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Trypanosoma brucei: Differentiation of in Vitro-Grown
Bloodstream Trypomastigotes into Procyclic Forms'

AGDA M. SIMPSON, DALLAS HUGHES, and LARRY SIMPSON
Department of Biology and Molecular Biology Institute, University of California, Los Angeles, California 90024

ABSTRACT. Trypanosoma brucei strain 366D trypomastigotes grown at 37°C in the presence of a human fibroblast cell line formed
foci underneath the feeder cells whereas trypanosomes grown in the presence of a human epithelial cell line grew only in the culture
supernatant. A culture system was developed to study the differentiation of bloodstream trypomastigotes grown in the epithelial cell
system into procyclic trypomastigotes at 27°C. The morphological differentiation into the procyclic form was complete by 48 h. Cell
division did not occur until 30-40 h after transfer to 27°C. Various characteristics of this system were examined, including the effect
of the feeder layer, the type of medium, the presence of the metabolites cis-aconitate and citrate, the preadaptation period, and the
trypanosome cell concentration. The respiration of the recently differentiated procyclic cells was less sensitive to inhibition by CN~
than that of established procyclic forms, implying a delayed appearance of complete mitochondrial oxidative pathways. This trypanosome
differentiation system has the advantage that the animal host is not needed and the entire process is carried out in in vitro culture.

HE differentiation of the bloodstream trypomastigote form  mitochondrial dehydrogenases by day 5 to the establishment of
‘ of Trypanosoma brucei into the procyclic culture form, a complete cytochrome complement by day 20. Ultrastructural
which survives in the tsetse midgut, involves some external correlates of the biochemical changes occurring during this life
| morphological change combined with several dramatic internal  cycle change have also been presented (10). The single mito-
ultrastructural and physiological changes. The long slender chondrion undergoes a gradual change from the “narrow tube
| bloodstream trypomastigote has a glycoprotein surface coatand  with only few short cristae” (10), characteristic of the long slen-
" contains a single mitochondrion that lacks well-developed cris- der bloodstream form, to the extended and branched structure
" tae and the associated mitochondrial enzymes. Within the containing abundant cristae found in the established procyclic
bloodstream, the initial event in the differentiation process is form. The finding that these morphological changes are incom-
the appearance of the ‘stumpy’ trypomastigote form, which is  plete even after 11 days of culture at 27°C (10) is in agreement
" 2 non-dividing cell fixed in G, that contains an active mito- with the biochemical studies.
| chondrial lipoyl dehydrogenase enzyme activity but does not In this paper we examine various factors affecting the in vitro
contain mitochondrial cytochromes. The next step in the pro- differentiation of cultured bloodstream trypomastigotes of 7.
cess, the differentiation of the stumpy form to the procyclicform,  brucei strain 366D into procyclic forms. A preliminary account
occurs in nature in the insect midgut. It involves a loss of the  of this work was reported previously (15).
surface coat and the establishment of a functional mitochon-

| drion containing cristae. MATERIALS AND METHODS

Cultilvation of animal-infective . monomorphic and pleoo 5 The human fetal lung fibroblast cell line (F2000) was obtained
| ¥“°fphlc Bloodsteeam form§ of African trypanosomes at 3.7 C from Flow Labs. The human skin epithelium cell line (NCTC
| in the presence of mammahar} feqder c§lls has. bqen described 3075) was obtained from the American Type Culture Collection
| (7,11, 12, 15, 17) as has the in vitro differentiation of blood- (ATCC CCL 19.1). A human epithelial tumor cell line (SCaBER)

l Smfan(ll fgrms intfoblprogyclic cu}ture f?rms.ﬂll\/l e Wofklhf:’s in- 405 obtained from Dr. Ahmed of the UCLA Dermatology De-
1 volved the use of bloodstream forms from the animal although partment (1); this line was originally derived from a human
|
|

