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Integration of laboratory exercises in developmental biology
and neurobiology courses using the  Xenopus oocyte
expression system

WL Silver and CL Browne

Department of Biology, Wake Forest University, Winston-Salem, NC 27109, USA

This collaborative laboratory exercise integrates two upper division laboratory courses (Developmental Biology and
Neurobiology) offered to biology majors at Wake Forest University. The laboratory exercise involves the use of the
Xenopus oocyte expression system to study the function of specific membrane receptors and ligand-activated chan-

nels. cDNA or mRNA for receptor proteins is injected into Xenopus oocytes. The oocytes are assayed for expression

of receptor proteins and two-electrode voltage clamping is done to determine whether the expressed proteins are
functional in the oocyte system. This series of laboratory exercises is innovative in its interdisciplinary and collabor-

ative approach to undergraduate teaching, and in its use of sophisticated molecular biological and physiological
techniques in the undergraduate teaching laboratory. Students learn first-hand how these techniques have been

used to achieve a new level of understanding of both development and neurobiology. Journal of Industrial Micro-
biology & Biotechnology (2000) 24, 353-358.
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Introduction that biotechnological tools are used in disparate areas of
. odern biological research. Each course enrolls 15 stu-
Over 25 years ago, John Gurdon and his colleagues show ents, who are divided into five lab groups of three students

that inject_ion of globin MRNA intc)(en_opus Iae_visocytes each. The two courses are scheduled for the same time and
;eesqL:JI;endﬂym at\r/]v(iad es;:/r;tggts;sofoingﬁgg hg(/(geél e[rf)]i.njgtlzjtl()a_c{abs meet once a week for 3 h. Ten lab periods are set aside
. ’ ; , ...~ "to conduct the experiments ofenopuocytes. Lab groups
into X(Ianopuso%cyt_es, gjemonstratlnlg the ool;:lytes ability g5 each coursg are paired an?j thes)e/* six studgentspwork
not only to synthesize but to correctly assemble, post-trans- - .
lationally modify, and direct to the appropriate site in thestogether for the semester. Several joint lectures during the

cell, multi-subunit proteins [11]. semester help give students necessary background infor-

: . mation in both subjects. At the end of the semester, each
In the 1980s, the value of this system for expressing nerz oup of six students writes one scientific paper discussing

vous system receptors was recognized [7]. Messenggr , .
RNAs encoding neurotransmitter receptors and voltage"-"" aspects of the project and makes an oral presentation to

. an audience of both classes.
gated ion channels were expressedXanopusoocytes,

allowing for electrophysiological study of the receptors in cozrseespigregssho?/\t slputgggignt%am)odﬂrsr?nscc}ielri:lcbeori&slt%%/en
isolation from other proteins that are normally found in,

association with them. This was an important breakthrough:,rnt;rg'rsoﬁgpchtngg’y 1?20 Ct;)ge}a?o%r?;g?a't:?(;Ar/ez;/iirﬁg;lr:alscé%?géai_n
because cells in the nervous system have many recepto T : o
and channelproteins on ther urace, and analysi of pre [ SSCINe. 11 hese Exerises siudents e ot
tein function can be clouded by the responses of other pro-. , .
teins to stimuli. Cloning of receptor and channel proteinsnlques and learn firsi-hand how these techniques have been

allows the cDNA or mRNA for these proteins to be injected used to achieve a new level of understanding of both devel-

and expressed in large quantities in a system where no Othgpment and neurobiology.

