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Summary. This study was to determine if feline immunodeficiency 
virus (FIV)-infected and uninfected Crandall feline kidney (CRFK) 
cells exhibited a low temperature (16~ block in membrane traf- 
ficking between transitional endoplasmic reticulum and Golgi ap- 
paratus represented by intermediate compartment formation. Ceils 
were cultured at different temperatures and membrane changes in- 
volving the Golgi apparatus and Golgi apparatus-associated mem- 
brane structures were monitored by electron microscopy and quan- 
titated. With 30 min of incubation, membranes of the Golgi appa- 
ratus stack increased in amount at temperatures of 16 ~ and below 
compared to temperatures above 18 ~ The increase was greatest 
along the major polarity axis as evidenced by an increased stack 
height. Neither the number of cisternae per stack nor the average 
stack diameter (width) was affected by temperature. The response 
was maximal between 15 and 30 rain of low temperature treatment 
of the cells. Results with cells infected and uninfected with feline 
immunodeficiency virus were similar. The increase in stack height 
was due primarily to an increase of membranes at the cis face (cis 
Golgi apparatus network). At 18 ~ membranes of the trans Golgi 
apparatus network accumulated suggesting that import from the cis 
Golgi network could proceed at this temperature, whereas exit from 
the trans Golgi network was still at least partially blocked. Also 
increased at 16 ~ and below were numbers of transition vesicles in 
the space between the Golgi apparatus and the transitional endo- 
plasmic reticulum associated with the cis Golgi apparatus face. The 
results suggested interruption of the orderly flux of membranes into 
the Golgi apparatus at 16~ and below. Moreover, the block ap- 
peared to be reversible. Upon transfer from 16~ to 37~ there 
was a time-dependent decrease in the accumulations of cis com- 
partment membrane accompanied by a corresponding equivalent 
increase in the membranes of the trans Golgi apparatus compart- 
ment. 
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Introduction 

The feline immunodef ic iency  virus (F IV)  has  been p ro -  

posed  as a mode l  for  the h u m a n  immunodef ic iency  

virus (HIV)  (Ta lbo t t  et al. 1989). O u r  research was to 

use a cell-free system tha t  reconst i tu tes  m e m b r a n e  traf-  

fic between the t r ans i t iona l  endop lasmic  re t icu lum and  

the Golg i  a p p a r a t u s  (Morr6  e ta l .  1986, N o w a c k  et al. 

1987, Paul ik  et al. 1988) to s tudy  fac tors  tha t  m a y  in- 

f luence t raff icking and  process ing  o f  the m a j o r  F I V  

coa t  proteins.  These studies wou ld  be faci l i ta ted by  a 

reversible means  to accumula te  the viral  g lycopro te ins  

in an unprocessed  fo rm in a p re -Go lg i  a p p a r a t u s  com- 

pa r tment .  One a p p r o a c h  to achieving such an  accu- 

mu la t i on  would  be to util ize low t empera tu re  (Ta r t ak -  

off  1986). In  pancrea t ic  asc inar  ( T a r t a k o f f  1986) and  

o ther  cells (Lagunof f  and  W a n  1974, Ho lmes  e ta l .  

1981, Fr ies  and  L i n d s t r o m  1986, Saras te  e ta l .  1986), 

a t  t empera tu res  o f  16 to 18 ~ or  below, secretory p ro-  

teins were b locked  and  accumula ted  in a p re -Golg i  

a p p a r a t u s  c ompa r tme n t .  A t  20 ~ a media l  Golg i  ap-  

pa ra tus  c o m p a r t m e n t  was reached (Saras te  and  Kuis-  

manen  1984). Similar  results  were ob ta ined  with the 

in t race l lu lar  t r anspo r t  and  surface express ion o f  p ro -  

teins in several  o ther  virus- infected cell systems (Mar l in  

and  Simons  1983, Tooze  et al. 1984, Tooze  et al. 1988, 

Grif f i ths  et al. 1985, C o p e l a n d  et al. 1988). 