Brunetal. (7) noted, wi_thout providing data, thata small pox.'tiqn bladder cancer. All cell lines were maintained in T25 flasks at
of cultured polymorphic bloodstream forms transformed within  370¢ i3 RPMI 1640 medium with 10% (v/v) fetal calf serum
three days into procyclic forms in SD M'.79 medium. Brun & (heat-inactivated). Gamma irradiation of the F2000 cell mono-
Schonenberger (6) observed that 3 he addition Ofthf: Krebs cycl'e layer was performed using a cobalt source. Gamma irradiation
metabolites, citrate and cis-aconitate, markedly stimulated this of the CCL 19.1 cell line often led to extensive cell sloughing
process. Simpson et al. (15) confirmed the stimulatory effect of atid therEtare v;fas not generally employed

citrate and cis-aconitate on the differentiation process and also The T. brucei strain 366D cells were ob.taine dfenm B Lo

s}lowed fhat continued exposure of the blooc{stream trypomas-  yo,ni of the Swiss Tropical Institute and were routinely main-
tigotes to these m_etaboht_e i cultur'e at 37. C bidies toxic. The tained in culture at 37°C in RPMI medium with 10% (v/v) fetal
mechanism of action of cltrate and cis-aconitate 1s unknown. calf serum in the presence of the F2000 fibroblast cell line.

Over&_lth et al. (.13) examined the repression of §urface gl ¥~ Trypanosomes were transferred to the CCL 19.1 culture at least
i fotein synthesm and the lqss o.f the sgrfz_lce coatin T. b.rucez one week prior to use for differentiation. Established procyclic
stock 427 during the procyclic differentiation process. Bienen . 1¢ were maintained at 27°C in modified REI medium (16)
'~ etal. (2-4) found that T. brucei LUMP 1026 bloodstream try- o0 1nown as REIA medium (14) ;
;)_orpastllgotes from the rat under\jvent 2 reprodumble dlffe.r i Measurement of percentage of procyclic forms was performed
tiation into the procyclic form without cell death in modified . 1iying 100 ul of culture with 100 ul of 10% (v/v) formalin
Cumningham’s medium in approximately 72 h at 27°C. They ¢ 15 M NaCl-0.015 M Na citrate (pH 7) and scoring cell
also examined antimycin A, CN-, and SHAM-sensitive respi- types in a hemocytometer under phase contrast microscopy at

rati?n'asTvlvlell a8 tlile dagpiararlllce of cylfltolch{orrllg§ ﬁp y sp.ec‘gral 400 x magnification. Cell concentration was also measured in
analysis. They concluded that the morphological differentiation hemocytometer. At least 200-600 cells were counted for each

to the procyclic form occurs independently of the biochemical point. The data in Figs. 4-9 are representative results from
differentiation that progresses through the initial appearance of experiments that were repeated several times with similar re-

sults.
Respiration studies were performed using a Clark oxygen elec-
| This investigation was supported in part from a research grant trode with a 2-ml water-jacketed chamber. Cells were resus-
(AI13027) from the National Institutes of Health to L.S. pended in REIA medium for respiration measurements at 37°C
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Fig.1. Phase contrast micrograph of cultured bloodstream forms of
T. brucei strain 366D grown in the presence of F2000 fibroblast cell
line.

Fig.2. Phase contrast micrograph of cultured bloodstream forms of
T. brucei strain 366D grown in the presence of CCL 19.1 epithelial cell
line.

(bloodstream forms) or 27°C (procyclic forms). Cyanide inhi-
bition of respiration was measured after the addition of 0.001
M KCN.

Photomicrographs were taken with phase contrast at 200-
400x magnification.

All chemicals were reagent grade. All culture media were pur-
chased from GIBCO.

RESULTS

Invitro culture of T. brucei strain 366D. Trypanosoma brucei
strain 366D cells were cultured routinely at 37°C as slender
bloodstream forms in the presence of a 5000 R gamma-irra-
diated human fibroblast cell line (Flow, F2000) in RPMI 1640
medium with 10% fetal calf serum (Fig. 1). The same irradiated
feeder layer could be used for up to three months before the
fibroblast cells began sloughing off from the flask. In one ex-

" periment, in which the feeder layer was trypsinized to recover

all of the trypanosomes, 12% of the total trypanosomes in the
culture were present in the large foci beneath the fibroblast cells.
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Fig. 3. Phase contrast micrographs of (a) bloodstream forms and (b)
procyclic forms within a hemocytometer chamber.
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In the presence of a feeder layer of human epithelial cells (ATCC
CCL 19.1), the trypanosomes grew in the culture supernatant
and did not form the large intercellular foci characteristic of the
F2000 culture (Fig. 2). In addition, trypanosomes grown for at
least several days in the presence of the CCL 19.1 feeder cells
appeared somewhat more ‘intermediate stumpy’ in shape than
the trypanosomes grown in the F2000 culture.

