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An ~ IPrOcess was developed to ¢lectroluse human and nonhuman cultured cells d~clly to rabbit 
corneal ~ ~ in vitro aml in sire. [his  new process was utilized successfully to iaeorOorate functionfl 
gmmeoccal membrane anaclmem recelptors from human lymphoma cells into superficial rablfit corneal ¢#theUum. 
Thus, ceU-tissue dectn~usion b i o a ~ m 0 h ~  may be employed to establish unique and novd animal medels for 
imes~gafiug r e c e p ~ ~  Fcoc~ses in ~o.  

lmaodaetlon 

Current concepts in many biomedical and biological 
sciences will be broadened significantly when custom 
made bioengineered laboratory animals become 
routinely available. Phenotypically unique animals could 
display distinctive features that are normally absent in 
the unmod~ed animal spl~h~. Sugh novel ill vivo mod- 
els would be especially useful in studies of receptor- 
mediated processes. For example, bioengineered animals 
that express host- or tissue-specific microbial attach- 
merit receptors should be susceptible to infection by 
those etiological agents to which the unaltered animals 
are naturally resistanL In this l~gard, suitable animal 
models tot gonorrhea are nonexistent because patho- 
genesis iS initiated by Neisseria gonorrhoeae binding to 
host-specific attachment receptors found exclusively on 
human cell membrane; nonhuman animal ceil mem- 
branes lack these receptors. 

In order to create an in vivo infectivity model for the 
obligate human pathogen, the basic idea was conceived 
of electrofusing human cells that contain gonococcal 
attachment receptors d/rectly to intact epithelial tissue 
of anesthelized animals. This new notion of "cell-ttssue" 
electrofusinn extends camsida'ably the recently devel- 
oped biotechnology of dectrofusing individual cells to 
one another in vitro [ i - l  1]. Therefore. the present study 
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was initiated to transfer functional human membrane 
gonececcal receptors from cultured cells directly to 
rabbit superficial corneal epithdium. New cell-tissue 
dectrofusion methods were devised to achieve this first 
step toward developing a clinically relevant animal 
model for gonorrhea and other host-specific infectious 
diseases. 

Results and Discussion 

Initial studies were performed in vitro on the stage of 
an inverted microscope with human U937 gymphoma 
cells and excised rabbit corneas as depicted in Fig. 1. In 
a typical experiment, an excised cornea was positioned 
anterior side up over the grid electrode in the well slide. 
A low ionic strength solution was added to the well to 
cover the corneal surface. A U937 cell suspension pre- 
pared in this solution was also deposited into the well 
and, by capillary action, into the small volume located 
at the tip of the disc electrode holder. With the micro- 
manipulator, the cell suspension was positioned over 
the central corneal area and lowered until the insulating 
ring at the holder tip made contact with the tissue or 
with the cell suspension in the well. When the Zimmer- 
mann a.c./d.c, power supply was used, an a.c. dielectro- 
phoretic field was produced that forced the juxtaposi- 
tion of dipole induced human cells closely to the rabbit 
corneal epithelium. After cell-tissue alignment was ob- 
served microscopically, d.c. pulses were delivered to 
electrofuse the human cells directly to the rabbit cells in 
the intact corneal epithelium. In experiments where the 
BTX Transfector 800 was used, the human cells were 
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Fig_ 1. Diagram of L t ~ s m t a t m t a ,  custom built equipnm~L and 
b/ological mat~'iah for dt~er ,~g am1 lX~mmiag the pra:ess of 
~ 1 1 - ~  e.,~-a-o[~on in ~-~tro. In the upp~ portion of the figure, a 
m i ~ t ~ r  (A) sectm~ and pos~tmned tlm disc electrode Imlder 
(B) ~.tm~ disc e~m'od¢ { F) ~.s conm~ct~ el¢¢tr/cany to eitlmr a d.c. 
pulse ge~'~tor or to an a.c./d.c. ~ r  supply (C), A fiber optic l/ght 
som'~ (D) p~.dd~l ~ / ~ m / a a f i o a  ~ato the microsco~ stage. 
A t r a ~ t  moM~ elm ~" ~ t / ~ g  ring (E) ~ the Lot- 