In  this r epor t  we quan t i t a t ed  the response  o f  Cranda l l  

feline k idney  ( C R F K )  cells to low tempera ture .  The  

results  showed a 16 ~ b lock  in the t raf f icking o f  mem-  

branes  between the t rans i t iona l  endop lasmic  re t icu lum 

and  the Golg i  a p p a r a t u s  tha t  resul ted in an  accumu-  

la t ion  o f  membranes  in an in te rmedia te  c o m p a r t m e n t  
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at  the  cis face o f  the  G o l g i  a p p a r a t u s .  T h e  b l o c k  in 

m e m b r a n e  t raff ic  a p p e a r e d  to be  nea r ly  c o m p l e t e  b u t  

revers ib le  as the  a c c u m u l a t e d  m e m b r a n e s  a n d  vesicles  

o f  the  cis G o l g i  a p p a r a t u s  n e t w o r k  were  r ep l aced  by  

an  e q u i v a l e n t  a c c u m u l a t i o n  o f  vesicles  a n d  m e m b r a n e s  

w i th in  15 to 3 0 m i n  u p o n  t r ans fe r  o f  cells f r o m  1 6 ~  

to  37 ~ 

Materials and methods 

Ceil culture 

CRFK (Crandall feline kidney) cells were grown in D-MEM (Dul- 
becco's minimum essential medium) supplemented with 10% fetal 
calf serum, 1% MEM non-essential amino acids, 1% BME vitamins, 
1% sodium pyruvate, t% penicillin (100U/m1), 1% streptomycin 
(100 gg/ml) and 50rag gentamicin/liter. 

Virus infection 

Infected CRFK cells were maintained from a CRFK cell stock that 
was chronically infected with the Petaluma strain of FIV (Phillips 
etal. 1990). 

Temperature incubations 

All temperature experiments were carried out in constant temper- 
ature incubators ( •  0.5 ~ The incubators were housed in a re- 
frigerated room (4*C) to ensure that the room temperature never 
exceeded that of the chambers. Equilibration of culture media and 
cells to the temperature of the chambers occurred rapidly in a matter 
of a few minutes. Fixations were at the same temperature as the 
incubations. 

Electron microscopy 

Cells or isolated fractions were fixed after temperature incubation 
in 2.0% glutaraldehyde in 0.t M sodium phosphate, pH 7.2 followed 
by post fixation in osmium tetroxide in the same buffer. Dehydration 

Fig. 1 A, B. Portions of uninfected CRFK cells illustrating the appearance of the Golgi apparatus at 37 ~ A The trans face and the trans 
Golgi network (TGN) were identified as those membranes distal to the aligned portions of the Golgi stack associated with clathrin-coated 
vesicles (large arrows). Irregular, often dilated and endoplasmic reticulum-associated membranes at the opposite Golgi apparatus face were 
designated the cis Golgi network (CGN). Putative 50 to 70 nm "transition" vesicles (small arrows) were located in this region but clathrin- 
coated vesicles were absent. B As in A except to more clearly illustrate the association of the cis Golgi network and budding profiles with 
the Golgi apparatus-associated transitional endoplasmic reticulum (double arrows). The ultrastructural appearance was unchanged by virus 
infection. Bar: 0.5 gm 



Fig. 2 A-C. Portions of uninfected CRFK cells after 30 min of incubation at low temperatures. A At 16 ~ the Golgi apparatus stacks became 
surrounded by more membrane material while the number of stacked cisternae remained constant. The increased membrane material was 
located largely at the cis Golgi apparatus face (double arrows) and consisted of irregular structures or vesicles, partially fused, with swollen 
interiors and morphologically distinct from the cisternal stacks. Vesicular profiles, 50-70 nm in diameter, representing putative transition 
vesicles (small arrows) were increased but did not accumulate. Clathrin-coated vesicles (large arrows) marked the trans Golgi network. B 
Infected cell incubated at 18 ~ for 30 rain. The membrane material of both the cis Golgi network (CGN) and the trans Golgi network (TGN) 
was increased. C Uninfected cell incubated for 30rain at 4 ~ A collection of partially budded transition vesicles is illustrated at the double 
arrows. Bar: 0.5~tm 
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was through an acetone series with embedment in Epon (Luft 1961). 
Thin sections were observed and photographed using a Philips EM 
200 electron microscope. 

Results 

CRFK cells contained an extensive system of Golgi 
apparatus consisting of dispersed stacks of about 4 
cisternae each (Fig. 1). On average the stacks were 
about 1 txm in diameter (width) with a height exclusive 
of the trans Golgi apparatus network and associated 
pre-Golgi apparatus vesicles of about 0.25 txm (Fig. 1). 
After 30rain incubation at different temperatures, a 
much more extensive Golgi apparatus was seen at 16 ~ 
(Fig, 2 A, C) and below. The alteration was most evi- 
dent as an increase in the height of the cisternal stacks 
(Fig. 3) as seen in both uninfected cells (Fig. 3 A, B) 
and cells infected with FIV (Fig. 3 C, D). The diameter 
of the stacks, on average, remained constant over the 
temperature range 4 to 37~ as did the number of 
cisternae per stack (Fig. 3). In both uninfected (Fig. 3 A, 
B) and virus-infected (Fig. 3 C, D) cells, Golgi appa- 
ratus height nearly doubled by 15 to 30 min of incu- 
bation at 16~ 
The basis for the progressive increase in stack height 

