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Summary

A local field potential, consistent in form and duration, the appearance of identifiable components of the field
can be recorded from the olfactory lobe of crayfish potential. We interpret the field potential to reflect the
following electrical stimulation of the outer flagellum of the  response of neural elements in the olfactory lobe to
antennule. The field potential is reversibly blocked by orthodromic activity in the axons of the olfactory receptor
perfusion of the brain with low-[Ca2*] saline or y- neurones on the antennule. We conclude from the blocking
aminobutyric acid and, to a lesser extent, histamine. Paired experiments that the greater part of the field potential
shocks to the antennule and antidromic electrical stems from neurones in the olfactory lobe that are
stimulation of olfactory lobe output neurones also partially — postsynaptic to olfactory receptor neurones. As such, it
block the field potential. Comparing the field potential with  provides a robust indication of olfactory neurone activity.
simultaneously recorded intracellular responses of
olfactory interneurones reveals a coincidence between
excitatory and inhibitory effects in the interneurones and Key words: crayfishCherax destructgrolfaction, field potential.

Introduction

Decapod crustaceans have chemoreceptors on thaystems is a multiplicity of input channels and a large number
antennules, antennae, mouthparts, chelae and walking legd.small neurones in the first synaptic stage. Exploration of
The unique aesthetasc sensilla on the outer flagellum of thieese first synaptic areas of vertebrates (olfactory bulb) has a
antennules, however, are the only chemoreceptors in decapddag history, and early extracellular recordings were followed
that have axons projecting exclusively to an area of glomerulday intracellular studies resulting in accurate anatomical and
neuropile, the olfactory lobes, in the brain. This set of receptoshysiological accounts of the neural elements and their
and the lobes to which they project are now generally identifiedonnectivity. Despite this body of information, the olfactory
as the ‘olfactory’ system of decapod crustaceans by analogystem is not as well understood as other sensory systems and
with the antennae and antennal lobes of insects and tlieere is still uncertainty about some of its most fundamental
olfactory epithelium and olfactory bulb of vertebrates. Thefunctional properties (see review by Shipley and Ennis, 1996).
output of the crustacean olfactory lobes is carried by projection The exploration of invertebrate olfactory systems has
neurones in the olfactory globular tract to the hemi-ellipsoidollowed a path similar to that taken for vertebrates and, while
body (Mellonet al. 1992; Mellon and Alones, 1997). This the diversity of invertebrates has meant that one cannot find
complex neuropile is located in the lateral protocerebrum nedne same close anatomical homologies evident among
the optic neuropiles (Sandemanal. 1992). vertebrates (Andres, 1970), details of neural elements and their

The many similarities between vertebrate and invertebratieinction in the olfactory systems of snails, insects and
olfactory systems, from receptor mechanisms through to therustaceans are slowly emerging. One of the most surprising
organization of the first synaptic neuropile into glomeruli, haveeomparative aspects of these studies is that many electrical
been well documented (Ache, 1991; Hildebrand, 1995responses of higher-order olfactory cells to afferent
Christensermt al. 1996; Hildebrand and Shepherd, 1997). Suctstimulation, whether recorded as field potentials or
parallels, in what appears to be an ancient and highly conserviedracellularly from single cells, are virtually identical in
sensory system, mean that comparative studies offer amrtebrate and invertebrate systems (Christeasah 1996).
opportunity to obtain general insights into the apparently The olfactory system of crustaceans, in particular freshwater
tightly constrained neural mechanisms that enable animals twayfish, marine lobsters and spiny lobsters, has quite recently
detect, sort and store information about many differenteceived increased attention and has reached the point where
odorants. A characteristic and universal feature of all olfactorthe neural components in the first stages of the olfactory
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pathway are known both anatomically and, in some casekteral blood vessel to one antennule were cannulated and
physiologically (Sandeman and Luff, 1973; Mell@t al. perfused with cold (16-18°C) saline (see below) from a
19923; Mellon and Alones, 1993; Sandeman and Sandemarpmmon supply line (Fig. 1A). The brain cannula was secured
1994; Wachowiak and Ache, 1994; Sandemaral. 1995, in the lumen of the cor frontale with a ligature, whereas the
Gomez and Atema, 198f; Wachowiaket al. 1996, 1997). lateral cannula lay free in the lumen of the dilated vessel to
Like all other olfactory systems, the afferent and centraprovide a pressure shunt. Saline flowed through the preparation
pathways of the crustaceans involve large numbers of smait 60 miitl. The preparation provided access to the dorsal
neurones that present the investigator not only with certaisurface of the brain while keeping the eyes, antennules and
technical difficulties in terms of obtaining electrical recordingsantennae intact. The oesophageal connectives were severed.
from such small elements without destroying them, but also iNeuronal responses to illumination of the eyes, to electrical or
drawing conclusions about how the system works from thehemical stimulation of the antennules and to touching the
responses of one element among many thousands. Tlaastennae were stable in such preparations for at least 8 h.
difficulty can be overcome by recording from a large number
of single neurones, but there are approximately 200000 Physiology
projection neurones in the olfactory lobe of a specimen of Electrical stimuli were applied to the distal third of the
Cherax destructowith a carapace length of 6 cm, making theexternal flagellum of the antennule (orthodromic) through two
gathering of a representative sample a challenging task. gilver wires on which the flagellum rested (Fig. 1A) and
solution to this dilemma is to record the field potentialthrough a glass suction electrode applied to the exposed
generated by large numbers of neurones in the hope thalfactory globular tract (antidromic) in the protocerebral
although such field potentials will not provide the precision otommissure on the contralateral side of the brain (Fig. 1B).
recording from the individual neurones, they can provide astimulation of the intact antennular flagellum, instead of
overview of those neurones acting in concert that will not bexposing the olfactory nerve that lies within it, has the
seen at the level of the single cell. Studies of local fieldlisadvantage of requiring much stronger currents to evoke
potentials in the olfactory systems of snails and insects haymtentials in the olfactory lobe. This was offset by the
provided valuable insights and were instrumental in revealingonvenience of the method and by the lack of damage to the
that populations of olfactory neurones oscillate in synchronglfactory nerve. The need for high-intensity single-pulse
following the application of odours to the chemoreceptors, atimulation was circumvented by applying a volley consisting
feature that may lie at the very core of the neural coding aff a pair of lower intensity 1ms pulses, 10ms apart. The
odorants (Gelperiet al. 1996; Laurent, 1996). olfactory globular tract stimulation was effective only when the
We have found that orthodromic electrical stimulation of thecleaned tip of the suction electrode (diameter approximately 30
outer flagellum of the crayfish antennule results in a large localm) rested firmly on the exposed surface of the tract. Small
field potential (LFP) in the olfactory lobe which is of relatively lateral displacements of the electrode tip or the presence of
long duration and consistent in form. Field potentials in thelial tissue between the electrode tip and the tract were enough
olfactory lobe can also be evoked by antidromic stimulation ofo prevent the stimulus from reaching and activating the tract.
output projection neurones in the olfactory globular tractSingle pulses of 0.1 ms duration were applied to the olfactory
Antidromic stimulation transiently inhibits orthodromic LFPs, globular tract.
suggesting the presence of a recurrent inhibitory pathway. In LFP recordings were made with saline-filled, glass patch
this report, we describe the nature of the field potentials arelectrodes with an internal tip diameter of B#b and a
their correlation with simultaneously recorded intracellularresistance in saline (see below) of approximatelyQl NThe
responses from olfactory interneurones. We have also exploretectrodes were coupled to a WPI DAM80 preamplifier with
the effect on the field potentials of perfusing the brain withithe high- and low-pass filter set to select a bandwidth from
saline containingy-aminobutyric acid (GABA), histamine, 0.1Hz to 1kHz.
picrotoxin and cimetidine because particular areas of the LFPs recorded between a monopolar focal electrode in a
crayfish olfactory lobe label strongly in response to antibodiecalised region of neuropile and a reference (ground)
to GABA and histamine. We conclude that the orthodromielectrode outside the neuropile reflect the sum of all currents
field potential is a robust measure of olfactory activity and ahat flow between the tissue in the vicinity of the electrode tip
useful tool in the study of olfactory processing in crayfish. and the reference electrode. Currents flowing in opposite
directions, for example, could partially or entirely cancel one
another out and perhaps go undetected. Details of the potentials
Materials and methods that are recorded depend on the nature of the neural tissue and
An Australian freshwater crayfishCherax destructor the placement of the recording and reference electrodes (Rall
(Clark), was used in this study. Animals were taken from pondand Shepherd, 1968; Hubbartdal. 1969; Galik and Conway,
near Sydney, kept in aquaria in the laboratory and fed on carrd®97), parameters that are often not simple to define or control
and ground beef. Experiments were performed on a seniin complex neuropile.
isolated, antennule—brain preparation, in which the cor The heterogeneity of the crayfish olfactory lobes required us
frontale, situated immediately anterior to the brain, and théo take steps to standardise our recording procedure.
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Fig. 1. (A) The isolated head preparationGiferax destructoshowing perfusion cannulae in the median artery of the brain and in the lateral
anterior artery on the left side of the cephalothorax. The rostrum of the animal points away from the viewer (into therselge)todthe top

