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The electrophysiological properties of cultured giant
interneurons isolated from the terminal ganglion of adult
crickets (Gryllus bimaculatus) were investigated using
whole-cell patch-clamp techniques. To allow for
unequivocal identification of these interneurons in cell
culture, a protocol for fast and selective labeling of their cell
bodies was established. Prior to cell dissociation, the giant
interneurons were backfilled through their axons in situ
with a fluorescent dye (dextran tetramethylrhodamine). In
primary cell cultures, the cell bodies of giant interneurons
were identified among a population of co-cultured neurons
by their red fluorescence.

Action potentials were recorded from the cell bodies of
the cultured interneurons suggesting that several types of
voltage-activated ion channels exist in these cells. Using
voltage-clamp recording techniques, four voltage-
activated currents were isolated and characterized.

The giant interneurons express at least two distinct
K+ currents: a transient current that is blocked by 4-
aminopyridine (4×10−3 mol l−1) and a sustained current
that is partially blocked by tetraethylammonium
(3×10−2 mol l−1) and quinidine (2×10−4 mol l−1). In
addition, a transient Na+ current sensitive to 10−7 mol l−1

tetrodotoxin and a Ca2+ current blocked by 5×10−4 mol l−1

CdCl2 have been characterized. This study represents the
first step in an attempt to analyze the cellular and ionic
mechanisms underlying plasticity in the well-
characterized and behaviorally important giant
interneuron pathway in insects.

Key words: invertebrate, insect, cricket, Gryllus bimaculatus, ventral
nerve cord, electrophysiology, identified neuron, cell culture, esca
behaviour, giant interneuron.
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Giant interneurons (GIs) are important components of 
neural circuitry controlling escape behavior in man
invertebrates (Wine and Krasne, 1982; Eaton, 1984; Cam
1988; Gras and Hörner, 1992). In arthropods, including inse
and crustaceans, a wealth of information is available about
physiology and functional significance of these ke
interneurons (Wine and Krasne, 1982; Glanzman and Kras
1983; Ritzmann and Pollack, 1986; Camhi, 1988; Hörn
1992; Hörner et al.1997c; Yeh et al.1997).

The giant fiber system in orthopteran insects such as cric
or cockroaches consists of bilaterally symmetrical pairs 
interneurons whose somata are located in the terminal gang
(TG). Their axons ascend the ventral nerve cord contralat
to the cell bodies (Roeder, 1948; Mendenhall and Murph
1974; Jacobs and Murphey, 1987) all the way to the thora
and head ganglia (Parnas and Dagan, 1971; Kämper, 1
Kohstall-Schnell and Gras, 1994). The GIs receive excitat
input via cholinergic synapses (Sattelle, 1985) from cerc
receptors mediating afferent input from the cerci, which a
paired abdominal sensory organs that react to deflections o
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wind-sensitive filiform hairs on their surface (Edwards and
Palka, 1974; Palka and Olberg, 1977; Tobias and Murphe
1979; Kämper, 1984; Kanou and Shimozawa, 1984).

Electrophysiological studies in orthopteran insects hav
shown that the responses to wind stimuli in GIs can b
modulated by the biogenic amines octopamine, serotonin 
dopamine (Goldstein and Camhi, 1991; Weisel-Eichler an
Libersat, 1996; Meusen et al.1997). Moreover, the strength of
the synaptic coupling between the interneurons and the
efferent motor targets in thoracic ganglia is also influenced b
biogenic amines (Casagrand and Ritzmann, 1992; Weise
Eichler and Libersat, 1996). The probable neuronal sources 
amines have been described at the cellular level b
immunocytochemistry in crickets (Spörhase-Eichmann et al.
1992; Hörner et al.1995, 1996).

Despite the available information about the effects of amine
on the giant fiber pathway, the precise target sites and t
cellular mechanisms of aminergic modulation are not we
understood. For example, in intact preparations, it has be
difficult to differentiate between the direct effects of amines
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on the interneurons themselves and indirect effects due
modulation of their synaptic inputs.

In the present study, we describe a method of identifying
culture the somata of GIs that have been isolated from the
of adult crickets. Similar methods have been used to la
vertebrate (Dale, 1991) and insect (Hayashi and Levine, 19
motoneurons prior to placing them in culture. By takin
advantage of the controlled conditions provided by cell cultu
we have characterized voltage-activated outward and inw
currents using whole-cell patch-clamp recording techniqu
This approach allows us to investigate the intrins
physiological properties of interneurons that are devoid of th
synaptic inputs. Such studies provide the basis for fut
voltage-clamp investigations of plasticity in this anatomica
and functionally well-described neuronal pathway.

Preliminary results from these studies have been publis
in abstract form (Hörner et al.1997a,b).

Materials and methods
Animals

Adult male and female crickets (Gryllus bimaculatusde
Geer) were used in these experiments. The animals w
housed in crowded breeding colonies, fed ad libitum, and kept
under a constant 12 h:12 h L:D photoperiod at 28 °C.

Backfilling of giant interneurons

Animals were mounted ventral side up in a wax dish, a
the ventral sclerites anterior to the TG were removed. To all
selective labeling of the GI somata located in the TG, t
abdominal connectives were exposed. The connectives w
cut posterior to the fifth abdominal ganglion and immersed 
30 s in a small Vaseline trough filled with distilled wate
Subsequently, the cut ends of the connectives were imme
in 1 % (w/v) dextran tetramethylrhodamine (Mr 3000, anionic,
lysine-fixable; Molecular Probes, Eugene, OR, USA) 
distilled water. To prevent drying of the preparation an
leakage of the dye, the incubation chamber was carefu
sealed with Vaseline. For backfilling the somata of G
preparations were kept in the dark at 5 °C for 2–4 h.

The number of labeled neurons filled was checked with
epifluorescence microscope, and photographs were take
some of the preparations (Zeiss Axioskop equipped with 
epifluorescence illumination and appropriate filter se
excitation at 546 nm; beam splitter, 580 nm; emission 
590 nm).

