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¥revious electrophysiological research on the ‘

fish olfectory system is reviewed and the conclusion reached

that present knowledge conmcerning, in particular, the
fundamental physiology of neuronal conneotions within the

olfectory bulb, was rudimentery and confused. o
| Pield potentisls were evoked in the olfactory %
bulb of teleost fish by electrical stimulstion of the
olfsotory truot and nerve., The potential wave recorded at j
the bulbar surfage consists of four comwponents, l', lz, u}
and P, all of which sppear to be of postesynaptic origin
when the nerve is stimulated, whence they are usually
preceded by & triphasic potential thought to represent the
compound action potentiel of olfactory nerve fibres, The

l1 wave evoked by olfactory tract stimulsation is mot of
synaptic origin., It probably represents the synchromous |
antidromic sotivation of secondary neurons.

The waves were analysed with respeot to voltage
and time and related to the underlying histology. The

results indicate that the extrscellular ourrent flow around
bulbar neuronal elements is essentially similer to that
already desoribed for memmals and i® probably generated Uy
eimilar pathwaye., This is surprising in view of fundamental
anstomioal dissimilarities, partioulerly regarding the 4
dendritic field of mitral cells.
The field potentials proved to be useful in the j
identifioation of single units at the time of recording. ‘
The spontansous and evoked activity of identified mitral and .




granule cells could often be inhibited by stimulation of
either the nerve or tract, The evoked field potentials
could usually be similarly inhibited. ELviderce has Deen
obtained that this inhibition is mediated by GABA and that
it mey well take place via a recurrent pathway involving
reciprocal dendrodendritic synapses as in the mammalian
system, fvidence was also obtained that this inhibition may,
in part, result from the activation of granule cells by
adrenergio centrifugsl fibres when the olfectory tract is
stimulated,

Natural chemical stimulation of the olfsotory
macosa with amino acid solutions produced a complex pattern
of responses, kEach odorant normslly produced & unique
pattern of exoitatory and inhibitory responses across all
units, Chi-square valuss were caloulated .t)or stimulatory
effeativeness between forty-five pairs of odours, Leserine
and l=alanine oonsistently showed a high degree of similarity
with several other odours, The gomwerse was true for GABA
and L-histidine, although this peir had a high chi-squere
value when mutually compared, Enentiomeric pairs of amino
scids were often found to have opposite stimulatory effecte
on bulbar units. These results are discussed in releotion
to the possible propqrttu and configurations of odorant
receptor sites for amino acids in the fish olfactory mucosa.
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The following abbreviations have been used in this thesis:-

AC

U ety N T

Se.I.U.

CelaT.
Hz
sec,
msec

n/sec

TREBEE "6

Sgﬁg

alternating current

direot current

wegohm(s)

kilohm(s)

nanoampere(s)

volt(s)

willivolt(s)

microvolt(s)

stimulus isolation unit
computer of average transients
Hertz

second(s)

zillisecond(s)

meters per second
millimeter(s)

wiorometer(s)

litre(s)

microlitre
electroencephalogram
electrocardiogram
electro-olfactogram
mioroelectrode

exoitatory postesynaptic potential
inhibitory postesynaptic potential
olfactory bulb

olfsctory nerve

olfactory treot

(1)

Mol s




Tc

(11)

telencephalon

mesencephalon

cerebellum (also % ae s
centigrade

medulla oblongata (also Molar)

vagal lobe

¥ =amino butyric acid

alanine

cysteine

glutamine

glutamate

glycine

histidine

phenylalanine

serine

valine

laevo rotatory

dextro rotatory
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(1) A CURVEY OF ;

Por centuries man's imeginetion har bDeen triggered
by the barely credible feats of navigation acoomplished by the
salmon and the eel in their respective anadromous and cata=
dromous migretions. lLven today, however, our knowledge
concerning the physiological mechanisms responsible for the
uncanny accuracy with whioh these fish ‘home' is rudimentary.

Une particuler theory is that the sense of smell is
intimetely involved, for at least the freshwater phare of the
seimon's homeward migraetion. 4 start has been made in
providing evidence to support this theory, but only when we have
an infinitely clearer picture of fundemental olfactory physie-
ology in fish, will it be possivle to formulete a valid
hypothesis,

The olfactory organs of fish lie in a pair of pits,
usually situated on the dorsal side of the head. The organ
iteelf! is a folded sheet of epithelium consisting of muous cells,
supporting cells end receptor neurcns, whose axons travel in the
olfactory nerves to converge upon the secondary neurons in the
olfectory bulb, The axons of the secondary neurons pazs vie the
olfectory tracts to various regions of the telemoephalon end
diencephalon. This basic arrangement has remained unaltered
throughout the vertebrate classes,

The most significant contributions to understanding
the physiology of the nervous system have been made by exploring
the setivity of single neurons during controlled experimental
conditions, Although all parts of the fish olfactory system are
readily aveilable for this kind of study it »ill become clear in
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“Bhis review that such 'significant contributions' are few and
far between.

sdrian and ludwig (1938) were the first workers to
use electrovhysiological technigues to anelyse the olfectory

systex of fish. They recorded = continucus discharge in the

olfactory tracts of the decepitated oerp (Qsrassius) and 4‘
catfish (Amiurus) and temoch (Iincs timca). it a latenoy varying 4
from Ce5 to 5 seca after placing & drop of stimulating fluid
into the clfactory sac, the resting discharge shifted to a
maximum and then declined slowly. This resvonse, which could
also be elicited by mechaniocal stimulation, was followed by a
refragtory period during which the orgen was insensitive to a
seoond stimulus,

_ chibuya (1560) has deseribed ‘resting potentisls' of :
between L and 18 ¥V, recorded on piereing the olfactory mucus, |
for six species of fish, Cyprinus carpio, ‘arasilurus ssotus,

Channa scgus, Misgurpus anguilliceudstus, intosphemus jeponious,
and Anguilla jeponica. He olaims thet this voltage represents
the potential across the 'external limiting wmembrane', although
he doer not make clear exactly to what he is referring. On
stimulation of the olfactory mucosa with odorous fluid, “hibuya
observed "a slow action potential with a steep rise and & gradual
exponential decline, recorded with msoroelectrodes®, This slow
'sotion potential', which obviously corresponds to the receptor
potential designated the eleotro-olfactogrem (:(G) by Ottoson
(1956, 1971), hed an smplitude between C.3 and 3.0aV., The shepe
of the response was different for different fish. In Chamna,
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Cyprinus and Entosphepus the 20G had & sharp rise and a slow
decline, and & duration which incressed with stimulus stremgth.
In Perasilurus and inguilla the H0G had a sharp rise, a rapid
decline and a short duration, whioh was independent of stimulus
strength. In addition, Shibuya sometimes observed an ~off amd
an on-off response, which he attributed to two other types of
receptor. He used decapitated preparatioms, deprived of eye=-
balls and facial muscles, and it is posesible that this hardly
oredible hypotheeis arose from inconsistent results from
deteriorating preparations. Uhibuya draws the interesting
correlation between olfactory acuity, duration of 1(CG and colour
of the olfectory mucosa. The eel, which has a highly sensitive
olfaotory sense, (see Page 25) had a very short duration HOG and
darkly pigmented epithelium,

Suzuki and Tucker (1971) and Sutterlin end Sutterlin
(1971) have used multi-unit recording with metal-filled glass
microelectrodes to test the effectiveness of different odorous
stimulants,

Sutterlin and Sutterlin found that spontaneocus spike
sctivity oould be recorded between the secondary lamellae, but
observed no activity at the edges of the primary or secondery
lamella. This corresponds with the findings of Lowe and MacLeod
(1975) that, in gadoid fish at least, the lamella edges are
sparsely ouhtog and lagking in receptor cells.

During chemical stimulation with low concentrations of
emino acids, both Sutterlin end Sutterlin, and Susuki and Tuoker
observed an inorease in asynchronous spike aotivity. At very
high concentrations of odorant a high amplitude oscillation
developed (30-40Hz). Ottoson (1956) has seen a similar
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oscillation surerimposed on the L0G of the froge The waves
may arire ar & result of intermittent synchronous sctivity in
groups of regeptors, or groups of nerve fibres, although
transection of the ipsilateral olfactory nerve hes no effect on
the oseilletion.

‘usuki end Tuoker used conly amino acids snd small
peptides as stimulante, but Jutterlin snd ‘utterlin employed a
variety of simple and complex odours, including = series of
amino scids., imino aclds me a class of compounds were highly
stimulatory, but little or no responce was seen to & variety of
simple sugars, nealiphsatic acids, aloohols, or amino-suvstituted
aloohols, The integrated responses of multi-unit sotivity
inoreared lineerly with the log of the congentratiom of the
stimulating chemicsal. The mort effective amino scids in these
two studies were: Le-slanine ) Ul-alanine ) l-histidine ) DL~
serine ) L-methionine ) L-cystime, (utterlin snd Jutterlin, 1971)
end L-glutamine ) l~methionine ) l~slanine ) Leaspartate )
Demethionine ) L-cysteine, { uzuki end Tucker, 1971). No mention
was made Ly ‘usuki or Cutterlin of a slow mucosal potential,
This can probably be attrisuted to their a.c. mode of recording,
necesssry to detect the fast asynchronour spike astivity. BHoth
futterliin and fuzuki strees that their reaszon for adopting the
multi-unit approach war the difficulty of obtaining recordings
from single units, The cells are extremely small and very
closely packed, oresting iawmense tecimical problems,

thibuya (1960), and Sutterlin amd “utterlin (1571),
have published records of single units reccrded from the fish
mucosa, which were both faecilitated by olfactory stimuletion.
Sutterlin and tutterlin observed slsc that spike amplitude was
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inoreared by stimulation, although they mey have recruited
another cell closer to the recording electrode, Gesteland

et al. (1963), heve made a substantisl advance by success=
fully recording from single receptors in the frog using
specially constructed metrl-filled mioroelegtrodes. Thus =o
far there has been no significant physiological study on
single receptors in the fish noee, and « study along the lines
of Gesteland's is eagerly awaited,

The extremely fine, unmyelinated fibres of the

olfactory nerve have proved to be a stumbling block to
succersful eleotrophysiological studies of their sctivity, not
only in fish, but in all vertebrates, Most studies have had to
contend with recording asynchronous multie-unit activity
(3eidler snd Tucker, 1955; Mozell, 1962). ‘hibuya (1960) has
precented the only report of spontanecus sctivity in the
teleort olfaciory nerve., Hecording from  henna, he says this
activity bearrs a relation to the slow mucosal potential.,
Shibuya also recorded a slow potential in the olfectory nerve
which he claims represented the slow potential of the mucosa
conducted by a passive electrotonus along the nerves, However,
the poor cable properties of the olfactory merve fibres together
with evidence presented by Tuoker (1963), using d.c. differential
recording indicates that the slow nerve potential represents the
sumsstion of a lengthy barrsse of many sction potentials, The
similarity #ith the :0G, which is generated by the cilie of the
receptor oelle, is coincidental (Cttoson, 1971).

The compound action potential of the fish olfactory

nerve has been studled oy Gerten (1%03), and Gasrer (1956).
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Using an in vitro, cocaine treated preparation of the pike
(Zsox lucius) olfactory nerve, Garten snd Gasser recorded a
negative monophasio weve with bipolsr electrodes in response
to & 1 meec, pulse, The duration of the compound potential
was 30 meec., and the conduotion velocity 0.2 m/sec. 2t 21°C,
The conduction velocity in Ranigeps ranius was found to be
0.12 m/sec, at 10°C by Doving (1967), and in the gar

(iepisoeteus platyrhinous) Ov1 = 0.2 m/sec at room temperature
by Laston (1965).

The leck of information on aotivity in the olfactory

nerve is regretisble because it is at this level that comparisons

with other sensory systems would be wost useful, since the

activity probably consists of entirely unmoduleted impulses.

A slow de.c. potential, resembling the L(G and slow nerve
potential has been recorded from the olfectory bulb of the frog
in response to chemioel stimulation of the olfactory mucosa,
(Leveteau and Macleod, 1966); (Cttoson, 1954, 1959a, 1959b),
Such a response, which is assumed to represent a pree-synaptie
potential generated in the glomeruli, has not been observed in
fish,

b) v b trical st t

Evoked potentials, induced by stimulation of both afferent
and effoxﬁt pathways have been recorded from the bulbar surface
in several species of fish, Carsssius suratus L. (Hara and

Gorbmen, 1967), Lrotopterus snneotens 0. (Oreini snd Dupe, 1971),

end Qyprinus carpio L. (Setou, 1971).
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afferent stimuletion of either the olfactory nerve or
olfactory mucosa evokes a negative~positive bipharic wave in
Caressius, Protopterus and Cyprinus. Hera and Gorbman (1967)
claim that the response is made up of two components, The first
component, represented by a small infleotion on the leading edge
of the mein wave, lacked a refractory period and surmated to e
sustained potential on repetitive stimulation. It wes eassumed
to be of 'syneptic' origin. The nooad component had a
refractory period of 30 msea. and was arsumed tc represent
activity in second-order neurons, Transection of the ipsie
latersl olfactory trect removed the positive ‘af'ter potential’,
and caused a decline in threshold voltage. 4 conditioming
shogk applied to the ipsilateral nerve led to a reduotion in
amplitude of the main component, vhich did not return to normal
until the two shocks were separated by 80C msec. Seotioning of
the ipsilateral trsot redused this period to 400 mwee., It wae
concluded that centrifugal tonic influences are normally exerted
on the intrinsic excitabllity of the buld via the msdisl bundle
of the olfactory tract.

A negative-positive potential was evoked in the olfactary
bulb of Cyprinus, (Satou 1971), by stimulation of the medial and
lateral contralateral olfectory tracts and snterior commissure,
The medial tract and anterior commissure potentials followed
repetitive stimulation up to 50 Ha,, whereas the potemtial evoked
by stimulation of the contralateral latersl olfactory tract could
only follow up to 10 Hz. Ctimulation of the medizl and lateral
buniles of the ipsilateral olfactory tract evoked monophasio
negative potentials, which could follow repetitive stimulation
up to 50 Hs, The potential evoked by medial tract stimulation

e

3
R . e
ST A -



-

oonsisted of two components, [Itimulation of the contralateral
nerve evoked a wave consisting of three positive component=, the
second and third of which vanished st frequencies as low as 1Hs,

fetou made no attempt to explain his findings and, as the
quality of recording was so poor, direct comparisons with the
wealth of literature on evoked potemtials in the olfasctory bulb
of other vertebrates (Freeman, 1972d4; Niooll, 1969; Orrego, 1961;
Ottoson, 1959; *hillips, Fowell, thepherd, 1963; Rall and
Chepherd, 1968) will mot be attempted at thies stage.