Penetration of SCaBER tissue culture cell line by trypano-
somes. In a survey of the suitability of various cell lines for use
as feeder cells, we noticed an unusual phenomenon with a hu-
man epithelial tumor cell line (SCaBER). The trypanosomes
grew beneath these cells as in the F2000 system but occasionally
penetrated or were engulfed by the tumor cells and survived for
some time as extremely motile forms apparently free in the
cytoplasm. The tumor cells that contained motile trypanosomes
were rounded and poorly attached to the flask. This phenom-
enon was not studied further but may have implications for a
possible cryptic phase in the life cycle of T. brucei in the mam-
malian host (9).

Standard culture system for differentiation to procyclic forms.
The CCL 19.1 bloodstream culture system was used to eliminate
the problem of inaccessible intercellular trypanosomes. Try-
panosomes were transferred from the stock F2000 culture into
the CCL 19.1 culture and allowed to grow at least one week
prior to use. Preadaptation for differentiation was accomplished
by addition of 5 mM citrate or cis-aconitate to the RPMI medium
for 17 h at 37°C. The trypanosomes were then harvested by
centrifugation and resuspended at 27°C to a concentration of
approximately 1.3 x 10° cells/ml in REIA medium (REI me-
dium with 0.2% glycerol in place of glucose and 10% dialyzed
fetal calf serum) with 5 mM cis-aconitate, in the presence of the
same CCL 19.1 feeder cell layer. Samples were removed at
intervals, and the percentage of procyclic forms measured by
phase microscopy in a hemocytometer at 400 X magnification
(Fig. 3). The trypanosomes could be removed from the feeder
cells after 24 h to establish continuous procyclic cultures (data
not shown); in the experiments presented in this paper, however,
the feeder layer is present throughout the entire differentiation
process. Morphogenesis to the procyclic form was complete by
48 h; cell division began approximately 30-40 h after transfer
to REIA at 27°C. Justification for the experimental details of
this standard procedure is given below.

Effect of initial trypanosome cell density. Four differentiation
cultures were initiated as described above with different cell
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Fig. 4. Effect of initial cell density on the differentiation of T brucei
from the bloodstream form to the procyclic form in REIA medium at
27°C with the CCL 19.1 feeder layer present. (a) 0.6 x 106 cells/ml. (b)
1.2 x 106 cells/ml. (c) 2.8 x 109 cells/ml. (d) 3.5 x 10¢ cells/ml.

densities of bloodstream trypomastigotes. As shown in Fig. 4,
an initial cell density of 1-3 x 10° cells/ml appeared optimal
in terms of viability and the rate of appearance of procyclic
forms.

Effect of the concentration of cis-aconitate on the differentia-
tion process. Bloodstream trypomastigotes from CCL cultures
were preadapted for 17 h at 37°C with different concentrations
of cis-aconitate and then allowed to differentiate in REIA me-
dium at the same cis-aconitate concentration. As shown in Fig.
5, 5-10 mM cis-aconitate appeared to be optimal. This agrees
well with the optimal concentration of cisaconitate determined
by Brun & Schonenberger (6) in the SDM-79 T. brucei differ-
entiation system.

Comparison of cis-aconitate and citrate on the differentiation
process. As shown in Fig. 6, both citrate and cis-aconitate at 5
mM were separately or jointly effective in stimulation of the
differentiation process. Cis-aconitate alone, however, appeared
to limit the extent of cell death in the early stages of differen-
tiation.

Necessity for the continued presence of citrate (or cis-aconitate)
during the differentiation process. Trypomastigotes were pre-
adapted for 17 h with 5 mM citrate and then transferred to the
REIA medium at 27°C, with and without citrate, in the presence
of the feeder layer. As shown in Fig. 7, the continued presence
of the metabolite decreased the extent of cell death in the early
stages of the process.