was hogse~L This ¢ r ~ 1  a small ~ below the elet~o&: ~ c ~  
effectively retained a s r ~  o[ individual ceils by capillary ~u:- 
t/on. A ~ v~dl ~ {G) was outfitted with a removable 
phi/ham gml ~ (~ that ~ ~r~ca~y ~ to a post 
cemented to the ~ A ~.~lu~-ve ~ ~as c~m¢cted groin the post 
to the posta~ supply. An ~ rah~t conma (H) v.~s placed on the 
gr/d d~-mxk k~ca~ on th~ b ~ m  o[ the ~n .  D~: to the obl/qu¢ 
L~um/rmtiom t ~  ~,~,'~,,~.~ c-#',h~um on tim ~ t  rdabit 

t'¢sm~b~*d a " ~  street" in appearance when viewed 
through a ~ g  foc~ m/cr~cope observe (I). The lower portion of 
the figure d / a g ~ ; c a ~ y  ~u . sU~ the space between the elec~ode 

c~[Is (with d,~k n~.]e~) ~ dhmctly to rabbit c p i ~  cells (with 
[/ght a ~ )  to form Imman-rabb~t somat/c c~l hybrids within the 

~ntact superficial corneal tissue. 

allo~;ed to seule onto the tissue surface by gravity in the 
abmnc¢ of an a.c. d/el¢ctrophoreti¢ field. The BTX 
pulse generator was then activated to deliver d.c. pulses 
wh/ch fused the human cells to the rabbit corneal 
epithelium. Fig. 2 illustrates representative scanning 
electron microscopic (SEM) evidence that cell-tissue 
el¢ctrofus/on was a c ~ e v ~  in vitro ~ t h  both /_nstru- 
tnents. T h ~ e  photomicrographs also illustrate some of 
the various stages in the formation of somadc 
~.uman-rabbh cell hybrids within the corneal epi- 
thelium. 

Cell-tissue electrofesion experiments were per- 
formed uext in s/tu with killed nthbiLs. With "l-  u ~  

Zimng, rn~nn  [nstrumcnL we observed initially that 
Joule heating caused some corneal tissue damage when 
AC d/etectrophoreth: fields were generated in site for 
more than 20 seconds. In order to avoid this problem, 
we explored whether mechanical pressure could sub- 
sfitute for ~Le. d/electrophoresis to juxtapose human 
cells close enough to the rabbit epithelium for d.c.-in- 
dm:ed fusion to occur. We found that the simultaneous 
admini~Lration of mechanical pressure and d.c. pulses 
was sufficient to elcc~ofuse human and nonb-man  cells 
directly to inh~ct rabbit corneal epithelium under in situ 
or  in vitro ¢o~d/fions where very minimal or no a.c. 
fields were applied. A.c. fields alone did not produce 
cell-tissue fusion in the absence oi d.c. pulses. Further- 
mor~ fusions between adjacent superficial corneal epi- 
thelial cells were not  observed to occur, even if these 
rabbit cells were fused to h . m a n  ce~.. 

We then examined whether human g o n ~  recep- 
t ins remain functional in the histologically modified 
corneal epithelium after being incorporated by cell-tis- 
sue elcc~ofus/on. After dectrofufing human HL60 or 
U937 lymph~ma cells dh-ectly to the rabbit tissue in 
shu, the corneas were excised and employed in qualita- 
W e  gonococcal adherence assays. Fig. 3/llustrates the 
attachment of  K gonorrb.oeae Pgh 3-2 to corneal surfaces 
indicating that the haxaporated human receptors were 
not destroyed by the dec~ofus/on process. In contrast 
to the eaxly fusion stages (Fig. 2), Fig. 3 also illustrates 
that b . m a n  and rabbit plasma membranes appeared to 
be completely coalesced due to the extended incubation 
times required to perform the adherence assays. 