. .~ In the first part of the project, students from the Develop-
nervous system proteins are expressed. Once EXPressiibnt class learn how to prepare oocytes for microinjection

occurs, the biochemistry and physiology of the proteins Calnd how to microinject oocytes in an exercise in which they

be readily analyzed. S .
. .. microinject the cDNA for Green Fluorescent Protein (GFP)
We used thexenopusoocyte expression system to inte into the nucleus ofXenopusoocytes. GFP was chosen

%]r::ﬁ a}hlaei OﬁiaCh(,';]% ﬁgg:gé?g%s othr\]/\(/ao c(;(;lljrosfetsh, e?: \S(Igﬁbecause the success of microinjection can readily be ascer-
gy gy- Y tained by microscopic examination of the eggs with a flu-

formerly very tradiional courss laboratories, Studants lean{€SCeNICe Microscope, and verified by Western biotting
' with an antibody to GFP. Students take several weeks to
master the techniques of microinjection. During this time,
Correspondence: W Silver, Department of Biology, Wake Forest Univer—the stUdents also ISOlate_ a cloned plasmld containing acetyl'
sity, Winston-Salem, NC 27106, USA. E-mail: sil@wfu.edu choline (ACh) or glycine (Gly) receptor cDNA from
Received 2 April 1999; accepted 10 November 1999 Escherichia coli which will later be injected into oocytes.
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Finally, the class microinjects the cDNA for the ACh or

the Gly receptor into the nucleus ¥enopusoocytes, and

passes the oocytes on to the Neurobiology class for analy-

sis. While the Developmental Biology class is learning f v
microinjection, the Neurobiology class is examining £ :
endogenous calcium-activated chloride conductances in
Xenopusoocytes to learn the two-electrode voltage clamp o

technique. The Neurobiology class then uses this technique

to examine the expressed ACh or Gly receptors. 1.2 mm 1 mm

Materials and methods Stage VI Stage V

Preparation of Xenopus oocytes _
Numerous reviews are available with additional infor- Figure 2 Stage V and VI oocytes.
mation about procedures for using tbé&enopusoocyte
expression system [3,10-12]. is carefully teased out onto the surface of the frog. This
Xenopus laevigs commonly called the South African section of ovarian tissue is separated from the rest of the
clawed frog or toad. The frogs are native to South Africa,ovary with scissors, and transferred to a Petri dish contain-
Botswana, and Zimbabwe, but are readily obtained froming an ND96 solution (96.0 mM NaCl, 2.0 mM KClI,
American suppliers (eXenopusExpress, Homosasso, FL, 1.8 mM CacCl, 1.0 mM MgCl, 5.0 mM HEPES brought to
USA; Amphibians of North America, Nashville, TN, USA). pH 7.5 with NaOH) on ice. The tissue is repaired by tying
In captivity they live an average of 8 years, but in the wild 4-5 sutures on the inner muscle layer, and 5-6 sutures on
can live as long as 25 years. Althougtenopusbreathes the outer skin layerXenopusproduces endogenous anti-
air, unlike most frogs, it is entirely aquatic and does notbiotics on its skin, so no antibiotic treatment is necessary.
require a terrestrial habitat. The animal is placed in a container with shallow, room
The ovaries of a mature female can contain over 10000@emperature tap water, with its head elevated to prevent
oocytes. In order to obtain oocytes, a large mature femaldrowning.
Xenopuss anesthetized by immersion in 1000 ml of 0.2% Once a portion of the ovary has been removed to buffer,
Tricaine (ethylm-aminobenzoate; this and all other chemi- the oocytes are staged and separated. Xéwopusovary
cals listed were purchased from Sigma, St Louis, MO,contains oocytes of differing stages of maturity all year [4].
USA) for approximately 10 min. The frog is sufficiently It is possible to express exogenous RNA or DNA in all
anesthetized when it no longer responds to a pinch on itdevelopmental stages of the oocyte, but the largest oocytes
foot, and can no longer right itself when turned ventral sideare best since they can be injected with the greatest amount
up. All procedures withXenopushave been approved by of solution and may produce the biggest currents. The
the Wake Forest University Animal Care and Useoocytes are categorized as stage |-stage VI, with the largest
Committee. oocytes being stage VI (Figure 2). Stage | oocytes are
The animal is placed on a tray of ice, dorsal side downsmall, 50—-30Qwm in diameter, and unpigmented. Stage VI
A small incision is made through the outer layer of skinoocytes are approximately 1.2 mm in diameter, and are
with a scalpel (Figure 1). Another incision is made throughcharacterized by a lightly pigmented ring around the equ-
the connective tissue, and then through the muscle layeator (Figure 3). Stage V oocytes are slightly smaller, and
Cutting through the exposed muscle layer exposes thalso highly pigmented in the animal hemisphere, but lack
ovary. Using a pair of fine forceps, a section of the ovarythe equatorial ring (Figure 2). Both stage V and VI eggs
are used for microinjection. Eggs with patchy pigmentation
or yolk leakage are discarded.