of the page and the ventral floor of the cephalothorax is fastened in the clamp. Neuroactive substances (drugs) werealotrgdireed
sidearm through the T-junction, from where they were carried with the perfusing saline (arrows) into the median artergiof Hiectrical
stimuli were delivered to the outer flagellum of the left antennule through the two silver wires supporting it. (B) Dorséltivéearayfish

brain showing areas exposed in the isolated brain preparation. The sheath was removed over the olfactory (OL) and aqcledss\o(AL
the left side of the brain to allow local field potentials to be recorded with a glass patch electrode (EF) in the olfacaoy itafpacellular
responses (IC) to be recorded with a glass microelectrode from the cell bodies of the interneurones in cell cluster 11of Resnsivehth

over the protocerebral tract on the right side of the brain provides access to the olfactory globular tract, which wasl stithutaglass
suction electrode (OG).

Accordingly, our recording electrodes were all chosen to havéhe cerebral artery are therefore brought rapidly into close
very nearly the same tip diameters and were placed as neaagsociation with all areas of the brain including the olfactory
as possible at the same depth and in the same area of #rel accessory lobes.
olfactory lobe in all preparations. The reference electrode was A slight increase in flow rate in the perfusion cannulae was
always in the same position in the bathing solution near than inevitable consequence of injection of the neuroactive
surface of the olfactory lobe. Stimuli were applied at intervalsubstances, but controls in which normal saline was used
of 20-30s to exclude changes in the LFP amplitude due foroduced no observable effect. The lateral cannula also
fatigue or habituation. When such precautions were taken, thovided a release for pressure build-up in the medial cannula.
recorded LFPs repeatedly exhibited identifiable details. A disadvantage of this method is that it is not possible to
Intracellular recordings from the cell somata of type lllassess accurately concentrations of neuroactive substance
olfactory interneurones were made with KClI-filled (3m#jl reaching the tissues, and we found that preparations varied in
microelectrodes with a resistance of approximately &0 Ml their individual sensitivity to applied agents. A source of this
recordings were digitised and stored on magnetic tape (DTRariation may lie in the architecture of the blood system: there
1802, Biologic Instruments, France) and later analysed usirgre three large blood vessels that extend from the cor frontale,

a CED1401plus (Cambridge, UK) signal analyser. two of which go to the eyes. Tests with food dyes showed that,
o . while a proportion of the perfusion fluid in the cor frontale
Application of neuroactive agents always reaches the olfactory lobes, it also escapes to the eyes