SpecificRy studies were conducted to determine 
whether Pgh 3-2 o rganimns a t ~ h  exclusively to human 
gonococcal receptors transferred by elearofus/on in situ. 
h is conceivable that these m/croo~znisms could ad- 
here nonspecifically to corne0s modified by fused cells 
derived from any animal spec/es or  by the electrofns/on 
process itself. Control experimrmts "~.~t ,a,;l; ,~ gono- 
coccal adherence a s s a ~  ~ ' , h  excised normal un- 
manipulated corneas {i.e. not  exposed to either a~imal 
cells or d.c. fusion pulses) showed that Pgh 3-2 bacteria 
attached only to h . m a n  donor corneas and not to 
come-as obtained from rabbits, sheep and baboons. 
When d_c. fusion pulses were adminlgtered Io rabbit 
corneal epi~el ium in situ in the absence of individual 
animal cells. Pgh 3.2 organimrJs failed to attach to the 
f i s~e  during the assays. These bacteria also failed to 
adhere to rabbit corneal epithelium histologically mod- 
ified by electrofused rabbiL monkey or routine czl~. In 
contrasL rabbit corneal epith¢l/um to which gonococcal 
receptor-conta/ning human cells had been electrofused 
did bind the pathogen s ~ f i c a l l y .  

In order to determ/ne wheLber our newly developed 
e!ectromechanical process is either lethal or causes o¢- 