could not be found in an increase in the number of 
clearly defined cisternae (Figs. 2 and 3). The increase 
in height was due, rather, to an accumulation of ir- 
regular membranes consisting of closely packed and 
partially fused vesicles at the cis face of the Golgi ap- 
paratus stack (cis Golgi network) (Fig. 4). These ele- 
ments often were swollen and were not organized mor- 
phologically into cisternae aligned with those of the 
existing stack (Fig. 2A). Also during the first 10min 
of low temperature incubation, the number of 50 to 
70 nm vesicles of the cis Golgi apparatus face increased 
approximately 2-fotd (data not shown). However, these 
vesicles represented less than 15% of the total accu- 
mulated membranes at the cis Golgi apparatus face. 
To test the reversibility of the increase, cells incubated 
at 16 ~ were returned to 37 ~ for varying times up to 
30 rain. Surprisingly, the height of the Golgi apparatus 
did not return to control values as expected. Rather it 
remained constant (Fig. 5). The anomaly was resolved 
when the cis Golgi network and the trans Golgi network 
membranes were analyzed separately (Fig. 6). The trans 
Golgi network was identified by the presence of clath- 
rin-coated vesicles. The cis Golgi network was identi- 
fied as an irregular and slightly swollen system of cis- 
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Fig. 3. Quantitation of the response of the 
Golgi apparatus of uninfected (A, B) and 
FIV infected (C, D) CRFK cells to increas- 
ing temperature over the range of 4 to 37 ~ 
Illustrated are stack width (an approxima- 
tion of mean cisternal diameter), total stack 
height and the number of parallel, complete 
cisternae per stack. Each data point repre- 
sents an average of 3 determinations fi'om 
10 Golgi apparatus stacks photographed at 
random :t: standard deviations. A and C 
and B and D represent separate experiments 
with uninfected and FIV-infected cells in- 
cubated in paralM 
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ternae, vesicies and tubules and the absence of clathrin- 
coated vesicles at the opposite Gotgi apparatus face '~ 8.4~ 

z~F (Fig. 7). With increasing time of incubation at 37 ~ a ~ 7~ E 
decline in the cis Golgi membranes was accompanied ~ ~.+F 

~L 6+0~- 
by a corresponding and equivalent increase in trans $ 5+~ 

=~ ,+.8~+", Oolgi apparatus membranes (Fig. 6). Total Golgi ap- ~ +41+aF 
paratus amount remained constant. However during ~ + 
the recovery phase the relative amounts of cis Golgi ~ ~.o| 
apparatus membranes decreased and the trans Golgi ~ a.~m 

t 2  apparatus membranes increased in a balanced inverse ~ o.6 
relationship. ~, o 

Discussion 

For cultured cells undergoing virus replication, a low- 
temperature compartment has been reported previ- 
ously (Lagunoff and Wan 1974; Marlin and Simons 
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Fig. 4. Relative amounts of the cis Golgi network and the trans Golgi 
network per Golgi apparatus stack as a function of temperature. 
Uninfected or virus-infected cells were incubated for 30rain at the 
temperature indicated as for Fig. 3 after which cells were fixed for 
morphoIogical anaIysis+ Averages represent estimates from 3 deter- 
minations of 10 stacks each 4- standard deviations 
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Fig. 6. Relative amounts of the cis Golgi network (CGN) and the 
trans Golgi network (TGN) per Golgi apparatus stack as a function 
of time after transfer from 16 ~ to 37 ~ Uninfected or virus-infected 
cells were incubated for 30rain at 16 ~ and then transferred to 37 ~ 
to initiate the recovery phase. At the times indicated, cells were fixed 
for morphological analysis. Averages represent estimates from 3 
determinations of 10 stacks each 4- standard deviations 