The effect of neuroactive substances on the LFP wathrough small blood vessels, to the muscles of the gastric mill
explored by introducing these in saline from a microprocessoand from the median part of the brain when this was desheathed
controlled syringe pump (SP100i, WPI Instruments, Sarasoté&) gain electrode access to the olfactory lobe and olfactory
USA) connectedria a T-junction to the cannula entering the globular tract. All of these factors could have contributed to
cerebral artery, where it mixed with normal saline beforehe variability in sensitivity to applied agents that we found in
entering the brain (Fig. 1A). The cerebral artery enters thdifferent preparations.
brain on its dorsal side. Its main trunk passes through the brainGiven the difficulty of controlling the above variables, we
to the ventral side, where it divides into two large laterabdopted a procedure in which the perfusion syringe always
branches extending directly to capillary networks permeatingontained the neuroactive agent made up in saline to a
the olfactory and accessory lobes. Substances introduced irgoncentration of 3mmot}. The quantity and rate at which the
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agent was added to the median perfusion cannula were slowlyCentral neurones with their cell bodies in three separate
increased until an effect was observed, and then furthelusters are associated with the olfactory lobe. These consist
increased to test that the effect was dose-dependent. Wash-ofitwo groups of local neurones with their somata located in
and injection of saline controls from the syringe were alway$wo clusters (9 and 11), which lie medial to the olfactory lobe,
carried out after the administration of agents, and angnd the projection, or output, neurones with somata in a large
preparation that exhibited irreversible change was immediatelsluster lateral to the olfactory lobe (cluster 10) (Sandeatan
abandoned. Given the flow rates of the normal saline and addat 1992). There are approximately 70 000 local interneurones
agents, and assuming complete mixing of agent and salini@, cluster 9 and approximately 110000 projection neurones in
estimates were made of the concentrations of agents theuster 10 inC. destructorindividuals that have a carapace
arrived at the entrance to the brain blood system. These nevength of 4cm. Cell somata of projection neurones and local
exceeded 150molll and were usually effective at neurones in cluster 9 are characteristically small (1pwifh

concentrations from 40 to 1Q@nol 171, diameter), have nuclei that almost entirely fill the cell somata
_ . and have been referred to as ‘globuli’ cells (Hanstrém, 1925).
Salines and neuroactive substances Cell somata in cluster 11 range in diameter from 20 tn50

Normal saline contained 12 g of NaCl, 0.4 g of KCI, 1.5g ofwith the exception of the dorsal giant neurone, a unique 5HT-
CaCb2H,0, 0.25g of MgCl6H20 and 0.2g of NaHCgin IR cell (Sandemaret al. 1992; Sandeman and Sandeman,
11 of reverse-osmosis-treated water. 1994) that has a cell body 80-108 in diameter.

Ca*-free saline was prepared from normal saline from which
the CaCs was omitted. To preserve osmolarity, the quantity of Orthodromic local field potentials
NaCl was raised to 14.1g(Weast and Astle, 1983). An extracellular recording electrode driven into the

All neuroactive substances, GAB#4&minon-butyric acid, olfactory lobe in the absence of any stimulus to the antennule
C4H9NOy), histamine (6HoN32HCI), picrotoxin (GoH34013)  detects different kinds of activity at different levels. At the
and cimetidine (@H16NeS), were obtained from Sigma surface of the lobe, the electrode tip met mild resistance,
Chemicals, St Louis, USA. presumably from a layer of glial cells and afferent axons.
Advancing the electrode resulted in a large transient potential,
probably associated with the electrode tip breaking through a
) A glial cell layer and giving an immediate increase in the level

Anatomical organisation of the olfactory lobe of the recorded activity. Occasionally, single units were

The anatomy of the olfactory system@fierax destructor detected, but more usually the activity consisted of a
has been described in previous publications (Sandeman as@mpound mixture of slow and fast potentials. Advancing the
Luff, 1973; Mellonet al. 1992; Sandeman and Sandeman,tip further into the lobe was accompanied by a decrease in the
1994, Sandemaet al. 1992, 1994,b) and we limit ourselves |evel of baseline activity and sometimes by the presence of
here to those aspects that are relevant to the present study. Likeitary action potentials. Depth measurements showed that
other decapod crustaceans, olfactory receptor neuror@s in electrode tips recording this level of activity lay 100—160
destructorare collected into special aesthetasc sensilla founffom the surface of the lobe, suggesting that they were at or
only on the external ramus of the antennule. Axons from thesgiose to the bases of the glomeruli.
receptors project exclusively to the spherical olfactory lobes in In the initial stages of the investigation we sought some
the brain. The olfactory lobes €. destructor contain  confirmation that the electrical activity in the lobe had some
approximately 250 column-like glomeruli radiating out from relevance to chemoreception and the antennule. We positioned
the centre of the lobe, and the afferent axons enter these fram electrode so that the tip was 10041%s0deep in the lobe,
the periphery and extend down their entire length (Sandemand irrigated the antennule with a Pasteur pipette containing first
and Sandeman, 1994) like those in other crayfish (Mellon angiater and then a solution of fish food. Although qualitative and
Alones, 1993). not pursued further, the test showed that an increase in electrical

The output of the olfactory lobes vga a fine-fibred tract, activity accompanied the presentation of fish food that did not
the olfactory globular tract. Axons in the olfactory globularoccur when the antennule was flushed with water (Fig. 2). This
tract from olfactory lobes on each side of the brain meet in gesult was reassuring, interesting and is worth further
chiasm in the centre of the brain where some branch to bothvestigation, but the long duration and extreme complexity of
hemi-ellipsoid bodies in the protocerebrum. No axons havthe response made it unsuitable for the task in hand.
been seen to cross between the two olfactory lobes. A smallElectrically stimulating the outer flagellum of the antennule
neuropile, the olfactory globular tract neuropile, lies embedderksults in a complex local field potential (LFP) that can be
in the axons of the olfactory globular tract near where it exitsletected with a recording electrode located approximately
from the olfactory and accessory lobes. The large dorsal giaB0—150um from the surface of the lobe on the same side of
5-hydroxytryptamine-immunoreactive  (5HT-IR) neuronethe brain as the stimulated antennule. No LFP can be evoked
receives inputs from elements in this neuropile, which may linky stimulating the internal branch of the antennule on the same
it to the olfactory system (Sandeman and Sandeman, 19%ide, nor by stimulating any of the other appendages of the
Sandemaret al. 199%). head, ipsilateral or contralateral.

