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Abstract. The intracellular transport of newly synthe-
sized G protein of vesicular stomatitis virus is blocked
at 20°C and this spanning membrane glycoprotein ac-
cumulates in the last Golgi compartment, the trans
Golgi-network (TGN). Previous morphological evi-
dence suggested that the TGN enlarged significantly
under this condition. In the present study we have
used stereological procedures to estimate the volume
and surface area of the Golgi stack and the TGN of
baby hamster kidney cells under different conditions.
The results indicate that the increase in the size of the
TGN at 20°C is accompanied by a significant decrease

in the surface area and volume of the preceding Golgi
compartments. A similar effect is also seen in unin-
fected cells at 20°C, as well as during normal (37°C)
infection with Semliki Forest virus. In the latter case,
however, the decrease in the size of the Golgi stack
and the increase in that of the TGN is not accompa-
nied by inhibition of transport from the Golgi complex
to the cell surface. The results indicate that the Golgi
stack and the TGN are dynamic and interrelated struc-
tures that are capable of rapid alteration in total sur-
face area in response to changes in the rates of mem-
brane transport.

lysosomes, and secretion follow a common pathway
through the ER and Golgi complex before diverging

at the last Golgi compartment (Palade, 1975; Farquhar,
1985; Dunphy and Rothman, 1985). We have recently pro-
posed the name trans-Golgi network (TGN)' for this com-
partment (Griffiths and Simons, 1986) and summarized the
evidence which suggests that the sorting of proteins destined
for different post-Golgi compartments occurs in the TGN.
Newly synthesized cell surface glycoproteins can be accu-
mulated in the TGN by reducing the temperature to 20°C
during intracellular transport (Matlin and Simons, 1983;
Saraste and Kuismanen, 1984; Griffiths et al., 1985). When
a temperature-sensitive mutant, ts 045, of vesicular stomati-
tis virus (VSV) was used to infect baby hamster kidney
(BHK) cells at 39°C the build up of the viral membrane pro-
tein G in the TGN, during a subsequent chase at 20°C, was
so extensive that this protein formed regular arrays which
filled an extended tubular structure (Griffiths et al., 1985).
These striking morphological characteristics allowed unam-
biguous identification of the TGN in the absence of addi-
tional markers. The G protein was also seen in variable
amounts in the cisternae of the Golgi stack. At the permissive
temperature, 32°C, the G protein was transported rapidly to
the plasma membrane. The labeling of G protein in the Golgi
cisternae disappeared within 10 min of reversing the temper-
ature block while a considerable amount of G protein was

PROTEINS that are destined for the plasma membrane,

1. Abbreviations used in this paper: ce, cell; cy, cytoplasm; G, the envelope
glycoprotein of VSV; go, Golgi complex; SFV, Semliki Forest virus; S,,
surface density (or surface to volume ratio); TGN, trans-Golgi network;
TPPase, thiamine pyrophosphatase; V,, volume density.
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still observed in the TGN. Since G protein transport to the
cell surface continued after this period, the TGN must be the
site of exit for the G protein from the Golgi complex on its
way to the plasma membrane. In fact, the only labeled struc-
tures at this point were the TGN and putative transport
vesicles. The qualitative impression gained from these ex-
periments was that the TGN increased in size as protein accu-
mulated at 20°C and then decreased rapidly when the block
was reversed and transport resumed.

Morphological studies indicate that the TGN comprises an
extensive tubular reticulum on one side of the Golgi stack
(Novikoff, 1976; Rambourg et al., 1979; Hermo et al., 1980;
Hand and Oliver, 1984; Rambourg and Clermont, 1986).
Further, within the Golgi stack this compartment appears to
be the only site where clathrin coats are found (Griffiths et
al., 1981; Orci et al., 1984). The present functional defini-
tion is that of the compartment where sialylation occurs
(Roth et al., 1985; Fuller et al., 1985) and where the post-
Golgi pathways diverge (Geuze et al., 1985, Tooze and
Tooze, 1986; Tooze et al., 1987; Hashimoto et al., 1987).

The previous qualitative studies of the TGN raise a number
of functional questions that require quantitative answers. The
magnitude of the change that the TGN undergoes when it is
filled with accumulated protein has not been measured. It is
also unclear whether an equivalent change occurs in unin-
fected cells in which such a striking morphological alteration
is not observed. What happens to the Golgi stack when the
TGN expands? Do the changes reverse when the temperature
is returned to 37°C?

In this study we have estimated the size of the TGN and
the Golgi stack under various experimental conditions using
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the stereological methods previously employed for the ER
and the Golgi complex in the BHK cell (Griffiths et al.,
1984a). We show that the increase in the size of the TGN at
20°C is accompanied by a significant decrease in the size of
the Golgi compartments preceding the TGN. We have also
reexamined our earlier data on the intracellular transport of
Semliki Forest virus (SFV). During infection of BHK cells
with this virus, large numbers of rod-shaped structures cov-
ered with nucleocapsids are found in the cytoplasm (Acheson
and Tamm, 1967, Griffiths et al., 1982). These become espe-
cially prominent after 6 h of infection. We show here that
these structures are due to an accumulation of SFV spike
proteins in the TGN in the absence of a low temperature
block. The total surface area of these structures is identical
to that of the TGN in the VSV-infected cells at 20°C. These
data suggest that the Golgi stack and TGN are highly dy-
namic structures capable of rapid alteration in surface area.
Further, for the TGN there appears to be a critical maximal
size beyond which it cannot expand.

Materials and Methods
Cells and Virus

BHK clone-21 cells were cultured and infected with the temperature-
sensitive mutant of VSV as described in our earlier study (Griffiths et al.,
1985). The cell monolayers were infected with ts045.6 for 1 h at 37°C and
then shifted to 39.5°C for an additional 3 h. Temperature shifts were done
by moving the dishes to water baths kept at the desired temperature. At the
same time, we added medium containing 20 ug cycloheximide per milliliter,
that was prewarmed to the desired temperature. The medium was MEM
with 10 mM Hepes, pH 7.3, containing 10% FCS. The infections of BHK
cells with SFV were made as described earlier (Griffiths et al., 1983qa). In
one series of SFV infection experiments, the cells were treated with 40
pg/ml cycloheximide, starting at 6 h after infection, or mock infection
(medium without virus) for up to 3 h before fixation. For most of these
studies the cells were fixed at a stage at which they were approaching
confluency.

Immunocytochemistry and Cytochemistry

The preparation of cryosections and the labeling with the anti-G protein an-
tibodies as well as the thiamine pyrophosphatase (TPPase) cytochemical
reaction and the Epon embedding were done at the same time and in the
same way as in our earlier study (Griffiths et al., 1985). The cells were ei-
ther fixed (with 1% glutaraldehyde in 200 mM cacodylate buffer, pH 7.4)
in situ and the monolayer removed at the propylene oxide step and embed-
ded in Epon (Griffiths et al., 1984a), or the monolayer was removed with
50 pg/ml proteinase K in PBS on ice (this takes 2-5 min), centrifuged, fixed
in either 8% formaldehyde or 1% glutaraldehyde (Green et al., 1981) in 200
mM Pipes buffer, and prepared for cryosectioning and immunolabeling as
described earlier (Griffiths et al., 1984b). Immunofluorescence was per-
formed as previously described (Fuller et al., 1985). Affinity-purified anti-
bodies against the G protein of VSV and the spike protein complex of SFV
were used (Griffiths et al., 1983a, 1984b). Controls included the use of
nonimmune sera instead of specific antibody.

Identification of the TGN in Plastic Sections
and Cryosections

A critical part of this study is the identification of the TGN. In our previous
study (Griffiths et al., 1985) we defined the TGN as the tubular-cisternal
structure on the trans side of the Golgi stack where the bulk of the G protein
spikes accumulates at 20°C. This accumulation is best seen in cryosections.
Not only can the spikes be labeled with antibodies, they are often directly
visible in these preparations. The G protein-induced alteration in the shape
of the TGN is, however, so characteristic that it can be easily recognized
in the Epon-embedded sections (although much of the fine structure is lost).
Epon-embedded sections offer a number of advantages over cryosections for
stereological purposes: they are, for example, easier to section and to sam-
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ple. For this reason we chose to do this study using conventional Epon-
embedded sections. In earlier studies we have shown that values we obtained
for a number of different stereological parameters were the same for both
types of preparations (Griffiths et al., 1984b; Griffiths and Hoppeler, 1986).
To confirm that we could identify the TGN unequivocally in the plastic sec-
tions in this study, however, we compared the two techniques directly (see
below).

Estimation of Mean Cell Volume (see Appendix)
METHOD 1

In our earlier paper (Griffiths et al., 1984a) we described a stereological
method for obtaining the mean cell volume of monolayer cultured cells
growing on a plastic substrate. For this method two parameters are required:
(a) the number of cells per unit area (N.,/Sy,); (b) the ratio of cell volume
to the surface of the dish (V./S4,). The first parameter is an estimate of the
area of the dish covered by the average cell while the second, in effect, esti-
mates the average cell height across the monolayer. Multiplying these two
gives the mean cell volume.