Spontaneous electroencephalographic (:iG) sctivity has been
recorded from the olfactory buldb of several species of fish.
Table I.1 susmerizes the frequencies and amplitudes of this
sotivity, together with the activity from other areas of the fish
brain. The frequency of the intrinsic bulbar LiG varies from
2-16Hz., and the amplitude varies from 30=100uV,

“hen odorous substances sre infused into the nasal chamber,
the asynchronous LEG is replsced by 2 striking rhythmic
oscillation of high emplitude (up to nearly (.'sV). The frequency
of this highly synchronous activity vaeries from 6=13Hz. This
type of activity was first observed in the frog by Gerard and
Young (195C), and named 'induced waves' by idrian (1950),
resulting from observations on the ravbit, The response is non=
specific in that it can be induced Ly a remarkable variety of
odorants varying from simple salts to highly complex mixtures,
suoh as ‘home-stream' water,

Oshime and Gorbman (1966) found three recognisable elements
in the induced response to stimulation with C,06M NaCl:
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Gondl e

(i) primery spindle-
shaped

burst 10=15 2=6 80=-20C
(11) secondary brief phase k- 8 - LO= 90
(141) efter-response 9=13 Li=120 50

(11) and (111) were abolished by cutting the olfacotory trset, They
found also that the response veried with the depth of the recording
bipolar electrode, resching ¢ maximum smplitude between 100=3C0 um
below the surface,

Various authors have effectively used the 'induced weves', as
a physical measure of the ability of migrating ssimon to recognise
their homeestream water, Hara (1965, 1970, 1971); Ueds, Hars and
Gorbman (1967); Ueda, Hars, Satou snd KeJi (1971), and Oshima, Hara
end Gorbmen (1969). The electrical response is specific in that it
cannot be evoked by water from spawning sites of other groups of
breeding salmon, and that the salmon respond clearly to water teken
from places along their migratory routes below the spawning site,
The nature of the substances responsible for this specificity is
unknown, dut an experiment oy Oshims et al, (1967) suggests that
the response must be pertly elicited by 2 substence released from
members of the same species already present st the spawning site.
Dgving et al. (1973), working with the ochar (Jalmo slpinus),
suggeets thst the response may be pheromone induced,

The megnitudes of these induced responses are usually
measured by eleotronic imntegration. Hera (1573) has used this
technigue to cowpare the effectivencss of various axino acids
as olfsotory stimulants in ‘almo gairdmeri. The eight moat
effeotive amino ecids were lL-glutemine ) L-methionine ) L-leucine )
l~asparsgine ) Le-slanine ) l~cystine ) glycine ) i~serine. The




threshold concentrations were between 10°/ ard 10°° ¥ for the b
most effective amino acids, Hare noticed that the Deisomer
of an amino a0id was always a less effective stimulant than
its [~isomer. The relative effectiveness of awino scids as
stimulants was shown to depend on the relative positions of
the andno and carboxyl groups.

Hare (1973), has eince adopted a wore sophisticated 1
approach to the analysis of induced waves. [ pectral analyeis
of the frequency components in the response revealed that the
spontaneous eotivity was predominated by low frequency *
components (2-6Hz) and that this shifted to high frequency 1
components (7-11Hz) upon stimulation. PFurther, the peak
frequenoy pattern was chearacteristic of easch chemical tested
and multipeak spectra were obtained for complex stimuli. It :
appears from Hara's work that the intrinsic frequencies of the 4
induced wave may be of extreme importance in coding odour
quality. {
a) t sotivit t b 1

Teble I.2 summarizes the aveilable informstion on
spontaneous activity of individusl neurons in the teleost
olfectory bulb., Ailthough the authors hove made guesses regarding
the nature of the recorded units, there has been no attempt to
scourately establish their identity. It is, however, probable
that the large, biphasic sotion potenmtisls reported at a depth
of 300=400 pm by Hera (1567s), represent the spontanecus
dischargee of mitral cells., The mean firing raete of 'bulbar
neurons' varies from C.1 to 25Hs, about 10¢ of bulbar units
appear to fire in bursts, whence the intraburst freguency way
resch 50Hz (Dgving, 1965).
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Hara (1967s), showed that different individual neurons
respond in different ways to chemical stimulation of the
olfactory mucosa, finding: (1) Inhibition during or after the
period of stimulatiomn, (2) facilitation which eould outlast the
duretion of stimulation for seversl seoonds, (3) feoilitation
during the stimulus followed Ly a short inhibition when
etimulation ceased, (4) facilitation et the beginming =nd
inhibition at the end of the stimulation period, (5) s short
inhibition at the onset of stimulation followed by facilitation,
(6) no response. iore tham 605 of the neurons tested were of
types (1) end (3), which represent opposite patterns of response.
Anslagously with studies on other vertebrates (Dwving, 1965;
Matthews, 1972a, 1972b; walsh, 1956), Meredith (1974), has shown
in & preliminary study that low congentration of odorant (amino
acids in this case), facilitate, inhibit or produce no response
in goldfish bulbar neurons. Unites exeited by low estimulus
concentrations were often imhibited by higher concentrations (see
also Boudreau, 1562). Jccording to lhtﬂtth, his results suggest
that across fibre temporal patterms mey be important in coding
odour quality (chemiocal structure), end odour quantity
(concentration). However, in & statistical enelysis of the firing
pattern of bulbar units in response to chemical stimulstion
(Deving & Hyvirinen, 1969), individual units retained their
sotivity patterns under a variety of experimental conditions,
implying thet temporal coding of specific impulse sequences is
relatively unimportant. It is, however, difficult to draw any
reclistic conclusions from these experiments as the oells have
not been identified. In any case, a wealth of experimental
evidenoe from other vertebrates is ageinst the idea of temporal
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coding (Meacleod by personmal communiocation),

Bulbar unite can be antidromically driven at frequencies
of up to 50Hs by electrical stimulation of the ipsilateral
olfactory tract (Doving, 1965). 4 period of inhibition usuaily
followed the etimulusj in fect inhibition wae found toc be the
most common consequence of stimulsting either the contralateral
or ipeilateral olfactory treot (Doving, 1965; Hars, 1967a).
ftimlation of the ipsilateral olfactory nerve (orthodromic)
war generally exoitatory, often producing s buret of srikes
having sn extremely verisble latemoy. The induced af'ferent
svike{s) could often be blocked by an efferent conditioning
shock. This inhibition could result from either the activation
of centrifugel fibres or the antidromie sctivation of the second-
ery neurons, or both. According to Hcoles (1955), sntidromic
inhibition in motoneurons could be ceaused in & number of ways:
(1) refractory period, (2) positive after potential, (3) syneptic
feedback mechenisme or (L) direct ocollateral inhibition. Using
chronically prepsred rabbits in which the tract centrifugal
fibrees had degenerated, Green ot al. (1962), postulated that
sitrel cell inhibition was mediated via recurrent ccllaterels
soting direotly. It is now generslly concluded that for the
mammelian olfsctory buldb iococles' thinl postulate is the Gorreot
one, the granule ocells acting as inhibitory internsurons
(Preeman, 19724; Niocoll, 1963, 1972; 'hillips, Fowell, Chepherd,
1963; Shepherd, 1963b; ®all and Shepherd, 1968; Yamemoto et al.
1963). Hara (19672), contends ﬁmt the granule cell layer is
poorly developed in teleosts end finds it difficult to
sccommodate his results with the existence of suoh an inter-
neuronzl system in fish., He postulates prolonged sotion of an
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inhivitory transaitter substance to socount for the long time-
gourse of the observed inhibition, It is very difficult to
sgcept the oredibility of Hara's conclusion, perticularly as in
the ssae discussicn he completely contredicte this idea, stating:
"Coineident with this lower degree of segregation of glomerular
tracsadssion, the eleboration of intrebulber assocliaetionszl
eystem also seeme 1o be less elaboretely developed in fishes,
which have relstively few or no granule cells and recurrent
collaterals of the mitrel oells. The couplexity of the responses
of the second-order neurons observed here gan be explained on the
basis of the various feedback patterne which are known in other
vertetrates, (Kerr and Hagbarth, 1955: Baumgarten et al., 1962;
and Yamewoto et al., 1962)". Dgving (1965), while admdtting the
presence of granule cells in the fish olfactory bulb, observed
no rhythadc firing in response to efferent stimulation (Yamsmoto
et al., 1963). He attricuted the observed inhivition to the
direct wonosynaptic influence of centrifugel fibres on the
secondary neurcne,

In conclusion, ali that can be said is that our knowledge
concerning the sctivity end intrinsic connections of neuronal
systems in the teleost clfactory bulb ie very limited indeed, It
is this lack of knowledge which provided ithe starting point for
the present thesis,

D. ZLECTRICAL ACTIVITY CF THE OIPACTORY TRACT

In the majority of teleostean families, the olfactory
bulbe are found closely apposed to the cerebral hemispheres,
However, in the Gadidee and Cyrrinidae the olfactory tracts are
extremely long, forming discrete nerve bundles between the bulb
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and telencephalon (Figure 11I.1), PFurthermore, it is often
possible to distinguish separate medial and lateral bundles.
This latter type of anatomicel arrangement has long been
regarded as a very comwenient preparation by electro=~
physiologists, since pioneered by Adrien and Ludwig in 1937.
inalysis of afferent eleotrical activity in the tract, anmd
comparison with agtivity in the nerve or mucosa, should provide
en excellent indication of how the bulb processes the sensory

inforuwa tion.
o) lulti-unit sotivity

The multi-unit approach has been applied by Adrisn and
Ludwig (1937), and Boudreau (1962). Boudreau, recordirg the
electronically integrated aotivity, showed that increases in
traot agtivity occuld be produced by dilute concentrations of
various chemicals, The questionable thresholds for acetic acid and
butenol were 10° "7k and 10717 respectively. Millimolar
concentrations led to a deorease in tresot activity. Both
reports indivated that mechanical stimulation of the mucosa has

an effect on tract activity.
®) Single unit aotivity

Sucoessful recordings from single units have been documented
by Doving (1966c), Doving and Gemme (1965), and Nenbe et al, (1966).
The frequenoy of spike discharge in afferent fibres of the
burbot olfactory tract varied from 1-9Hz with a mean
frequenoy of 3.9Hz (Doving, 19660). Ina later study Devirg snd
Hyvirinen (1969) reported that the activity pattern of afferent
tract fibres oseillated periodically, and that the ayele
frequency (0.1 = 1.5 per sec,) was not related to the actual
firing rate of the cell, The interval histograms for tract
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fibres were often skewed snd bimodsl, indioating high
freguenoy bursting sotivity, which was also observed by Nanba
et al., It is interesting to note that interval histograms of
bulbar unite rarely indicsted bursting activity.

The sctivity of single fibrees is influenced by chemicel
stimulation of the olfactory mucosa (Igving, 19660; Nanba
et 81, 1966): most of the chemicals tested evoked different
rervonser from different units, 307 of Dgving's stimuli
pro‘uced incresced activity; 20" oaused inhibition, while about !

half the stimulations failed to pro'uce eny change in firing |
rate, Nsnba et al,, working on Carassius suratus, and ‘bremis
brama, found that individual fibres showed different patterns q
of activity when different odours were employed, thus implying &
temporal as well as spatial coding of odour quality (chemical
etruoture), By detailed statistical enalysis of impulse

sequence, Dgving and Hyvirimen (1969), found thet individusl
fibres retained essentially the same sctivity pattern under a p

variety of experimental conditions, This is in direct
contradiction to Nembe's findings and suggests that odour
quality is not oofied temporally by alterations in the pettern
of impulse sequence of individual cells, Thus it seems unlikely

thet temporal patterns of sotivity in tract fibres are of prime
importance in cuality coding.
)
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4 eareful snslysis of electricelly evoked waves in the

ol fy vy

olfsotory tract of several teleosts has been reported by

Dyving end Gemne (1965) and Dgving (1967). The compound ection
potential consists of three components with peek velooities in
the ranges C.B - 5.5' ..5 - 2.‘. and Cetl = C.Z, v.“o at 1000.
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for the first, second and third components respectively. The
first two components can be recorded from all portions of the
tract and are associated with non-myelinated fibres. The third
component was relatively large and present in the medial bundle
of the tract: In Ostariophysians it was also present in the
lateral bundle, The slow component is thought to be generated
by non-myelineted fibres, which terminate on neurosecretory
cells in the pre-optic nucleus (Jasinski et al,, 1966: Kandel,
1964) .

E. EFFERENT SYSTEMS TC THE BULB

Nervous activity ascending in certain sensory path=-
ways can be directly controlled by influences originating in the
central nervous system. One of the best established examples of
such a ‘'centrifugal system' is the efferent gamma control of
musole spindles (Grenit and Kasda, 1952). It is likely that the
olfactory bulbs possess two such systems (4llison, 1953; Cajal,
1911; Sheldon, 1912), referred to by Cajal as the thin and the
thick fibre systems. The former interopnnocta the two bulbs
via the anterior commissure, and the latter projects bielaterally
to both bulbs from the rhinemeglulio regions of both hemispheres,

The olootmpm/;i;;.ogionl evidence is far less easily
interpretable, In mammals, recurrent inhibition can be
generated directly by antidromic stimulation of the mitral cell
axons (Green et al., 1962; Nicoll, 1969; Fhillips et al., 1963)
and should not be excluded as a possible mechanism for the
generation of inhibition in the fish olfactory bulb. The

available evidence for efferent control comes from two separate

approaches; namely, examining the effect on afferent inflow of
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removing possible caudal influences by transecting the brain
at various more posterior levels and, secondly, by examining
the effect of eleotrical stimulation of various brain ereas.

Hara and Gorbmen (1967) have shown that electrical
stimli or strong chemical stimulil applied to the opposite buld
generally have a strong depressive influence on intrinsic and
afferent indugced aotivity in the ipsilatersl bulb. timulstion
of the anterior comudssure reduced these effects, It is assumed
that, as in other vertebrates, the contralateral influence would
be removed by transection of the anterior comsdssure (Callenms,
1965), but this experiment does not appear to have been
performed on fish.