Results
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Fig. 2. Extracellular recordings from the olfactory lobe during
irrigation of the external flagellum of the ipsilateral antennule firs
with water, which produces small spike-like potentials, and then wit
a solution of goldfish food, which produces larger compounc ‘

potentials. The bar indicates the approximate duration of antennul

irrigation. 0.25mV

The LFP increases in amplitude with an increase in stimult 0.5s
intensity, eventually reaching a maximal amplitude beyon
which an increase in stimulus intensity had no further effec
(Fig. 3A). Application of such a supramaximal stimulus more B
frequently than once every 10-15s led to a gradual decree
in the amplitude of the LFP, which then recovered its ful
amplitude after a few minutes’ rest.

A fully developed LFP contains three broad ‘components
(Fig. 3B,C) which change in polarity and amplitude dependin
on the electrode position in the lobe. In order to control fo
these variables, the electrodes were always positioned a
depth of 100-150m from the surface of the lobe, and stimulus
strength was increased until supramaximal. Under thes 1
conditions, the LFP exhibited a form, although not necessari C /
an amplitude, that was consistent from one preparation to tl
next (N=53).

We have numbered the three components according to th
appearance in an LFP produced by a supramaximal stimul
(Fig. 3C). Component 1 is positive-going and appear
50-70ms after the stimulus to the antennules. It increases
size with an increase in stimulus amplitude and often exhibi
inflections on the rising phase. Component 2 is large ar
negative-going. Its development with increasing stimulus
intensities was more abrupt than that of component 1 (SeFig. 3. The local f_ield p_otentiz_il (LFP) in the olfactory lobe that
fourth trace from the top in Fig. 3A). Component 3 is negative_res_uns from electrical stimulation of_ the exte_rnal fqueIIur_n of the
going, slow and of long duration. It is often separated fron|pfs.|lateral antennule. (A) A gradual increase in the |nten5|t¥ of the

. L . stimulus to the antennule (from top trace down) leads to an increase
Component"Z byaismall negative-going inflection, followed b3in the amplitude of the LFP and the appearance of the different
a.slow positive-going phase tha}t may Iast.up to 1_'55 after trcomponents. (B) The LFP from a different preparation displayed
stimulus. Component 3 sometimes terminates in an abruyih a faster time base. (C) The average of 21 responses from the
negative inflection (Figs 3A, 4A) and the resumption of theépreparation in B. The three components of the LFP that can be
ongoing activity of the preparation, which was reduced duriniconsistently recognised are indicated by arrows 1-3. The duration of
the entire evoked response. Component 3 has a lower threshthe LFP in response to a supramaximal stimulus is always between
to stimulation than component 2. 15and 2s.

A marked difference in LFP amplitude was often a feature
of different preparations. We have no good explanation for thi
phenomenon. Adjustment of electrode depth, while producingFP, implying that one requirement for the appearance of a
the usual changes in form, neither increases the amplitude lafge LFP is a reasonably high resistance across the glomerular
‘poor’ preparations nor decreases that of ‘good’ preparationsayer separating the electrode tip from the reference electrode
Overzealous aspiration of glial cells from the surface of thén the fluid outside the lobe. Aspiration may damage the dense
olfactory lobe during initial preparation sometimes resulted ifayer of afferent axons that spread over the surface of the lobe
a significant attenuation of the amplitude, but not shape, of trend lead to a reduction in the LFP. The size of the animals,

0.25mV
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Fig. 5. Extracellular recordings from the antennular nerve bundle
ventral to the olfactory lobe (upper trace in each pair) and the local
C field potential (LFP) (lower trace in each pair). (A) The stimulus to

the antennule was just above threshold for the generation of a
compound action potential, resulting in the appearance of component
3 of the LFP. (B) Components 1 and 3 of the LFP appear after a

submaximal stimulus. (C) For supramaximal stimuli, the three
components of the LFP are present. The compound potential
D precedes the peak of component 1. Inflections in the recording of the

compound action potential are probably from the larger and more
WWMW rapidly conducting axons of mechanoreceptors on the external
flagellum.
Fig. 4. Perfusion of low-[CH] saline into the brain first reduces the
amplitude of component 2 and the duration of component 3 of th
local field potential (A,B). Both components are then abolishedfollowed by the abolition of both after about 40s with
leaving a positive-going component 1 (C) which, although reducedontinued perfusion (Fig. 4C,D). Component 1 was reduced in
in amplitude, persists with continued perfusion (D). Each trace igmplitude but persisted, suggesting that it represents, at least
separated from the next by 20s. in part, activity in afferent terminals. The LFP was fully
restored after re-perfusion with normal saline.

To test whether component 1 reflected activity in the afferent
and therefore the thickness of the antennular cuticleerminals in the lobe, we placed a second extracellular
surrounding the olfactory nerve, also appeared to be a factogcording electrode ventral and medial to the olfactory lobe
that influenced LFP amplitude. For this reason, we limitedvhere the fine chemoreceptive axons branch away from the
ourselves to animals with a carapace length of between 45 andhin nerve bundle of the antennule. A compound action
50 mm for all experiments. potential recorded at this point slightly precedes component 1

Oscillatory potentials follow antennular stimulation in someof the LFP. Increasing the stimulus intensity from below
preparations. Most often, oscillations occurred at submaximahreshold resulted in a simultaneous increase in the compound
stimulation of the antennule and were less pronounced withction potential and the LFP (Fig. 5A—C). Perfusion of the
supramaximal stimulation. Oscillations were almost alwaysrain with low-[C&*] saline resulted in the abolition of
present in preparations that had been treated with picrotoxsomponents 2 and 3 as before, but both a portion of component
(see below). 1 and the compound action potential persisted (Fig. 6A—C).