Cell Counts. The most reliable way we found to count the number of
cells in situ was to treat the monolayer with 10 ug/ml Hoechst (bisbenzi-
mide) dye for DNA after fixation for 4 min. To facilitate penetration of the
stain the cells were pretreated with a 10% solution of dimethyl-sulfoxide
in PBS. Random parts of the monolayer were photographed using a 10X
lens. For a 6-cm dish, 36 micrographs were taken of random areas of the
plate. These were enlarged, printed, and counted.

Average Cell Height. In our previous paper the monolayer was removed
after dehydration using propylene oxide. This solvent removes a thin strip
of plastic from the petri dish which stays attached to the monolayer. The
latter enables the basal surface to be identified unequivocally (see Griffiths
et al., 1984a). For the stereological estimation of average cell height it is
essential that the sections be as close as possible to perpendicular (+ 15°)
(Griffiths et al., 19844). In this study, in addition to requiring vertical sec-
tions for the estimation of average cell height, we also wanted to take advan-
tage of the recently published method for estimating S, from vertical sec-
tions (Baddeley et al., 1986). In this study, therefore, to be certain that we
obtained true vertical sections (i.e., perpendicular to the plastic substrate)
for the estimation of average cell height and S, of the cell, we embedded
the monolayer in situ in a thin, 1-2-mm layer of Epon. After polymerization
the disc can be easily removed with pliers (this is done when the preparation
is taken directly from the oven). Pieces roughly 3 X 8 mm are cut from
this disc using a fine saw. Two of these discs were then sandwiched together
and reembedded in Epon in a plastic embedding mould. In this way two
strips of cells were obtained in each section.

For each experiment three long (~2 mm) sections from three different
blocks, each containing two strips of monolayer, were prepared. From these
sections micrographs were taken in a systematic fashion at primary magnifi-
cation of 1,300. These were enlarged 4.1X on our negative enlarger and
points over cells as well as intersections with the base of the dish were
counted using the Merz wavy line grid L100 (Weibel, 1979), as described
previously (Griffiths et al., 1984a). The estimation of the ratio of the area
of cell per boundary length of the petri dish is given by formulae 2-4 of
our earlier publication (Griffiths et al., 1984a).

METHOD 2

Linear Intercept Method for Estimating Nuclear Volume. Gundersen and
Jensen (1985) have recently developed a new method for estimating the vol-
ume density or volume-weighted mean volume (V) of discrete particles.
This method depends on making isotropic random sections through the par-
ticles and then to sample the sections with a series of points. Each time a
point hits the particle the intercept across the particle at that point is mea-
sured (1) in a direction which systematically varies from one picture to the
next. The formula

Vy = 7 X BI3,

where I® is the mean of all values I, is then an unbiased estimator of V,
(see also Cruz-Orive and Hunziker, 1986; Cruz-Orive, 1987 for more de-
tails). For BHK cells ~0.5-um cryosections were prepared which were
stained for 4 min with Hoechst dye for DNA. Using uv-light fluorescence,
light micrographs were taken at random using a 40X lens. These were en-
larged photographically ~20 times. A’ system of parallel lines containing
a regularly spaced system of points was used as described by Cruz-Orive
and-Hunziker (1986; see their Fig. 10 b). The positioning of the grid over
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the micrograph was done as described by Cruz-Orive and Hunziker (1986;
see their Fig. 10). When the test points hit the nuclei the intercepts were
estimated using a ruler. The intercepts were classified into a histogram of
different size classes. The parameter I° was estimated as described in for-
mula 7.1 of Cruz-Orive and Hunziker (1986) and Table I of Gundersen and
Jensen (1985). The coefficient of error was determined according to the
formula

CE(V,) = [E 1HYUEP)] — I/P (nuclei),

where P (nuclei) is the number of points hitting nuclei (Gunderson and Jen-
son, 1985).

As described by Gundersen and Jensen 1985 (see their Fig. 1) the estima-
tions of the volume-weighted mean volume can produce a bias with respect
to the number-weighted mean volume. The amount of this bias depends on
the amount of variation between particles (see Cruz-Orive, 1987).

By this method, once we have an estimate of nuclear volume, we can esti-
mate cell volume simply by multiplying it by the ratio of cytoplasmic volume
to nuclear volume as estimated by point counting (see below).

STEREOLOGICAL ANALYSIS

Rationale for the Approach. For the uninfected BHK cells, as well as those
infected with SFV, we had previously estimated the mean cell volume (i.e.,
the cell volume of an “average” BHK cell) at a low magnification using a
novel procedure (see Griffiths et al., 1984a). Random cell profiles were
photographed at an intermediate magnification and the volume density (i.e.,
volume fraction per cell) of the Golgi complex was estimated by a simple
point-counting procedure (Weibel, 1979). Profiles of Golgi complex or
TGN were selected in higher magnification images and their surface density
or surface to volume ratio (Sv) was estimated by relating the number of
points over the structure to the number of intersections that their membranes
made with the lines of a lattice grid (Weibel, 1979). The Golgi complex,
as defined here, means the total cisternal, as well as intracisternal space:
this is our reference volume for the ratio of the membrane surface area of
the Golgi stack to its volume (Svigo, go]). The absolute surface area of these
organelles could then be calculated as

S (go) = Sy (go, go) X V, (go, cy) X Vy (cy, ce) X V (ce),

where S (go) is the absolute surface area of the Golgi stack (cisternal) mem-
branes; S, (go, go) is the ratio of the membrane surface area of the Golgi
stack to its volume; ¥, (go, cy) is the ratio of the volume of the Golgi stack
to the volume of the cytoplasm; V, (cy, ce) is the ratio of the volume of the
cytoplasm to the volume of the cell; and ¥ (ce) is the absolute volume of
the cell.

In our earlier study (Griffiths et al., 1984a) we estimated the absolute
surface area of the “total” Golgi complex, that is, everything that was recog-
nizable to us in the preparations as Golgi complex, namely the stacked
cisternae and “vesicular profiles” directly adjacent. In retrospect, it is likely
that some endosome profiles were included in the measurements (Marsh et
al., 1986) and that some parts of the TGN were excluded in that analysis.
This is the most likely explanation for the significantly higher estimates ob-
tained for the total membrane in the Golgi stack in the present study than
for the “total Golgi complex” in the previous study (see Appendix). The
same problem applies to the identification of the TGN in uninfected cells
in the present study; the TGN in the BHK cell can only be unambiguously
identified when it is filled with G protein. In this study we estimate either
the total Golgi stack (excluding any associated vesicles) or the TGN in the
case of VSV-infected cells at 20°C (as well as up to 30 min after switching
from 20 to 32°C) or SFV-infected cells at 37 and 20°C.

Stereological Procedure. Random sections of embedded BHK cells were
used for all stereological measurements. The cells were photographed at
random at low (Level I, 4600X%) and intermediate (Level II; 10,000x)
magnification, as described earlier (Griffiths et al., 19844), and Golgi
stacks and/or TGN profiles were photographed at high magnification (Level
II1; 28,000 X) by systematically searching, as described previously (Griffiths
et al., 1984a).

All measurements were made from the negatives in a projector system
(Griffiths and Hoppeler, 1986; Weibel, 1979) that enlarges the above pri-
mary magnifications by a linear factor of 4.1.

Estimation of the volume density (V[cy, ce]) of the cytoplasm (in other
words, the ratio of cytoplasmic volume to the cell volume, Level I) and the
volume density of Golgi stack (V,[go, cy]l) and TGN (V,[tgn, cy]) (the
fraction of cytoplasm occupied by these structures, Level II) was made by
relating the points over the structures to that over the “reference space.” For
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example, for the V, (cy, ce) the reference space is the cell (ce). The point
counting was done using different sizes of the double square lattice grid D64
(Weibel, 1979).

At magnification Level III, also using grid D64, intersections with the
membranes of the Golgi stacks or TGN were counted as well as the points
overlying these structures. The surface to volume ratio (S,) was based on
the formula

S, =L IlIEP xd,

where I is the number of intersections with the grid in both vertical and
horizontal directions, P the number of points, and d the distance between
the points (Weibel, 1979). The actual computation of this data was done as
recommended by Cruz-Orive (1982) and as described in our earlier paper
(Griffiths et al., 1984q).

All data in the tables are given as mean + SEM.

Estimation of the Cisternal vs. Tubular Fraction of TGN. The TGN
comprises a flattened cisterna and a complex tubular-reticulum that is con-
tinuous with it. In the absence of either a distinct marker or of a fortuitous
section where such continuity is evident, the cisternal part of the TGN is
indistinguishable from the other Golgi cisternae to which it is attached (see
Fig. 1). The estimate of the surface area of Golgi stacks performed here will
necessarily include the cisternal part of the TGN. Since one of our aims here
was to compare the Golgi compartments that precede the TGN with the
TGN itself we needed to correct our estimate of the total Golgi stack by sub-
tracting from it that cisternal part that belonged to the TGN compartment.
To do this, five sets of serial sections (each set containing 10-15 sections)
were made of Epon-embedded BHK cells infected with VSV and blocked
at 20°C. These sets were selected because in at least one section in the
series an unequivocal continuity could be established between the tubular-
reticular part of the TGN and a flattened cisterna. By counting intersections
of the lattice grid with the membrane profiles the ratio of membrane in the
cisternal part of the TGN to that in the tubular-reticular part was then esti-
mated for all the sections in the set (ratio of intersections). The resuits from
five sets were pooled to evaluate the approximate proportion of the total
TGN surface that is cisternal. This fraction (labeled C in Fig. 1) could be
subtracted from the total Golgi cisternal surface area (i.e., the stack) to ob-
tain the total surface area of Golgi stack (minus TGN). Finally, this contri-
bution of the cisternal part of the TGN could then be added to the surface
area of the tubular-reticular part of the TGN (T in Fig. 1) to obtain its total
surface area.