Working with gerveau isol§ goldfish, Ushima and
Gorbman (1966a) found that transection of the ipsilsaterel
olfsctory tragct led to an fimmediate reduotion of the bulbar
response induced by chemical stimulation of the olfectory mucosa
with NaCl. They conoluded that more posterior parts of the brain
exert a facilitatory influence on the bulbar response, O(ne year
later, Gorbmen, now working with Hera (Hara and Gorbman, 1967)
on normel goldfish reported without gquoting his earlicr paper,
that transeotion of the ipsilateral tract caused & merked
sugmentation of the bulbar response to NaCl, ard concluded that
the olfactory and centrifugsl system exerts o tonio inhibitory
influence on the olfsetory bulb of the goldfish. The 1966
paper was similarly left unquoted by Bermstein (197C) in a
review, Hara (1970), in enother review, acknowledged Oshime's
paper but mekes no attempt to explain the obvious discrepancy.
The two situations sare susmeriszed in Pigure 1.2; The extremely
complimentary reciprooity is obvious, It is well known
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(Mencie et al,, 1962b) that in mammels the retioular formation
exerts a complex influence on the olfactory bulb, such thet the
effects of afferent stimuletion are often reversed., Cshima and
Gorvman's data cen possibly be explained, if it is assumed that
the widbrain~-hindbrain transection rewoves a strong reticular
inhibitory influence, This would result in a "normal response’
of increaszed intensity, under the influence of a more rostral
fecilitetory input. 4inother partial explanation could lie in
the observation made by Godet et al, (1964, 1965) that the
sensitivity of the clfectory responses varies in different phases
of the estivetion cycle, Thus it may be important slways to
communicate the sexual state of experimental animals and the
time of year when the experiments were performed,

Hiera and Gorbmen's result is wore in line with the
generally held dogms that the telencephalon exerts a bilateral
tonic inhibitory influence on the olfactory bulbs., Transeation
of the olfactory tract also augmented the efferent induced
eotivity and reduced the threshold for electrically evoked
potentials in the bulb, 7Tract section also removed the peositive
fafter-potential' couponent of the evoked wave, In mammals the
iong duretion surfece positivity is thought to reflect summated
IFSi's in the mitral cell population (Nicoll, 1972). Stimulation
of the posterior telencephalon was found to be depressive,
whilet stimulation of the preoptic area appeared to be slightly
facilitatory (Hara and Gorbman, 1967). 4 slight diencephalic
facilitetory influence on the frog's olfactory buldb was noted by
Takagi (1962) but inhibition was by far the most important
effect. No ascending diencephalic-bulbar pathway has been found
in fish (theldon, 1912). It is possible that strong inhibition
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observed in the frog by Takagi resulted from the antidromic
aotivetion of mitral cell axons projecting to the hypothalamus.
“low fibres in the goldfish olfactory trect are known to
orthodromically sotivate preoptic neurosecretory cells
(Jasinski et al,, 1968; Kandel, 1964).

Hara (1967a) und Dgving (1966b) have shown that both
facilitation and inhibition of Lulbar neurons cen be eliocited
by stimulating the olfactory tract but the most far-reaching and
commonly ocourring effect is inhibition. In comclusion, it
appesrs thet, in teleosts, centrifugal fibres in the olfactory
tract, which arise frow the telencephalon and poseibly the
reticular forwation, exert strong imhibitory influences on the
alferent indwed sotivity of the clfectory bulb. afferent
activity is also wodified by efferent ribres frow the contrae
lateral bulb and, to &« lesser extemt, Ly telencephslio-
diencephalic fecilitation. In this context it is interesting to
note the observation By Dgving sand Gemme (1966) that efferemt
egtivity to the bulb oan be inhibited by touching the skin,

4 reciprocel relationship between the olfactory and
endocrine system has been shown using electrophysiological
techniques. Kandel (196h) war eble to drive neurosecretory
neurons in the goldfish preoptic nucleus orthodromically by
stimulation of the olfectory trect, Jasinski et al. (1566)
have demonstrated that stimulation of the goldfish olfectory
tract also effectively depletes hypothalemic neurons of neuro=
seoretory granules,
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On the other hand, Hara (1967b), Oshima and Gorbman
(1966) end upe (1968) heve shown that sex steroids and thyroid
hormones have a direct influence on both globsl and unitary
electrical sotivity in the bulbs. Oshima and Gorbman (1966)
believe that thyroxine inhibits the telencephalic centrifugal
(facilitatory) action upon the NsCl evoked bulbar responses, but
has a losal facilitatory effect on the bulb. In Irotopterus
(Dupe, 1968), LiG srousal in the primordium hippocsmpi to
olfeactory stimulation appears to be dependant upon the thyroid
state of the animal, The response is lecking in thyroide
eotomized and engysted fish but can be induced by injections of
thyroid hormone., Godet and Dupe (1964) believe thet a thyroid
sensitive site may exist in the diencephalon which arouses the
hippocampal region to a threshold level of scotivity vhen
stimulated by thyroxin. In Protopterus (Godet, 1964), the
sensitivity of the olfactory response varies during the
estivetion oycle, He believes that arousal depends on the
reactivity of telencephalic tissuee as much as the buld or
regeptor, The resctivity of the tissue may be under the direct
influence of thyroid hormone on the dendritic fields of
telencephalic and bulbar neurons (Godet, Personsl Communication).

Hars and Gorbman (1967) observed a slight facilitation
of the bulbar response by repetitive electrical stimulstion of
the preoptic area, Tekagi hes presented extensive evidence for
& bilateral diencephalio-clfactory bulbar inhibitory centrifugal
system,

These findings are of extreme importance. A4s a result
of these connecotions, reproduction, growth, metabolic rate,
glucose metabolism and ion balance and transport may be under
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the direct influence of the olfactory system in fish.

Go  HHAT CAN PISH SMELLY

The primery information pattern in olfsction is the
result of e physicel interaction between a populstion of odorant
molecules and 2 population of reseptor sites of molecular
dimensions, followed by summation of the resultent energy effects
in the receptor cell, Table I,3 presents a list of generally
complex substances which have been utilised in experiments on
the olfuctory sense of fish, However, all properties of a
eompound, physical, chemical and physiological are determined
by the complete definition of its molecular struoture, It is
obvious that moet of the compounds listed in Table I.J represemt
ill~defined and unreproducivle mixtures, which are of little use
in a detailed enalyris of primsry olfactory intersctions, These
substances, liowever, remain of general and historic interest,
in infinitely more useful approach is to compare the stimulatory
effeativenesr of pure single compounds. Thus, Table I.4
presents a list of compounds whioh have been used by various
euthore (see Table for references) as olfactory stimulsnts on
fish.

The odorsnt molecules are presented to the receptor
sites in a range of orientations end conformetions (flexible
molecules only), which are randomly distributed over the
olfactory mucose. The composition of this range will be seinly
determined by the mature, position and environment of the
functional group(s). The statistical composition of the resulting
orientation pattern and steric charscteristios of the pre-
dominuting profiles are probabvly the major oriteria for primery
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TABLE e3¢

Hesponses of Fish to Complex Clfactory Stimuli

THYSICIOGIGAL | BABAVICURAL |
STINULUS FISH RESFONSE - RESFONSE
Aqueous extract of fresh
saliva b,g -
frog muscle 8 o |
catliish muscle g o !
cetfish akin g o |
earthworms g + 3
n'.r '.. *
blood g.t.u * +
gelatine g *
fish pellets ® *
Aquecus extract of deceyed
earthworms g * ;
frog mascle g | - i
liver 8 - |
head of alligator g . |
gelatine 8 - 3
blood I.t.“ * * I
tagnant water ® * !
n of aniseed g ; * |
Decootion of ants' eggs g E * ‘ |
Emulsion of oil of cloves 8 o é 3
. * oil of cedar 8 3 ° l |
. “ oil of rhodisn 8 ° | |
Tincture of asafoetide 8 ° ’ |
" * valerin 8 o , 1
Rosewater s © * |
tarch solution € ° l g
of cheese 8 o l ,
hand=rinse DyBy0, 6 . ] . ’
extract Psq * | |
extraot Pyt,u . | + |
ater from tank containing |
same species e,f,s i * ) |
#ater from tank comtaining ! |
different species e,f ' * ; |
stresn water e,fl | v ‘ ,
sged eel extract L thm 8 ; - :
shark extract tyu | s .
sweat (of, 'handerinse') t,u i | . |
|
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Ervatum: Fage 22, lines 24 - 206,

Glycine is highly soluble in water and insoluble in
ether, while benzene is only sparingly scoluble in
water and infinitely soluble in ether,




odour quality. Thus, characteristio, identifisble odours will
be associated with fairly homogeneous orientatiom patterns of
rigid molecular struotures containing sterically acoessible
functional group(s). Lack of odour and uncharscteristic odours
should be associated with a random distrivution of orientations,
epproximated by non-polar molecules with sterically inaccesesible
functional groups. The influence of the functional group on
orientation pattern will be determined by the direction of the
molecular dipole and its solvation tendency. Thus, in Table I.4,
stisulatory effectiveness is presented alongside struotural
formulee and representative physical and chemical properties
thought to be relevant to primary olfactory interscticns,

The size of the receptor site must be expected to be
& limiting factor. The range of molecular volumes shown suggests
that the largest acceptable molecules are mo bigger than about
}boh’. Pigure I,Ja compares models of the largest and smallest
effective stimulant molecules, although dipole moment values
were not available for the majority of compounds, it is obvious
that the range of effective stimulants includes highly polsrized
as well as nom=polar molecules., MFigure I,3b compares models of
glycine and benzene, representing the two extremes, The list
contains few non-polar molegcules, however, so direct comparison
is difficult, The molecules showm in Pigure I.3b raise another
important point, namely that of solubility. Glyeine is highly
soluble in water and insoluble in ether, while benzene is only
sparingly soluble. The stimulatory effectiveness of compounds
such as bensene and mesitylene is of interest since they are
known to be effective stimulants in terrestrial vertebrates, and
thus, 2lthough their relative agueous insolubility probably
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precludes thew as matural stimulants for fish, it raises the
question of coumon reoeptor sites for aguatic and terrestrial
forms. Ferhaps the only reason why man, for exasple, does not
emell amino acide is by virtue of the unsuitable terrestrial
transport wedium. No evidence has arisen to indicate even
partiel lipophilicity as an important factor in receptore
odorant interaction.

The aminc acids as o class of compounds are highly
stimulatory, not only for fish but other aguatic orgenisms
(Laverack, 1968; icleese, 1970). The first 49 compounds listed

in Table I.4 correspond to the relative stimulatory effectiveness

found by Hars (1973) for the rainbow trout (Lalmo geirdneri).
Frow this data and the lack of response noted for several non=
amino acids, Hare hes attempted certain correlations between
effectiveness and solecular struoture. Heplacement of the
carboxyl or awino group by snother fumotional group, altering
the position of the <=amino and <-carboxyliec groups, inoreasing
the carbon chain length above 5, and the addition of an hydroxyl
group reduced stimulatory effectiveness., The data obtained by
Hara showed relatively good correlation (r = (.85) when compared
with the receptor responses of falmo salar obtaimed by Sutterlin
and Sutterlin (1971), but there are serious disorepancies when
compared with data obtained from Jgtalurus gatus by ‘usuki end
Tucker (1971). Fartioulerly obvious is the disorepancy between
the stimulatory effectiveness of glyoine and Demethiomine, In
both jalmo salar and Salmo geirdneri glyoine is a potent
stimulus but, out of 25 amino acids tested by ‘usuki and Tucker,
it is the loast effective, In addition, many of the non-amino
acids shown to be non-stimulatory by Hera have proved to be
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|y AN
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highly potent in behavioural studies, Notably, Teichmann
(1959) could condition Salmo geirdmeri to respond to
2-phenylethanol in a solution 100 times wesker than the most
potent amino acid.

Hera's conclusions are generslly acoeptable but he
seeme to have missed one or two obvious points., For example,
the amidation of both enantiomers of glutamic and aspartic acid
greatly increaced their effectiveness,

xau.eo.eaz.caz.ca(nz)crxa moc.caz.caz.ca(naz)cccn

H K.Co.CH .OH(NH )CUCH  HOOC,CH .CH(NH )CooH
2 2 2 2 2

Alsc, although he noticed that Deisomers of amino acids were less A
stimulatory than their antipodes, the relative effectiveness of

enantiomers was not at all constant, liodels of two extreme
examples, Glutamine and Serine are shown in Pigures I.Jo and I.3d.

It is regrettatle that more thought was not given to
the selection of compounds. For example, 3-amino-1-butanoic i
a0id (G4BA) was shown to be stimulatory, whilst f{eaminobutane
and 1-butancic scid were not, The obvious cowpound to test the
coubined ismportance of both cl=amino and o~carboxyl groups,
namely Maoﬂ-hﬁulo acid, was not included in the

experiment,
H R.CH ,CH .CH .COOH 3=amino=f=butancic acid
2 28 -3
H K,0H .CH .CH ,CH {=acinobutane
2 B et A |
o .CH ,CH .COOH {=butancic acid
p i) 8
0!}.0!;?!.0?0! 2-amino={=butanoic acid




“4dmilarly, the chain length theory should have been
more rigorously teested using the series glycine, alanine,
2-aminobutenoic acid, 2-sminopentinoic scid, 2-aminohexanocic
wcid, and 2-sminoheptanocic acid. Cereful experimentation with
groups of compounds such a» these would be expected to yield
valuable information regarding the nature of the amino aoid
receptor site(s).