Washing out with normal saline restored the LFP to its former

Pre- and postsynaptic components of local field potentials shape and size (Fig. 6D-F). The compound action potential

If the orthodromic LFP in the olfactory lobe is a reflectionchanged very little during the experiment, but the collapse and
of all the neural elements that are activated by the olfactomecovery of the LFP show that the strongly negative-going part
receptor neurones, blocking synaptic transmission with lowef component 2 is masking a positive component that rides on
[C&a2'] saline should remove the contribution to the LFP of thehe falling phase of component 1 (Fig. 6B,E).
postsynaptic elements. To do this experiment;@ae saline Low-[Ca2*] saline also reduced ongoing activity in the lobe,
was introduced with the normal saline into the brain to produchich returned after replacement of the low4gaaline with
a final concentration of approximately half the normal valuenormal saline. Low-[C#] experiments were carried out on
The result was an immediate reduction in the amplitude afight animals. Simultaneous recordings were made from the
component 2 and in the duration of component 3 (Fig. 4A,B)afferents in four of these.
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Fig. 7. Local field potentials (LFPs) recorded from the olfactory lobe
A following single electrical stimuli of increasing intensity applied to
2 ___,l‘”\ﬂ)’ Ly pemiumeies couniioues s the exposed surface of the contralateral olfactory globular tract. The
[ . v top trace shows the lowest intensity. The bottom trace shows
- (\m¥-_ e supramaximal intensity, beyond which there was no further increase
in LFP amplitude with an increase in stimulus intensity.
E /
e R Y |
0 The amplitude of the LFP was graded, dependent on the
i 2 . intensity of the stimulus applied to the olfactory globular tract
——“ e sk = (Fig. 7) and could be produced by stimulation of either
F i ipsilateral or contralateral branches of the olfactory globular
e _} \ ) | 0.1mv tract
(Vo .
_“\__ N L il | 0.2mV In contrast to the complex orthodromic responses,
'| /\/ T ' antidromic LFPs appear to consist of one component, although
H 0.05s a small inflection on the initial phase could indicate axons of
y different conduction velocities within the population that

Fig. 6. Extracellular recordings from the antennular nerve bundl&omnbu,te to th'e compound pOter,]t'E,‘l' We es'tlmate.d the
ventral to the olfactory lobe (upper trace in each pair) and the loc&Pnduction velocity of the axons mediating the antidromic LFP
field potential (LFP) (lower trace in each pair) during the perfusio?y measuring the distance between the stimulating and
(A-C) and wash-out (D-F) of low-[@§ saline. The compound recording electrodes and the time delay between the stimulus
action potential from the afferents does not change in either size @&nd response. Conduction velocities ranged between 0.15 and
shape during the treatment with low fcjabut the LFP is reduced to  0.25ms1, a result that is in accord with the small diameter of

a single positive-going potential (C,D). The strongly negative-goinghe fibres (less than Qu2n) found in the olfactory globular

component 2 is the first to be affected by the low’fZdeaving a  tract. Antidromic LFPs were recorded in 17 preparations.
positive-going component that is usually masked in the

supramaximal LFP (B). This is also removed by low4@ebut is  |nhibitory effects of orthodromic and antidromic stimulation

the first to return on wash-out (E). Depression of ongoing olfactory lobe activity during
orthodromic LFPs suggests that a relatively long-lasting
inhibition is set in train by antennular stimulation. We tested
Antidromic local field potentials the effect of this apparent inhibition on a second orthodromic
LFPs produced by stimulation of projection neurone axon&FP by applying two volleys to the antennule, separating them
in the olfactory globular tract were recorded from the samé time so that the second volley arrived during or after

depth in the olfactory lobe from which the orthodromic LFPscomponent 3 of the LFP evoked by the first stimulus.

had been recorded. A single stimulus to the exposed surface ofThe result of the double-stimulus experiment was that the
the olfactory globular tract in the contralateral protocerebratecond antennular stimulus evoked a purely positive-going
tract (Fig. 1B) results in a predominantly negative-goingLFP, implying that an inhibitory pathway had been activated
biphasic LFP of short duration in the olfactory lobe.but that this does not inhibit all the neural elements that make
Stimulation of the axon bundles lying on either side of thaip the LFP (Fig. 8A,D). Increasing the interval between the
olfactory globular tract did not produce an LFP in the olfactorystimulus volleys showed that this effect persisted for more than
lobe. 5s (Fig. 8B), and the LFP produced by the second volley
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0.25mV
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Fig. 9. A train of stimuli to the olfactory globular tract that precedes
an orthodromic potential has little effect (A) unless the stimulus
intensity is large enough to produce recordable antidromic local field
potentials (LFPs). The orthodromic LFP is then reduced in amplitude
(B). Increasing the antidromic stimulus intensity further reduces the
amplitude of the orthodromic LFP (C). Antidromic stimulation of the
05s olfactory globular tract is indicated by bars beneath the recordings.