SURFACE TO VOLUME RATIO OF CELLS

In our earlier study (Griffiths et al., 1984a) we could not reliably estimate
the surface to volume ratio (S,) of BHK cells in situ due to anisotropy. In
that study we estimated the S, from cells that had been removed from the
monolayer using proteinase K. Recently, a new stereological method has
been developed for estimating S, from vertical sections which overcomes
the anisotropy problem (Baddeley et al., 1986). For this, vertical sections
of BHK cells were made (i.e., perpendicular to the axis of the dish) as de-
scribed above. Random micrographs were taken at a primary magnification
of 4,600 which were enlarged 4.1 on our enlarger. The cycloid test system
(that shown in Fig. 4 d of Cruz-Orive and Hunziker, 1986) was used and
the points (P) over the cell were counted as were the intersections (I) of the
plasma membrane with the cycloid. The formula S, is given by,

p LI
Sy =25 —,
I TP

where [ is the length of the cycloid and p is the ratio of test points per cy-
cloids. (For these studies 1 was 0.66 um and p was I).

CYTOCHEMISTRY

Estimation of the TPPase-reactive Parts of the Golgi Stack. In BHK cells
the TPPase reaction is confined to one or two cisternae on the trans side
of the stack as well as variable amounts of reaction in the tubular parts of
the TGN (Griffiths et al., 1985). Although, it appears likely that this reac-
tion is defining two different compartments of the Golgi complex in BHK
cells (tentatively referred to as the “rrans” and TGN; see Griffiths and Si-
mons, 1986), we have no unequivocal proof for this. One distinct compart-
ment could comprise a single cisterna which when folded could easily ap-
pear as two or more cisternal profiles in a thin section. Serial section
reconstruction (of an extensive series of sections) where two compartments
can be distinguished by two different markers would be necessary to estab-

279



lish this. The TPPase-reaction is nevertheless a useful marker for the polar-
ity of the Golgi stack and we, therefore, determined the proportion of the
Golgi stack which was reactive for TPPase under the different conditions
used in this study. For this, the ratio of points over, and the number of inter-
sections with, the membranes of the TPPase-reactive (trans side) as well
as the TPPase-unreactive cisternae (cis side) within the Golgi complex was
estimated at Level III magnification.

In contrast to the reaction with TPPase, the reaction for acid phosphatase,
the “classical” TGN marker, was not useful for quantitative purposes be-
cause it often gave some reaction throughout the Golgi stack as well as
marking the lysosomes (results not shown). In addition, with respect to the
“lysosomes,” our recent data in normal rat kidney (NRK) cells indicate that
the acid phosphatase—positive structures that we have previously referred to
as lysosomes, in fact, represent a combination of prelysosomes (or late en-
dosomes) and lysosomes.

Glucose 6-phosphatase. The reaction for glucose-6-phosphatase was
done as described previously (Griffiths et al., 1983b; 19844). The optimal
incubation time in the reaction mixture in this study was found to be 2 h
at 37°C.

Stereological Comparison of Cryo- and Epon Sections. To test the va-
lidity of using epon sections for the identification of the TGN in this study
we compared the plastic section- and cryosection methods directly by es-
timating the size of the Golgi stack and TGN in VSV-infected BHK cells
after 2 h at 20°C. 30 random micrographs showing acceptable fine-structure
were taken, at a primary magnification of 8,000, of cryosections that were
labeled with an affinity-purified antibody against the luminal domain of the
G protein, followed by visualization with protein A-colloidal gold com-
plexes (10 nm). After enlarging the negatives by a factor of 4.1, the number
of points over the Golgi stack, as well as the number over all labeled non-
cisternal structures (by definition, TGN) were related to the number of
points over the total cytoplasm (see above). These values were then com-
pared with those obtained from plastic sections.

Correction Factors. Section compression is unlikely to contribute a
significant error to our estimates (see Griffiths et al., 1984b) and was ig-
nored. Similarly, section thickness effects could be ignored since we had
previously shown (Griffiths et al., 1984a) that for Golgi stacks and cisternae
the error can be at most 10%. Since tubules of the TGN are larger in di-
ameter than the cisternae of the Golgi, section thickness effects for the TGN
tubules would be even less than for the Golgi cisternae. The S, estimates
were made at a final magnification of 112,000 to avoid “resolution” effects
(Weibel and Paumgartner, 1978). The most important morphometric results
for this paper are comparative estimates where a structure is compared un-

Table 1. Mean Cell Volume

der different conditions. For these values any errors will affect the structure
in a similar manner in all conditions, and hence should not influence our
interpretation.

Results

Mean Cell Volume

During the course of these studies we discovered an error in
our previous estimation of mean cell volume of BHK cells
(Griffiths et al., 1984a; see Appendix). The mean cell vol-
ume is a critical parameter since any error in its estimation
will be reflected in a corresponding error in all surface and
volume parameters of the organelles we measure. For this
reason, in the present study, we wanted to make sure that the
values we obtained were as valid as possible. We have, there-
fore, used two different stereological approaches to this prob-
lem (see Materials and Methods). In addition, a biochemical
method has recently been used by Davoust et al. (1987; and
unpublished data). The results obtained by these different ap-
proaches are summarized in Table I. By the two stereological
methods there was no significant difference between the
mean cell volume after 2 h at 20°C when compared to cells
grown at 37°C. In our previous study using method 1, we
found no difference in cell volume between uninfected cells
and those infected with SFV (Griffiths et al., 19844) or with
VSV (Griffiths et al., unpublished data). Although we did
not measure the cell volume directly in the virus-infected
cells used in this study, the fact that the surface to volume
ratio of the cells (Table IIT) and the ratio of cytoplasm per
cell (Table II) did not differ significantly from the uninfected
cells makes it highly unlikely that cell volume was signifi-
cantly different due to infection.

The corrected estimate for cell volume from our previous
study using method 1 (1,625 pm?®) is the same as that ob-

Method No.

20°C 37°C

1

Average area per cell
(Nco/Sd,)

Average cell height!
(Vco/Sd,)

Mean cell volume

Pt

Mean nuclear volume
Nucleus/cell

Mean cell volume

Cell volume/protein ratio
Cell number/protein ratio
Mean cell volume

1,154 pm? + 93 pum?

n =42
1.46 pym + 0.12 pm
n=75

1,685 pm® + 194 pm®

321.4 um® + 48.8 um’
*n = 865
336.6 pm® + 51.2 pm?®
26.7% + 4.2%
n =36
1,261 pm® + 276 pm?

1,069 um? + 79 pm?

n =35
1.50 pgm + 0.14 pym
n=28

1,604 ym* £+ 191 um’

282.5 uym® + 33.1 pm’
*n = 598
295.8 um® + 34.6 um®
24.8% + 4.2%
n =47
1,193 um® + 245 um?®

7 ul/mg$
5.3 X 10° cells/mgl
1,320 pm®

All these estimates were made on uninfected cells. We have shown previously that the cell volume does not significantly change upon infection (Griffiths et al.,
19844; and unpublished data). All parameters estimated by Methods 1 and 2 show no significant difference by the ¢ test between the 20 and 37°C conditions.

n, number of micrographs.
*n, number of nuclear profiles.

+ 1 is the mean intercept length (for more details see Materials and Methods).

§ from Davoust et al., 1988.
Il from Davoust, unpublished data.
1 This means the average height of the monolayer.
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Table II. Volume Density Estimates of Golgi Stack, TGN, and Cytoplasm

Golgi/cyto TGN/cyto TGN/Golgi TPPase/Golgi Cyto/cell

BHK (in percent) (in percent) ratio ratio (in percent)

2 h 20°C VSV 0.58 + 0.08 04 £+ 0.10 0.76 + 0.13 0.29 + 0.05 72.8 + 6.4
n = 61 n=44 n =22 n=34

2 h 20°C 0.49 + 0.08 ND ND 0.32 + 0.08 734 £ 11.0
(uninfected) n =51 n=13 n = 36

6 h 32°C VSV 0.84 + 0.14 ND ND 0.30 £+ 0.07 734 £ 9.1
n = 46 n =15 n = 36

37°C 1.89 + 0.31 ND ND 0.28 + 0.05 752 + 9.4
(uninfected) n =47 n=12 n = 47

A t test was performed to examine the significance of the differences between the average values in this data. The differences between the ratios of TPPase/Golgi
was not significantly different at the p = 0.5 confidence level. The difference between the ratio of Golgi/cyto of VSV-infected cells and those of uninfected cells
was also not significantly different at the p = 0.5 level. The mean values of Golgi/cyto at 32°C (VSV) and 37°C (uninfected) both differed significantly from

the 20°C results at the p = 0.05 level.
n, number of micrographs.