Cell culture

After backfilling, the TGs from four cold-anesthetize
crickets were pooled and rinsed thoroughly in cold ster
culture saline (see below). Prior to dissociation of neurons, 
outer sheaths of the ganglia were removed. Neurons w
cultured according to methods originally described by Haya
and Hildebrand (1990). Ganglia were immersed in cold ste
culture saline containing (in mmol l−1): 149.9 NaCl, 3 KCl, 3
CaCl2, 0.5 MgCl2, 10 Tes, 11 D-glucose as well as 6.5 g l−1
 to
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lactalbumin hydrolysate, 5 g l−1 TC yeastolate (Difco), 10 %
fetal bovine serum (FBS), 100 i.u. ml−1 penicillin and
100µg ml−1 streptomycin, adjusted to pH 7 (with NaOH) and
360 mosmol l−1 (with mannitol). For tissue dissociation, the
desheathed ganglia were subsequently transferred into Han
Ca2+- and Mg2+-free buffered salt solution containing
0.5 mg ml−1 collagenase (Worthington) and 2 mg ml−1 dispase
(Boehringer Mannheim, grade II, protease neutral) for 2 min 
37 °C. Dissociation of neurons was aided by trituration with
fire-polished Pasteur pipette. The enzyme treatment w
terminated by centrifugation (at 1000 rpm for 10 min in 
benchtop centrifuge) of the cells through 6 ml of culture salin
(see above) and then through an equal volume of cultu
medium. The culture medium was Leibovitz’s L15 medium
(Gibco) to which was added (per 500 ml; see Hayashi a
Hildebrand, 1990): 185 mg of alpha-ketoglutaric acid, 200 m
of fructose, 350 mg of glucose, 335 mg of malic acid, 30 mg 
succinic acid, 1.4 g of TC yeastolate, 1.4 g of lactalbum
hydrolysate, 0.01 mg of niacin, 30 mg of imidazole and 2.5 m
of stable vitamin mix as well as 10 % FBS, 100µg ml−1

streptomycin and 100 i.u. ml−1 penicillin. The medium was
adjusted to pH 7 (with NaOH) and 360 mosmol l−1 (with
mannitol) and sterilized by filtration (0.22µm pore size) prior
to use. After centrifugation (at 1000 rpm for 10 min in a
benchtop centrifuge), the cells were resuspended in a sm
volume of culture medium (100µl per dish, cells from four
TGs were plated in three dishes) and allowed to settle a
adhere to the surface of culture dishes coated wi
concanavalin A (Sigma, 200µg ml−1) and laminin
(Collaborative Biomedical Products, 2µg ml−1). The cultures
were placed in a humidified incubator at 26 °C. The cells we
used for electrophysiological experiments within 1–2 days, b
they could be maintained in culture for 10–20 days.

Physiological recordings

Whole-cell gigaohm seal recordings were performed at roo
temperature (20 °C) according to methods described by Ham
et al.(1981). Electrodes (1–4 MΩ) were made from borosilicate
glass (100µl micropipettes, o.d. 1.71 mm, i.d. 1.32 mm, VWR
Scientific, West Chester, Pasadena, CA, USA) using a Flamin
Brown puller (P-87, Sutter Instrument Corp., San Rafael, C
USA) and filled with a solution containing (in mmol l−1): 150
potassium aspartate, 10 NaCl, 2 MgCl2, 1 CaCl2, 10 EGTA, 2
ATP and 5 Hepes, adjusted to pH 7 (with KOH) and t
330 mosmol l−1 (with mannitol). An Olympus IMT-2 inverted
microscope equipped with epifluorescence and Hoffma
modulation contrast optics (Modulation Optics Inc., Greenval
New York, USA) was used to visualize cells and to aid in th
placement of patch electrodes on cells. The fluoresce
illumination, which was necessary for cell identification, wa
used only briefly to prevent photodamage to the cells. T
facilitate the formation of high-resistance (GΩ) seals, the
culture medium was replaced with insect saline immediate
before recording. The insect saline contained (in mmol l−1): 150
NaCl, 4 KCl, 6 CaCl2, 5 D-glucose and 10 Hepes, adjusted to
pH 7 (with NaOH) and to 360 mosmol l−1 (with mannitol).
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Whole-cell recordings were made using an Axopatch 1
amplifier (Axon Instruments, Foster City, CA, USA). The cel
were examined both in current-clamp and in voltage-clam
mode. The data were digitized using a TL-1 or Digidata 12
interface (both Axon instruments) and pClamp 6 softwa
(Axon Instruments) run on a Gateway 2000 Spacecow i304
PC. The electrophysiological data were sampled at interval
100µs and filtered at 2 kHz with a four-pole Bessel filte
Junction potentials were nullified prior to seal formation, a
the pipette and membrane capacitances were compensate
Series resistance compensation of 60–80 % was also app
In addition, in most recordings, a P/4 protocol (see Armstro
and Bezanilla, 1974) was used. The software programs pCla
6, Axograph 3 (Axon Instruments) and Delta Grap
(Deltapoint) were used for data analysis.

Current isolation

Individual ionic currents were isolated using a combinatio
of pharmacological agents, ion substitution and appropri
voltage protocols. A transient Na+ current (INa) was blocked
using tetrodotoxin (TTX, 10−7mol l−1), while Ca2+ currents
(ICa) were blocked with CdCl2 (5×10−4mol l−1). To confirm
that the CdCl2 block of ICa was effective in eliminating Ca2+-
activated K+ currents, in some experiments Ba2+ was used in
place of extracellular Ca2+. A transient K+ current (IA;
nomenclature adapted from Connor and Stevens, 1971) 
blocked with 4-aminopyridine (4-AP, 4×10−3mol l−1), while a
sustained K+ current (IK(V)) was selectively blocked by
quinidine (2×10−4mol l−1). In addition, tetraethylammonium
(TEA+, 3×10−2mol l−1) blocked IK(V) and Ca2+-activated K+

currents (IK(Ca)). As noted above, the latter currents were al
eliminated when Ca2+ currents were blocked by CdCl2. CsCl
replaced potassium aspartate in electrodes when all K+ currents
had to be blocked.