outer ovarian
epithelium

incision site

follicular oocyte

layer

theca

Figure 3 A cross section of an ovarian lobule. The oocytes are enclosed
within a follicular layer, which is covered by a theca containing blood
Figure 1 Incision site on abdomen ofenopus vessels, which in turn is encased in the ovarian epithelium.
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The oocytes can be separated from the ovarian tissue iAL, USA) are needed. Needles for microinjection are made 395

ND96 solution using sterile, fine forceps in a sterile Petriout of thin-walled borosilicate sterile glass tubing (OD
dish under a dissecting microscope. The oocytes are cordi-2 mm, WPI, Inc). The needles are pulled to a tip of
tained in sacs formed from the inner ovarian epitheliumapproximately lum over a heated filament in a micropipet
(Figure 3). A sac of oocytes is separated from the ovarypuller. A glass tube is placed into the spring-held mech-
with scissors or forceps by grasping the neck of the saanism in the needle puller and centered over the filament.
without touching the oocytes. The ovarian epithelium isAs the filament heats, the glass softens, and begins to pull,
opened so that the oocytes lie facing upwards on a singlthinning over the filament, until it breaks. A short tip is
sheet of ovarian tissue. The oocytes can then be separatpceferable to a long, drawn-out tip which would more read-
from one another using fine forceps. ily clog. Needles are stored on a piece of wax or clay in a
The oocytes are enveloped in a follicular layer that maypetri dish. If the needle tips are closed, they can be opened
be removed before microinjection. Although removal of theby breaking them against the sides of the petri dish.
follicular layer facilitates injection, defolliculated oocytes  The micromanipulator and microinjection apparatus must
are more fragile and subject to damage. The follicular layebe secured adjacent to the microscope, to minimize
can be removed manually, with forceps, or by a gentle colvibrations. The needles are backloaded with mineral oil
lagenase treatment. To remove the follicular layer manuusing a Hamilton syringe, and mounted in the micro-
ally, two pairs of forceps are held very close to the surfacemanipulator. The eggs are placed on a nylon mesh grid
of the egg, and the follicular layer is gently peeled off. This (710 um opening, Spectrum Laboratory Products, Houston,
is a challenge, and lots of eggs will be destroyed in theTX, USA) in ND96, and oriented with the animal pole up.
process. But once the technique is mastered, it is faster amkh injection volume of approximately 50 nl is used. A drop
safer than collagenase. To defolliculate the egg using colef the DNA to be injected is placed on a piece of parafilm,
lagenase, separated oocytes with their follicular membranand a small quantity sufficient for numerous injections is
intact are placed in 1-2 mg mlof collagenase A (0.2-0.5 drawn up into the pipet tip.
units mr?) in a C&*-free ND96 solution for up to 2 h at When injecting DNA, the injection site must be in the
room temperature. Removal of the follicle cells is facili- nucleus, which is unfortunately not visible. Using the
tated by gentle agitation during enzyme treatment. Aftemmicromanipulator and microscope, the filled micropipet is
treatment, the oocytes must be washed several times inserted into the middle of the animal pole, and about 1/3

ND96 to remove excess collagenase. of the way down into the egg. This is where there is the
greatest probability of encountering the nucleus. Injected
Microinjection of DNA coding for GFP eggs are placed into petri dishes in sterile ND96 solution