Fig. 8. Stimulus volleys (labelled 1 and 2 in D) delivered to the
antennule and separated by a delay, result in a positive-going loc
field potential (LFP) (arrows) in response to the second stimulugecordings from a representative sample of the many thousands
volley (A,D). Increasing the interval between the stimuli allows thegf neurones in clusters 9 and 10 was beyond the scope of this
LFP in response to the second stimulus to recover its usual forgy,qy and we therefore focused our attention on the larger cells
(B,C), glthough full recovery does not occur until the interval ISin cluster 11.
approximately 10-15s. Cluster 11 contains the cell bodies of two separate groups
of neurones, those with axons in the deutocerebral commissure
and which constitute the input to the accessory lobes
recovered its normal shape only when the two volleys weréSandemanet al. 1995) and those that have extensive
separated by 10-15s (Fig. 8C). This phenomenon wdsranches in the olfactory lobes or olfactory lobes and accessory
examined in six preparations. lobes and, to a lesser extent, in more medial areas of the
Preceding the stimulus to the antennule with a train ofleutocerebrum. Some of these, including the unique and very
antidromic stimuli to the olfactory globular tract reduces thdarge dorsal giant neurone, label with antibodies to serotonin
size of the orthodromic LFP. This effect is graded and dependSandeman and Sandeman, 1994). A number of neurones with
on the intensity of the antidromic stimulus train (Fig. 9). Low-their cell bodies in cluster 11 in the crayfiBnocambarus
intensity stimulation that produced small antidromic LFPsclarkii respond to electrical and chemical stimulation of the
(Fig. 9A) did not affect the orthodromic LFP. Increasing theantennules, and three classes of multiglomerular, midbrain
antidromic stimulus increased the amplitude of the antidromiolfactory neurones have been characterised physiologically
LFPs and also the inhibitory effect on the subsequerdnd anatomically (Mellon and Alones, 1995). Cluster 1C.in
orthodromic LFP (Fig. 9B,C). The effect of the antidromicdestructorcontains neurones that anatomically resemble the
stimulation on the orthodromic response was examined in lfgpe Il neurones ofP. clarkii and so we use the same
preparations. terminology for them. The cell body of a type Ill heurone in
C. destructotlies close to the dorsal giant and could routinely
Orthodromic LFPs and intracellular responses of cluster 11 be Visua"y identified and impa|ed, providing a convenient
local neurones single chemosensitive neurone to match against the LFP.
Some idea of LFP composition may be obtained byNeurobiotin fills of the cell show it to have all its branches
comparing it with simultaneously recorded intracellularconfined entirely to the olfactory lobe, where it extends to all
responses of single olfactory interneurones. The local neurongkomeruli. The response of this cell @ destructorto either
in clusters 9 and 11 and the projection neurones in cluster Hdectrical or chemical stimuli (fish food) applied to the
are all accessible to intracellular recording. To makentennule consisted of a short burst of action potentials
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Fig. 10. The responses of a type Il olfactory interneurone in cluster
11 to an electrical stimulus to the antennule (A) and to a pulse of fish

food introduced into a continuous stream of water which was passing

over the antennule (B). In both cases, the neurone responds with @n

initial burst of impulses followed by a pause and then a second burst.

The stimulus marker in A is at the start of the trace. In B it indicates

the introduction of the pulse of fish food into the olfactometer; ther -
was a delay before the chemical reached the receptors on t
antennule.

followed by a pause and then a second burst of actic
potentials (Fig. 10). b

Simultaneous recordings of orthodromic LFPs anc |10mV
intracellular responses of type Il olfactory lobe neurone:
showed that component 2 of the LFP coincided with the initia 0.2s
burst of action potentials in an olfactory lobe neurone and th:
component 3 of the orthodromic LFP coincided with the-lﬁm:ﬂ# oy —J'J‘L "
hyperpolarization and cessation of action potentials in th o
olfactory lobe neurone (Fig. 11A). The LFP is, however, not_. .
merely the extracellular expression of the type llI oIfactoryF'g' 11. Intracellular recordings from a type il olfactory

. > . interneurone in cluster 11 (upper trace in each pair) and the
neurone because action potentials in the neurone produced grihodromic local field potential (LFP) (lower trace in each pair).

depolarising it through the recording electrode were Nnoa) An electrical stimulus to the antennule produces the
accompanied by a field potential that we could record. characteristic burst, pause, burst of the olfactory lobe interneurone.
The type Il olfactory neurones responded to repetitiveThe initial burst coincides with component 2 of the LFP, and the
stimulation of the olfactory globular tract with a train of actionpause occurs during component 3 of the LFP. (B) Stimulation of the
potentials, the frequency of which increased with the intensitolfactory globular tract with a train of pulses also activates the
of the stimulus. When these preceded an orthodromic stimuluo!factory lobe interneurone. (C,D) Increasing the stimulus intensity

the orthodromic LFP was reduced, as expected, and wilo the olfactory globular tract increases the firing frequency of the
accompanied by a decrease in the n,umber of actior,1 potentizowacwry lobe interneurone, but enhances the inhibitory effect that
follows the initiation of an LFP. The duration of the stimulus to the

in the first burst of the interneurone. Component 3 of the LF S )
. olfactory globular tract is indicated by bars beneath the recordings.
and the hyperpolarization of the type Il olfactory neurone

were prolonged. (Fig. 11A-D). The LFP and intracellular
responses of type Ill olfactory neurones were compared in stkat, in common with spiny lobstegnulirus argu}, the cell
preparations. somata in cluster 9 and the peripheral ‘caps’ of the glomerular
columns label strongly (Oronat al. 1990; Sandeman and
Pharmacological modulation of the local field potentials ~ Sandeman, 1995; Wachowiak and Ache, 1997). The olfactory
Immunocytochemical treatment of the brains @f  lobes of crayfish and lobsters also label with antibodies raised
destructorwith antibodies raised against GABA has shownagainst histamine suggesting that, among others, these two
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Fig. 12. (A) Two superimposed recordings from a preparation before
and during perfusion gfaminobutyric acid (GABA) (approximately
50umoll1) into the brain show that GABA abolishes the entire
orthodromic local field potential (LFP). (B) Two superimposed
recordings from a preparation before and during perfusion of
histamine (approximately 1%0noll) into the brain show that the 0.1s
effect of histamine is similar to that of GABA except that a long-
latency negative-going component of the orthodromic LFP persists.