The voltage-dependence of activation of IA and IK(V) was
determined by converting the peak currents to pe
conductances (g) and scaling them as a fraction of th
calculated maximal conductance (gmax). The equilibrium
potential (EK) was calculated using the Nernst equatio
assuming that the intracellular K+ concentration is equal to the
K+ concentration in the pipette solution. The resultin
conductance/voltage (g/V) curve was fitted to a third-order
(n=3) and a first-order (n=1) Boltzmann equation of the
following form:

g/gmax = 1/{1 + exp[(VA − V)/s]} n , (1)

where gmax is the maximal conductance and s is a slope factor.
For the third-order Boltzmann fit, VA is the voltage at which
half-maximal activation of the individual gating steps occur
assuming a third-order activation relationship according to 
model of Hodgkin and Huxley (1952). For the first-orde
Boltzmann fit, VA(=V0.5) is the voltage of half-maximal
activation of the peak current. For INa and ICa, the voltage-
dependence was analyzed from current/voltage plots.

Steady-state inactivation for all currents was measured fr
a holding potential of −60 mV throughout. Voltage presteps o
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200–1000 ms duration were delivered at 5 or 10 mV increme
starting from −100 mV. Each prestep was followed by tes
pulses to −10 mV or +20 mV, and the peak current wa
measured. The data, normalized as a fraction of the calcula
maximal conductance (for IA, IK(V)) or current (for INa), were
fitted with a first-order Boltzmann equation based on the mo
of Hodgkin and Huxley (1952; equation 1). To determine t
conductance/voltage or current/voltage curves, the isola
current data from different experiments were pooled a
averaged (for details, see figure legends).

Time constants τ for activation and inactivation were
determined by fitting the rising or falling phase of the curren
with multiexponential curve-fitting routines provided within
the pClamp 6 software package using the equation:

where In and τn are the maximal amplitudes and time constan
respectively, of the different components, t is time and I0 is the
amplitude of current that does not inactivate with time. If th
activation was too fast for reliable fitting, the time to pea
current was measured instead.

Results
Labeling and identification of giant interneurons

By backfilling connectives with dextran
tetramethylrhodamine for 2–4 h, we reliably stained the c
bodies of GIs in the TG (Fig. 1A). A good correlation wa
found between the numbers of somata labeled and the dura
of dye application. With their large-diameter axons, the c
bodies of the GIs were always the first to show staining. T
interneurons were easily identified by the position of th
somata in the ganglion (Fig. 1A,B) and by the characteris
shape of their major dendrites. The morphological features
neurons labeled with dextran tetramethylrhodamine we
indistinguishable from those injected with the dye Lucife
Yellow (Fig. 1A,C,D).

Using epifluorescence, labeled somata displaying a stro
red fluorescence were easily detectable against the w
background fluorescence in the culture dish (Fig. 2A). In th
way, the GIs were differentiated from other neurons. A typic
culture dish contained 0–5 labeled GI cell bodies (typica
cells from four animals were plated out in three culture dishe
No obvious differences were detected between labeled 
unlabeled cells. After identification of the GIs, thei
electrophysiological properties were investigated using t
whole-cell patch-clamp technique in current- and voltag
clamp mode.

Tissue culture

Neurons that were freshly dissociated from ganglia of ad
animals readily attached within 1–2 h to the surface of a cult
dish. Very thin filopod-like processes were detectable in t
phase-contrast microscope at high magnification 2–3 h a

(2)








− t

τ1
I = I0 + I1exp + ... + Inexp ,









− t

τn
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Fig. 1. Identification of giant
interneurons (GIs) in the terminal
ganglion (TG) of the cricket Gryllus
bimaculatus. (A) Whole-mount
preparation of the TG showing the
location of somata from GIs as revealed
by backfilling of both connectives with
dextran tetramethylrhodamine and
viewed with epifluorescence
illumination (montage of two planes of
focus; anterior is up; incubation time
2.5 h; cell bodies from GIs are partially
out of focus; compare with B–D). The
soma of the medial GI (MGI, upper
right arrowhead) is located in an
anterior position contralateral to the
major branchings (lower left
arrowhead) in the synaptic region, and
its ascending axon crosses the
ganglionic midline via a commissure
(middle arrowhead). The cell body of
the lateral GI (LGI, upper left arrow) is
located in a more posterio-lateral region
contralateral to the dendritic
arborizations (lower right arrow).
(B) Schematic drawing of the
morphology of GIs in the TG as
revealed by cobalt backfilling
(nomenclature according to Jacobs and
Murphey, 1987). (C) Single cell
staining of an MGI after intracellular
injection of the fluorescent dye Lucifer
Yellow into the major inner branch,
which connects to the neurite and soma
in the other ganglion hemisphere
(montage of two planes of focus;
arrowheads are as in A). (D) Single cell
staining of an LGI after intracellular
injection of the fluorescent dye Lucifer Yellow at the site where the axon emerges from the dendritic region (montage of two planes of focus;
arrows are as in A). N8–N10, nerves 8–10. Scale bars, 100µm.