In order to demonstrate that microinjected cDNA is indeedand incubated for 48 h at 18. The injected eggs are exam-
being expressed in the oocytes, the Development classed under a dissecting microscope for fluorescence using
microinjects cDNA for GFP into the nucleus ofenopus the FITC filter set, or prepared for gel electrophoresis and
oocytes. GFP is a protein originally isolated from the biolu-Western blotting. GFP is visualized in gels via the normal
minescent jellyfishAequorea victored9]. It produces light  Western blot procedure using commercially available anti-
in jellyfish when energy is transferred to it from the?Ga  body to GFP (Clontech).
activated photoprotein aequorin. When expressed in other
eucaryotic or procaryotic cells and illuminated by blue or Preparation and microinjection of the plasmid
UV light, GFP yields bright green fluorescence in the The preparation and microinjection of the plasmid contain-
absence of any other products or substrates fAanvic-  ing the gene for an ACh receptor (provided by Dr James
toria. The GFP gene has been cloned, and has proved t@atrick at the Baylor College of Medicine) are described
be a very useful tool in cell and molecular biology [6].  below. Similar procedures are used with other plasmids
We inject the pEGFP-N1 vector (Clontech, Palo Alto, containing other receptor genes, including genes for a Gly
CA, USA). pEGFP-N1 encodes a variant of the wild-type receptor (provided by Dr John Mihic at the Wake Forest
GFP which has been optimized for brighter fluorescencaJniversity School of Medicine).
and higher expression in mammalian cells. This version of Students in the Development class attempt to express in
GFP is excited at wavelengths of 488 and 507 nm. pEGFPXenopusoocytes a gene coding for the/ subunit protein
N1 has been designed as a cloning vector, into which othesf the ACh receptor. Alpha 7 subunits are derived from
genes can be inserted for cloning. Thus it has been engimeuronal cells and by themselves can assemble into a func-
eered with a number of restriction sites. The vector alsdional receptor, the presence of which can be detected by
contains an SV40 viral origin for replication in eucaryotic voltage clamping [2]. The gene has been inserted into a
cells and an origin for replication ik. coli. In addition,  protein vector and cloned. The pc DNA | AMP plasmid
the vector has an SV40 promoter attached to a neomyciwector into which the gene was cloned is a commercially
resistance gene and a bacterial promoter attached to a karerailable expression vector (Invitrogen, Carlsbad, CA,
mycin resistance gene. Neomycin and kanamycin are antlJSA). It is a supercoiled plasmid that has been genetically
biotics that allow for selection of plasmid-containing eucar-engineered to contain an ampicillin resistance gene, Amp
yotic or procaryotic cells respectively. 8, an M13 bacteriophage origin of replication, which allows
In order to microinject oocytes, a stereo microscope, at to be replicated in bacteria such Bscoli, a ColEl origin
micropipet puller (Sutter Instrument Co, Novato, CA, of replication, which results in high copy number repro-
USA), a micromanipulator, a microneedle holder, and arduction of the plasmid, an SV40 viral origin of replication,
injection apparatus (all obtained from WPI, Inc, Sarasotato allow eucaryotic expression, and the polylinker sequence
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356 or cloning site. The polylinker sequence is an artificialrecorded using data acquisition hardware and software