Fig 2 Rectmfttsion of homan U937 ~ytttpboma eells dir&y to superficial rabbit comeal epithelium. During the initial 10 mitt after applying the 
~~~~~~~~~~~~~ wre shoved from the well slide. washed free of rtnfwed cells in PBS. and prepared for 
xznn?q &ctmo roicrormpq-. Pa& A: Cot-steal s&ace (13WX) shoxing a cepresmfative distribution of 14 smooth spherically shaped human 
cells ekuroltwl to the super&M layvx of rabbit epitbeiium Panel 8: Plasma membrane ‘stalk’ that fctms very shortly akr electrofusion 
occur& betwceo the uppprsmootber kttnatt cell and Le loser microvilli cowed rabbit cell surface (~WOOX). Panels C (6UOOx)and D ~%OOx) 
i&straw cmkwin~ lxamm-&t plasma membranes el wxnatic ceil hybrids bqond !he utrtml rtaeer of rkir formation in rhe intact comeal 

epithelium. 
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Rg. 3. M¢~-nb~'ane t'i~'eptor meal/ailed attachment of N_ g6~rrho~ 
Pgh 3-2 to somatic human-rabbit cell hybrids forag'd within rabbit 
co~eal epi~c.~m by eh~qrofus/oo in s/tu. After electrofusing human 
HLtO cells to corneal q~thet/al tissue, the corneas were excised. 
employed in goaococc~ adherence assays and examined by scanning 

eI~tron microscopy (2(~0 x ). 

ular inflammalion, eyes of rabbits anesthetized with 
nitrous oxide were subjected to the same fusion condi- 
tions employed in s/tu, i.e. mechanical pressure plus 
delivering three d.c. pulses in the absence and presence 
of individual animal ceils. After observing the minimal 
muscle reflex responses that accompanied each electri- 
cal stimulus, all rabbits recovered from the anesthesia 
thus surviving the electrofnsion process. Furthermore, 
no ocular inflammatory responses developed, either on 
the day the experiments were performed or for several 
days thereafter. 

Scanning electron microscopic ~vidence presented in 
this report lends credence to our weoretical approach 
for developing a bioengineered animal model for gonor- 
rhea. Functional human gonococea! receptors, capable 
of binding N. gonorrhoeae Pgh 3-2, survl~,e a nonlethal, 
noninflammatory dectromechanical process that pro- 
duces the formation of somatic human-rabbit cell hy- 
brids within superficial epithelial tissue of the labora- 
tory animals. Thus, the model becomes a distinct possi- 
bility should the incorporated haman receptors remain 
functional over the one week period before immunologi- 
cal rejection occurs. 

O~c sigrfificant finding revealed that tissue damage 
due to heat produced by a_c. dielectrophoresis can now 
be el/m;na~ed completely by employing mechanical 
pw~sure m achieve close cell-tissue juxtaposition prior 
to electrofnsion. With this information, cell-tissue 
electrofnsion biotechniques can now be developed fur- 
thor for many potential in vivo applications. Future 
icsearch goals could include: (a) establishing bioen- 
gineered animal models for other microbial receptor- 
mediated processes, such as HIV infectivity; (b) devel- 
oping novel rite-specific drug or cloned gene delivery 
s~-stems by liposome-tissue electrofnsinn techniques; 
and (c) ufil~ving new tissue-tissue electrofnsion meth- 
ods for certain surgical procedures. Thus, future appli- 
cations of ~U-t.issue eleetrofus/on bioteclmology should 
contribute signifK:antly to extending our present con- 
cepts in a ,~a/e~" of diverse biosdence disciplines. 

Materials and Methods 

lnswamentatian_ Instruments employed in this study 
included an Olympus Model CK invertud t i ~ e  ,~d:ture 
microscope with its overhead light source rernnved, a 
Fiber-Lite m u m m t o r  ~Dolan-jenner lud .  Wobum, 
MA), a micromanipulator (Brinkmann Inst., Westhury, 
NY}, and either a BTX Transfector 800 d.c. pulse 
generator {Biotechnolegies and Experimental Research, 
Inc., San Diego, CA) or a Zinnnermann Cell Fusion 
System a_c,/d,c, po~'er supply (Amsco, Erie, PA). Both 
electronic instruments were used without the electrodes, 
chamber de~ices, and other accessories that are nor- 
marly utilized for performing electroporafion or cell-cell 
electrofusion in vitro. 

Custom built equipment. These materials for the in 
vitro experiments included the plexiglas well slide with 
its attached covcrslip and metal post. a 3 nun diameter 
platinum disc electrode in its insulated holder, the epoxy 
insulating ring secured to the holder tip, and the re- 
movable grid electrode designed to fit into the hole of  
the well sl/de over the coverslip. The grid electrode 
consisted of six 24 gauge platinum wires flatly ~aced  2 