D

0.25mV

transmitters are involved in the neural processing that is carris

out in the lobe (Orona and Ache, 1992; Wachowiak and Acht

1997). We were interested to test the effect of thes_

transmitters and their blockers on the orthodromic LFFFig. 13. A supramaximal stimulus to the antennule produces a
because, for it to be useful as a tool for the exploration of thnormal local field potential (LFP) in the olfactory lobe (A) which is
olfactory process, the LFP should at least show somreduced to components 1 and 3 when the stimulus intensity is

modulation in response to the application of these substanclowered to submaximal (B). During perfusion of the preparation with
and their blockers. picrotoxin (approximately 10@0moll=1), the submaximal stimulus

produces an LFP which is larger than that obtained with the initial
supramaximal electrical stimulus (C). Washing out the picrotoxin
restores the response to its previous submaximal level (D).

An electrical stimulus was applied to the antennule ever
20-30s before, during and after the addition of neuroactiv
agents to saline perfusing the brain. Action of the agent we
judged by changes that occurred in the orthodromic LFP whil
the agent was included in the perfusate. finally abolished along with component 1, leaving a longer-

The effect of GABA on the orthodromic LFPs i@  latency negative-going potential (Fig. 12B). The components
destructor was unequivocal. At low doses (approximatelyreappear in the reverse order after wash-out, component 2
50umol I71), component 2 was first reduced in amplitude andeing the last to recover completely. Preparations took longer
then removed. Continued perfusion reduced and then abolishedrecover from histamine, sometimes requiring up to 10 min
components 1 and 3 (Fig. 12A). Recovery from even higlbefore they exhibited an LFP with the original amplitude and
doses of GABA (approximately 1%@noll~1) was always form (histamineN=6).
rapid (often less than 1 min) and complete (GABI9). As a blocker of Clchannels, picrotoxin has often been used

Perfusion of theC. destructor brain with histamine to prevent the action of GABA in invertebrate preparations
(approximately 150moll™) has a complex effect on the (Watson and Burrows, 1987). It is therefore to be expected that
orthodromic LFP. Component 2 is initially strongly potentiatedthe LFP would increase in size in the presence of picrotoxin if
in the early stages of the perfusion, but is then reduced am&ABA were acting as an inhibitor. Perfusion of the brain with
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Fig. 14. Simu_ltaneous r_ecordings from a type II_I olfactory neuronq:ig. 15. A series of local field potentials (LFPs) evoked by
(upper trace in each pair) and local field potentials (LFPS) from thgym jjating the antennule at increasing intensity, from the top trace
olfactory lobe (lower trace in each fa'r) during the application Olyo\yn in a preparation that had been treated with picrotoxin
picrotoxin (approximately 100moll™) to the brain. (A) The ;5 6yimately 10pmoll-2) and then flushed with normal saline.

membrane  potential oscillations and action potentials arqgjjations are most pronounced at submaximal stimulus intensities
synchronised with the continuous oscillatory field potentlals.(third and fourth traces from the top)

(B) During wash-out, the field potentials are damped out, but the
appear again for several cycles after electrical stimulation of th
antennule. Oscillation persists in the olfactory neurone. (C) Afte
washing the picrotoxin out of the brain, the oscillations are no longethat had previously been treated with picrotoxin and to some
continuous, but small oscillations can still be detected over shodytent in those that had not. These oscillations were more
periods in both the extracellular and intracellular recordings. clearly expressed when the stimulus to the antennule was
submaximal (Fig. 15) (picrotoxiry=18).
Cimetidine blocks some histamine receptors and, if
histamine is acting as an inhibitor in the crayfish olfactory lobe,
picrotoxin (approximate|y ]_qmnou—l) enhances the LFP so then the application of cimetidine would be expected to
that a normally submaximal stimulus delivered to theenhance orthodromic LFPs by blocking the histamine
antennule will produce an LFP that is sometimes even largdthibition. Perfusion of cimetidine (approximately|@®ol 1)

than can be evoked with supramaximal electrical stimulatioivas followed by an increase in the amplitude of components
(Fig. 13A-D). 2 and 3 of orthodromic LFPs in very much the same way that

Small, |0w-frequency oscillations of approximate|y was found for GABA, but cimetidine did not lead to increased
1-1.3Hz were often seen in extracellular recordings from thactivity or oscillations in the olfactory lobe (cimetidinés8).
olfactory lobe. These were seldom maintained for more than a
few cycles and did not appear to be related to the antennular . ,
stimulus. Perfusion of the brain with picrotoxin resulted in Discussion
these oscillations appearing in a continuous train in the  Orthodromic and antidromic local field potentials
extracellular recording and also as a synchronous membraneThe orthodromic LFP stems from neural elements in the
oscillation or action potential, in the type 11l olfactory neuronesolfactory lobe that are driven by the axons of the olfactory
(Fig. 14A). The oscillations were not modulated by antennulareceptor neurones because it can be recorded only across the
stimulation except during wash-out with normal saline, wherglomerular layer of the olfactory lobe and only after
several oscillations followed a stimulus and then died awagtimulating the external flagellum of the antennule ipsilateral
(Fig. 14B). After washing out the picrotoxin, the continuousto the olfactory lobe from which the recording is being made.
oscillations ceased and the activity reverted to periods dlso, the latency of the response is such as to involve only
relative quiet interspersed with a few small oscillationsaxons that conduct very slowly (approximately 0.16Hs
(Fig. 14C). such as those known to project exclusively to the olfactory lobe

Faster oscillations of approximately 14 Hz were sometimefrom the olfactory receptor neurones (Sandeman and Denburg,
seen superimposed on component 3 of the LFP in preparatioh876; Sandeman and Sandeman, 1994).
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Orthodromic LFPs could include the activity of olfactory neurones. Component 3 appears to reflect global and relatively
afferents which penetrate the entire length of the glomeruldong-lasting inhibition in the olfactory lobe.
columns, local interneurones (cell bodies in cluster 9) that In general terms, there seems to be a good overall correlation
project across the glomerular caps, projection neurones (cdietween the components of the crayfish LFP and the responses
bodies in cluster 10) that project through the glomerulapf local interneurones and projection neurones to electrical
columns and large olfactory interneurones (cell bodies istimulation of the antennules in spiny lobsters, (Wachowiak
cluster 11), some of which are serotonergic. and Ache, 1994; Wachowiak al. 1997), insects (Christensen