Teable I.b indicates that severel small inorganic ions
are effective stimuli., Their effectiveness probably sarises
from a nonespecific resction of the receptor membranes,

The fish's nose is sn extremely sensitive wcleculer
detector, Teiohmsnn (1959) menaged to trein eels (inguilla
anguilla) to respond to 2-phenylethenol at & concentration of
345 x 10 V7N, a formidable performance by sny standard., This
represents a woleculer concentrationm of 210 per -’, which is
about the volume of the eel's nasal chamber, The thresholds for
the reinbow trout (Jalge gairdmeri) end wimnow (ihoxinus
phoxinus) were 1.5 x 102 ana 1 x 10™% respectively. Ihese
figures correspond to molecular concentrations of 5.(9 x io“’
and 7,53 x 10'2 mols, mw’. It should be remembered that, whem
working with such highly diluted soluticns, local differences
in concentration sre inevitable., For example, soluted molecules
at phare bounderies may well result in & million-fold increase
in local concentration. Therefore, an open sdnd should be
mainteined when coneidering these results,

Thresholds obtained by electrophysiologiesl methods
are normelly higher than those obiained using behavioural
techniques (‘rosser and 3rown, 1961). 7hus, pacific seluon
(Onoorhynchus nerka) showed a marked avoidsnoce response to
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L=serine (a constituent of memmalien sweat), at a concentration
of 149 x 107" (Brett end Mackinnon, 1954). The electro=
physiclogically determined threshold for the same Qompound

ldee between 1076 and 10"7i. (Hare, 1572).

The wide disorepancies in published data could
easily be explained by the often wide varietion in the purity
of stimulus samples, If an eel oan smell phenylethanol at
107174, then even the slightest trece of impurity can be
expected to alter experimental results, As poignently stated
by amoore (1970) "eee to search for chemically specific elements
in the olfactory nervous system using average pure organic
chemicals as olfactory stimuli is about as ludicrous as trying
to define the speotral sensitivity of retimal cones using
Christmas tree lights as scurces of monochrometic light ...".
Truly meaningful results may perhaps only be obtained when the
provlem is tackled by teams which include = skilled organic
chemist, particularly when studies relating to stereospecificity
are envisaged.

Thus, fish are capable of smelling & wide variety of
small and often highly polarised molecules. They seem unable to
smell compounds with a molecular weight greater than 300 and
many aliphatic alochols and soids. The highly stimulatory nature

of aminc acids is probably related toc the highly polarized region

around the asymmetric carbon atom. The adjecent amino and
carboxyl groups may enter into & reversibdble, but relatively
stable, hydrogen bonded cosplex with an oppositely charged pair
of moieties in a {cavity' on the receptor protein., This is
partly supported Uy the faot that maturally occurring proteins

and thus the receptor proteins are constructed from L-amino acids,
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(11)

and that evidence from all available sources shows the Leamino
acids to be more effective stimulante then their antipode,

The asbove review reveals that there are extremely
lerge gaps end cocasionally flaws in our knowledze of the sense
of emell in fish. This leck of knowledge extends from the
nature and funotioning of the nassl receptors, to the central
integration of sensory informetion. “hilst thie is elso true of
the other vertebrate classes, our understanding of olfaction in
azphibiens and mammals is far more extensive. In particular,
many elegant tiophysical, physiological end ultrestructurel
studies have led to s fairly thorough understanding of the besic
neuronal circuitry in the memmalian olfeactory bulbd.

smoet all neurons in the centrel nervous system that
have been adequately imwestigated are subjeoted to antagonistic
excitatory and inhivitory post-synaptic actions. The neuroms of
the olfectory buld are no exception to this., It has long been
recognised that inhibition plays an important role in the
proceseing of the excitatory efferent input on to witral cells.
4n elegant intracellular study by Yemamoto, Yemamoto and Iwawne
(1963) revealed that the long-lasting inhibition of wmitrel cells
following antidromic sotivation resulted from an inhiditory poste
synaptic potential (I P). 4 concwrrent rhythmic burst of
impulses commonly occurred in granular layer cells, whose long
radiel dendrites make synaptic oontacts with the secondary
dendrites of mitral cells., By analogy with the welleestadlished
pathwey, shown in Figure I,3a, for recurremt inhibition of
spinal motoneurons (Renshaw, 1946: Locles, Patt and Koketsu, 1954)
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Figure I.4 Classical and dendrodendritic recurrent inhibition

MOIONLURON

(\Q

COLATrea,

® AL L
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I10msec msec

bFig. 30 Diagram of the inhibitors pathways to motoneurons by thair axon
collaterals and Renshaw cells. # shows extracellular recording of a Renshaw
0 cell being excited by an antidromic volley in the motor tibers of lateral gastro-
cnemius muscle. and C o £ are intracellular responses evohed by an antidronmig
volley in the venwral root and are fully described in the text. 7 is extracellular
control tor £ Same time scale for C, 1 and /

Teken from Eccles (1968)

cortical N
neuron +y granule cell

Diagram of the inhibitory pathway on to mitral cells via the
granule cell dendrites as found in the mammalian olfactory
bulb. 4, anatomical arrangement; inset shows detail of a

t) reciprocal synapse. B, mitral cell spike followed by IPSP.
C, simultaneous rhythmic burst in granule cell. Arrows show
direction of transmission, + indicates an excitatory synapse
and - indicates an inhibitory synapse. Recordings taken
from Yamamoto et al., (1962).




it «.s concluded that itie granule cells receive an excitatory
input frow mitral axon collaterals and, in turn, deliver
syneptic inhibition to the mitral cells,

dore recently .all and ‘hepherd (1968), in a
theoretical and experimental study, have indicated that,
although the granule cells are probably responsible for mitral
cell inhibition, they are not primerily sctivated by =axon
collaterals, Firom the analysis of extracellular field
potentials they postulsted a two-way dendrodendritic pathway
in which exoitation is delivered to granule dendrites by mitral
dendrites which, in turn, receive inhibition from the same or
adjecent granule dendrites, CSubsequently, an independent
electron mioroscopical study by Reese and 3rightman (1965)
revealed the presence of two-way ‘reciprocal' synspses between
these two types of dendrites, Furthermore the mitral - grsnule
contact was morphologically similar to Type I synapses (Gray,
1969), thought to be excitatory and the granule - mitral contact
was morphologically similar to Type Il synapses, thought to be
inhibitory, Pigure I.3b. These findings, which are of funde~
mental neurobiological significance, are corroborated by
Niocoll (1969), who has also presented evidence that the
inhibitory transmitter released by granule cells is gamma=
acinobutyric aeid (Nicoll, 1970, 1971).

Although the organisation of the teleostean
‘oltwtox'y bulb is not tremendously different from other
vertebrates, the existence of a physiologically similar

‘wiring diagram' hes been denied by several authors (see Tage:12=13).

Hence, it was decided that, before any serious attempt could be

made- to investigate the mechanism of odour discrimination in
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fish, a thorough study of neuronal events intrinsic to the bulb
should be undertaken, OChapters IV and V present the results
of .research designed to test the hypothesis that a dendroe
dendritic inhibitory pathway is present in the fish olfactory
bulb, Some suggestions relating to the nature of the
inhibitory neuro-transmitter sre given in Chapter VII,

During the preliminary studies on extrasellular
field potentials, @ method was developed for the identirication
of single units. The uumj patterns of such identified
units are desoribed in Chapter VI, together with how this
sotivity is modulated by olfsctory stimuld.

It is hoped that the thesis here presented will
provide essential groundwork for futare workers in this field
and ideas for all those interested in the comparetive aspeots
of neurclogical seience.
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material and methods




In addition, a few couparative experiments
were performed on the following species:




(1) ERELIMINARY REMARES

The primary experimental animal throughout this project
has been the rainbow trout, falmo geirdmeri. The trout has several
adventages which make it an ideal experimental enimel, in a way
paralleling the ubicuitous white rat, Hainbow trout of & constant
size are always readily aveilable from local hatcheries and far
more is known of its genersl biology end physiology then for any
other fish (Frost, /.E, and Browm, M.E, 197C). Of particular
importance are several studies ooncerning the bulber response to
odorants by Hara (1973, b). The only major disadvantage of the
trout proved to be the extremely short lemgth of the olfactory
tracts; a few comparative experiments have, therefore, been
performed on the goldfish (Caraseius surstus) and the cod (Gadus morhus)
which possess long and easily acoessible olfsctory tracte, This
study has used about one hundred rainbow trout (200-250g.), six
goldfish (100=150g.) and twelve cod (750=1500g.)
(11) EREEARATION OF TH: ANDUL

The fish were initially immersed in a solution of tricaine
methenesulphonate (28222, 50=100g/1) end left until Stage IIT
snsesthesia was resched (MacFarlemd, 1959); this is cheracterized
by slow operculer movements and by the fish rolling on to its baock,
usually after an exposure of 1«3 mins. /n intramuscular injeotion
of D=tubocurarine chloride wes given and the fish placed in a
specially designed stereotaxic head-holder, which is shown in
Figures II.1 and II.2. This apparatus, which can sccommodate any
suitebly sized fusiform fish wes rigidly fixed to the holding
aguarium and 2 heavy steel base to facilitate acourate and
reproducible placement of electrodes, Essentially, the fish is held
between two parallel sets of opposing steel bars which grip the
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Figure 1l.1: Head of Myozogephalus scorpius in head-holder,




b and a3

4 end e:

4

€ h:
b ¥

Prame of head-holder, allowing lateral
movenent along supporting bar, which allows
pitching movements.

Parallel sets of opposing bars for holding
skull of fish.

Horizontel bars for carrying micro=
positioners,

Rectangular channel iron frame bolted to
steel base plate.

Thick sponge shock absorbers.

Ferspex aguarium fitting into iron frame,
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supraorbital ridges and parietal bones, preventing movement in all

planes, Support of the body was in general found to be unnecessary.

A system of horizomtal bars incorporating willimeter scales was
constructed to provide a versatile framework for carrying micro-
menipulators (Figure 11.2).

The fich was continuously perfused through the mouth with
an aire-saturated, dilute solution of MS222 at .5 1/min.; perfusion
tesperature was mainteined at about 12°C by plecing orushed ice in

the constant head reservoir (Figure II.3). The depth of ansesthesia

was monitored Ly referemce to a continuous polygraph record of the
electrocardiogram (LKG) and the tectal electroencephalogram (EEG)

aend regulated with a system of flowmeters modified from that used by

Guthrie and Banks (Pigures II.3 and II.4). During surgery the Eil
amplitude was maintained between 25 and LO AV but this was allowed

to rise to about 85 pV during recording. The LKG provides an accurate

monitor of the general condition of the animsl, A deteriorating
preparation was of'ten heralded by an exaggerated PFewave and inter-
mittent bredycardia. Increased depth of MS222 anaesthesia wase
usually accompanied by a marked cardiac acceleration.

Pressure and incision points were infused with a solution
of lignocaine containing noradrenaline and a craniotomy was
performed to expose the telencaphalon, clfactory bulbs end the more
caudal part of the olfactory nerves, The craniotomy was usually
performed Yy pering away the poorly ossified oranium with a soalpel
but a dental drill had to be employed for large fish. The fatty
tissue lining the cranium was removed by gentle sponging with
‘cotton wool, great care being taken to avoid damaging the esmall
vessel running between the olfactory nerves, After placement of the
stimulating electrodes the craniotomy was flooded with mdneral oil
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Figure II.4 Example of routine stable LEEG and EKG recording.
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to prevent desicoation of the preparation., This progcedure also
greatly improved the visualization of the brain., The final
preparation is shown in Figure II.5.

(411)  SDELTION TEOEGUS /
() Slestriosl

Isolated square pulses of duration imsec. and
; amplitude 2-8V were delivered to the olfactcary nerves and traots
via concentric eleatrodes construoted from a 22 gauge hypodermic
needle and O.1mm insulated silver wire. The eleotrodes were
normally positioned unier visual observation with the aid of a
disseoting microscope; however, the olfagtory tract of the trout is
feairly inaccessible and & rough stereotaxic atlas was constructed
to facilitate the operation in this speaies. The output of the
stimulator was arranged so that bursts of pulses or pairs of pulses
having individually variable amplitudes could be delivered down the
same or different eleotrodes. The central electrode of the comcentric
arrangement was always oathodal.
(v) Chemical
Amino acids of the highest purity available were
obtained from Sigme Limited, Experimental solutions were diluted
from 1mM stock solutions kept in a refrigerator. During experiments
the test solutions were kept at the same temperature as the branchial
perfusion water, ~They were administered by injection from disposable
0 aileais vhi o B Yongth ‘ot iteflon tubing into a water stresm
gently perfusing the nasal macosa (Figure IIL.3).
(av) RECORDING TECHNICUES
Pigure II.6 is a diegrammetic representation of the

recording and stimulating circuits used in most of the experiments
to be described,




Figare 1l.5a: Overall view of the experimental
preparation. This particular animal is & common dogfish,
Leyliorhipus caniculus. The holding aguarium was later
extended to wore easily socoumodate such large fish.
“lassobranchs in general were poor, short-lasting
preparetions due to extensive haemorrhaging from the
edge of the operated area.

Figare 11.5b: Detail of ares arcund the craniotomy.
This particular snimel is a ood, Gedus morhus. In this
photograph the left olfsctory buldb is clearly visible in
the bottom left-hand cormer of the ocrsniotomy. DNote the
bright pink colour, demoting a healthy preparatiomn and
the microelectrode penetrating the dorsal surface,

E = electroencephalogram electrode; K = elestrocardiogram
electirodes; I - indifferent electrode (a self-tapping
brass sorew); M - microelectrode carrier; O - stimuleting
electrode; I -« branchial perfusion tube; C - syrimge
comnected to abdominal vein canmula; H - head holder;

0 = overflow; V = voltage follower. For the sake of
clerity the steréotaxio frame was removed prior to taking
these photographs.
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(2) Eleotrocardiogram _

The 5XG was recorded using bipolar leads, each
mz.tuge:;nunm steel hypodermic needle soldered to a
short lemgth of flexible, unsoreened cable., The electrodes were
fully inserted in the superficial muscles immediately behini the
operculae on each side,

(v)  Electroencephalogram

The LEG was regorded with a monopolar silver-
eilver chloride eleotrode insulated with polytheme tubing except for
the tip. This was forced carefully through a -h burr-hele in the
skull and fixed in place with demtal cement, The indifferent
elegtrode was a small self-tepping screw fixed in the skull.