The effect of the culture medium and the presence of a feeder
layer on the differentiation process. The media tested, in addi-
tion to REIA, included Cunningham’s medium (8) and SDM-
79 (5). Cunningham’s medium yielded procyclic cells that ap-
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Fig. 5. Effect of the concentration of cis-aconitate on the differe
tion of 7. brucei from the bloodstream form to the procyclic form.
were preadapted for 17 h at 37°C with the same concentration o
aconitate as used in the REIA medium at 27°C. (a) a mM cis-acon
(b) 2 mM. (c) 3 mM. (d) 4 mM. (e) 5 mM. (f) 10 mM.

peared abnormal morphologically and which became atta
to the flask surface. These cells did not survive more than
week at 27°C (results not shown).

The SDM-79 and REIA media both allowed a non-opt
differentiation into procyclics even without the presence
feeder layer. The presence of a feeder layer decreased cell d
and increased the rate of the differentiation process. The
cessity for the addition of citrate to SDM-79 medium and
stimulatory effect of a continued presence of the feeder laye:
shown in Fig. 8a—d. The results shown in Fig. 8e illustrate
large extent of cell death that occurs in REIA medium in
absence of a feeder layer (even in the presence of citrate),
the results shown in Fig. 8b illustrate that the feeder layer a
cannot substitute for the addition of citrate to the SDMN
medium (or REIA).

In REIA medium, the absence of both citrate and a fe
layer leads to massive and rapid cell death without differe:
tion (Fig. 9a). Addition of 5 mM citrate to the REIA med
in the absence of a feeder layer does allow some differentia
as noted above but does not inhibit the massive cell death




(6—) —

Yo

PROEYEEICNE@RIVISE

lifferentia-
orm. Cells
ion of cis-
-aconitate.

attached
than one

1-optimal
ence of a
cell death
- The ne-
1 and the
‘layer are
strate the
m in the
rate), and
yer alone
SDM-79

| a feeder
fferentia-
.medium
rentiation
eath (Fig.

SIMPSON ET AL.—T. BRUCEI DIFFERENTIATION 675

107}
. -80
7
101 {eo t
. i
T 10E 4 —440
o . H20 &
! 5
L 1 1 1 1 5
= 0
E ) | 20 40 60 8 3
n L
! o
M 480 5
e >
S
460 2
a=
440
420
TIME, hr —»

Fig.6. Comparison of the effects of addition of citrate or cisaconitate
on the differentiation of 7. brucei from the bloodstream form to the
procyclic form in REIA medium. (a) 5 mM citrate. (b) 5 mM cisacon-
itate. (c) 5 mM citrate and 5 mM cisaconitate.
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Fig. 7. Effect of the addition of citrate to REIA medium during the
differentiation of 7. brucei from the bloodstream form to the procyclic
form. (a) Preadaptation for 17 h with 5 mM citrate. No addition of
citrate or cisaconitate to REIA medium at 27°C. (b) Preadaptation as
in (a). Addition of 5 mM citrate to REIA medium at 27°C.
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Fig. 8. Effect of the culture medium and the presence of a feeder
layer-on the differentiation of 7. brucei from the bloodstream form to
the procyclic form. (a) SDM medium. No addition of citrate or cis-
aconitate. No feeder layer. (b) SDM medium. No addition of citrate or
cis-aconitate. Feeder layer present. (c¢) SDM medium. Preadaptation for
17 h with 5 mM citrate. Addition of 5 mM citrate to SDM at 27°C. No
feeder layer. (d) SDM medium. No preadaptation with citrate or cis-
aconitate. Addition of 5 mM citrate to SDM medium at 27°C. Feeder
layer present. (¢) REIA medium. Preadaptation for 17 h with 5 mM
citrate. Addition of 5 mM citrate to REIA medium at 27°C. No feeder
layer.

9¢). A similar effect of citrate is seen with cells in SDM-79
medium (Figs. 8c, 9b). The continued presence of the feeder
layer in addition to citrate decreases the cell death in both REIA
(results not shown) and SDM-79 media (Fig. 9d).