to 3 mm apar~ in a regular pa,"allei and perpendicular 
planar array over a circular area 10 mm in diameter. 
Custom designed leads were also constructed to connect 
the disc and grid electrodes to the power sources. A 
custom built eye shaped electrode was employed for the 
in situ experiments as described below under c!ectrofu- 
sion procedures. 

Animal cell lines. For the initial in vitro experiments 
and subsequent in situ studies, the following cell lines 
were used: human U937 histioeytie lymphoma cells 
(ATCC CRL 1593; American Type Culture Collection, 
Rockville, MD); human HLt0 promyelocyfic leukemia 
cells (ATCC CCL 240); marine WEHI-3 myelocyfic 
leukemia cells (ATCC TIB 68); Vero monkey kidney 
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cells (ATCC CCL 81); and, rabbit sl'Jn cells [12]. The 
nonadherent U937, HL60 and WEHI-3 cells were grown 
in suspension cultures at 37°C in Costar plastic tissue 
culture flasks conlalning DMEM (GIBCO, Grand Is- 
land, NY) supplemented with 10~ fetal bovine serum 
(Flow Laboratories, McLean, VA) in an atmosphere of 
95% air and 5% CO2. The adherent monkey and rabbit 
cells were grown as monolayer cultures at 37°C in 
Eagle's MEM (GIBCO) supplemented with 5% newborn 
bovine calf serum (Flow). The adherent cells were de- 
tached from the plastic flasks by the action of 0.25% 
trypsin (GIBCO). Prior to electrofusion, cell suspen- 
sions were washed twice by centrifugation e'200 x g, 
4°C, 10 rain) in either a low ionic strength solution (0.3 
M D-mannitol or 0.3 D-ghw, ose each containing 6 mM 
L-histidine, 0.5 mM MgCl z and 0.5 mM CaCi2) for the 
in vitro experiments or a high ionic strength phosphate- 
buffered saline solution (PBS; pH 7A; 150 mM NaCI; 
3A mM KCI; 10.1 mM Na2HPO4; and 1.g mM 
KI-IzPO4) for the in sito experiments. For in vitro 
experiments, the final washed sedimented pellets were 
resnspended in the low ionic strength solutions at cell 
densities that ranged from l0 T to 10~/ml. 

Animal corneal tissu~ In most experiments, corneal 
tissue was oblained from adult New Zealand white 
rabbits (3 to 4 kg) that where housed, fed, watered and 
handled in compliance with NIH regulations [13]. Rab- 
bits were killed by i.v. administration of pentobarbital 
overdoses. Animal corneas were excised by standard 
procedures employed routinely for collecting corneas 
from human donors. Corneas excised from rabbits, sheep 
and baboons were used immediately after collection or 
placed at 8°C in modified M-K corneal storage medium 
[14] lacking suum, gentamycin and phenol red (Aurora 
Binlogieals, Buffalo, NY) for up to 3 days prior to use. 
Human donor corneas obtained from tissue banks were 
likewise maintained in this modified M-K medium after 
collection. Prior to use, I0 ram diameter corneal buttons 
were punched out of the tissue with a sharpened cork 
borer on a Teflon block. 

Ceil-tissue electrofusion procedures. Prior to applying 
d.c- fusion pulses whh the Zimmermann instrument, the 
a.c. dielectrephoresis cell-tissue alignment parameters 
employed in vitro and in situ to juxtapose humaa cells 
m rabbit corneal epithelial tissue varied from experi- 
ment to experiment. Paran~ters ranged from a.c. ampli- 
tude voltages of < 0.1 V to 20 V at frequencies of I to 2 
MID_ with the instrument duty cycle set between 10% 
and 20% for < 1 s or for up to 30 s. Low ionic strength 
solutions were used in vitro to retard the rate of Joule 
heating that accompanied a.c. dielectrophoresis. The 
d.c. electrofusion parameters employed with both the 
BTX and the Zimmermfmn instruments were kept con- 
slant throughout this study. Parameters consisted of 
delivering three separate d.c. pulses+ each 20 V in ampli- 
tude and 20 ~s in duration at 1 Hz. 

For the in situ experiments, human and nonhuman 
cultured cells were washed in PBS ~nd collected by 
centrifugation onto Millipore filters (Type HAWP. di- 
ameter ~ 8 ram; New Bedford, MA) positioned at the 
bottom of the tubes. After discarding the supematants, 
the filters containing about l0 T cells were removed with 
forceps and placed cell side down on the PBS-washed 
corneal surfaces of freshly killed rabbits, A custom built 
titanium electrode, housed in an insulated handle, was 
held manually against the upper cell free side of the 
filters. This concave eye shaped electrode was machined 
to reflect the radius of curvature of the rabbit corneal 
surface. The other electrode was a',tached to the buccai 
mucosa of the dead animals. Leads from the a.c./d.c. 