Table 1II. S, of Golgi Stack, TGN, and Cell

Golgi stack TGN Cell*
S, (g0, go) S. (TGN, TGN) S. (pm, ce)
2 h 20°C VSV 94.5 um™ + 9.1 pm™! 533 um™ £ 6.5 pm™! 1.64 ym™ + 0.22 pm™!
‘n =92 n =41 n = 34
2 h 20°C 100.9 gm™ + 11.6 pm™ ND 1.58 ym™ + 0.27 pm™!
(uninfected) *n = 83 n =23
6 h 32°C VSV 99.1 um™ + 8.8 um™! ND 1.62 um™ + 0.23 ym™
*n =78 n =25
37°C 97.8 um™ + 11.7 pm™! ND 1.57 ym™ + 0.23 um™
(uninfected) *n =50 n =34

The surface density of the Golgi and the TGN under various conditions remains constant. A ¢ test shows that differences between the means for S, Golgi stack
and the S, cell under the different conditions was not significant at the p = 0.1 level.

n, number of micrographs.

*n, number of Golgi stacks.

pm, plasma membrane.

* Determined using the cycloid test system (see Materials and Methods).

tained by the same method in the present study (1,600 um?).
Method 2 gives values that are ~25% less while the bio-
chemical approach gave a value in between the two stereo-
logical methods (Table I). Since each method will have
different sources of errors associated with it we consider the
most reasonable value for the mean cell volume to be the av-
erage of the results obtained by the three methods. This
value, 1,400 um?, is the estimate we have used for the esti-
mation of absolute values in this paper.

Changes in the Morphology of the Golgi Stack and
TGN in BHK Cells during Accumulation of G Protein

A random section through a Golgi stack of an uninfected

which is continuous with the tubular-reticular part (Figs. 2,
a and ¢, 3, and 4), is not evident in all sections through the
Golgi stack (Figs. 2 a and 3). The tubular part of the TGN
is also sometimes parallel to the cisternae of the Golgi stack
(Fig. 4 b). Since however, the mean diameter of the tubules
is always greater than the flattened cisternae, they are easily
distinguished.

The Size of the Golgi Stack Decreases
During the 20°C Block

A summary is presented in Tables II and III of the stereologi-

BHK cell usually shows four to six flattened cisternae, but L G "

the TGN is difficult to identify. Especially difficult is the dis- £ G ™%

tinction between tubules of the TGN and those of endosomes

which are also found in the Golgi region of the cell (Marsh L. G 3 ) Lo

et al., 1986). However, after VSV-infection and accumula- = Figure 1. Schematic diagram

tion of G protein at 20°C for 2 h, the TGN can be easily rec-
ognized and is clearly much larger than normal (Figs. 2-4).
Analysis of thin sections, including serial sections, shows
that this compartment consists of both a tubular-reticular
part and a cisternal part that is morphologically indistin-
guishable from the cisternae of the preceding Golgi compart-
ments (Figs. 1, 2, a and ¢, 3, and 4). This TGN cisterna,
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of the Golgi complex to show
the distinction between the
T cisternal (C) and tubular (7)
parts of the TGN. Note that
the cisternal part of the TGN
is morphologically indisting-
uishable from the rest of the
Golgi stack.
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Figure 2. Epon sections of BHK cells infected with VSV-045 at 39.5°C for 3 h then switched to 20°C for 2 h. The cells were incubated
for TPPase after fixation (except c¢), and the electron-dense reaction product is evident. In a and c the cisternal part of the TGN is shown
by the large arrows. In a and d the TPPase-reactive Golgi cisternae (trans) are indicated by small arrows. The opposite (cis) side is indicated
in a, ¢, and d. The tubular (7) part of the TGN is indicated in all the figures by filled arrowheads. The open arrowheads in ¢ show a
continuity between the cisternal and tubular parts of the TGN. b and e show a TPPase-reactive part of the TGN tubules. G, Golgi stack;

¢, coated bud. All the sections in this study were poststained with uranyl acetate and lead citrate. Bars, 200 nm.




Figure 3. Epon sections of VSV-infected BHK cells after 2 h at 20°C which were incubated for TPPase. Reaction product for TPPase
is evident in one Golgi stack (G) only (arrow) in these examples (the reason for this variability is not clear but it is a consistent find-
ing). In a the extensive tubular regions of the TGN are seen (arrowheads). In b two clear continuities are evident between a flat cisternal
part of the TGN (small arrows) and the tubular parts (arrowhead). The ribosomes are not clearly evident in our preparations but the
rough ER (upper left corner) can be distinguished from the Golgi cisternae and TGN since its contents are usually more electron dense.

Bars, 100 nm.



Figure 4. Serial Epon sections through the Golgi stack and TGN in a VSV-infected BHK cell after 2 h at 20°C which was reacted for TPPase.
In this example, the reaction product of the latter is restricted to the truns-cisterna(e) of the Golgi stack while the TGN is free of reaction
product. The arrowheads indicate cisternal regions of the TGN while the large arrows indicate continuities between the cisternal regions
with the more extensive tubular regions. The small arrows show possible coated buds. Note that in the second micrograph from the top
the tubular part of the TGN is in parts aligned in parallel to the Golgi stack. Its diameter is, however, significantly greater than the cisternae
of the stack. Bar, 200 nm.



Figure 5. Epon sections through the Golgi complex in uninfected cells after 2 h at 20°C. Two examples are shown of TGN-like structures
on one side of the Golgi stack (C, putative cis side). The arrowhead in 4 indicates a continuity between a cisterna and the tubular structures.

Bars, 100 nm.

cal estimates of the V, and S, of the total Golgi stacks in
BHK cells under different conditions. Note that the “stack”
here refers to the flattened cisternae of all the Golgi compart-
ments including the TGN (see Materials and Methods and
Fig. 1). For the VSV-infected cells kept at 20°C, the V, and
S. of this organelle have also been estimated. A first, strik-
ing observation is that the ratio of the volume of Golgi stack
to that of the cytoplasm is substantially reduced at 20°C. This
is evident both with and without VSV infection, indicating
that whatever the mechanism that is responsible for this re-
duction, it is not due to viral infection. Hence the qualitative
impression of a large expansion in the TGN is accompanied
by a quantitative decrease in the size of the remaining com-
partments of the Golgi. In the uninfected cells kept at 20°C,
although the TGN is not unequivocally identifiable, there is
an elaboration of a tubular-reticulum that is more evident
than in cells kept at 37°C (Fig. 5). In the VSV-infected cells
kept at the permissive temperature (32°C) the Golgi stack
was significantly larger than in infected cells kept at 20°C,
but significantly smaller than in uninfected cells (Table II).

In the BHK cell the TPPase cytochemical reaction is pri-
marily confined to the trans cisternae (Figs. 2 a and 4). Oc-
casionally, however, the TGN (both the cisternal and tubular-
reticular part) is also positive (Fig. 2, b, d, and e; see also
Hand and Oliver, 1984). Nevertheless, this marker is useful
in that it allows the polarity of the Golgi stack to be recog-
nized in random sections. It is clear from Table II that the
changes in surface areas of the Golgi compartments are not
accompanied by a significant change in the ratio of the
volumes of TPPase-positive cisternal structures to that of the
total Golgi stack. This suggests that during the 20°C block,
all the compartments of the Golgi stack are depleted at simi-
lar rates.

Estimation of the Relative Surface Areas of the
Cisternal vs. Tubular-Reticular Parts of the TGN

Figs. 2, a and ¢, 3 b, and 4 show examples of continuities
between flattened cisternal parts of the TGN and the tubular-
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reticular parts. The quantitation of the relative surface areas
of membrane in the two types of structures indicated that, at
20°C in the VSV-infected cells, 12% of the total TGN surface
area was attributable to the flattened cisternal part (which is
morphologically indistinguishable from the other cisternae
of the Golgi stack; see Fig. 1) with a standard error of 3.4%
for 27 images in five series of sections.