B

7-1a
7-2a

8-2a

9-1b

9-2a

9-3a

10-3a

10-2a
11-1a

N10

N9

N8

8-1a
(MGI)

9-1a
(LGI)

Fig. 2. Identification of giant
interneurons (GIs) in primary cell
culture. (A) Neurons dissociated from
the terminal ganglia (TG) after 1 day
in cell culture viewed with
epifluorescence illumination. Among
neurons of similar size and shape,
the cell body of a GI shows
strong fluorescence (arrowhead).
(B,C) Morphology of unlabeled
unidentified neurons isolated from the
TG after 3 weeks in cell culture. The
neurons form extensive branchings
revealing different cell types. Scale
bars, 50µm.
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Fig. 3. Current/voltage (I/V) relationships from two giant
interneurons (GIs) in culture. Current-clamp recordings dur
injection of current pulses with varying amplitudes (300 ms, 100
steps). Voltages were measured at the end of the current pu
(A) Example of a GI with a high resting potential (−59 mV). The
neuron starts to generate action potentials at voltages more po
than approximately −40 mV. (B) I/V relationship based on the
recording shown in A. The cell input resistance, determined from
linear part of the I/V plot, is 140 MΩ. (C) Example of a GI with a
low resting potential (−47 mV). The neuron does not generate spik
when depolarized from this membrane potential, but shows str
rectification during injection of depolarizing currents. (D) I/V
relationship based on the recording shown in C. The cell in
resistance, determined from the linear part of the I/V plot, is 125 MΩ.
Both cells show a ‘sag’ trajectory when stepped to membr
potentials around −100 mV (or more negative), resulting in 
reduction in the slope of the I/V plot in the negative voltage range
IM, membrane current; EM, membrane potential.
plating. Small primary neurites were seen after 1 day, and c
survived in culture for up to 3 weeks. After 1 week in cultur
widely distributed arborizations could be observed in many
the cultured neurons. The different shapes and patterns of
arborizations growing from the somata suggested the prese
of different cell types in the cultures (Fig. 2B,C).

Current-clamp recordings

Current-clamp recordings from two identified GIs are show
in Fig. 3A,C. The resting potentials of the cultured G
measured immediately after breaking into the cells ranged fr
−40 mV to −60 mV. This value is similar to values observed 
GIs in intact ganglia (Meusen et al.1997; Heblich and Hörner,
1998). However, because the pipette solution diffuses into 
cell as soon as the membrane is ruptured (Pusch and Ne
1988), these values may differ slightly from the true resti
potential. In contrast to recordings under in vivo conditions
(Murphey, 1973; Murphey et al.1977; Meusen et al.1997; see
also Discussion), many of the GIs generated action potent
ells
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in response to depolarizing current injection (Fig. 3A)
suggesting the existence of at least two types of voltag
activated ion channels. Cells with lower (i.e. more positive
membrane potentials often did not fire action potentials whe
depolarized from the resting potential (Fig. 3C). Howeve
action potentials could often be triggered in these cells if th
depolarizing pulse was preceded by a hyperpolarizing ste
suggesting that the low resting potential had led to inactivatio
of Na+ channels.

Linearly increasing hyperpolarizing current pulses produce
linearly increasing membrane potentials. However, a
potentials more negative than approximately −100 mV, a
characteristic ‘sag’ trajectory (Fig. 3A,C) was seen, whic
resulted in non-linear current–voltage relationship
(Fig. 3B,D). This finding indicates the presence of a slo
hyperpolarization-activated inward current in many of thes
neurons. Occasionally observed post-inhibitory rebound aft
hyperpolarization (Fig. 3C) supports this hypothesis.

Voltage-clamp recordings

When depolarizing voltage steps were delivered from 
holding potential of −60 mV, a fast transient inward current
was seen, followed by a sustained outward current (data n
shown). Both the inward and outward currents are 
combination of several ionic currents. Using ion substitution
pharmacological reagents and appropriate voltage protoco
several components were isolated from the inward and outwa
currents.

Outward currents

To measure outward currents, the transient inward curre
(INa) was blocked using TTX (10−7mol l−1) and Ca2+ currents
were blocked with CdCl2 (5×10−4mol l−1). Experiments in
which the intra- and extracellular K+ concentrations were
varied suggest that K+ is the major charge carrier of the
outward current. Moreover, when Ca2+ or Na+ currents were
blocked, the magnitude and form of K+ current profiles were
altered, suggesting that Ca2+- and Na+-sensitive K+ currents
might exist in GIs. These were not explored further. Durin
CdCl2 block of ICa, replacement of extracellular Ca2+ with
Ba2+ had no further effect on the outward currents. In thi
study, we focus on voltage-activated ion-insensitive K+

currents, of which at least two exist in these neuron
(Fig. 4A,B): (1) a transient current (IA) and (2) a sustained
current (IK(V)). Both currents could be completely abolished b
using K+-free patch pipette solutions. Both currents were see
in all neurons investigated, but the ratio between IA and IK(V)

showed considerable variation.

Transient K+ current (IA)

To measure IA (Fig. 5; N=6), the cells were superfused with
saline containing 10−7mol l−1 TTX, 2×10−4mol l−1 quinidine
and 5×10−4mol l−1 CdCl2. IA activates at voltages above −40
to −30 mV and shows a rapid activation followed by a deca
due to inactivation during a maintained depolarizing voltag
step (Fig. 5A,B). Both activation and inactivation kinetics ar
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A

B 100 ms

50 nA

Fig. 4. Voltage-activated K+ currents recorded from two differen
giant interneurons in 10−7mol l−1 tetrodotoxin and 5×10−4mol l−1

CdCl2 (holding potential −70 mV; potential steps from −70 mV to
+70 mV in 10 mV increments). The current profiles consist of at l
two components: (1) a transient current (IA) and (2) a sustained
current (IK(V)). Note the different ratios of IA to IK(V) in the two
different neurons in A and B.

−0.25

0

−100 −50 0 50
EM (mV)

0.25

0.5

0.75

1

1.25

−0.25

0

−150 −100 −50 0
Epre (mV)

0.25

0.5

0.75

1

1.25

B

50 ms

0.5 nA

50 ms
0.1 nA

g/
g m

ax
g/

g m
ax

A

DC

100

50
voltage-dependent (Fig. 5A–D). The time to peak curre
decreased with increasing command voltage steps (Fig. 5E)A

inactivates with a short (τ1) and a long (τ2) time constant, both
of which decreased when command voltages were increas
(Fig. 5F,G).

