec sites are present throughout the basal lamina. The

-penetration of ferritins, ;ith a range of charges from

anionic. to highly cationic, through the basal lamina into
l

the spaces between‘ fat body cellls is correlated with “the

charge of the tracer. Negativély but not positively

)
-

charged ferritins' are"mostly.prevented from crossing the
-~ - ‘

.basal lamina. The anionic sitea of the basa!  1lamina“ may

therefore. affect the composition of the lymph that bathes

“the fat body cells. r ' . -

(g"There was significantly more (F bound to the membranes
plasma membrane‘ reticular sys-tem than to the lateral

plasma membranes, auggesting that tﬁere ﬁay be regicﬁal

differences ln surfacé cugrge,at the ecell surface. Since

it has been proposed that the plasma -membrane reticuléar

L3

‘system is a reaction chamber for the unloading of lipids

from hemolymph proteins, the anionic sites may have a’ role'

in this funetion. L SRR o I

A . : . .\ . v

¢

(7) Analysincféthe time course of HCF upfakgg by the fat

)

body ‘celis has ‘shbwn that the tracer'bcund to the plasma

‘membrane and was pinocytosed by coated vesicles.' The-firstu

«

<sites cf intracellular aecumulation were multivesicular~

bodiea uhich beeame fllled with' HCF between 30- 60 min. arter',ﬂ

the cells were expoaed‘to the/traceru At no time during

"%

~J
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-the experiments were jny parts of. the Golgi complex labeled
with the tracer. By 60 min, the HCF was 1ncreasing1y found
in lamellar-Sodies.,.The different types of "light" and

. "dérkﬁ ‘multivesicular' bodies suggest that lamellar bodies
formed from multivesicular bodies . as they. filled with
"tracer. . The occurrence - of lamellar Sodies in many
different ce;lutypes‘suggeétsnan important role in meﬁbrane
dynamics. o o ///

B
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