Procyclic cells transformed in SDM-79 medium with citrate
and with or without a feeder layer appeared abnormal mor-
phologically and could not be continuously maintained in cul-
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Fig. 9. Effect of the culture medium and the presence of the feeder
layer on the differentiation of 7. brucei from the bloodstream form to
the procyclic form. (a) REIA medium. No preadaptation or addition of
citrate or cis-aconitate to REIA medium at 27°C. No feeder layer. (b)
SDM medium. Preadaptation for 17 h with 5 mM citrate. Addition of
5 mM citrate to SDM medium at 27°C. No feeder layer. (c) REIA
medium. Preadaptation for 17 h with 5 mM citrate. Addition of 5 mM
citrate to REIA at 27°C. No feeder layer. (d) SDM medium. Preadap-
tation for 17 h with 5 mM citrate. Addition of 5 mM citrate to REIA
medium at 27°C. Feeder layer present.

ture at 27°C. This may be due to the 0.1% glucose present in
this medium since, as was the case previously with strain 367H,
the strain 366D procyclics are glucose-sensitive at levels from
0.2-0.5% glucose and must be grown in glucose-free medium
with dialyzed fetal calf serum. The addition of 0.5% glucose to
the REIA medium (with citrate and feeder layer) completely
inhibited the differentiation process and also inhibited cell di-
vision of established procyclics, producing abnormal, enlarged
cells (results not shown).

Level of CN- sensitive respiration of recently differentiated
procyclic cells. The respiration of bloodstream forms grown in
the F2000 and the CCL 19.1 culture system and of recently
differentiated and established procyclic forms in REIA medium
was measured using an oxygen electrode. As shown in Table I,
oxygen uptake per cell decreased 5.4 after 65.5 h of differ-
entiation, and the extent of CN~sensitive respiration increased
to 26% after 61.5 h of differentiation. The respiration of estab-
lished procyclic forms showed a CN~sensitivity of 76%. This
implies, as established previously in other systems (3, 4), that
the development of a complete mitochondrial oxidative system
in this developmental system does not parallel the rapid mor-
phological change to the procyclic form of the parasite.

J. PROTOZOOL., VOL. 32, NO. 4, NOVEMBER 1985

TaBLE L. Respiration of established and differentiated trypanosomes.

CN-—-
Procyclic sensitive
Time of differentiation forms respiration
() ®) Qoy *)
0 0 264 0
29 16 —b —
41.5 90 — —
48 94 - -
61.5 99 62 26
65.5 99 49 —
Established procyclics 100 40 76

a Nanomoles O,/min/200 x 10°¢ cells.
® Not done.

DISCUSSION

We have established a reproducible culture system that allows
synchronous morphological differentiation of cultured blood-
stream trypomastigotes into procyclic trypomastigotes at 27°C
with little cell death. An epithelial feeder cell line was used for
the culture of the bloodstream forms to avoid the problem o
inaccessible intercellular trypanosomes that occurs with stan.
dard fibroblast cell lines. A pretreatment with cis-aconitate for
17 h was shown to ‘pre-adapt’ the bloodstream trypanosomes
for differentiation. Morphological differentiation to the pro-
cyclic form occurred within 48 h after transfer of the preadapted
bloodstream forms into REIA medium at 27°C. The continued
presence of the mammalian feeder cells (for at least 24 h) was
required for optimal differentiation without cell death. In ad.
dition, the continued presence of citrate or cis-aconitate at ap:
proximately 5 mM was highly beneficial, both in increasing the
rate of differentiation and in decreasing cell death in the earl
stages. Several culture media were compared, with the best dif
ferentiation and growth obtained using modified REI medium
(14) of Steiger & Steiger (16). As reported previously with T
brucei strain 367H (14), the replication of strain 366D procycli
cells was inhibited by 0.2-0.5% glucose in REIA medium.

Cell division does not occur until the later stages of the dif
ferentiation process (30-40 h) and seems to be confined to newl;
formed procyclic cells. We have not determined if cell divisior
can be inhibited completely without affecting the differentiatios
process.