Once inactivated, inactivation must be removed b
hyperpolarization to allow a new activation. The conductanc
voltage relationship for steady-state activation (Fig. 5B) show
a typical voltage-dependence for activation of IA and was fitted
to third- and first-order Boltzmann equations (equation 1
These fits show a half-maximal activation for the individua
gating steps at −27.4 mV (s=−17.4), leading to half-maximal
activation of the peak-current at −3.6 mV (s=−13.2; see
Materials and methods for details). The voltage-dependence
the steady-state inactivation (Fig. 5C,D) is fitted well by a firs
order Boltzmann equation (equation 1). The voltage for ha
maximal inactivation was −40.8 mV (s=+12.3).
Fig. 5. Transient K+ current (IA). (A) Current traces for steady-sta
activation of IA (holding potential −60 mV; following a 500 ms
prepulse to −90 mV, voltage was stepped from −70 mV to +70 mV in
10 mV increments). (B) Conductance/voltage (g/V) relationship for
steady-state activation of IA. Conductances were calculated assum
an equilibrium potential for K+, EK, of −91.6 mV (see Materials an
methods). Values are means ±S.E.M. from six experiments, expresse
as a fraction of the calculated maximal conductance gmax. The curve
is a fit of a third-order Boltzmann equation with the followi
variables: VA=−27.4 mV; s=−17.4 (see equation 1). (C) Curre
traces for steady-state inactivation of IA (holding potential −60 mV).
Test pulses (+20 mV) were preceded by 100 ms voltage pu
between −100 mV and −20 mV in 10 mV increments
(D) Conductance/voltage relationship for steady-state inactivatio
IA. The curve is a fit of a first-order Boltzmann equation with 
following variables: V0.5=−40.8 mV; s=+12.3. (E) Time to the pea
current/voltage relationship for activation of IA. (F,G) Time constant
(τ)/voltage relationship for the fast (F; τ1) and slow (G; τ2) time
constants observed for inactivation of IA. Values are means ±S.E.M.
from six experiments. EM, membrane potential; Epre, voltage of the
prestep.
Sustained K+current

To isolate IK(V) (Fig. 6; N=8), the cultured neurons were
superfused with saline containing 10−7mol l−1 TTX,
4×10−3mol l−1 4-AP and 5×10−4mol l−1 CdCl2. IK(V) activates
at voltages above −50 to −40 mV (Fig. 6A,B). The isolated
IK(V) did not decay during maintained depolarizing voltag
steps (compare Fig. 6A,B with Fig. 5A,C). The
conductance/voltage relationship for steady-state activati
(Fig. 6B) was typical for IK(V). The curves were fitted with
third- and first-order Boltzmann equations (equation 1). Th
third-order curve shows half-maximal activation for eac
gating step at −15.2 mV (s=−33.4), leading to half-maximal
activation of the peak-current at +23.3 mV (s=−21.4). IK(V)

showed little or no inactivation (Fig. 6C) even with
depolarizations lasting 1 s or longer. IK(V) activates with a
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Fig. 6. Sustained K+ current (IK(V)). (A) Current traces
for steady-state activation of IK(V) (holding potential
−70mV; voltage was stepped from −70mV to +70mV
in 10mV increments). (B) Conductance/voltage (g/V)
relationship for steady-state activation of IK(V).
Conductances were calculated assuming an equilibrium
potential for K+, EK, of −91.6mV (see Materials and
methods). Values are means ±S.E.M. from eight
experiments, expressed as a fraction of the calculated
maximal conductance gmax from each experiment. The
curve is a fit of a third-order Boltzmann equation with
the following variables: VA=−15.2mV; s=−33.4mV.
(C) Current traces for steady-state inactivation of IK(V)

determined by applying voltage pulses (1000ms)
between −100mV and −40 mV in 10mV increments
prior to test pulses to +20mV (holding potential
−60mV). Data for steady-state inactivation of IK(V) are
not plotted because IK(V) does not show obvious
inactivation. (D) Time constant (τ)/voltage relationship
for activation of IK(V). Values are means ±S.E.M. from
eight experiments. EM, membrane potential.
single time constant τ, which decreased with increasing
command voltage steps (Fig. 6D).

Inward currents

To analyze the inward currents, outward currents we
blocked by substituting Cs+ for K+ in the patch pipette solution
and by adding 3×10−2mol l−1 TEA+ and 4×10−3mol l−1 4-AP
to the extracellular solution. The remaining inward curre
consisted of a rapidly activating/inactivating component and
more slowly inactivating component. The transient compone
was a Na+ current, and most of the sustained compone
represented a Ca2+ current.

Na+ currents

To measure INa (Fig. 7; N=3), the cultured cells were
superfused with saline containing 4×10−3mol l−1 4-AP,
3×10−2mol l−1 TEA+ and 5×10−4mol l−1 Cd2+. The remaining
inward current could be blocked by 10−7mol l−1 TTX and was
reversibly eliminated when choline chloride replaced NaCl 
the extracellular solution (data not shown). INa activates and
inactivates very rapidly (Fig. 7A). Once inactivated
inactivation must be removed by hyperpolarization prior to
new activation. In many recordings from GIs, INa appeared
abruptly during gradual increases in the voltage ste
indicating imperfect voltage control (data not shown). Th
possible reasons for this are considered in the Discuss
Recordings indicating poor voltage control have not be
included in the quantitative data analysis. The current/volta
relationship for steady-state activation (Fig. 7B), determin
from the peak currents, was typical for activation for INa. The
current is activated at potentials more positive than −35 to
−30 mV, and the maximum current is seen at approximat
−10 mV. This current decreased with more positive test puls
as they approached the Na+ equilibrium potential (+68 mV; this
re
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value was calculated using the Nernst equation and assum
that the intracellular Na+ concentration is equal to the Na+

concentration in the pipette solution).
The voltage-dependence of steady-state inactivatio

(Fig. 7C,D) is fitted well by a first-order Boltzmann equation
(equation 1). The voltage for half-maximal inactivation wa
−40.4 mV (s=+8). Activation and inactivation kinetics for INa

are both voltage-dependent. The time to peak current decrea
with increasing command voltage steps (Fig. 7E). INa

inactivates with a single time constant that decreased w
increasing command voltage steps (Fig. 7F).