Comparison of the Sizes of the Golgi Stack and the
TGN at 20°C and after Warming to 32°C

In Table IV we have summarized the stereological estimates
of the Golgi stack and TGN in BHK cells under the condition
where the G protein is blocked in the TGN (2 h at 20°C) and
at various times after warming the cells to the permissive
temperature (32°C). The G protein-altered TGN can be eas-
ily identified for up to 30 min after the switch to 32°C. After

Table IV. Volume Density of Golgi and TGN in
VSV-infected Cells at 20°C and after
Warming Up to 32°C

Golgi/cyto  TGN/eyto  TGN/Golgi

BHK VSV (in percent) (in percent) ratio

2 h 20°C 0.58 + 0.08 0.44 + 0.10 0.76 + 0.13
n =61 n =44 n=44

2 h 20°C, 5 min 32°C 0.76 + 0.10 0.33 + 0.07 0.43 + 0.07
n=74 n =29 n =29

2 h 20°C, 15 min 32°C 1.30 + 0.21 0.36 + 0.09 0.28 + 0.05
n =56 n =28 n =28

2 h 20°C, 30 min 32°C 1.79 + 0.32 0.27 + 0.07 0.15 + 0.03
n =43 n =22 n=22

The differences in the mean values of TGN/Golgi for successive time points
was significant at the p = 0.05 level. The changes in the ratio of Golgi to
cytoplasmic volume are significantly different only at the p = 0.2 level between
20°C and 5 min 32°C, but the change is significant at the p = 0.005 confidence
level by the 15-min time point. The ratio of TGN/cyto has a high associated
error and hence is only significantly different from the earlier time points at the
p = 0.25 level by 30 min.

n, number of micrographs.
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longer periods identification becomes more equivocal and
was not quantitated. Warming the cells to the permissive
temperature results in transport of G protein to the plasma
membrane and the gradual reversal of the changes in the
areas of the TGN and Golgi stack. The reversal is linear with
time (see below, and Fig. 13). This complements the previ-
ous observation that the rate of delivery of G protein to the
plasma membrane was constant over the first 20 min after
warming (Griffiths et al., 1985).

The V., of Golgi Stacks and TGN in Cryosections Matches
That Obtained with Conventional Sections

The stereological estimates presented until now were made
from conventionally prepared plastic sections. The charac-
terization of the TGN in our previous study (Griffiths et al.,
1985) was, however, done on immunolabeled cryosections.
To be sure that we could identify the total TGN in plastic sec-
tions used in this study we compared the size of the TGN and
Golgi stack in cryo- and plastic sections.

Cryosections of VSV-infected BHK cells under the condi-
tion of the 20°C block were prepared and labeled with anti-
G protein antibodies followed by 10-nm gold particles cou-
pled to protein A. The fraction of the cell occupied by total
Golgi stack as well as the TGN was then estimated. The G
protein is essentially only in these two structures under these
conditions (Griffiths et al., 1985). The results obtained in
cryosections were identical to those obtained from plastic
sections (Table V).

The TGN in SFV-infected Cells

When BHK cells are infected with SFV, characteristic struc-
tures appear in the cytoplasm nv4 h after infection, which be-
came very prominent after 6 h (Fig. 6 a@). The major feature
is a long rod-shaped structure, often in groups of three or
four which have been referred to as cytopathic vacuoles, type
2 (Acheson and Tamm, 1967). The surface of these struc-
tures is, in part, covered with nucleocapsids and we previ-
ously referred to them as “capsid structures” (Griffiths et al.,
1982). Two observations suggest that these structures repre-
sent a modification of the TGN. First, the membrane of this
structure is continuous with the membrane of a cisterna on
the rrans side of the Golgi stack (see Fig. 17 in Griffiths et
al., 1982; and Figs. 6 b and 7). Second, the structure has
coated buds which morphologically resemble clathrin (Fig.
10); within the Golgi complex, clathrin is exclusively local-
ized to the TGN (see Griffiths and Simons, 1986). Parts of
these structures label extensively with antibodies to the SFV
spike proteins (Figs. 6 and 8, b and ¢). The lack of label over
some parts (Fig. 6 b) is most likely due to steric hindrance
(Griffiths et al., 1985; Griffiths and Hoppeler, 1986). In ad-

Table V. Comparison of Volume Density of TGN
in VSV-infected Cells (2 h 20°C) in
Epon and Cryosections

Golgi/cyto TGN/cyto TGN/Golgi
(in percent) (in percent) ratio
Epon sections 0.58 + 0.08 0.44 £+ 0.10 0.76 + 0.13
n = 61 n =44 n =44
Cryosections 0.58 + 0.12 0.46 + 0.17 0.79 £ 0.25
n =32 n=32 n =32

The comparison of morphometric parameters from Epon-embedded and cryo-
section data shows no significant difference between means (at the p = 0.2 lev-
el). The two sets of data are, therefore, indistinguishable.

n, number of micrographs.

dition, the structure of SFV spike protein arrays is often ap-
parent in cryosections, but not after conventional plastic
embedding (cf. Fig. 8 a with Fig. 10), as is the case with
VSV spike proteins in the TGN (Griffiths et al., 1985). The
fact that these structures bind large numbers of nucleocap-
sids is itself an indication that the cytoplasmic domains of the
spike protein are highly concentrated in their membranes.
Only closely packed arrays of SFV spike proteins would be
able to serve as binding sites for the complementary capsid
(Fuller, 1987). Note, however, that the parts of these struc-
tures in close vicinity to the Golgi stack are mostly devoid
of capsids (Fig. 7 a). This suggests that capsid-binding in it-
self is not a prerequisite for the formation of these cylindrical
structures.

Unpublished data from our laboratory indicates that the
rate of synthesis of SFV spike proteins after infections with
SFV is considerably higher than that of the G protein after
VSV infection. We reasoned, therefore, that the capsid struc-
tures may form because the rate of synthesis of SFV glyco-
proteins was so high that it surpassed the maximal rate of
transport between the TGN and the plasma membrane. If
this hypothesis were correct, the glycoproteins in the TGN
should be brought to the plasma membrane when the rate of
synthesis is lowered. We incubated SFV-infected cells in the
presence of cycloheximide after allowing infection to pro-
ceed far enough to form the capsid structures. Although the
structures were maintained in control cells during the same
period, they disappeared after 3 h treatment with cyclohexi-
mide (Figs. 9 and 11).

We have recently described a specialized peri-nuclear pre-
lysosomal structure in NRK cells that is characterized by
having high concentrations of the cation-independent man-
nose-6-phosphate receptor (MPR) and 1gpl20, a membrane
protein isolated from lysosomes (see Griffiths et al., 1988).
The distinction between this tubulo-vesicular structure and

Figure 6. Cryosections of BHK cells infected with SFV (8 h after infection) that were labeled with an affinity-purified anti-spike protein
complex antibody and protein A-colloidal gold complexes. In a large numbers of the rod-shaped capsid structures, that is, SFV-modified
TGN, are apparent in the peri-nuclear region (N, nucleus; C, centrioles). Nucleocapsids (small arrows) are seen covering the surface of
extensive regions (but not all) of the rods. The large arrow indicates a part of the Golgi complex that is enlarged in b. Here a capsid structure
is evident on one side of the Golgi stack (G). Note the regions of the capsid structure (small arrows) that are devoid of gold particles
(most likely due to steric hindrance). A coated bud of the TGN (arrowhead) is also unlabeled. ¢ shows another view of the close proximity
of the capsid structure (arrowhead) to the Golgi stack. While this is labeled with gold particles, an adjacent segment (small arrow) is

unlabeled. This cell was fixed 10 h after infection. Bars, 200 nm.
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Figure 7. Epon sections of BHK cells infected with SFV (8 h after infection) to show the relationship of the modified TGN to the Golgi
stack (G). In a the arrowhead indicates a continuity of the cisternal part of the TGN with the cylindrical structures (in transverse section)
that are closely packed with the SFV spike proteins. No capsids are bound to this structure but are evident around a similar profile below
(small arrows) as well as on the longitudinally sectioned cylinder on the bottom left part of the micrograph (large arrow). Other longitudinal
profiles above (large arrows) are not decorated by capsids. Evidently, capsid binding first occurs at some distance from the Golgi stack.
In b the arrowhead indicates the first hint of curvature in the TGN cisterna suggesting the formation of the rod-shaped structures. In ¢
and d two serial sections are shown of an extensive region of the cisternal part of the TGN (small arrowhead) with only two nucleocapsids
bound (small arrows). The large arrowhead indicates a possible continuity of the stack to a rod-shaped part of the TGN (large arrow).
Bars, 100 nm.



Figures 8 and 9. (Fig. 8) Details of the capsid structure in cryosections (labeled with anti-spike protein as in Fig. 6). In a the periodicity
due to the arrays of SFV spike proteins is evident. The spikes are ~8 nm long and 6 nm apart. In b the cylindrical nature of the structure
is evident in one part (arrowhead). In another structure the cisterna is apparently cup shaped and cut transversely: the nucleocapsids (ar-
rows) are evident on both sides of cisternal membranes (upper left). In c a continuity (arrowhead) is shown between a rod-shaped and
a less regular part of the TGN. Bars, 100 nm. (Fig. 9) BHK cells 10 h after infection with SFV that were treated for the last 3 h with
40 pug/ml cycloheximide. Although these cryosections were labeled with anti-spike protein antibodies and gold, only background labeling
is evident (arrowheads). G, Golgi stack; N, nucleus; m, mitochondrion; ¢, coated pits at the plasma membrane. Bars, 200 nm.
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the TGN is often equivocal in the absence of markers. To rule
out that the capsid-binding structures in SFV-infected cells
are not late endocytic structures, we infected NRK cells with
SFV. After this infection the capsid-binding structures were
also seen in these cells. Whereas these structures show a low
level of labeling with antibodies against MPR and 1gpl20 (as
expected for the TGN; Griffiths et al., 1988), the MPR-
1gp-enriched prelysosomal structures were clearly distinct
(results not shown).