The gradual increase in amplitude of all components of thet al. 1993) and even salamanders (Christerdeat. 1996). It
orthodromic LFP, when the stimulus to the antennule is gradd8 becoming increasingly apparent that animal olfactory
in intensity, suggests that we are recording the summed activifystems share many common design features (Hildebrand and
of a large number of neurones. If any large elements (e.g. tifepherd, 1997).
dorsal giant or large olfactory neurones) are active, their Antidromic LFPs are relatively small and uninflected, follow
individual signals must be submerged in the summed respong(goetitive stimulation at high frequencies and are little affected
because we seldom saw single action potentials of the lar§¥ the application of low-[Cd] saline. The time delay
olfactory interneurones represented in the LFP recording, afRgtween the stimulus and the appearance of an LFP in the

on the few occasions that these did appear, they were only jdfactory lobe suggests that it is being carried in axons with
visible above the general activity of the extracellulardiameters of less thanpin with conduction velocities of
recordings. 0.15-0.25 md and that the olfactory globular tract is the only

Perfusion of the brain with low-[G# saline decreases the tract between the protocerebral tract and the olfactory lobe that

ongoing spontaneous level of activity in the olfactory lobe an§ONtains axons with such small diameters. A synaptic pathway
abolishes all but component 1 of orthodromic LFPs. Having°U!d !r)troducf:ehconductlon delaﬁs, b%t is excluded b3|’ the
the shortest latency of all components and being insensitive SeTS't'V!ty of the grga}ter part 0 .ant| romic LFPs to low-

low-[C&*] saline is indicative of a part of the system Ca?] saline and repetitive stimulation. The greater part of the

unaffected by failure of synaptic transmission. Our suggestioﬂm.'dromIC L'.:P’ Fherefore, 'S most I|kely to. be the summed
is, therefore, that component 1, or at least that part of ction potentials in the axons of the projection neurones. The

N . reduction of the antidromic LFP in the presence of GABA and
remaining in the presence of low-[€hsaline, represents the | . - o
- histamine nevertheless signifies a synaptic involvement,
activity of olfactory afferents.

Component 2 of orthodromic LFPs develops later than eithéarer.h"m.S associated with a recurrent inhibition operaiaghe
rojection neurones (see below).

components 1 or 3 and reaches its full size over a reIativeR/
small increment of stimulus intensity. It also has the largest Inhibition the olfactory lobe
amplitude of all components. Both these features suggest a

large population of neurones that have very similar respon oth vertebrates and invertebrates (Shipley and Ennis, 1996;
latencies. Component 2 of the LFP coincides with the initi aldropet al. 1987; Christenseet al. 1993). A model of dL’Ja| ’
E)Xbcsl,itrzry(?.ur:\tr;Js;hetLar:agee tgsf I!foﬁgﬁtrori/yg‘;m;‘rcl)g:élIn:nhibition_has peen proposed for the_z o_If;u_:tory_ lobe of spiny
) ' . ) ) obsters in which an early GABA inhibition is addressed,
interneurones respond to electrical stimulation of the antennutg*erhaps presynaptically, to the afferent input, followed by a
with an initial burst followed by no, or a small, |5ter and long-lasting histamine inhibition which is addressed
hyperpolarization. The fourth type responds with an initiakg the projection neurones (Wachowiak and Ache, 1997). The
burst and a much longer (1s) hyperpolarization (Wachowiak,oqylation of the LFP in th€. destructorolfactory lobe
et al. 1997). The projection neurones of spiny lobsté?s ( produced by perfusing the brain with GABA and histamine
argusg, however, are fairly uniform in their production of an g id pe explained by such a model. GABA abolishes the
initial burst followed by a hyperpolarization lasting for 1-3sentjre LFP, including the initial positive-going component 1
(Wachowiak and Ache, 1994). Component 2 of the LFP in thénat we assume comes from activity in the afferent terminals.
crayfish C. destructortherefore probably reflects activity of presynaptically applied inhibition at the top of the column,
both local and projection neurones, which could explain itgyhere the labelling to GABA is most intense, could remove
fractionation into subcomponents during recovery fromhis signal as well as any postsynaptic activity. Picrotoxin, in
blocking with low-[C#*] saline and during the application of contrast, potentiates the LFP to such an extent that a
histamine. submaximal stimulus to the antennule will result in a response
Component 3 of orthodromic LFPs has a low threshold anthat is larger than that produced by a supramaximal electrical
the longest duration. It is characterised by a general decreas@mulus, presumably by blocking the normally present
in the extracellular activity recorded in the olfactory lobe andiepression of the afferent input by GABA. Histamine has a
its termination is accompanied by a rebound of this activitycompound effect on the crayfish brain, and most of the LFP is
Component 3 coincides with the cessation of action potentiasémoved after perfusion, suggesting that histaminergic
activity in the type Il interneurones and matches theneurones are also addressed to the afferents. A late negative-
hyperpolarising phases of the lobster local and projectiogoing component of the LFP persists, however, so that not all

Inhibition plays an important role in olfactory systems of
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afferent inputs to deeper layers of the lobe are blockedpontaneously at approximately 2Hz (Wachowiak al.
Cimetidine enhances the LFP. 1997).

Our demonstration that antidromic stimulation of the Oscillatory behaviour is, therefore, an inherent property of
projection neurones can block a significant proportion of théhe crustacean olfactory system, and its appearance in the local
orthodromic LFP identifies the possibility of a new andfield potentials described here is another confirmation that field
unexpected inhibitory pathway operatinga the output potentials are a reliable manifestation of the activity of central
neurones of the olfactory lobe. The block affects component @factory neurones.
of the LFP, which we identify above as the activity of the local
and projection neurones. Simple collision between This study was supported by the Australian Research
orthodromically and antidromically travelling action potentialsCouncil.
in the axons of the projection neurones is not likely to be
responsible because the delay between the last antidromic
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