Both the EKG and ESG were led from the Faraday cage
via soreened leads to a.c. amplifiers, the outputs of vhich were
monitored continuously on a Devices M, hotewire recorder,

(e) d and 1 tivi

Glass dmolutrdo- filled with 3M sodium ohloride
were used for recording field potentials and single units, The
resistance of the eleotrodes was usually 2-5M.for field potential
recording and 5-20M:for unit recording. The electrodes worrs
pulled containing several strands of glass fibre and filled using a
hypodermic syringe ismediately before use,

Signals were led via a field effect transistor (PET)
voltage follower to one side of a condensér coupled bi&logi.onl pre-
amplifier (Roemm@lé, 1973); the other side of the input was grounied,
The output of the pre-amplifier was variocusly distributed according
to the type of cxpori-qt in progress; the msjor connections are
shown in Pigure 11.6. Field potentials were led to & Tektronix 561B
oscilloseope and photographed with a Nihon-Koden oseillograph camera.
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The potentials could also be led to a Biomac 500 computer for
on=line averaging. The output from the Biomac was recorded on an
X=Y plotter., During these experiments the trigger output of the
Biomac was usually used to lym&ouu the stimulating and
recording avparatus, A Tektronix storage oscilloscope proved to
be extremely useful for the rapid visualization of potential depth
profiles, Unit recordings were similarly led to Tektronix
osoilloscopes; in addition, a window disoriminator (Roemmele, 1970)
uid pulse generator were used to provide controlled pulses for
triggering the Biomsc and an RC integrator. The output of the

integrator was continuously written out by the Devices Mi recorder,
in audio monitor was always used for 'listening in' to expariments,
After familisrization this was found to be the most reliable way of
Muu variations in recorded activity, rarticularly when
somhiu» for single units,

The microelectrode was carried in the eleotrode holder of

a Narishige 120 mioromanipulstor. The vertical rack of this
manipulator is fitted with a mioron counter which, if set to zero at
the brain surface, provides a direct indication of recording depth.
The approximate position of the recording tip could also be estimated
from the shape of the evoked field potential. Finally, & merking
technique was used to give a more acourate confirmation of the
recording ﬁolﬁtﬂ. A filtered 2 solution of Aleian Blue in 5%
sodium acetate was used to fill the second barrel of a double
barrelled electrode, This could be ejected iontorhoretically to

leave a blue spot which was easily detectable in histological sections

stained with neutral red. The espot produced was rather diffused and
was only useful when combined with the other methods to desoribe

the approximate recording point.
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(v)  CHAGUOCLCGION ToORNI VLS
(s) Drug Injections
Intravenous injections of drugs were cccasiomslly
given by cannulation of sn addominel vein but, freguently, it was

wore convenient and technically easier to injeot directly into
the caudal vein,

(v)  iderciontophoresis

The introduction of drugs into the extracellular
spade around single reconded units was achieved by iontophoresis
frou drugeconteining barrels of five berrelled microelectrodes,
These were constructed and filled as shown in Pigure II1.7, from
fam pyrex tubing pre-washed in chromic seid.

The recording barrel was filled with LX sodium
chloride and another barrel was filled with 3M sodium ohloride for
current belancing. The remaining three barrels were filled with
aqueous solutions of the following drugs in various combimstions:
GaBa (0e5¥; pH 3453 HOL), glyeine (0,54 il 3.5 KCl), glutamate
(Cu5M; pH 7.5; NaCH), aspartate (0.51 pH 7.5; NaOH), strychnine
sulphate (1¥), noradrenaline bitartrate (0.5M; oH L.5; HOl),
bicuwoulline (Smi in 0.165M NaClj pH 3.7; HCl) and piorotoxin (5mi
in 0,165 NaCl; pH 5.0; HCl)s The eleotrode tips were brokem to
between 5 and &4 um under the high power of a compound mioroscope.
The resulting resistame of the sodium chloride barrels was
usually 2«50, the amine barrels 10-20lc, and the convulsant
barrels 50-30i 0,

Cationic or anionic current could be delivered to
four barrele via individually screened leads from the specially
eonstructed epperatus shown in Figure I1.8, The essential part of
the cirouit comprises a potential divider and potentiometer to provide
coarse and fine control of the output from three S0V batteries in series
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Figure II.8 Microiontophoresis apparatus
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with 1000 o, This gives a maximum output of about 250ni per
channel, A switching circuit is incorporated to allow the output
from each channel to be read, A backing ourrent of opposite polarity
to the ejeoction current was applied to prevent spontaneous
diffusion of drugs from the pippette tip., Both intensity and duratiomn
of the retaining current were kept constant (15nA, 1min.), since
Bradshaw et al. (1973) have shown that a stable maximum or
minimum firing rate cannot be obtained until the rate of release
has reached an equilibrium value,
In studies on the spontanetus and induced sotivity of

single neurons, an alteration in the firing rate of 20 per cent
was taken as the standard for Geaidivg whether a partiocular
stimulus was excitatory or inhibitory.
(v4)  HISTOLOGIOAL TEDRNIGUES

Pixation of neural tissue was normally carried out by
cardiac perfusion with formol saline following initial perfusion
with saline (Hubbard, Llinas and Juastel, 1969). Wwax seotions
were usually stained with either oresyl violet or neutral red.
Another useful technique sometimes employed, which differentiated
both cells and fibres involved leaving the whole brain in a
solution of formaline and thionine for at least one month, followed
simply by embedding, seotioning and mounting (Chang, 1936). This
technique was modified and improved in later c:pcﬂ.-_u oy
prefization with glutaraldehyde and the inolusion of gluteraldehyde

in the staining solution. Golgli preparations were made according
to the method of Ramon-Moliner (1970).
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anatomy of

the olfactory bulb




(1)  INTRODUCTION

A brief sketch of the basic organisation of the verte-
brate olfactory system has already been given (See Fage 1). It is
the intention of this seotion to present a desoriptive di scussion ‘
of those aspects of olfaotory bulbar anatomy relevant to the physi-
ological study forming the main body of the present thesis, By way
of introduotion Pigure III.1 shows the relationship of the bulb with
the other parts of the clfactory system in two of the genera studied,
Salmo and Gadus. In the Salmonidae and wost other teleostean
families the olfactory bulbe are sessile btut, in the Mormyridae,
Siluridae, Cyprinidae and Gedidae, the bulbs are connected to the
rest of the forebrain by long, slender olfactory crura containing
both ecentrifugal fibres and the axons of secondary olfactory neurons,

The olfactory bulbs of fish display a more or less distinot
laminated struoture. The layers, which are concentrically erranged
around the bulbar ventricle are: (1) a layer of primary olfactory
nerve fibres, (2) a glomerular layer, (3) an externsl layer
containing large mitral cells and smaller elements, (4) a plexiform
layer formed from the axons of mitral cells and the dendrites of
deeper neurons and (5) an internal cellular region containing meny
small neurons. In most higher vertebrates there is a further plexi-
form layer between the mitral oells and the glomeruli, Figure III,24
shows these layers diagrammatically for a representative series of
vertebrates, The general histological appearance of the bulb in
sagittal sections is shown in Pigure III.3, where the
most prominent feature is the ocentral core of granule cells,

Another important feature is the near spherical syumetry of the neuromal

elements. This, the five layered structure is equally visible in
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Figave 111, {4: Dissection of the brain of
Salmo geirdneri to show the olfactory system.

Pigwre 111, {B: Dissection of the brein of
Gedus morhua to show the olfactory systeam.

OE = olfsctory epithelium; ON - olfactory nerve;
(B = olfactory bulb; CT - olfactory tract;

TC « telencephalon; MC - mesencerhalon;

C « cerebellum; ¥ - medulla oblongata







FMgure 111,2, (4): Semi-disgresmatio representation of the
fibtres and cytoarchiteoture of vertebrate olfsctory bulbs, Feri-

karya, dendrites and axons of the mitral and tufted cells are
distinguished, GCranule cells are indicated by the oval outlines
of their nuclei and their 'axons' are indicated by fine lines.
Cmall, bold circles are cross-sections of myelinated fibres,

A: lawsprey, B: elesmobranch, C: amphibisn, D: reptile,

E: menmal, A and B have five layers: olfsctory nerve layer (IN),
glomerular layer (5G), mitral layer (M), plexiform layer ('1),
periventriculsr layer {(VL), Intermal plexiform layer (1'1);
external plexiform layer (Z:1).

Figure 111.2, (8): Diagrem of synaptic commections in the
olfactory bulb of fish., Left: hypothetical presenmtation of
neuronal connections. Right: detailed drawings of types of
synapses, Cynapse Detween fila olfectorie and mitral cell
dendrites (A); reciprocal granule cell ending on mitral cell
dendrite (n,). on the some of a mitral cell (’z)' mitral cell
collateral endings (c‘) and central bulbopetal fibre endings
(cz) on granule dendrites; synepses with interdigiteted membrene
complex in the periventricular zone, probably on stellate cells
(D). G, and 02 form morphologicelly similar symptoms, cmlo
cell (g), mitral cell (m), stellate cell (s), astrocyte (a),
dendrite (d). The arrows indicate direction of transmission of

the stimulus,

Pigure 111,2, (C): Cresyl violet stained section of cod
olfactory bulb oriented in the same manner as B,

4 and B teken from /ndres (1970).
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Figure III.3 Saggital sections of trout olfactory bulb

Thionin stained section

Drawing made from Golgi preparsations




anterio-posterior and in dorso-ventral planes,
(11)

The olfactory nerve fibres end in well-defined
spherical bodies, the glomeruli (FPigure III,38), The incoming
olfactory nerve fibres do not divide before entering the glomeruli,
although they branoch freely within them according to Holmgren
(1920) but indres (1970) was unable to confirm this using the
electron microscope. The axon of a receptor oell does not
terminate in more than one glomerulus and each glomerulus receives
impulses from a segregated and independent collection of olfactory
receptors, Within the glomeruli the terminals of the olfactory
receptor cells enter into syneptio contacts with the terminal
dendritic tufts of mitral cells, The topological arrangement of
the olfactory cell branches on the mitral dendrites is probably
extremely important. Deving and Pinching (1973, 1974) have
demonstrated that continued exposure of young rats to single
odours leads to degeneration in specific anterio-posterior bands
of the mitral cell layer,

Some relatively small cells are found between the
glomeruli, often possessing thick dendrites which may enter
glomeruli. Catois (1901) considered that these elements are
equivalent to the periglomerular cells found in asphibians,
reptiles and mammals.

(v) Ce a sion of

The large mitral cells (Figure IIT.38) are found in a
leyer about 300 um below the bulbar surface and their somata can be
up to 30 um in diameter, the nomal range being between 15 and
25 um. They possess from one to five thick dendrites, each of
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which supplies one or more glomeruli; in addition, these
dendrites receive synaptic contacts from the radially oriemted
dendrites of gramile cells (indres, 1970; Cajal, 1894) as shown in
figures III.28B and III,38, In meumals these synapses seem to be
exclusively reciprocal in nature (Frice and Poweil, 1970b; iall

et al, 1966). Both sides of the contact are capable of
transmitting end receiving information; the mitral - granule contact
is thought to be exoitatory snd the granule - mitral contact is
thought to be inhibitory, as discussed on Page 27, Andres (1970)
has recently produced evidence for the existence of reciprocal
synapses on the mitrel dendrites of a wide oross-section of
vertebrates including fish (Pigure III,2)., In fish and lower
vertebrates both synaptic inputs to the mitral cells ocour on the
same dendrites but in higher vertebrates the reciprocal synapses
ocour predominently on the accessory dendrites of the secondary
neurons (mitral and tufted cells), The glomerular tufts are
confined to radially oriemted primary dendrites, the number of
which undergoes a gradual reduction as the vertebrate series is
asoended, In mammels there is only one primary dendrite,
providing a very definite segregation of primary and accessory
bulbar eircuits, It is interesting to note here that reciprocal
synapses have been demonstrated in various thalamic relay nuclei
(Pamiglietti, 1970; Harding, 1971; Morest, 1971; Wong, 1970) and
Ralston (1971) has proposed a schema for their sctivation that
bears a close resemblance to suggestions for the olfactory bulb,
Reociprocal synapses in the retina between amacrine cells and
bipolar terminals (Dowling and Boycott, 1966) may also be
responsible for a similar control of reeeptor input. This analogy
is particularly striking if it is remembered that the granule cells
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are by definition 'amsorine cells’.

The axons of mitral cells join the wedial or lateral
olfactory tract and extend to the heudspheres (Cajal, 1894;
Sheldon, 1902), tut often emit several collaterals within the
bulb which extend baok to the glomerular sone and perivenmtricular
sone (andres, 1970; Cajal, 1894; Johnstom, 1898). Allisom (1953)
and Holmgren (1920) assert, however, thst these axons have few or
no collaterals within the bulb,

(e) Flexiform Layer

This is a dense neuropile formed from the axons of

mitral cells and the dendrites of granular cells. In addition,
this region contains stellate and spindle-chaped cells, The
stellate cells are provided with long dendrites which extend
fan-wise towards the periphery, where their branches end in the
glomerular zone and shorter dendrites direcoted parallel to the
bulbar surface (Nieuwenhuys, 1967). The spindle-shaped cells are
bipolar elements which often send a demdrite towards the
glomerular sone., The axons of the stellate and spindle-sheped
eells run in the olfegtory traots and wiey often emit collaterals
in the buld which may reach the glomeruli (Johmstom, 1898).

(2) granuler Cells

The gramule cells (Figure III,2B) are by far the

moet numerous neuronal element present in the buld tut there is
controversy in the literature as to whether the oells observed
in fish correspond with the similerly situated cells in mammals.
In & review, Nieuwenhuys (1967) reported that the perie
ventricular bulbar grey matter of fish and cyclostomes contains
numerous cells provided with distinot axons whioh contribute to
the olfactory traots., The dendrites of these cells often enter
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into the formation of glomeruli anmd only in the dipnoans do
elements occur which ¢losely resemble the granules of higher
vertebrates, However, Cajal hed already recognised the existence
of true granule gells in fish as early as 189%: "Pinalemente, los
granos se comportan como mi hermeno ha recomocido en los
batracios, es decir, que son celulas unipolares, y su unica
expansion, dirigida hagia la periferia, se resuelve en un penacho
de remas espinosas."” HRecent eleotron-mioroscopical evidenoce
(Andres, 1970) suggests that, although a few granule cells send
processes into the glomeruli, very many of them appear ideatical to
the typieal -—nm granule cells, thus agreeing with Cajel.
theldon (1912) has also implied en assooiatiomal function for

the granule oells.