When the transient Na+ current was recorded under the
conditions described, we often detected a sustained compon
to the inward current (Fig. 7A,C). This component was no
blocked by CdCl2 (5×10−4mol l−1) but could be eliminated by
TTX (10−7mol l−1; data not shown), indicating the presence o
a sustained Na+ current.

Ca2+ currents

To study ICa (Fig. 8; N=4), the cultured cells were
superfused with saline containing 10−7mol l−1 TTX,
4×10−3mol l−1 4-AP and 3×10−2mol l−1 TEA+. ICa could be
blocked by CdCl2 (5×10−4mol l−1) and was eliminated when
CaCl2 in the extracellular solution was substituted by MgCl2.
ICa activated rapidly and inactivated slowly during a
maintained depolarizing voltage step (Fig. 8A). The
current/voltage relationship for steady-state activatio
(Fig. 8B) for the peak currents shows a typical voltage
dependence for activation for ICa. This current was activated
at command potentials more positive than −40 to −30 mV, with
a maximum at approximately −10 mV. The current decreased
during more positive test pulses as they approached the C2+

equilibrium potential (more positive than +45 mV, estimated
using the Nernst equation and assuming that the intracellu
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Fig. 8. Ca2+ current (ICa). (A) Current traces for steady-activation of
ICa (holding potential −60 mV; voltage was stepped from −40 mV to
−5 mV in 5 mV increments). (B) Current/voltage relationship for
steady-state activation of ICa. Values are means ±S.E.M. from peak
currents measured in four experiments. (C) Current traces for steady-
state inactivation of ICa (holding potential −60 mV; the original
traces show test pulses to −10 mV preceded by 1000 ms voltage
pulses between −90 mV to −10 mV in 10 mV increments).
(D) Current/voltage relationship for steady-state inactivation of ICa.
Values are means ±S.E.M. from peak currents measured in four
experiments. (E) Time to peak current/voltage relationship for
activation of ICa. IM, membrane current; EM, membrane potential;
Epre, voltage of the prestep.
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Fig. 7. Transient Na+ current (INa). (A) Current traces for steady-
state activation of INa (holding potential −70 mV; voltage was
stepped from −55 mV to +20 mV in 5 mV increments).
(B) Current/voltage relationship for steady-state activation of INa.
Values are means ±S.E.M. from peak currents measured in thre
experiments. (C) Current traces for steady-state inactivation ofNa

(holding potential −60 mV; test pulses to +20 mV were preceded 
1000 ms voltage pulses between −100 mV to +20 mV in 10 mV
increments). (D) Current/voltage relationship for steady-st
inactivation of INa. Values are means ±S.E.M. from three
experiments, expressed as a fraction of the maximal current Imax

from each experiment. The curve is a fit of a first-order Boltzma
equation with the following variables: V0.5=−40.4 mV; s=+8.
(E) Time to peak current/voltage relationship for activation of INa.
(F) Time constant (τ)/voltage relationship for inactivation of INa.
Values are means ±S.E.M. from three experiments. IM, membrane
current; EM, membrane potential; Epre, voltage of the prestep.
Ca2+ concentration is much lower than 1 mmol l−1). Activation
kinetics for ICa are voltage-dependent (Fig. 8E); the time 
peak current decreased when command voltage steps
increasing amplitude were applied. The inactivation kinet
varied between recordings from different GIs. Steady-st
inactivation of ICa (Fig. 8C,D) was measured from a holdin
potential of −60 mV. Decreasing voltage steps (−100 mV to
−10 mV; 10 mV increments; 1000 ms) were followed by a te
to
 of

ics
ate
g

st

pulse to −10 mV. Steady-state inactivation increased with the
amount of depolarization of the prestep.

Generally, ICa decreased by more than 50 % within severa
minutes. This ‘rundown’ was increased with the number an
particularly the amplitude of depolarizing voltage steps
Substituting Ca2+ with Ba2+ increased the maximum amplitude
of the current, indicating that these ion channels were mor
permeable to Ba2+ than to Ca2+. However, this increase in
conductance often led to a loss of voltage control, and we d
not therefore study the Ba2+ currents in greater detail.

Discussion
In this paper, we describe a method that allows th

identification of giant interneurons (GIs) in primary cell
culture. To ensure an unequivocal identification of the GIs in
co-culture with other neurons, the cell bodies of the GIs wer
backfilled with a fluorescent dye prior to dissociation. Unde
controlled cell culture conditions, the voltage-activated
currents of the GIs were investigated using whole-cell patch
clamp recording techniques. Several ionic currents wer
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isolated and characterized using pharmacological, voltage 
ion-substitution protocols. The data on the GIs presented h
provide the basis for future investigations into the cellul
mechanisms underlying the plasticity of this importa
neuronal circuit controlling escape behavior in crickets a
many other arthropods.

Identification of giant interneurons in primary cell culture

Dextrans have been successfully used as in vivo dyes for
specific retro- and anterograde neuronal labeling (Schmueet
al. 1990; Dale, 1991; Pfahlert and Lakes-Harlan, 1997) or 
mapping cell fate during development (e.g. Rovainen, 199
Our results show that the GIs in the TG can be selectiv
labeled in vivo by conventional backfilling using the dye
dextran tetramethylrhodamine. The cell bodies and the ma
dendrites of the GIs were easily detected in situ using an
epifluorescent microscope, revealing all the maj
morphological features of these interneurons describ
previously using other methods (Mendenhall and Murphe
1974; Jacobs and Murphey, 1987; Meusen et al. 1997). The
yield of labeled GIs in culture (compared with the number 
neurons labeled in situ) ranged between 5 and 25 %, which wa
sufficient for the type of electrophysiological recording
reported here. Since the labeled GI cell bodies were visi
even when illuminated with a conventional light source in t
dissecting microscope, this method may also prove valua
for visualizing living neurons for electrophysiologica
investigations in semi-intact preparations.