Figure 10. Epon section of a SFV-infected BHK
cell, 7 h after infection, to show the fine structure
of the capsid structure (arrows) and the coated
buds (resembling clathrin; arrowheads) that are
continnous with its membrane. The periodicity
of spike protein is no longer visible after the con-
ventional processing for EM. Bar, 100 nm.

The TGN Is the Same Size in SFV-infected Cells as in
VSV-infected Cells Blocked at 20°C

We have estimated the size of the capsid structures as well
as the change in the size of the Golgi stack during their for-
mation (Table VI). The results indicate that both the V, and
S, of the capsid structures and Golgi stacks in the SFV-
infected cell at 37°C are identical to V, and S, of TGN and
Golgi stacks in the VSV-infected cell at 20°C. The same re-

Figure 11. Inmunofluorescence micrographs of BHK cells 10 h after infection with SFV which had been labeled with anti-spike antibodies
and a rhodamine-conjugated second antibody. a displays the untreated cells while b is taken from the cells that were treated for the last

3 h with 40 ug/ml cycloheximide. Bar, 20 pm.
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Table VI. Comparison of Stereological Estimates for VSV- and SFV-infected Cells

v, V. v,

Golgi/cyto TGN/cyto TGN/Golgi

(in percent) (in percent) ratio S, (go, go) S, (TGN, TGN)
VSV 0.58 + 0.08 0.44 + 0.10 0.76 + 0.13 94.5 ym™ £ 9.1 pm™ 53.3 um™ £ 6.5 um™!
(20°) n = 61 n = 44 n =44 th =92 n =41
SFV 0.54 + 0.11 *0.40 + 0.09 0.74 + 0.23 ND 51.1 pm™ + 10.3 pm™!
(37°) n =31 n =31 n =31 n=21
SFV 0.27 + 0.07 0.37 + 0.08 1.37 + 0.46 ND ND
20°) n =33 n =33 n =33

A comparison of the mean values for the stereological estimates for VSV-infected cells at 20°C and SFV-infected cells at 37°C shows that the mean values for
these conditions do not differ at greater than the p = 0.2 level. The value for Golgi/cyto as well as the TGN/Golgi for SFV at 20°C is significantly different
from the other two values in the same column at the p = 0.005 level, while that for the TGN/cyto is not significantly different (at the p = 0.2 level).

* Capsid structures (see text).

n, number of micrographs.

*n, number of Golgi stacks.

.t'l.' ' .. o
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Figure 12. Epon sections of BHK-SFV after 2 h at 20°C. The cells were infected for 7 h at 37°C before being switched to 20°C for 2 h.
In a the arrows indicate the typical rod-shaped capsid structures (TGN) whereas the arrowheads indicate vesicles which have capsids on .
their periphery and virions in their lumens: these are indistinguishable from those formed in the presence of monensin (see Griffiths et
al. 1983b). These latter structures are seen more clearly in b where the arrowheads indicate capsids and the arrows the budded virions.

G, Golgi stack (which is greatly reduced in size under this condition). Bar, 170 nm.
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sult was also obtained from the identical samples employed
by Griffiths et al. (1982) (results not shown). This identity
in size between these two putative TGN structures suggested
to us that protein accumulation in this compartment had
caused it to expand to its maximal size. We tested this by
transferring SFV-infected BHK cells, which had accumu-
lated spike proteins in the TGN at 37°C to 20°C for 2 h, to
see whether further accumulation of viral membrane pro-
teins in the cell could cause further expansion of the TGN.
This was not the case since we again obtained the identical
size for the TGN (Table VI). The accumulation of SFV enve-
lope proteins was, however, accompanied by a further 50%
shrinkage in the size of the stacked region of the Golgi stacks
(Table VI). In addition, numerous vesicular structures were
seen with nucleocapsids on their periphery and membrane-
enclosed virions in their lumen (Fig. 12). These vesicles are
reminiscent of those formed when treatment with monensin
causes a block in glycoprotein transport in the Golgi
(Griffiths et al., 1983b) and suggest that the spikes now ac-
cumulate in a Golgi compartment proximal to the TGN at a
concentration high enough for capsids to bind and for intra-
cellular budding to occur.

Estimates of Rough ER

At 20°C the TGN enlarges while the Golgi stack decreases
in size. The extent of the decrease in the surface area of the
Golgi stack is far greater than the estimated increase in the
size of the TGN (see Table VIII). It is evident, therefore, that
a large pool of membranes “disappears” from the balance
sheet. An obvious question is what happens to this mem-
brane. For reasons explained in the discussion it seemed rea-
sonable to propose that this “loss of membrane” could be due
to a proportionately small increase in the size of the ER at
20°C. We therefore estimated the volume density of the ER
in uninfected cells at 20°C and at 37°C. As in our earlier pa-
per (Griffiths et al., 1984a), we used glucose-6-phosphatase
as a cytochemical marker since this gives an electron-dense
reaction product throughout the ER of the BHK cell, thus
facilitating its identification (result not shown). This reaction
may also stain the cis-Golgi compartment (see Griffiths et
al., 1983b; in the absence of a bona fide cis-Golgi marker
this question cannot be addressed). The results indicate that
the volume density of the ER is increased at 20°C, but this
difference was only significant at the p = 0.11 level by the
t test. (Table VII). Measurements of surface density indi-

Table VII. Volume Density and Surface Density of ER in
Uninfected Cells

Temper- V. (er, cy)
ature (in percent) S, (er, er)
pm!
20°C 119 + 1.6 58.2 +59
n =64 n =54
37°C 96 + 1.4 58.1 + 7.2
n =65 n =37

A ¢ test shows that for V, the difference between the means was significant
only at the p = 0.11 level of confidence while for the S, the difference was
not significant at the p = 0.5 level.

n, number of micrographs.
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cated that there was no difference in this parameter between
the two conditions (Table VII). These data therefore suggest
that the surface area of the ER is increased at 20°C.

Absolute Surface Areas

Assuming the mean cell volume of the BHK cell to be 1,400
um® we could estimate the surface areas of the Golgi stack
and TGN under the various experimental conditions (Table
VIII). For the VSV-infected cells at 20°C, we estimated that
12% of the surface of the TGN was made up of a stacked
cisternal part (see Fig. 1 and above). In Table VIII we show
what effect this correction would have on the surface areas
of the TGN and Golgi (i.e., assuming that we have overesti-
mated the surface area of the Golgi compartments preceding
the TGN by an amount equivalent to 12% of the surface of
the TGN and underestimated the TGN surface by the same
amount). The corrected estimate for the Golgi stack is there-
fore the best estimate of the size of the Golgi compartments
preceding the TGN at 20°C.

The entire TGN appears to be filled with G protein which
is transported to the plasma membrane at 32°C. After
switching to 32°C the TGN decreases in size. If we assume
that this decrease reflects the movement of membrane from
the TGN to the cell surface we can put an upper limit on the
amount of membrane surface that is transported from the
TGN to the cell surface. The value obtained, 2.7 um?/min
(Fig. 13), is equivalent to ~+340 vesicles/cell per min assum-
ing a diameter of 50 nm. This figure would be an over-
estimate if any membrane were transported to the lysosomes
or back to earlier Golgi compartment upon release of the
20°C “block.”

In Table IX we have summarized the values for the vol-
umes and surface areas of the organelles of interest for this
study.

Discussion

The use of viral spike proteins as model proteins to study the

Table VIII. Summary of Absolute Surface Areas

BHK Golgi stack TGN Total
um? pm? um?
2 h 20°C VSV 580 + 150 250 + 80 830
2 h 20°C VSV (corrected*) (550) (280) -
2 h 20°C-5' 32°C (VSV) 780 + 200 190 + 60 970
2 h 20°C-15’ 32°C (VSV) 1,320 + 360 200 + 70 1,520
2 h 20°C-30' 32°C (VSV) 1,820 + 520 150 + 50 1,970
2 h 20°C (uninfected) 520 + 150 ND >520
6 h 32°C VSV 870 + 240 ND >870
20°C SFV 280 +£ 100 200 + 70 480
37°C SFV 570 + 180 220 + 80 790
37°C (uninfected) 1,960 + 540 ND >1,960

These estimates of the absolute surface areas of the TGN and Golgi stack under
various conditions are derived from the data shown in Tables I-V and the mean
cytoplasmic volume of 1,050 um?® (cell volume 1,400 um?). The values of
SFV-infected cells are based on the value for the S, of the Golgi of 100 um™*
obtained in preliminary studies (data not shown).