The true granule ¢ells, vhich I have also found to be
fairly numerous in fish, are small neurons with no morphologically
identifiable axon. They possess several short, spiny basal
dendrites and a long radially direated dendritic shaft, the spiny
ends of which enter into the reeiprocal synapses desoribed above
with the dendrites and somata of the mitral cells, In additionm,
the socmate end dendrites of the granule oells regeive synaptic
contaots from mitral axon collaterals and from the terminals of
centrifugal fibres (Andres, 1970; Cajal, 18%4; @nd Johmston, 1898).
Thus, it appears that, as in mammals, the granule cells may be
involved in intra-bulber associational systems: the gquotation by
Hare cited on Page 13 seems, therefore, to be without foundation,
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INTROIUCTICN

The complex structure of the central nervous system,
vith sdllions of sctive elements, makes it exceptionally difficult
to interpret electrical records of brain sotivity. ’otentials
recorded with macroelectrodes are the vector sum of elementary
electric fields from a large statistical asseambly of neurons,
often showing asynchronous, contrary changes. Recordings with
microelectrodes usually represent the activity of individusl
neurcns which cannot be representative of the entire population,

The field potentials produced Yy a group of cells
reflect indirectly the membrane potential changes which the cells
of 2 population undergo in unison, the membrene potential changes
representing aotion and symaptic potentials within individual
neuwrons., 4 study of such potentisls will give veluable informetion
about the average activity of the oells in the group and is a
basic prerequisite to understanding the physiologicel character-
istics of any neuronal population in the central nervous system,
If the anatomy of the partiocular brain region is well understood,
the activity of the pool can often be treated as if' generated Dy
a small number of ideal elements, each representing the average
behaviour of the particuler cells which are synchronously
sotivated from specific sites of stimulation. For example,
stimulation of the olfeactory traoct will result in the sctivation
of the wmitral ocell axons and the subsequent antidromic invasion
of their somata within the olfectory bulb. This, in turn, will
lead to the aotivation of other cells in the buldb to which the
mitrel cells are synaptically connected., The extracellular
action and synaptic cwrrents thus generated can be recorded by
the insertion into the bulb of a microelectircode connected to &
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suitable amplification and display system.

The mecbrane potemtials of individual neurons are the
main sourge of electricsl potentials recorded from the brain,
During antidromic or synaptic sctivation, different parts of a
neuron undergo asymmetric chenges in membrane potential,
resulting in eleotrical asymmetry of its component parts which,
in a simplified form, appears as an electrical dipole. Current
will flow in the extracellular space from the regions of high
membrane potential (source) to regions of lower membrane potentisl
(eink), accompanied by a simultaneous flow of intracellular
owrent in the opposite direction. ¥hen recorded relative to a
distant reference eleoctrode, the source will be positive and the
sink negative. However, the fact that the outside of & particular
neuronal region is positive does not necessarily imply that the
corresponding seotion of membrane is hyperpolarized. The membrane
potential here may be normel but will be lower than that recorded
at the sink,

To facilitate interpretation of recorded field potentials,
it is assumed that the brain behaves as a perfect ohmic resistor
snd as an isotropic medium, The firet implies that there are
no capasitive or inductive elements present and that its
resistance is independent of the current flowing through it,

The second implies that the conducting properties of the medium
are the same, independent of the direction of current flow.
Obviously, neither of these assumptions can be true for the
central nervous system but, by meking them, the experimenter is
relieved from having to perform numerous corrective vector
analyses of his data. Thus, the goltage meesured is a product
of the integreted current density component «nd the specific
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resistance of the medium whioch is assumed to be constant. If

the sink is spatially smaller then the source, the current
density in the area of the sink will be greater than at the
sourge, The negativity will thus appear to be more pronounced
than the poeitivity recorded at the source., In a volume
conductor the current arising between two areas of & neuron
spreads in far-reaching lines of current amd, in distant parts

of the field, the direction of current flow may be nearly reversed
relative to the intrapolar seotor. lLorente de No (1947) has shown
that a monophasic nerve sotion potential changed to & triphasic one
at certain points on & flat conductive medium, A positive wave
may then be an expression of exocitation approaching the electrode
and a negative wave an expression of excitation reaching the area
of the electrode,

As mentioned briefly above (Page 27), the field
potentials in the mammalian olfactory bulb have been extensively
and elegantly studied by several authors (Freeman, 1972b, o, 4;
Niooll, 1969, 1972; Fhillips, Fowell and Shepherd, 1962; Rall,
Shepherd, Reese and Brightman, 1966; Rall and Shepherd, 1968;
Shepherd, 1970). In mammals, stimulation of the latersl
olfectory tract generates a field potential which, at the bulbar
surface, is compounded from two negative snd two positive waves,
l‘. lz. P' and 1’2 respectively. P1 is believed to represent the
ourrent source during the antidromic passage of impulses in the
mitral cell axoms, l1 is attributed to action curremnts around the
dendrites and somata of mitral oells as a result of their anti-
dromic invasion. N_ is thought to refleot the depolariszation of

the granule cell primary dendritic terminals and Pz the

subsequent hyperpolarisation of the mitrel cell secondary
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dendrites, {ynohronous with the llz

granule cell regiom, i® an intense poritive wave, 4ll suthors

wave, but recorded in the

agree that this dipolsr field must be genersted by the gramule
cells, whose particular snatomical features provide an intrase-
cellular return pethway for the current., The fact that the dipole
is surface negative n.xg.- that the depolarization of granule
cells tekes plece in the externsl plexiform layer. The Pz wave i
bé#lieved to represent synchronous hyperpolarizetion of the =dtral
cell populetion end, therefare, & reflection of the pronounced
inhibition of mitral cells following olfectory traet stimulation.
The hypothesies thet this inhibition was delivered to witral cells
via the same populetion of synapses responsible for the exeitation
of granule cells found support in the discovery of reciprocal
synaptic contacts between the two cell types in the extermal
plexiform layer,

The waves evoked by stimulation of the mammelian
olfsctory nerve are very similar but ere preceeded by a triphasic
wave, which is the compound action potential of the olfactory
nerve (Nicoll, 1972). GStimulation of the reptilien (Orrego, 1961)
and emphibian (Ottoson, 1959) olfactory nerve evokes fundementally
eimilar potentials and, although the analyses presented are
reletively less sophisticated than the later mammaliesn studies,
the conclusions are eslong similer lines, No suggestion of the
dendro-dendritic pathwey proposed for memmels was mede in either

of these two reports,

The response of the olfactory nerve to single shoeck

electricsl stimulation is a positive - negative - positive
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triphasic wave which could only be recorded within two milli-
meters of the stimulating clectrode (Pigures IV, 14; IV. 2(4)
and IV, 3). The duration of the action potential was found to
be 10 msec, ¥With inoreasing stimulus intensity, the amplitude
of the compound action potential inoreased nom-linearly, the
saximum rate of increase ococurring dbetween 2.5 and Lx threshold
(Pigures Iv. 18 and IV. 2(41) ). Double shock stimulation showed
that the absolute refrastory period for the sction potentiasl was
20 < 4 mseo. (Pigure IV, 14).

By trial and error, placing of the recording mioro-
electrode along the nerve enabled a series of points of maximun
response amplitude to be loceted alorg & narrow anterioposterior
band which appeared to correspond to a single stria of the nerve,
The response moved at a constant veloocity but with decremental
amplitude (Pigures IV.2 (1) end IV.3). The mean condustion
velocity of the wave was 0,13 = 0,03 m/sec, which, if wultiplied
by the duration, gives a2 value of 1.5 mm for the wavelength of
the action potential., This {igure corresponds closely with the
value obtained below by constructing = smoothed action potential
for a seotion of the nerve (Figwe IV.4). The action potential
was shown to decrement similarly in the vertical direction by
waking » series of recordings perpendicular to & point on the
horizontal axis (Pigure IV, 38). 7The amplitude distribution
appears to be independent of stimulus intensity over the lower
range but, at stimulus intensities of over 8x threshold, there
was an inorease in the width of the normal distribution. In ome
experiment (Figure IV. 5) an abnormal distribution of amplitudes
oocurred, appearing to peak at & point 1 mm from the stimulating
eleotrode at all stimulation intensities,
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Figure IV, 14: The left~hand part of the figure shows
the decrement of the olfsctory nerve compound action

potential as the recording eleotrode is moved away from
the stimulating electrode in the direotion of the olfactory
bulb, The apparent abmormality of the record at 1,6 mm is
due to the recording electrode pemetrating tre bulb, 4All
other records are from the surface.

The right-hand pert of the figure demomstrates the
refractoriness of the olfactory nerve, The delay between a pair
of shocke delivered to the nerve was gradually decreased until
the test shock no longer produced a response,

Pigure 1V, 1B: This figure demonstrates the effeot of
increasing stimulus intensity on the olfactory nerve compound
sction potential from (1) to (ix).
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Figure IV.1: Properties of olfactory nerve action potential




Pigure IV,2(4): A shows a similer series of records to
those in Figure IV, 14 taken from a different animsl, 3
shows plots of the latemoy of the compound ection potential,
l,,nadlzunwwtbunamhtmntm
stimulating and recording electrodes,

Pigure 1V, 2(44): This is a plot of the experimert shown
in Pigure IV, 18. Peak amplitude is shown as a funotion of
stimulus strength. The units of intensity refer to the scale

of a linear helipotentiometer controlling the output from a
radic frequenoy isolation unit,.
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Figure IV.2: Properties of olfactory nerve action potential
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Plgure IV.3: A shows the decrement of the averaged
compound action potential with distance horiszontally
along the nerve (x-axis)., B shows the decrement of the
averasged compound action potential along an electrode
track perpemdicular to the horizomtal axis (y-axis). All
records are on-line averages of 6L sweeps,

Calibration: vertical .2 a¥; horizontal 5 msec,

Pigure IV,i: This figure shows an example of a smoothed
aotion potential for the nerve as a funotion of distance,
constructed as desoribed in the text, A refers to the
wavelength of the sotion potential, which in this example
is 1.34 mm,
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Pigure 1V,5: This figure shows & series of averaged
compound agtion potentials recorded in the horizontal axis
along the olfactory nerve, showing an unusual distribution
of amplitules, The peak amplitude is adout 1 mm along the
nerve from the stimulating electrode and not immediately
adjacent to it, as would be expected,

Calibration: vertical .4 n¥V; horizontal 20 msec,
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To investigate further the distribution of

potential within the nerve, the compound ection potential was

recorded and averaged om-line from a series of points of
maximal response amplitude along its anterio-posterior
trajectory (the x-axis) and from points along a dorsoventral
line perpendicular to the trajectory at a distance of 1 mm
from the stimulating electrode (the y-axis). The magnitudes
of potential on both axes were measured at the point in time
where the potential at the intersection of the x and y-axes
reached its meximum amplitude on toth =ides of the x-y
intersection. 4 smoothed action potentisl as a function of
distance was then plotted by extrapolation. (Figure IV.4).
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Lfactory bulb

Noving the recording mioroelectrode nesrer to the
olfactory buldb leads to the appearance of three further negative
waves and a later, slow positive wave accompenying the decrement
of the compound soticn potential of the nerve., These waves,
which will be referred to as ll‘. .2’ l’ and ¥, were usually
clearly defined but, in surfsge records, N
obscured by '2’

3 wee sometimes
The early negsative waves could easily be distinguished
from the compound action potemtial by their longer latemgy amd

their inability to follow repetitive stimulation, l‘ missed at

12 Hz; lzntznnl,at.butlbﬂlldflt-boutzm. Tetanic

stimulation usually caused K
inhibition (Pigure IV.6). The amplitude of there waves was seen
to vary over the bulbar surface (Pigures IV,12, IV.13 and
Appendix I), Gemerally, the majority of the bulb was surfsce
negative in resconse to olfactory nerve stimulstion but the
caudalemost region was surfece positive,

If & microelectrode is gradually lowered into the buld
while single shocks are applied to the nerve, the recorded
potential transients undergo a series of changes in shape,
amplitude and polarity (Pigure IV, 74, right). The degree of
veriation was related to the stereotaxic co-ordinates of the
electrode penetration point but, for an electrode track near the
centre of the bulb, the following changes were normally seen.
The K, wave, if visible, reaches its maximm amplitule at the
region of the mitral cell bodies, However, the wave recorded at
the surfsce was usually synchronous with the leading edge of a
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Pigure 1V.6: The effect of tetanio stimulation on
field potentials evoked by stimulation of the
olfactory nerve, Records are from & point near
the roouoflz. The numbers on record d refer
to the sequence of the first three responses.
Record a: three superimposed sweeps; all others
ten superimposed sweeps, |




Figure IV.6: Effect of repetitive stimulation on field potentials
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Pigure IV, 7a: Field potentials recorded from the
olfectory bulbe of Gedus morhua (left) and Salmo gairdneri
(right), following single shock stimulation of the olfactory
tract and nerve respectively., Each record rerresents ten
superimpoered sweeps of the osoilloscope beam, The histological
sections shown alongside the physiological recordings are from
polats very close to the electrode tracks; they are stained
with cresyl viclet, CN, olfactory nerve layer; GL, glomerular
layer; ¥B, mitral cell layer; X, plexiform layer; GR, gramule
cell layer,

Pigure IV, 7B: Line drawings of field potentials at the
surfece, glomerular layer, mitral cell layer and granule cell
layer, Treced from the recordings shown above and divided into
five pericds, each corresponding to & particular surface wave.
Left-hand side, olfactory tract stimulation, Gedus morhus;

right-hend side, olfactory nerve stimulation, Selmwo geirdneri.
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positive wave at the centre of the bulb, ﬂnlz wave reaches
its maximum amplitude in the narrow region between the glomeruli
end the mitral cell bodies, which contains the thiock mitral
dendrites and the terminals of gramule cell dendrites. The wave
reverses polarity Jjust below the mitral cell bodies and is
synchronous with an intense positivity at the centre of the bulb,

The K, wave aleo reeches its maximum amplitude Just above the

3
mitral cells but it reverses polarity in the plexiform layer,

It, too, is= symchronous with & positivity at the centre of the
buld but of lower amplitude than thet asscciated with '2'
P wave is maximal in the region of the glomeruli; reverses

The

polarity in the vieinity of the mitrel cells end is symchronous
with an intense negative wave at the centre of the bulb, being
alwost a sirror image of Nzo

Gtimulation of the olfsctory tresot leads to the
generation of a similar but not identical series of potentizls,
An initial poritive wave of'ten preceeds l' but N, is not often
seen (Pigure IV, 7A, left). 4As in the orthodromic situation,
the "l wave always reeched its meaximum amplitude at the region of
the mitral cell bodies, the surface wave being synchronous with
a2 shallow positivity at the bulber centre, llz reaches its
maximum aspplitude in the glomerular region and reverses polarity
in the mitrel cell leyer. As in the case of the olfectory nerve
induced .2' the '2 resulting fros olfactory tract stimulation
is also synchronous with an intense positive wave at the centre
of the bulbe The F wave reaches its maxisum suplitude in the
glomerular layer snd reverses polarity just below the mitral
cell layer to become negative at the centre of the bulbs. “hen

seen, the initial positive wave appeared synchromously with the
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l‘ wave in the centre of the bulb. (Figure IV. 10).