In our experiments, the Mr 3000 dextrans were superior to
dextrans with higher relative molecular masses and also
other tracers (Altman and Tyrer, 1980; Strausfeld et al.1983;
Kita and Armstrong, 1991; Hayashi and Levine, 1992) in term
of the shorter exposure times necessary for specific, 
complete, labeling of GI cell bodies. The dye did not see
to leak out of the stained neurons nor did it show a
significant bleaching or phototoxicity during the brief exposu
to ultraviolet light necessary for cell identification. Th
labeling was visible in GI cell bodies for several days in c
culture.

The neurons survived for up to 3 weeks under the cho
culture conditions. Even though the cells were dissociated fr
adult crickets, the neurons formed extensive branchings du
2 weeks in culture, permitting the differentiation of cell type
(Fig. 2B,C). However, electrophysiological recordings we
made exclusively from neurons cultivated for 1–2 day
Despite the fact that these neurons could not be categor
morphologically at this stage, the GIs were easy to recogn
among co-cultured cells because of their fluorescent label
Thus, the procedure described allows recording from positiv
identified GIs immediately after plating. This reduces th
influence of the cell culture conditions on receptor/chann
expression often observed in insect neurons (Tribut et al. 1991;
Kirchof and Bicker, 1992). In addition, the spherical shape
the cell bodies without large neuritic arborizations 
advantageous for good voltage control in voltage-clam
experiments (see also below).
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Isolation of currents in identified giant interneurons
Current-clamp recordings from dextran-tetramethyl

rhodamine-labeled GIs revealed resting potentials similar 
those found in vivo (Murphey, 1973; Murphey et al. 1977;
Kämper, 1984; Kohstall-Schnell and Gras, 1994; Meusen et al.
1997; Heblich and Hörner, 1998). This observation confirm
that the chosen backfilling procedure did not cause obvio
changes in the physiological properties of the GIs (see a
below).

Spikes recorded from neurons in vivo and in vitro suggest
the presence of voltage-activated currents in GIs. In voltag
clamp experiments, we have so far been able to isolate fo
voltage-activated components, including K+, Na+ and Ca2+

currents. The properties of these currents are in many aspe
similar to those of currents found in other cell types in inse
preparations [Pichon and Boistel, 1967; Thomas, 198
Christensen et al.1988; Nightingale and Pitman, 1989; Lapied
et al. 1990; Stankiewicz et al. 1993; Grolleau and Lapied,
1994, 1995; Wicher et al. 1994; Mills and Pitman, 1997
(cockroach); Byerly and Leung, 1988; O’Dowd and Aldrich
1988; Solc and Aldrich, 1988; Baker and Salkoff, 1990; Leun
and Byerly, 1991; Saito and Wu, 1991; Hevers and Hardi
1995 (Drosophila); Hardie and Weckström (1990) (fly);
Schäfer et al. 1994 (honeybee); Laurent, 1991; Bermudez et
al. 1992; Benson, 1993 (locust); Zufall et al. 1991; Hayashi
and Levine, 1992; Mercer et al.1996 (hawkmoth)].

K+ currents

As in many other preparations, the K+ current found in GIs
consists of a transient and a sustained component. IA activates
and inactivates rapidly and is blocked by relatively low
concentrations of 4-AP, as reported for other systems. IA is
half-maximally activated at approximately −4 mV (s=−13).
This is 20–60 mV more positive than described in blowfl
monopolar cells (Hardie and Weckström, 1990), Drosophila
photoreceptors (Hardie, 1991; Hevers and Hardie, 1995) 
cockroach dorsal unpaired median (DUM) neurons (Grollea
and Lapied, 1995). This value is slightly more negative tha
that found in honeybee Kenyon cells (Schäfer et al.1994). The
voltage for half-maximal inactivation (−41 mV; s=+12) is very
close to that described in honeybee Kenyon cells (Schäferet
al. 1994) and is 10–60 mV more positive than that for IA in
blowfly monopolar cells (Hardie and Weckström, 1990)
Drosophilaphotoreceptors (Hardie, 1991; Hevers and Hardi
1995), cockroach DUM neurons (Grolleau and Lapied, 199
or in many cultured Drosophilacentral nervous system (CNS)
neurons (Solc and Aldrich, 1988; Saito and Wu, 1991).

The sustained IK(V) activates more slowly than IA and does
not show voltage inactivation. IK(V) is TEA+-sensitive and
resembles the delayed rectifier type of K+ current described in
other systems. The half-maximal voltage for activation i
+23 mV (s=−21). As described for IA, these values are
20–80 mV more positive than those reported for delayed K+

currents in blowfly monopolar cells (Hardie and Weckström
1990) or Drosophilaphotoreceptors (Hardie, 1991; Hevers an
Hardie, 1995).
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P. KLOPPENBURG ANDM. HÖRNER
In all GIs, we found both, IA and IK(V); however, their ratio
showed considerable variation. K+ currents play an important
role in shaping the spike form and in determining th
excitability of neurons (see Hille, 1992). It has been shown t
the properties of neurons are largely determined by the ty
of ion channel and the rate of channel expression for 
different channel types (see, for example, Baro et al.1997). It
will be interesting in the future to determine, using in vivo
voltage-clamp recordings from identified GIs, whether t
different ratios of K+ currents observed in cultured GIs can b
attributed to distinct GI types, possibly reflecting their speci
physiological properties and functions.

Na+ currents

Our recordings from the cell bodies of cultured GIs sho
large Na+ spikes, suggesting the presence of Na+ channels on
the soma or close to the recording site. This is in contrast tin
vivo recordings from the GI cell bodies in intact ganglia, whic
reveal low-amplitude action potentials indicating passive sp
propagation from the site of spike initiation remote from th
cell body (Murphey, 1973; Murphey et al. 1977; Kohstall-
Schnell and Gras, 1994; Meusen et al. 1997; Heblich and
Hörner, 1998). However, transient Na+ currents recorded from
cell bodies of cultured insect neurons have been describe
a number of different insect species [Byerly and Leung, 19
O’Dowd and Aldrich, 1988; Saito and Wu, 1991 (Drosophila);
Schäfer et al. 1994 (honeybee); Hayashi and Levine, 199
Mercer et al. 1996 (hawkmoth)]. This suggests that culture
insect neurons often express Na+ channels on the soma or in
newly generated processes close to it. Another factor that m
have induced the changes in the electrophysiological proper
in cultured GIs could be the complete loss of synaptic inp
Murphey and Levine (1980) showed that deafferentation
cricket GIs in vivo causes changes in their respon
characteristics.