* This assumes that 12% of the surface of the TGN as we have measured it
was mistakenly attributed to Golgi stack in our estimates (see Fig. 1 and
Results). This is the best estimate for the Golgi compartments preceding the
stack as well as for the whole of the TGN at 20°C. Note that the TGN has
almost exactly one-half the surface area of the preceding compartments in this
condition.
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Figure 13. The variation in the surface area of the Golgi stack and
TGN in VSV-infected cells as a function of time after shift from 20
to 32°C. Regression analysis of the two data sets shows a slope of
42 pm?*/min for the Golgi stack (R = 0.99) and 2.7 ym?/min for
the TGN (R = 0.87). The change in areas is clearly linear for the
first 30 min after shift from 20 to 32°C. The arrow indicates the
size of the Golgi stack in uninfected cells at 37°C. @, Golgi stack;
4, TGN.

structure and function of the Golgi complex has played a ma-
jor role in the development of our ideas concerning the func-
tion of this organelle (see Dunphy and Rothman, 1985;
Griffiths and Simons, 1986 for recent reviews). We had pre-
viously shown that the intracellular transport of newly syn-
thesized G protein of VSV from the ER to the cell surface
is significantly reduced at 20°C (Griffiths et al., 1985). As
a result of this block in intracellular transport the G protein
accumulated in the TGN. Within minutes of reversing the
block by warming the cells to 32°C the G protein was rapidly
transported to the cell surface, a process that continued for
at least 60 min, even in the presence of cycloheximide. In the
present study we have estimated the total surface area of the
Golgi stack and the TGN of BHK cells under different exper-
imental conditions using routine stereological procedures.
As for any stereological study where estimates of absolute
surface areas (or volumes) of an organelle are required, the
first prerequisite is to know one parameter that can serve as
a “reference space” for the estimates (Weibel, 1979). The
most logical absolute reference space is the mean volume of
the “average” cell. During the course of this study we discov-
ered an error in the calculation of the mean cell volume in
our earlier study. To be as sure as possible that the values
we obtained in this study were valid, we have used two inde-
pendent stereological methods. The two methods, which

Table IX. Summary of Absolute Values for a Normal BHK
Cell at 37°C

Organelle Volume Surface area
Cell 1,400 + 220 pm? 2,200 + 470 pm?
Cytoplasm 1,050 + 210 pm? -
Nucleus 350 + 80 um?® 385* + 30 um?
Golgi stack 20 £ 5 pm?® 1,960 + 540 pm?
ER 101 + 18 um?® 5,870 + 990 pm?

* This is based on our estimates of S, for the nucleus of 1.1 um™ + 0.19
pm',
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both have inherent errors associated with them, gave results
which differed from each other by ~25%. In addition, a re-
cent biochemical estimation by Davoust et al. (1987 and un-
published data) using the same source of BHK cells as was
used in our study, gave a very similar result. We decided,
therefore, to take the average of the values obtained by the
three methods, namely 1,400 um?, for the mean cell vol-
ume that we used for the subsequent calculations.

The two key stereological parameters we were interested
in were first, the volume fraction of (a) the total flattened
cisternae of the Golgi stack and (b) the TGN per BHK cell~
cytoplasmic volume, and second, the surface to volume ra-
tios of their membranes. Knowing these values and the mean
cell volume enabled us to estimate the total surface areas of
membrane in the Golgi stack and the TGN under different
experimental conditions. We estimated that at 20°C in VSV-
infected cells, 12% of the TGN is made up of a flattened
cisternal part while the bulk has a tubular-reticular structure
(see Fig. 1). This division of the TGN into two distinct struc-
tural domains is observed in many cell types (see, for exam-
ple Fig. 18 of Rambourg and Clermont, 1986) and may be
analagous to that seen between the rough and smooth ER
(Palade and Porter, 1954). It is also evident, if less pro-
nounced, in the other Golgi cisternae (see for example in
Hermo et al., 1980, Figs. 5, 6, and 11). These also appear
to be divided into flattened rigid cisternae in continuity with
peripheral regions where tubules and buds are seen (Hermo
et al., 1980; Rambourg et al., 1979; Rambourg and Cler-
mont, 1986). Whether these structural differences reflect
different functional domains of the Golgi compartments re-
mains to be established.

Our results show that the surface area of the Golgi stack
decreases significantly at 20°C. This effect is almost cer-
tainly accompanied by an increase in the size of the TGN al-
though we cannot measure this directly since we have no way
of estimating the size of the TGN at 37°C in uninfected cells.
Upon raising the temperature to allow transport to the cell
surface there was a dramatic reversal of this “20°C block
phenotype” in that the TGN reduced in size and the Golgi
stack regained the same total surface area as that seen in nor-
mal cells.

The effect of the 20°C block in decreasing the surface area
of the total Golgi stack while increasing that of the TGN
could be reproduced quantitatively in SFV-infected cells in
the absence of a 20°C block. Also in VSV infection at 32°C
a similar, though less pronounced effect was evident. In this
latter case the morphological definition of the TGN was not
clear. In contrast, the SFV-infected cells had an expanded
TGN which assumed a distinct morphology, primarily com-
prising extensive rod-shaped structures that are packed with
viral spike proteins. The appearance of the TGN modified by
the accumulation of SFV spikes is quite different to that seen
after a build up of VSV spikes. This most likely reflects the
difference in the structure of the two spikes. The SFV spike
is a columnar structure (Fuller, 1987) which in the absence
of capsids could pack into locally flat arrays to form the tubu-
lar rods rather than the curved vivions. Our data suggest that
capsid-binding is not essential to the formation of the rods.
In contrast to the structure of the SFV spike, the G protein
is more expanded at its distal end (Adrian et al., 1984) and
would be more likely to form a curved structure in the ab-
sence of underlying nucleocapsid proteins. We could not de-
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tect the M or N accessory capsid proteins of the VSV in the
TGN at 20°C, nor is there any morphological evidence for
nucleocapsids at this site (Griffiths et al., 1985, and unpub-
lished data). These considerations argue that it is the spike
proteins themselves rather than interactions with the nucleo-
capsids that are responsible for the observed morphological
changes.

With respect to decrease in the size of the Golgi stack, the
fact that the fraction of the Golgi stack which reacts with
TPPase remained constant under all the conditions examined
suggests that all Golgi compartments are being depleted at
similar rates. At 20°C the G protein (and presumably other
transit proteins in the case of the uninfected cells) accumu-
lates in the TGN due to a slowing down of further transport.
(This “block” is not a complete one: increasing amounts of
G protein are detected at the cell surface after 2 h at 20°C
[Griffiths et al., 1985]). In the case of SFV-infected cells our
unpublished data suggest that the rate of spike protein synthe-
sis is significantly higher than that for the VSV-G protein at
the permissive temperature but, in this case, transport to the
surface is not blocked. This accumulation of SFV spike pro-
teins may, therefore, simply be due to the saturation of the
capacity to transport proteins from the TGN to the cell sur-
face. When further synthesis of SFV spike protein was
prevented with cycloheximide, the TGN was emptied of spike
proteins indicating that these proteins were not irreversibly
blocked at this site.

Upon reversing the effect of the 20°C block in VSV-in-
fected cells simply by warming the cells to 32°C, a syn-
chronous wave of G protein moves in vesicles from the TGN
to the plasma membrane. Assuming that the rate of decrease
in the total surface area of the TGN under this condition
reflects the movement of membrane from the TGN to the
plasma membrane we could estimate that, on average, no
more than 2.7 pum?*/min of membrane could move from the
TGN to the cell surface. This value agrees with that obtained
by Johanson et al., (1984) who estimated that between 1 and
3 um? of membrane was exocytosed every minute in thyroid
follicle cells. A slightly higher estimate was obtained by
Cope and Williams (1973) who estimated the rate of exocyto-
sis for the parotid gland. In that study the amount of mem-
brane of secretion granules that fused with the plasma mem-
brane 2 h after isoproterenol treatment was estimated to be
1,343 pum?, which gives an average of 11 um? per min. Exo-
cytosis of VSV-G protein reflects the constitutive pathway
while in the parotid gland it is the regulated pathway that was
estimated. The precise nature of the secretion in the thyroid
remains unclear. All three conditions are similar in that they
are likely to estimate conditions where membrane traffic
from the TGN to the plasma membrane is at maximum rates.
A surprisingly small number of vesicles (340/min per cell if
they are 50 nm in diameter; only ~90 if they are 100 nm)
is therefore capable of transporting a relatively large flux of
G protein to the plasma membrane. This may explain why
it has always been difficult to identify these vesicles morpho-
logically.

Under normal conditions the size of the Golgi compart-
ments, including the TGN must be kept constant by keeping
the amount of membrane that exits from them equal to the
amount that enters. Even slight changes in the rates of either
of these parameters can have rapid and drastic effects on the
size of the compartments. In this study there are two observa-
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tions that we would like to explain, namely the increase in
the size of the TGN and the concomitant decrease in the size
of the Golgi stack. Although we do not understand the mech-
anisms responsible for these phenomena it should be noted
that the increase in the size of the TGN is much smaller than
the decrease in the size of the Golgi stack. In other words,
we apparently “lose” membrane during this process (see Ta-
ble VIII). This could be either due to a reduction in the net
rate of delivery of membrane from the ER to the Golgi or
to an increase in the net rate at which membrane exits from
the Golgi (or some combination of both). There are two rea-
sons why we do not favor the latter process. First, both the
cell volume, as well as the surface to volume ratio of BHK
cells does not significantly change at 20°C, indicating that
the surface area of the plasma membrane has not changed.
Second, the observation of many budding profiles in the
TGN (Griffiths et al., 1985) suggests that vesicle formation
is somehow blocked at 20°C. In addition, recent data from
van Deurs et al. (1987, 1988) indicate that transport from the
plasma membrane to the TGN is similarly blocked at this
temperature. These considerations make it more likely that
the overall decrease in the size of the Golgi complex can best
be explained by an increase in the size of the ER. The estima-
tions of the volume density of the ER indeed suggest that the
size of this compartment is increased at 20°C. The actual
differences in the means of the V, estimates at 37 and 20°C
is roughly equivalent to ~20% increase. Since the surface
density has not changed this suggests that the total surface
of the ER has increased by 20%, or 1,680 um?/cell. This, in
fact, is more than enough to account for the loss of mem-
brane from the Golgi complex at 20°C (for example, for the
uninfected cells the difference between the Golgi stack at 20
and 37°C is 1,440 pum?; Table VIII). Further support for
this idea comes from the earlier data of Flickinger (1968)
who described the “disappearance” of the Golgi stack in an
amoeba after enucleation; this was accompanied by a strik-
ing (qualitative) proliferation of the ER.