power supply were connected to both electrodes: im- 
pedences measured about 3 kiloohms between the elec- 
trodes. After applying 600 to 700 g/cm 2 of mechanical 
pressure to the filters with the hand held electrode, a 
< 0.1 V a.c. dielectrophoretic field was induced for < 1 
s before delivering the d.c. pulses. Due to the electronics 
of the Zimmermann instrument, this very weak and 
very brief a.c. electrical field was required in order to 
activate the circuitry for delivering the d.c. fusion pulses. 
After the Millipore filters were removed, the corneas 
were excised, and the tissues were washed free of uu- 
fused cells with PBS and prepared for scanning electron 
microscopy (SEM). 

Scanning electron microscopy methods. Tissues were 
fixed overnight at 4°C in 2.5% phosphate buffered 
gLutaraldehyde (pH 7.2). After soaking the corneas in 
buffer without the fixative for 30 rain, the tissues were 
dehydrated at 4°C through a graded series of ethanol. 
The dehydrated corneas were rinsed twice for 5 rain 
each in 100% hexamethyldisilazane (Electron Mi- 
crocopy Sciences, Inc.. Ft. Washington, PA). The sam- 
ples were dried at ambient temperature in a desiccator 
under vacuum. The dried tissues were mounted on 
sample holders and coated with 150-200 A gold-pal- 
ladium with a Denton Desk-1 cold ion sputter coater. 
The prepared corneas were examined and photographed 
with a JEOL JSM-35 scanning electron microscope. 

Qualitative gonocoecal adherence ossa.vs. These assays 
were performed with excised human and nonhuman 
corneas together with pillared N. gonorrhoeae Pgh 3-2. 
The excised corneas were placed anterior side up i~: 
Nunc plastic tissue culture wells (diameter = 16 mm) 
and covered with modified M-K medium. These tissues 
were incubated in the absence of gonococci at 35°C for 
30 rain before initiating the assays. For these experi- 
ments, the bacteria were grown at 35°C on GC medium 
base agar plates supplemented with 1% isovitalex 
(DIFCO, Detroit, MI) in an atmosphere of 95% air plus 
5% CO 2. Gonococcal cell suspensions (about ]0 ~ colony 
forming units (cfu)/ml) were prepared by floo~ing plates 
containing fresh overnight stable type 2 colonies with 
modified M-K medium. In order to initiate the assays. 
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bacterial suspe~ions were added to the wells containing 
excised corneas. Control corneas received sterile medium 
that had been flooded onto sterile plates. After allowing 
the microerganisms to incubate with the tissue for 30 
min at 35 °C, the corneas were removed from the wells, 
washed free of unattached and nonreceptor bound tis- 
sue associated bacteria, and prepared for scanning dec- 
tron microscopy. Direr observations revealed that con- 
trol corneal surfaces exposed to the sterile medium were 
completely devoid of all microorganisms, including nor- 
real flora. Scanning electron mi~oscopy illustr.~ted 
clumps Gf piliated Pgh 3-2 organisms bound to the 
com~d epih~,climai only ii human gonococcal receptors 
were present. Thus, our qualitative assays dearly dis- 
tingu/shed whether or not gonococci attached to corneal 
epithelial tissues in an "all-or-none" fashion. 

These assay conditions were established empirically 
by performing the following experiments: Tune-course 
studi~ utilizing cfu measurements indicating that Pgh 
3-2 organisms remained 100~ viable for 3 h in modified 
M-K medium or in brain-heart-infusion broth which 
served as the control. With the aid of scanning electron 
microscopy, a wash procedure (i.e., vortexing corneas 
vigorously in PBS for 3D s) w~_s developed to completely 
remove all nonreceptor associated Pgh 3.2 bacteria that 
had settled over a 1 h incubation period onto epithelial 
surfaces of normal corneas excised from rabbits, sheep 
and baboons. In contrast, scanning electron microscopy 
revealed many randomly distributed dumps that con- 
tained Pgh- 3-2 organisms that remained firmly at- 
tached to the epithelial surfaces of human donor corneas 
thin were incubated and washed in the same manner. It 
was therefore assumed that these microorganisms ad- 
hered specifically to functional gunocoecal attachment 
receptors located exclusively on human cell membranes. 
Separate time-course studies utilizing quantitative scan- 
ning electron microscopy techmqu~ determined that 
maximum numbers of Pgh 3-2 organisms had adhered 
to human corneal epithelial surfaces between 15 and 30 
rain after exposing the tissue to the bacteria. 
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