Despite the observation that the neurons investigated did
have large processes, INa often appeared abruptly during a
gradual increase in the voltage steps, indicating imperf
control of space voltage. This observation suggests that at l
some of the Na+ channels are not located on the som
membrane but instead on newly formed processes. Altho
these very fine processes could not be discerned in labele
somata in the epifluorescence microscope because of h
intensity ultraviolet-light- induced fluorescence, they we
detectable using phase contrast optics at high magnificat
The spikes observed in GIs in vitro are therefore probably due
to a novel expression of Na+ channels, supporting the argumen
presented above.

The transient Na+ current of the GIs activates at voltage
above −35 to −30 mV and has its maximum at approximate
−10 mV. This is similar to transient Na+ currents observed in
other insect neurons [Byerly and Leung, 1988; O’Dowd a
Aldrich, 1988; Saito and Wu, 1991 (Drosophila); Schäfer et
al. 1994 (honeybee); Hayashi and Levine, 1992; Mercer et al.
1996 (hawkmoth); Tribut et al.1991 (cockroach)].

The voltage for half-maximal inactivation (−40 mV; s=+8)
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is 13 mV more positive than the value described in honeybe
Kenyon cells (Schäfer et al. 1994). While recording the
transient Na+ current, we usually observed a persistent TTX-
sensitive component. Persistent Na+ currents have also been
described in other insect neurons [Saito and Wu, 199
(Drosophila); Schäfer et al. 1994 (honeybee)]. However,
further experiments are necessary to confirm that the persiste
current observed in the GIs is indeed due to a Na+ current.

Ca2+ currents

ICa in the GIs activates rapidly and is followed by a slow
inactivation. ICaactivates at voltages above −40 to −30 mV and
has its maximum at −10 mV. This is similar to Ca2+ currents
described in other insect neurons [Byerly and Leung, 198
Saito and Wu, 1991 (Drosophila); Schäfer et al. 1994
(honeybee); Hayashi and Levine, 1992 (hawkmoth); Mills an
Pitman, 1997 (cockroach)]. Recordings from different GIs
reveal variability in the inactivation kinetics. The reason for
this must be determined in future experiments. Substitutin
Ca2+ with Ba2+ increased the maximum amplitude of the
current, indicating that these ion channels are more permea
to Ba2+ than to Ca2+, as has also been described for many othe
neuron types (see Hille, 1992). Since a Ba2+-induced increase
in conductance often led to loss of voltage control, we did no
study the Ba2+ currents in greater detail. For the same reason
we did not attempt to compare inactivation kinetics betwee
Ca2+ and Ba2+ currents in this study.

In most experiments, ICa showed a considerable ‘rundown’
over the recording time. It has been reported in some cell typ
that the rundown is slower when Ca2+ is replaced with Ba2+,
indicating a Ca2+-dependent inactivation or regulation of ICa

(e.g. Schäfer et al. 1994). In our experiments, the observed
‘rundown’ appeared to be accelerated with increasingl
positive voltage pulses. The Ca2+ influx, however, did not
increase further, but started to decrease at membrane potent
more positive than approximately −10 mV owing to the
equilibrium potential of Ca2+. This observation suggests that
at least part of the observed ‘rundown’ was voltage-depende
Further electrophysiological studies are necessary to compa
the pharmacological profile of the Ca2+ channels present in GIs
with those described in other insects (Mills and Pitman, 1997

Concluding remarks

During this study, we have gathered evidence for th
existence of several other currents not described in detail he
For example, hyperpolarization during the current-clamp
recordings revealed a characteristic ‘sag’ trajectory, often i
conjunction with post-inhibitory rebound, suggesting the
presence of a hyperpolarization-activated slow inward curre
in GIs. Such currents have been found in many cell types th
have post-inhibitory rebound properties and show bistability o
the membrane potential (see Hartline and Graubard, 1992).

Although we have not been searching systematically for ion
sensitive ionic currents, we observed a reduction in amplitud
and change in the form of the outward currents in experimen
during which Ca2+ or Na+ currents were blocked, suggesting
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the presence of Ca2+- and Na+-sensitive K+ currents. Ca2+-
dependent [Schäfer et al. 1994 (honeybee); Thomas, 1984
(cockroach); Wegener et al.1992 (locust)] and Na+-dependent
K+ currents have also been found in vertebrates a
invertebrates (Bader et al. 1985; Hartung, 1985; Dale, 1993
Grolleau and Lapied, 1994). Future studies will be necess
to investigate these currents in detail.

In conclusion, the approach described here permits 
investigation of individually identified GIs from the TG o
adult crickets in primary cell culture. The intrinsic propertie
of these interneurons isolated from their synaptic inputs can
studied selectively. In conjunction with the in vitro
experiments described here, we are currently studying 
effects of biogenic amines on the cholinergic sensory-to-gi
pathway in intact preparations using in vivo voltage-clamp
techniques. Our long-term goal is to investigate, using
parallel in vitro and in vivoapproach, the cellular mechanism
underlying the aminergic modulation observed in the gia
fiber pathway.
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early stage of this study. We also thank Ed Kravitz for h
hospitality during the writing of this manuscript at th
Marine Biological Laboratory, Woods Hole, and for his ver
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the Neurolab Mission of the NASA space shuttle flight ST
90 (90). The present work has been supported by the D
(SFB 406, C5), the Alexander von Humboldt Foundatio
(stipend to M.H.) and the Grass Foundation (Gra
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