3e Cne dimensional analysis of field potemtials

line drawings of selected field potential records
ere shown in Pigure IV, 88 for the two routes of stimulation.
Por convenience, the waveforms have been divided into five
perieds, I, 1I,III, IV and V, corresponding to the individual
waves which form the complex field potentials, B2y measuring
the magnitude of the recorded field potentials st particular
latencies and plotting as a fumotion of recording depth, it
is possible to obtain a more acourate indication of the
direotion of cwrent flow at the point of electrode penetrations
Thus, Pigure IV, 84 shows examples of such potentisl profiles
for the sets of records in Pigure IV, 74. The potential
profiles asre for the times corresponding to periods II, III,
IV and V of Figure IV, 78, providing direct comparison of
ourrent flow in the bulb at these particular latencies. The
wost obvious feature revealed bty these potential profiles is
the intense flow of extracellular curremt scross the udtral
oell layer at the u-ootthelzuu, in doth the ortho-
dromic and antidromic situations, resulting in a dipolar field,

The data in Flgures IV.7 and IV.8 was obtained from
two different species, the reason being the relatively easy
access to the relevant stimulation route in the species used.
Figure IV,9, nowever, presents data from a single experiment
using Gadus morhue. In this experiment the responses of the
buldb to stimulation of both the olfactory nerve and olfactory
tract were recorded comsecutively a2long @ single electrode

track. The graph beside the recordings emphasizes the almost
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Pigure IV, 84 Fotential profiles of N'. Rz. N’

and P plotted at the letencies shown on the fizure, from
the records in Pigure IV. 74. (1) Clfactory trect
stimuletion, Cadus morhua: (4i) Clfactory nerve
stimulstion, Zalmo geirdneri.

Pigure 1V, 883 Diegrem showing the current flow around
bulbar neurons following & single shock to the olfactory
nerve, II, III, IV and V correspond to the eguivalent
periods in Figures IV, 7B and IV, 8i. This figure is
presented here for ease of comparison with the
preceeding figures. A more complete legend and a full
text explanation is given in the discussion at the end
of this chapter,




Figure IV. 8: Analysis of bulbar potential fields
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Sigure IV, 9: Field potentials evoked by stimulation
of both the olfectory tract and nerve in Gedus wmorhus.
tech pair of records was recorded at the same point, On
the left is & histological section from a point close

to the electrode track, stained with cresyl violet. On
the right is plotted the potential profile of the llz

wave evoked by both routes of stimulation. CN, olfactory
nerve; (T, olfactory tract; GL, glomerular layer;

M8, mitral cell body layer; 7X, plexiform layer;

GR, granular layer; R, reversal point of field potential.
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Pigure IV, 10: Field potentials evoked by olfactory
tract stimulation in Gadus morhua. =ach record in 4

represents a single sweep; eall eight traces were
photographed together from a storage oscilloscope. In
B ﬂacpukhtcwdl‘ is shomn as a funotion of
recording depth. DNote the initial positive deflection
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FPigure IV, 11: Averaged evoked potentials from
the olfactory bulb of Salmo geirdneri. The records

in A are averages of 32 sweeps; recordings were wmade
at intervals of 25 Frt&t agross the bulb, In 3

the magnitudes of the field potentials at 15 and 20
msec, are plotted as a funetion of recording depth.
The abnormal distribution of potential was
associated with an abnormal ventral bias in the
distribution of cellular elements in this particular
olfectory bulb,
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Pigure IV, 12: A simple isopotential plot showing
the bulbar distribution of potential at the time of

thlziln. This mep is simple in that the number of
recording points is relatively few, A is the array of
recordings from which the mep was drawnj; they are
arranged relative to the series labelled 1000, which
represents the point of maximum diameter in this
plane, The first record in each group was recorded at
the bulbar surfagce, The map B was hande-drawn by the
method of approximate linear interpolation,
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identical potential profiles of the '2 wave evoked Ly both
routes of stimulation. The two waves reverse polerity at
exactly the sawme depth, just below the layer of miiral cells,
In this type of experiment, recordings were
routinely made at intervals of 100 pm and seasuresents of
potential from the recards were then plotted as a function
of depths In the experiment shown in Figure IV, 14,
recordings were made at 25 pm intervels and averaged om-line,
leasurements from the resulting averaged evoked potentials
were plotted against depth for latencies corresponding to N

1
and N o« 4s a result of the short distance between individual

2
recordinge, the small varistions from the smoothed profile
can be acocounted for by the activity of individual neurons
close to the eleotrode track. The unususl distribution of
potential in this experiment wes associated with an sbnormal
histological appesrance of the dulbs. The recordings were mmde
from the anterior part of the bulb, where a ventral bias was

shown in the distribution of the cellular elements,

be fie ti

The above type of analysis is limited in the amount
of information it can provide comoerning the activity of the
whole area under investigation. OCross extrapolation is
needed to explain the results on & wider basis, i more
complete picture can be formed by making recordings along a
series of pre-determined stercotaxic co-ordinstes, forming
either & two or a three dimensional arrasy of points., 35y
measuring the magnitude of the potentiels recorded, again
alweys at the same latengy, and writing these on s graph

corresponding to the recording co-ordinmstes, isopotential




contour maps can bDe constructed by Joining together points
of equal potential, The examples given in this section
(Pigures IV, 12 and 13) ere two dimensional analyses of
potential distribution in the segittal plane resulting from
olfectory nerve stimulation. /Appendix I contains the
results of a comprehensive computer snelysis of potential
distribution within & three dimensional array of recording
points,

in array of coseillographic records of field
potentials erranged relative to the largeat dorsoventral
series ir shown in Figure IV, 12, The isopotenticl map to
the right of this array was drawn by visual linear inter-
polation for the time corresponding to the peak of the Nz
wave, From this map it can be seen thet the negative focus
of the dipolar field associated with ll2 is located in the
anterior rather than circumjecent parts of the bulb., In other
worde, the intrapolar esxis lies in the anterio-posterior
plane of the bulb. The zero isopotential contour approximstes
to a parabole and corresponds to the layer of mitral cell
bodies,

A wmore rcphisticated approsch is shown in Figure IV,
13+« The recorded waveforms are on-line aversges of 32 sweeps,
arranged as in Figure IV, 12, The megnitude of these
potential waves was measured at four differemt letencies to
construct the isopotential msps below, The latencies

correspond to the surfsce peaks of the N _, N, N and ¥ waves.

Y.y
These plots confirm and extend the results obtained from the
type of experiment shown in Figure IV. 12, The negsative

pole in I corresponds to the region of witral cells in this

-52-




Figure IV, 13: in erray of aversged evoked potentials
recorded from the olfactory bulb of Salmo gairdmeri,
following single shock stimulation of the olfactory nerve
at 0.5 Hz and a series of isopotential contour maps
constructed from them, Each of the potential transients
shown is an aversge of 32 sweeps and all the records are
erranged relative to the series ladelled 1700, which

wa® recorded at the point of greatest bulbar diameter in
this plane, The isopotential maps were drawn for the
latencies shown and the mumbers I, II, III and IV
correspond to the numbers at the top of each series of
records, In each mep the zero isopotential contour is
drawn a® a heavy line, In this obviously long experiment,
there was no visible deterioration of the preparation.




Averaged evoked potentials & isopotential maps constructed from them

Figure IV. 13:
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particular sagittal planej it also ocorresponds with the

sero isopotential contour in II and IV. At these two latencies
the two poles of the respective dipolar fields are mirror images
of one another. The distribution of potential in III is quite
different from the other three examples, The overall pattern
is of an asymmetrical dipole having its positive focus in the
gentre of the bulb and a circumjacently orienmted, shallow
negetive pole, Thiis, there is an intense negative focus
associated with the N, wave at the anterior end of the bulb.
Moving caudalwards, we see the development of the l1 wave,
followed by a sudden change in polarity towards the centre of
the buldb (Pigure IV. 21)., Similarly, the slow positive wave
seen at tmmﬂwuﬂdth-iﬂbb“.mutho region
of the l1 peak and develops into an intense, slow negative wave
at the centre, It is interesting to note that this negativity
appears to be compounded from two separate components (See also
Figure IV, 18),

The anterio-posterior axes shown by mwost of the
intrinsic dipolar fields appear to be associated with a bias
of cellular elements, particularly mitral cells, towards
the anterior end of the bulb, This can clearly be seen in
some of the figures presented in the previous chapter and
by reference to Figure IV. 14, a histological section taken
from the brain used for the aversged evoked potential
experiment deseribed above,

Field potentials have been evoked in the olfactory
bulbs of nearly all the experimental animsls used in this
study, the waveforms described above being entirely




Pisure IV, fh:  low power light miorograph of
entire olfactory bulb in sagittal seotion. The
recordings of averaged evoked potemtials in
Figure IV, 13 were made from this particular
olfactory bulb.

(galmo geirdneri; thionin stain)




Sagittal section of trout olfactory bulb
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reproducible in seversl species: (Salmo gairdmeri, Salmo
Xenius, Fleuronectes platessa, Mypxocephalus soorpi.sand
geraseius auratus).
Se ] se to d e e t

It hes been found that the most consistent and
overvheluing effect of a conditioning shock applied to the
olfactory merve or tract is suppression of all or part of the
field potential evoked by a subsequent test stimulus, This is
welleillustrated in Figures IV, 15, 16, 17 and 18, 4ll compoments
of the field potential have been shown to be inhibited to varying
extents, Pigures IV, 16 and 17 show that l' is inhibited by a
testing shock given to the olfactory nerve but a facilitation was
seen at intenesities slightly lower than those needed io cause
inhibition, Figures IV, 15 amd 16 show the pronounced inhibitiom
of '2 and l,. following a conditioning shock to the olfactory
nerve, this inhibition being also reflected by the positive waves
at the bulbar centre synchromous with N_ and N_, At certain

< 3
stimulus intensities and conditioning - test shoock intervals a

facilitation wes shown by '2 and the deep negative wave synchronous

with P (Figures IV, 16b end 18), the latter facilitation being
accompenied by suppression of the positive reflection of ll’. The
fecilitation was always followed by inhibition at shorter
conditioning - test intervals or at greater conditioning shock
intensities, The pronounced inhibitory effect of a conditioning
shook to the olfactory tract is shown in Figure IV, 19.

The effeats of repetitive stimulation on the ottho-
dromically induced field potentials are shown in Migures IV,
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Figure IV, 15: Inhibition of field potentials at
bthpohooftholzuwhr field, following a
conditioning shock to the olfactory nerve. A,
inhibition at the negative pole; B, inhibition at the
positive pole. Zach graph is a plot of test response
amplitude as a percentage of the conditioning

response amplitude against the C-T" interval, a and ®
are sample records from this experiment, each point
on the graphs being the mean of measurements made
from ten such records. Circles represent measurements
made at the ti.ofli triangles at thcti..ofl,
and squares at the time of the late deep negative

wave synchronous with the surface I wave,




Figure IV. 15: Inhibition produced by a conditioning ON shock
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Figure 1V, 163 The effect of an olfsctory nerve
conditioning shock on the field potential recorded in
the region of the mitral cell bodies, Note the high
amgplitude cf the l' wave and the relatively small la
wave, a shows the effect of reducing the time interval
between conditioning end test shooks mainteiped at
constent inteneity. b, ¢, 4 and e show the effect of
increasing the intensity of the conditioning stimulus
while the intensity of the test stimulus is kept
constant for differing C~T intervals, f is a series of
responses to single olfactory nerve shocks; recordings
were made at 100 pm intervals from the surface to show
the relationship of the waves in a~e to the fields in
sdjeoent bulber strata, g shows detail of the field
potential at 500 p=, the depth st which the double shock

study was made,
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Figure IV, 17: Graphs plotted from the experi-
mental recordings shown in Figure IV, 16, b, o, 4
and e are plots of the amplitude of the test
response as a funotion of conditioning stimulus
intensity. f is a potential profile plot of the
corresponding series of potentials in Pigwe IV.16.
g is a plot of the test response amplitude in
Pigure IV, 16a as a funotion of the conditioning -
test interval; note the exaggerated voltage scale
in this plot, PFilled circles correspond to
measurements at the huuyotlz; filled squares
tothhtwofl‘dqumtomlm
otl’.
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Figure 1V, 18: The effect of an olfactory nerve
conditioning shock on the field potential recorded in

the granule cell region., 4ll records in this figure are
responses to conditioning and test shocks of equal
amplitude, The C~T interval gets progressively shorter
from top left to bottom right. Note the overall facili-
tation at long intervals, which is replaced by inhibition
as the shock interval deoreases, These records clearly
show that the negative reflection of the surface P wave
actuslly consists of two distinot componemts, At long
C=T intervals the first component shows distinet potenti-
ation, whilst the second component is inhibited, This is
accompanied by a potentiation of the first deep positive
wave and complete inhibition of the second, At shorter
test intervals, vhen the overall effect is one of
suppression, the second positive and negative components
remain inhibited, soccmpanied by suppression of the first
positive and negative components.

Calibration: Vertical = .8uV; Horisomtal = 1, 16C msec,,

2, 50 msea., 3(5), 25 msec.
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6 and 20, Repetitive stimulation clearly distinguishes
the compound action potential of the olfactory nerve from
the waves generated within the bulb, As shown here,
relatively low frequengy tetanic bursts often cause an
increase in the amplitude of the compound action potential,
The Ny wave is sustained up until about 12 Hs, whilst N,
and P fail to‘ respond to every shock at frequencies in excess

of 2 Hz, Except at very low stimuletion frequencies, N, is

3
often masked by '2' As the frequemoy of stimulation is
increased, the latemoy and duration of '2 appear to imerease

but close observation reveals that the ’2 wave is rapidly

lost and its apparent broadening is due to summation with l’.
The wave becomes smaller as fewer cells in the population
responsible for gmth-lz are aotivated until, at
frequencies around 10 Hs, the only negative symnaptic component
remaining, other than 31-, appears to closely resemble the l’
wave, which is clearly visible at very low frequencies and is
probably identicel with it. N follows olfactory tract

stimulation at freguencies well over 100 Hz tut .2 and P

fail to respond to every shock at freguencies as lowas 2 = 5 Hs,

BISCUSSICN
The most plausible explanation for the decrement of

the olfactory nerve action pomﬁ-l with distance is tewporal
dispersion, In other words, the volley e'mm potentials
is distributed in time, owing to differing rates and distames
of axonal conductioms Although the individual fibres are
generating aotion potentials, they are not 'seen' by an
extracellular recording electrode pleced further than a
certain oritical azn;m away from the point of stimulation.