sequence of DNA containing recognition sites for a numbefBiopac, Santa Barbara, CA, USA) and an IBM computer.
of restriction enzymes. It is flanked by two promoter A schematic diagram of the recording set up is shown in
sequences, the T7 and SP6 promoters, oriented in oppositégure 4.
directions. This allows the plasmid to be used for the clon- Oocytes are placed in a perfusion chamber (Warner
ing of DNAs for both sense and anti-senisevitro tran-  Instruments, Hamden, CT, USA) with a plastic mesh
scription. (710 wm opening) on the bottom. The perfusion system is
The cDNA for thea7 subunit of the ACh receptor was pump driven (Control Company, Friendswood, TX, USA)
supplied in the pc DNA amp | in an XL bluE. colibac- and connects to four 60-ml syringes by way of a 5-way
terial stock (Stratagene, La Jolla, CA, USA) vector. Thevalve (Cole Parmer, Vernon Hills, IL, USA). In this way
plasmid contains the ampicillin resistance gene to allow fora constant flow of perfusion solution (Ed&ree ND96 in
use of the antibiotic ampicillin to select for those bacterialthis case) from one of the syringes is perfused over the
colonies that have incorporated the plasmid. The plasmidocyte and this flow can be replaced by solutions in the
is provided in a X-gal blue bacterial stock. Only those col-other three syringes by switching the valve.
onies of bacteria that grow on ampicillin-containing agar Under a dissecting microscope, the two microelectrodes
contain the plasmid, but in order to detect which plasmidgone for voltage and one for current) are carefully lowered
contain the amp gene, the agar will also contain a dye calledntil they dimple the oocyte. This is accomplished using
X-gal. X-gal is colorless, but when acted upon by themicromanipulators (Newport, Irvine, CA, USA). Once the
enzyme B-galactosidase, it forms a blue precipitate. Thedimple appears, a gentle tap is delivered to the side of the
bacteria that were used to incorporate the plasmid lack thenicromanipulators allowing the microelectode to penetrate
B-galactosidase gene. The polylinker inserted into the plaghe oocyte. This results in a drop in the recorded potential,
mid is inserted into the middle of A-galactosidase gene, so that the oocyte’s resting membrane potential can be
but no nucleotides are deleted and the gene can still béetermined. Cells with resting membrane potentials of less
transcribed to produce a functional product. However, ifthan approximately-30 mV are discarded.
the sequence to be cloned inserts into the polylinker, the Once a stable resting membrane potential is obtained, the
B-galactosidase gene becomes inactive. Thus, one can tesnplifier is switched to the voltage clamp mode. A control
for the presence of the gene-containing plasmid in bacteriaolution of C&*-free ND96 is then applied to the bath by
colonies by growing the colonies on agar containing ampiswitching from the background flow. After determining
cillin, the substrate of3-galactosidase, X-gal, and the arti- there is no response to the control solution, several concen-
ficial inducer of the lac operon, IPTG. Recombinant colon-trations of CaCl (1, 2, and 5 mM) are perfused through
ies are white. the bath for 10 s at 10-min intervals. Following the concen-
Overnight cultures oE. coli are grown in LB medium, tration-response procedure, 5 mM Ca@ perfused over
and plasmid DNA is purified using the QIAprep Spin Mini- the oocyte at different clamped voltages and the reversal
prep Kit (Quiagen, Valencia, CA, USA). Purified cDNA is potential is determined as that voltage at which no current
injected as described above. Injected eggs are placed infows across the membrane.
petri dishes in sterile ND96 solution and incubated for 48 h
at 18C bhefore passing them on to the Neurobiology classRecording from expressed ACh and Gly receptors
Oocytes which are injected with cDNA for ACh or Gly
Recording the endogenous Ca?*-activated receptors, as described above, are given to the Neurobiol-
CF conductance ogy class by the Development class. The oocytes have been
A detailed description of this procedure can be found ininjected 2—4 days previously. The oocytes are placed in the
Paul et al [8]. Uninjected stage VIXenopusoocytes are perfusion bath as described above and constantly bathed in
obtained as described above and placed iff<ae ND96  a solution of ND96. The procedures for two-electrode volt-
containing 0.5 nM EGTA approximately 2 h before the lab.age clamping these oocytes are also the same as
About 20 min before the lab, some of the oocytes are transdescribed above.
ferred to C&*-free ND96 containing the calcium ionophore, Once a stable resting membrane potential is obtained
A23187, which forms calcium channels in the membrane(=-30 mV), the amplifier is switched to the voltage clamp
allowing C&* ions to move into the cell. The remaining mode and the experiment begins. The membrane is clamped
oocytes, kept in the Cafree ND96 containing 0.5nM at-70 mV and different concentrations of Gly or ACh (0,
EGTA, serve as controls. 20, 50, 75, and 10p.M) are perfused though the bath for
Low-resistance microelectrodes (1-5 megohnf))Mare 10 s at 10-min intervals. Then, the concentration of Gly or
pulled from borosilicate glass capillaries (1.2 mm ACh is held constant and the clamped voltage is varied.
OD x 0.9 mm IDx 75 mm, Frederick Haer & Co, Bowdo- Responses are recorded using the data acquisition hardware
inham, ME, USA) using the micropipet puller and filled and software and computer. The reversal potential is also
with 3 M KCI. The microelectrodes are connected via hold-determined.
ers (Axon Instruments, Foster City, CA, USA, HL-U) to
headstages (Axon Instruments, HS-2A-x1LU: voltage; an
Hs-2A-x10MGU: current) which, in turn, are connected to
an amplifier (Axon Instruments, GeneClamp 500). The bathExpression of GFP
is grounded by means of Ag/AgCl wires connected to aOocytes whose nuclei have been successfully injected with
bath clamp (Axon Instruments, VG-2A-x100). Data arecDNA for GFP fluoresce, while uninjected control oocytes