1983; Saraste and Kuismanen 1984; Tooze et al. 1984, 
1988). Reduced temperature has been shown to block 
Golgi apparatus-mediated steps in post translational 
processing and secretion of proteins in tissues as well 
(Holmes etal. 1981, Brand etal. 1985, Fries and Lind- 
strom 1986, Saraste etal. 1986, Tartakoff 1986). 
In liver slices, low temperature resulted in large ac- 
cumulations of individual transition vesicles which 
formed but failed to fuse with the cis Golgi apparatus 
at temperatures of 16 ~ and below (Morr6 et al. 1989). 
A tow temperature block at 16 ~ was observed for a 
green alga, Mierasterias americana (Noguchi and 
Morr~ 1991) as well. 
In the CRFK cells investigated here, the morphological 
response of the Golgi apparatus and associated mem- 
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Fig.7. Portions of uninfected CRFK cells incubated 30rain at 16~ followed by transfer to 37~ for 0 (A and B) or 30rain (C and D) to 
evaluate recovery. After incubation at 16 ~ the cis Golgi network (CGN) was well developed and the trans Golgi network (TGN) less so 
(A and B). By 30min after transfer to 37 *C, the CGN was much reduced in amount, but replaced by a nearly equivalent amount of membranes 
at the TGN (C and D). This reciprocai relationship was quantitated and illustrated in Fig. 6. The TGN was identified as the region of the 
Golgi apparatus occupied by clathrin-coated membranes and vesicles (large arrows), Bar: 0.5 ixm 
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brane systems to temperatures of 16 ~ and below was 
comparable to that seen in other systems but with im- 
portant differences. In contrast to results with liver 
slices and cultured chinese hamster ovary cells (Morrb 
etal. 1989), transition vesicles accumulated, but most 
evident was the formation at the cis Golgi apparatus 
face of a smooth membrane compartment, endoplasmic 
reticulum-like in character, consisting of irregular tub- 
ules and partly fused vesicles. These structures, cor- 
responding to a cis Golgi apparatus network (CGN), 
were in sharp contrast to those found in liver where 
vesicle integrity was maintained (Morrb etal. 1989). 
The CGN was formed proximal to the location of tran- 
sition vesicles such that its formation by fusion of the 
transition vesicles was regarded as unlikely. Rather it 
seemed to represent an accumulation of transitional 
endoplasmic reticulum membranes that failed to bud 
or where the buds had partially formed and failed to 
separate. At 18 ~ the CGN block was partly relieved 
and replaced by a comparable block at the opposite 
Golgi apparatus face that resulted in an accumulation 
of membranes of the trans Golgi network (TGN). 
Progression from the trans Golgi network beyond the 
Golgi apparatus is known to be prevented at temper- 
atures below 20 ~ (Saraste et al. 1986). Under these 
conditions, processing events characterizing the medial 
Golgi apparatus compartment take place with glyco- 
proteins transferred from endoplasmic reticulum. Yet 
these glycoproteins do not reach the cell surface indic- 
ative of a temperature block involving exit from the 
Golgi apparatus. This is evidenced as well in our stud- 
ies, where the accumulations of trans Golgi apparatus 
material occurred at 18 ~ and 20 ~ whereas the cis 
Golgi apparatus accumulations were restricted to tem- 
peratures of 16 ~ and below. In general, the responses 
of the Golgi apparatus and associated membranes to 
temperature were similar in uninfected and FIV-in- 
fected cells. 
In liver, the transition vesicles that form and accu- 
mulate at low temperature (16~ do not appear to 
progress rapidly through the Golgi apparatus upon 
transfer to 24 ~ or 37 ~ (M. Paulik and D. J. Morrt, 
unpubl, results). However, the cis Golgi compartment 
accumulated by the CRFK cells in response to a 16 ~ 
temperature block appeared completely reversible. 
Whereas the membrane accumulations generated at 
16 ~ remained associated with the Golgi apparatus 
over 30 min, the accumulations disappeared from the 
cis face and progressed to the trans face. The reciprocal 
cis to trans shift occurred rapidly. It was observed after 
5 min and was nearly complete by 15 min. 

Assuming that TGN membranes are Golgi apparatus- 
derived (Geuze and Morr6 1991), it would follow that 
rapid membrane transfer and maturation had taken 
place upon transfer to 37 ~ Neither the diameter nor 
the number of cisternae per stack was diminished over 
the same time period as the accumulations of trans- 
located membranes appeared. Thus, an amount of 
membrane equivalent to approximately 2 complete 
Golgi apparatus cisternae was observed to progress cis 
to trans within 15 rain at 37 ~ following the alleviation 
of the 16 ~ block. 
A low temperature block of the type reported here is 
expected to prove useful with the CRFK cells to aid 
in the study of viral glycoprotein processing. It is rea- 
sonable to expect that entry into the Golgi apparatus 
of endoplasmic reticulum-derived viral glycoproteins 
will be blocked at 16 ~ whereas transfer to 18 ~ will 
then permit passage to the trans Golgi network but not 
beyond. Eventually, transfer to 24 ~ or higher would 
permit exit from the trans Golgi network and delivery 
to the cell surface. In this manner, the studies reported 
here provide the basis for step-wise temperature control 
in CRFK cells of the passage of viral glycoproteins 
through the Golgi apparatus to permit investigation of 
the subcellular location and order of processing events 
in FIV maturation and assembly. 
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