Finally, an interesting aspect of the regulation of mem-
brane traffic in the cell which is illuminated by this study is
the control of the size of compartments functioning in intra-
cellular transport. Qualitative reports of striking increases in
the size of the TGN (GERL) as well as the whole Golgi stack
have been made for many cell types (see Morré et al., 1979
for a review). There are also many examples of significant
reductions in the size of the Golgi complex under various
conditions (Flickinger, 1968; see Morré et al., 1979 for a re-
view). With respect to the TGN, a “hypertrophy” of this or-
ganelle has been described in secretory cells that occurs after
cells are stimulated to secrete (see Hand and Oliver, 1984).
Moreover, in a number of pathological conditions that pre-
sumably require more lysosomal enzyme production, there
is also a proliferation of the TGN (Decker, 1974; Novikoff
and Novikoff, 1977; Paavola, 1978a,b; Blest et al., 1978).
Our results suggest, in addition, that the TGN appears to
have a characteristic maximal size beyond which it cannot
expand. This may reflect the need for the cell to maintain
critical concentrations of characteristic TGN components to
maintain the functional integrity of this compartment. lden-
tifying the mechanisms responsible for regulating compart-
ment size are now major challenges to understanding the
function of the Golgi complex.
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Appendix
Correction for Cell Volume in Griffiths et al. (1984)

During the course of the present study we realized a compu-
tational error had occurred in the estimation of the param-
eters V. /Sy, in our earlier paper (Griffiths et al., 1984a);
that is, the volume of cells per surface area of dish which
effectively estimates the mean cell height (see Materials and
Methods). The value we published was, in fact, 2.4 times the
correct value. This led to a significant overestimation (by a
factor of 2.4) of the mean cell volume, the volumes of ER
and Golgi complex (as defined in that study), as well as of
the surface area of plasma membrane, ER, and Golgi com-
plex. Note in addition that we have refined our methods for
estimating the volume density and surface density of these
organelles in the present study. The most reliable estimates
we have for the absolute volumes and surface areas of cell,
Golgi stack, and ER are given in Table IX of the present pa-
per. For the surface area of the Golgi stack and TGN of SFV-
infected cells, see Table VIII.

These errors and improvements have resulted in a need for
alterations to three additional publications which we would
also like to correct.

Quinn et al. (1984)

In table II of that paper the corrected estimate for the density
of SFV spike protein complexes in the ER (surface area-5,870
w?) now becomes 310/um? (instead of 93) while that in the
Golgi complex (Golgi stack plus TGN, 790 pm?) becomes
2,280/um? (instead of 860). The increase in the density of
the spikes between the ER and the Golgi complex is, there-
fore, a factor of 7.3 (rather than the previous estimate of 9.2).

Griffiths and Hoppeler (1986)

Since the number of SFV spikes per unit area of membrane
for the ER is significantly higher than assumed in that study,
the labeling efficiencies were overestimated by the same fac-
tor. Hence, in Tables V and VI of that publication the follow-
ing corrections should be noted (Table II).

Tables V and VI

Corrected labeling efficiencies (in percent)

Cryosections Lowicry! sections
ER 11.6 5.4
Golgi 5.1 2.6
Virus* 12.0 1.2

*These values are not changed, they are given again simply to facilitate a com-
! f y are g 4 ply
parison.
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Similarly, the increase in the estimate of the number of spikes
in the ER changes the ratio of the density of the spikes in the
ER to that in the virions (it becomes 1:97 instead of 1:333).
The main effect of these alterations is to bring the labeling
efficiencies down to levels which, although still relatively
high for the ER and virus, are more in line with those esti-
mated for other systems using cryosections, namely 1-10%
(Griffiths and Hoppeler, 1986; van Deurs et al., 1988). For
the Lowicryl sections the data are now more compatible with
a restriction of the labeling to the surface of the section, as
expected.

van Deurs et al. (1988)

The relevant tables from the van Deurs et al. paper are shown
in their corrected form below.

Table 1I. Amount of G Protein on the Cell Surface of
BHK-21 Cells as Detected by Immunogold Labeling
(6 nm PAG)

Total calculated
amount of gold
particles per

Gold particles/um?
cell surface

Experiment in 0.1-um sections cell surface*
VSV 3 h 39.5°C followed

by 2 h 19.5°C 279+ 043 (n=26) 6.1 x10°
VSV 3 h 39.5°C followed

by 2 h 19.5°C and then

15 min 31°C 3290 £ 3.0 (n = 29) 7.2 x 10*

* The surface area of BHK-21 cells is 2,200 um?.

Table Ill. Amount of Ricin in Intracellular Compartments of
BHK-21 Cells as Detected by Immunogold Labeling

(10 nm PAG). *Ricin Incubation for 60 min at 39.5°C
followed by 2 h at 19.5°C with Ricin

Gold particles/um® Total volume

Calculated amounts

compartment in  of the com- of gold particles
0.1-pm thick partment per per compartment
Compartment sections of the cells cell per cell
um’
Golgi stacks 32.1 + 83 6.1 196
(n = 40)
TGN 102.9 + 11.9 4.7 484
(n =57
Endosomes 1108.4 + 119.3 6.8 7,537
(n = 28)
Lysosome-like 160.4 + 57.4 36.7 5,887
structures (n = 16)

Total ~ 1.4 x 10*

Table IV. Ricin Incubation for 60 min at 39°C followed by
2 h at 19.5°C without Ricin

Gold particles/pm® Total volume

Calculated amounts

compartment in  of the com- of gold particies
0.1-pm thick partment per per compartment
Compartment sections of the cells cell per cell
um’
Golgi stacks 243 £ 6.2 6.1 148
(n = 18)
TGN 124.7 + 10.1 4.7 586
(n = 24)
Endosomes 733.2 + 82.0 6.8 4,986
(n = 26)
Lysosome-like 124.5 + 33.7 36.7 4,569
structures (n = 18)
Total ~ 1.0 x 10*
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Table V. Amount of Ricin on the Cell Surface of BHK-21
Cells as Detected by Immunogold Labeling (10 nm PAG)

Gold particles/um?
cell surface in

Total calculated amount
of gold particles per

Experiment 0.1-um sections cell surface*
30 min at 4°C with ricin 86.3 + 11.3 1.9 x 10°
(n =33
60 min at 39.5°C with 762 £ 5.4 1.7 x 108
ricin followed by 2 h (n = 28)
at 19.5°C with ricin
60 min at 39.5°C with 243 +1.2 53 x 10*
ricin followed by 2 h (n =24

at 19.5°C without ricin

* The surface area of BHK-21 cells is 2,200 um?.

Finally, paragraph 7 of the part entitled Ultrastructural Im-
munocytochemistry of that paper should read: “The total
amount of gold particles in the four classes of organelles per
cell after 60 min at 39.5°C followed by 2 h at 19.5°C in the
presence of ricin is ~1.4 X 10¢ (Table III). Comparing
this amount with the number of ricin molecules within the
cell as revealed by biochemical measurements (1.9 X
10° molecules per cell; Table I), we obtain a labeling
efficiency for the total (pooled) set of ricin-containing intra-
cellular organelles of 0.74% (i.e., 0.74 gold particles per
100 antigens). In the same experiment we calculated a total
amount of 1.7 X 10° gold particles associated with the cell
surface per BHK-21 cell (Table V). The corresponding bio-
chemical data showed 8.1 X 10¢ ricin molecules on the cell
surface (Table 1), giving a labeling efficiency of 2.1%. For
the other experiment shown in Table IV a similar calculation
gives labeling efficiencies of 1.1% for internal structures
and 2.4% for the cell surface.”

Paragraph 2 in the Quantitation part of the Materials and
Methods, should now end “. . . were all in the range of
0.74-2.4%, we believe that the above assumption is a rea-
sonable one in the context of this study.”

Note, however, that the goal of the van Deurs et al. paper
was to estimate the amount of ricin reaching the Golgi com-
plex and the proportion localized specifically to the TGN.
These results are unchanged: ~5% of the total amount of
internalized ricin colocalized with G protein in the Golgi
complex, and of this amount at least 70~80% was present
in the TGN.
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