Recently differentiated (61.5 h) procyclic cells had only 349
ofthe CN-sensitive respiration characteristic of established pro
cyclic cells, implying a disjunction of the derepression of syn
thesis of mitochondrial enzymes from the more rapid morpho
logical change to the procyclic form, as reported previously fo
several other 7. brucei procyclic differentiation systems (3, 4
10).

This culture system should be appropriate for a detailed stud
of the derepression of synthesis of mitochondrial enzymes i
the life cycle of T. brucei and the factors involved in the initi
ation of this process, including the role of temperature an
medium factors such as cis-aconitate.
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Formation of the Cyst Wall of the Ciliate Colpoda steinii

AUGUST RUTHMANN and ANGELIKA KUCK
Lehrstuhl fiir Zellmorphologie, Abteilung fiir Biologie, Ruhr-Universitdt, 4630 Bochum, West Germany

ABSTRACT. After a thin membranous envelope surrounding the cell body and cilia of Colpoda steinii has been formed, the main
mass of the proteinaceous cyst wall is deposited without exocytosis. It can be composed of two layers, the denser and wrinkled ectocyst
and the smooth-walled endocyst; however, the ectocyst may be missing. Evidence is presented that ecto- and endocyst are formed from
vesicles derived from abundant rough endoplasmic reticulum which appears at the time of wall formation. The cilia are retained and
become embedded in the peripheral cytoplasm. Synthesis of RNA and protein is required as actinomycin C and cycloheximide block
cyst formation. Calcium is required during a sensitive phase prior to encystment.

PECIES of the genus Colpoda form thin-walled reproductive
cysts and enduring resting cysts from which they can hatch
in less than 2 h in favorable environments. Resting cysts are in
a state of dormancy with a low respiratory rate (17) and a very
dense cytoplasm surrounded by a thick wall. The wall protein
is unusually rich in glutamic acid or glutamine (14) and is cross-
linked with polyamines (16). There is also a polysaccharide
component in the wall, which is stained in the periodic acid
Schiff reaction (Kuck, unpubl.). The heavy cyst wall in com-
bination with the partially dehydrated cytoplasm enables the
cells to withstand extreme conditions such as desiccation in a
high vacuum, heating to 100°C and cooling to the temperature
of liquid air (19).

In an early study of the fine structure of encysting and ex-
cysting Colpoda steinii, Tibbs (15) found that all cell organelles
are retained in the cyst and that the cytoplasm becomes dense
as the cell shrinks. Possible precursors of the wall material were
discussed but the process of wall formation remained unclari-
fied, In this paper we present evidence that the cyst wall is
formed from membranes in the cell cortex and not by the ex-
ocytosis of vesicles containing precursor material.

Tibbs & Marshall (18) concluded, based on their measure-
ments of glutamic acid in cells settling down for encystment and
in cysts, that there is no large pool of coat protein and that

substantial protein synthesis must occur. We could confirm this
conclusion by the application of inhibitors of protein and RNA
synthesis. Experiments with EGTA demonstrated a requirement
for calcium during a phase prior to encystment.

MATERIALS AND METHODS

Colpoda steinii was isolated from moss, cloned, and cultured
in Schreiber’s earth decoct containing 0.09% NaCl, 0.01%
NaHCO,, and 0.2% casamino acids (DIFCO) in plastic petri
dishes at room temperature. Every 2-3 days 1-2 ml of an old
culture was added to 8-9 ml of fresh culture solution. An added
grain of wheat supported the growth of sufficient food bacteria.
Encystment was induced by washing and resuspension of the
cells in fresh culture medium without bacteria. To study the
effects of inhibitors, 0.5-100 mM EGTA (ethyleneglycol-bis-(2-
amino-ethyl-ether)-N, N'-tetraacetic acid), 15-100 ug/ml cy-
cloheximide (Serva), or 12.5-250 ug/ml actinomycin C (Bayer)
were added. The usual time of incubation was 12 h. The cultures
were then checked for cyst formation, washed free of the inhib-
itor and examined for their ability to regenerate to the trophic
form and to encyst. Excystment was induced by the addition of
bacterized culture medium to washed cysts. For electron mi-
Croscopy, encysting or excysting cells were accumulated by cen-
trifugation, fixed 1 h in 2.5% (v/v) glutaraldehyde in 0.1 M