dExpected results
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Figure 4 Schematic diagram of experimental set up.

show only limited background fluorescence. Western blots
for GFP should show a band above background at 27 kDa, 100 uM
the molecular weight of GFP and its variants. 50 uM H

Recording the endogenous Ca?*-activated CF ""U""" R r—'-
conductance

Students first determine the resting membrane potential for

the oocyte. Resting membrane potentials are usuedly

to =50 mV. The magnitude of the response increases with <
increasing concentrations of Ca(By keeping the concen- f_’ L_
tration of CaCJ} constant and varying the clamped potential,

a current-voltage (IV) curve is constructed and a reversal

potential is obtained. The reversal potential is the potential

at which there is no net ion flow across the membrane. V‘
Current flows in opposite directions below and above this

potential. Since the reversal potential is often the equilibFigure 5 Responses to two concentrations of glycine fronXenopus
rium potential for the ion species responsible for currenoote thﬁ] had been '”JethEd with PhA fogg‘f %}yc'”e receptat (
flow it can be used to determine the ion species responsiblséJ unit). The oocyte membrane was clampee2 mv.
for the current flow. For the endogenous ?CGgated

Cl~channels inXenopusoocytes, the reversal potential is

around-25 mV [1]

30 sec

Recording from expressed ACh and Gly receptors <
Resting membrane potentials for oocytes injected with - l
cDNA for ACh or Gly receptors were similar to those 30 sec
reported above. Increasing concentrations of ACh or Gly
elicit increasing current flow though the membrane. Figure
5 shows responses to two different concentrations of Gly
at a clamped voltage 6f70 mV. A response-concentration
curve can be determined from such data.

Figure 6 shows responses to bl glycine at two differ-
ent clamped voltages. By keeping the concentration of ACh -100 mV
or Gly Con,Stant and varying t,he clamped voltage, the r,eve,rl':igure 6 Responses to 76M glycine from aXenopusoocyte that had
sal potential can be determined. The reversal potential iBeen injected with DNA for the glycine receptar)( subunit). The mem-
our recent experiments was81.2+ 2.4 mV (h=5). brane was clamped at two different voltages.

—40 mV
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. . . g cells. Nature 233: 177-182.
and the job market. This arrangement incorporates a groups inouye S and FI Tsuji. 1994Aequora green fluorescent protein:
learning process, with students from both courses helping expression of the gene and fluorescent characteristics of the recombi-
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laborative nature of modern science. hydrgmgdusan, Aeqquorea. J Cell Comp Phyr;iol 59: 223-227.
10 Sigel E. 1990. Use okenopusoocytes for the functional expression
Acknowledgements of plasma membrane proteins. J Membrane Biol 117: 201-221.
We thank Drs Nancy Leidenheimer and John Mihic for thell Smart TG and BJ Krishek. 199%enopusoocyte microinjection and
information and assistance they provided for setting up and ion-channel expression. In: Neuromethods, Vol 26: Patch Clamp

. lab ] Th iect funded b t Applications and Protocols (Boulton A, G Baker and W Walz, eds),
running lab exercises. € project was tunded by a gran pp 259-305, Humana Press, Totowa, NJ.

from the NSF'_'U program and funds provided by Wake 12 Stihmer W. 1992. Electrophysiological recording froxienopus
Forest University. oocytes. Meth Enzymol 207: 319-339.

Journal of Industrial Microbiology & Biotechnology