Figure IV, 19: Inhibition of olfactory nerve
induced field potential by conditioning shock to

the olfestory tract in Myoxgoephalus soorpius. In
4y 1=12, the interval between shocks of equal
intensity was gradually rdunl. In B and C,
112, the conditioning shock intensity was
gradually rsised, while the testing shock
intensity was kept constent, Shook intervals:
B, 55 mseo., C, 110 msec. Calibratiom: vertical
1m¥; horizomtal 4O msec,




Figure IV. 19: Inhibition of 0.N. field potential by 0.T.

stimulation
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Pigure IV, 20: The effect of inoressing stimulation
frequency on the aversged potential evoked by olfactory
nerve stimulation, Note the broadening and loss in
qhb&oofl' -dlz. also the latenoy imorease of
p+ Comparison with Pigure IV, 6 revesals thst this
apparent latengy increase may actually be the unmasking
of l, by the simultanedus loss of '2' Also of interest
is the increase in amplitule of the compound sction

potential (Ci¥) with inoreasing stimulation freguency.

Calibration: Verticel - .2 u¥; FHorisontel - 4, 5 msec,,

B, 1C msec,

Zsch record is an average of 64 sweeps,
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A similar but altogether wore cophisticated blophysical
investigation of the properties of the primary olfactory nerve
in the cat (Preemen, 1972s) har showm that the disappearance
of this compound action votential from extracellular records
cculd indeed be accounted for by variations in exon diameter
and, therefore, conduction veloeity in the nerve, #reeman also
conoluded that, owing to divergence of the afferent axons in
the olfactory nerve layer, receptors exeited eleotrically in

any small part of the olfmotory mucosa would deliver impulses to
only about twenty per cent of the bulbar surface., VFrom the data

presented sbove, and work im progress concerning the distribution

of axon dismeters in the fish olfectory nerve (lsclcod and Lowe
unpublished observations), it seems reasomable to conclude that

similar properties of spetial divergence and temporal dispersion

are common to the olfactory merve of teleost fish, in which
care the abmormal result in Mgure IV, 5 can be attributed to
damage of superficial fibres near the stimulating electrode.
%ork in progress on the Africen lunglish mm
(Uacleod and Godet, unpublished cbservations) has revealed &
sisdlar decremental process and Ottoson (1959) has published

sinmiler observeations obtained from the frog. It, therefore, =cems

likely that these properties are shared by the olfactory nerves
of all vertebrate classes, It should be pointed cut here that

the values observed in the present study for conduotion, velocity,

duration and refractoriness for the compound setion potential
agree well with values obtained from other species of fish and
from other vertebvrate classes, when allowmnoes are made for
temperature differences (lable 1IV. 1).
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Table IV.1: Fhysiological properties of various olfactory nerves

leooi .:n. : uoa) Wave= Refractory 1'0.0 .
Authur ¢ wsec) length period Ce
(m/sec) : (mm)  (msec)

Cat Freeman o.;z-’.os 2.5 1.0 37
(4572a)

Rabbit Nicoll Ou 3h 2 0,68 2.7 37
(1972)

Frog Ottoson Q.1h 0
(1959)

Lungfish Hacleod 0.2 15
Godet
(W. )

Pike Gasser 0,2 30 6.0 30 21
(1956)

% m 1.2 10
m Fal:od) 0.13 10 1.3 20 12

thesis)




Figure IV, 21: iveraged evoked potentials from trout
olfactory bulb., Each record is an average of 64 sweeps
following olfactory nerve stimulstion at 0.5 Hz. The upper
trace (md) is from the negative focus of the granule cell
dipolar field and the lower trece (g) is from the positive
focus, Thus, they represent the extremes of polarity which
can be recorded from the bulb under these conditions. The
middle trace (ms) is from the region of the mitral cell bodies
in the anterior part of the bulb, 4ill three were recorded
sequentially in the roetro-caudsl plane along the intrepolar
axis,

Pigure IV, 22: Diagram showing the current flow around
bulbar neurons at various latencies following a shock to the
olfectory nerve, 1I, III, IV and V refer to the equivalent
periods shown in Pigure IV, 78. iitrel cells are represented
in IT and V, whilst 'granular' oells are represented in III and
IV, On the right is e diagrammatic breakdown of the components
contrivuting to the complex field potential recorded at the
bulber surface, The compournd action potential of the

clfactory nerve is represented by &, while l!', "2' u’ apd P

are represented by b, ¢, d and e respectively. To desoribe the
antidromic situation, another mitral cell would heve to be
inserted at the beginning of the oycle with the two polee of
the potential field inverted relative to the field sround the
cell in II. To acoount for the secomd deep megsative component,
snother mitrel cell could be added at the end of the oycle, with
the direction of cwrent flow identical to that around the cell
in Vv,




Figures IV. 21 and 22
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The waves recorded in the olfsotory buld following
stimulation of the olfsctory nerve are all thought to be 1
generated by synchronous post-synaptic events in bulbar neurons.
The potential profile of the N, wave and the fact that the
majority of single units encountered in the mitrel cell layer
(see next chapter) fire at the same latency, indicates that
this wave represents synchronous synaptic depolarization of
the mitral cell dendritic tufts in the glomerular layer by
afferent impulses travelling in the olfactory nerve fibres,
Attbunorﬂxolmu‘m,m“um“lofth 1
mitral cells are supplying current to their devolarizing ]
dendrites (Pigure IV, 22,1I). The most consistent and striking
faot to have emerged from this study of olfactory bulb field
potentials is the large dipolar field at the time of the ’2
wave (Pigure IV, 21). This field refleots an intense flow of
extracellular ourrent across the mitral oell layer and indicates ‘
extensive depolarization of & neuronal population in the |
glomerular layer, which is anatomically suited to providing an
intracellular return pathwey. Such an snatomical arrengement
is provided by the granule cells; thus, the '2 wave is thought ;
to be generated by massive syneptic depolarisation of the p
granule cell dendrites Just bemeath the glomerular layer. This
region is far less easy to define in fish than in mammals simge,

i

in the fish olfectory bulb, as already explained above, there is
no olear separation of the mitral cell dendritic field into
primary and secondary components, The synapses between the
mitral snd grenule dendrites are thus scattered along the
mitral dendritic shafts from the glomeruli to their somate.
However, it appears that, at the time of the N wave, the ]
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peripheral extremities of the granule dendrites in this ill-
defined locus are drawing current from their repolarizing
somata lying at the oentre of the buld (Figure IV, 22.III).
The surface F wave is thought to represent the synchronous
synaptic hyperpolarisation of the mitral cell demdrites by the
'Just depolariszed' dendrites of the granule cells. In this
case, the mitral dendrites are supplying current to their somata
and axons, thus accounting for the uu--;-w:n ﬁumt_ner
the bulb (Figure IV, 22.V). fhodxtnoftbl’mhiﬂl
easily defined., It arpears to follow repetitive stimulation in
a way roughly eguivalent to l1 but its depth profile more
elosely resembles that of .2° It could result from the monoe=
synaptic activation of ceils in the gramular layer, which send
processes direotly into the glomeruli. This anatomical
connection has been demonstrated (Johnston, 1898, 1901) but
the long latency involved meakes this a rather unlikely
explanation, A more plausible explanetion is thet there are
two dietinot populations of interneurons within the gramular
layer vhich are differentially activated by the mitral gells,
Both populations could be activeted via the dendrodendritio
pathway, or perhaps the radially directed collaterals of wmitral
cell axons are responsible for sotivating e different
porulation of intermeurons in a siratum slightly deeper than
that of the mitral dendrites. The idea of a second population
of inhibiting intermeuroms is wellesupported by the finding
that the deep negative wave synchroncus with P consists of
two couponents, The first could be the effect of the N
population on mitral cells and the second could be the effect
of the l’ populstion on the mitral cells,.
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Although an attractive possidility, the idea of &
population of guatermery neurons being depolarized in the
region of the mitral cells mast be ruled out unless Dale's Law
is to be contravened, It is interesting to note here that,
although the l, wave is not mentioned as a separate component
in any of the relevant mammalian litersture, recordings of
averaged evoked potentials given by FPreeman (1972b) are
strikingly similar to the records presented in this thesis,
including the wave referred to here as ll’. The group of cells
most likely to be responsible for genmerating the ll} wave is the
band of =mall newrons lining the ventricle, A more detailed
anatomical understanding is needed before coming to any wore
precise conclusion.

In the antidromic situation, resulting from
stimulation of the olfactory tract, the 11 wave must be
attributed to compound eotion currents generated during
synchronous antidromic invesion of the mitral cell somate and
dendrites following stimuletion of their axons. The rate of
antidromic invasion of the mitral dendrites, g:l.vc)n by the slope
of the graph in Pigure IV.11, is 0.5 m/sec., which compares
favourably with the value of 0,7 m/sec, for the rabbit (Nicoll,
1972)s The lz and P waves appear to be generated by mechenisms
idertical with those postulated for the orthodromic route of
sgtivation. The l’ wave does not often appear in records of
field potentials evoked by olfactory tract stimuletion, which
would tend to support a monosymsptic pathway for its gemeration
following olfactory nerve stimulation. However, the emphasis
in this thesis has been on the afferent input into the bulb and
it mey be that a more thorough study using antidromie
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stimulation may consistently reveal such a wave,

If a dendrodendritic pathway is responsible for the
inhibition of mitral cells following olfactory tract stimule
ation, then the inhibitory pethway would be bloocked Ly a
conditioning stimulus to the tract, since the pathway through
the mitral cell dendrites would be inhibited, Altermatively,
if the inhibition of mitral cells is generated by a recurrent
collateral pathway, then the inhibitory pathway should not be
blocked by a conditioning shook to the trsct, as the recurrent
collateral pathway by-passes the mitral cell dendrites. &
similar situation would be expeoted to arise following &
conditioning shock to the colfactory nerve, It was found that the
'2 and ¥ waves of the antidromic and orthodromic field potentials
were inhibited by e oonditioning shook applied to the olfsctory
tract or nerve. This supports the pestulate of a dendro=
dendritic pathway, since the conditioming I"6F in wmitral cells
would block tholzm 4f it were due to the depolarization of
granule cell dendrites bty mitrel oell dendrites, because the
excitatory pethway through the mitral oells would be blocked.

The results presented in thiv section indicate that
the pattern of extracellular current flow around the neuronal
elements in the teleost olfsstory buld, following electrical
stimulation of the major afferent and efferent pathways, is
similar to that previcusly observed in mammels, Furthermore,
the results are in very close agreement with esimilar studies on
the lungfish (lecleod and Godet, unpublished observationms);
frog (Cttoson, 1959) and turtle (Orrego, 1961) and thus lend
support to an hypothesis that « dendrodendritic inhibitory
feed-back mechanism is common to the olfastory bulb of all
vertebrates,
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identification and physiological

properties of bulbar neurons



CTION

The identification of single neurons in the
vertebrate central nervous system, particularly at the
time of recording in physiological experiments, has always
been a difficult problem. This is undoubtedly why the
authors of hitherto published works comoernirg the activity
of single cells in the teleost olfactory bulb have been
forced to refer to all recorded units as "bulbar neurons".

The advent of intracellular dye injections has begun to

make the unequivocal identification of recorded units a
reality. However, the paucity of stable intracellular
recordings obtainable in most parts of the central nervous
system precludes this technique from many experimenters, The
far easier extracellular ejeotion of dyes is of use in
identifying the approximate location of the recording pipette
tip but the spot produced is normelly too diffuse to allow
precise cellular identification.

At the time of recording, the position of the
recording tip can be estimated from the stereotaxic co-
ordinates, Another and far more reliable method is to monitor
the extracellular field potentials evoked by pathways related
to the structure under investigation. For example, the paired
Mauthner neuronte in the fish medulla can be antidromiocally
activated by eleotrical stimulation of the spinal cord. In
response to this stimulation, the Mauthner cells generate an
intense negative extracellular field potemtial, which reaches
2 maximum amplitude of about ALOmV in the region of the axon cap.
By careful exploration with a mieroelectrode, it is possible
to localize different regions of the cell (Furshpan &
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Furukawa, 1962). The field potentials evoked in the
mammalian olfactory bulb have also proved to be extremely
useful in determining the position of the eleoctrode tip at
the time of recording since, as previously described, the
waveform undergoes a series of changes in amplitude and polarity
as the various histological layers are traversed. Of particular
importance was the finding that the Nz wave reversed its
polarity at or near the layer of mitral cells. Single units
encountered at this level, and which could be antidromically
driven by olfactory tract stimulation, were considered to be
mitral cells by Phillips, Powell and Shepherd (1963).
The olfactory bulb field potentials are generated
by synchronous activity in bulbar neurons. Ain exploratory
microelectrode in the vicinity of an active oell should,
therefore, record its activity superimposed upon the particular
region of the wave-form generated by the neuronal population
of which the recorded unit is a part. Thus, the monitoring
of extracellular field potentials provides information concerning
the approximate location of the pipette tip and also provides
a method for the identification of specific neuron types.
Several authors have used this technique to identify
single units during physiological studies of neuronal circuitgy
in the memmalien olfactory bulb (Nicoll, 1969; Shepherd, 1963a
& b; Yamamoto, Yamesmoto & Iwama, 1962)., Stimulation of both
afferent and efferent pathways generates an IFSP in mitral
cells and it is generally accepted by the above authors that
these two modes of stimulation lead to the activation of
tertiary interneurons (granule cells) by a similar route. 4
subsequent rhythmic discharge of the gramule cells then feeds
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back inhibition on to the secondary dendrites of the mitral

cells.
RESULTS

The cal tificat f recorded s
kitral Cells

In both the antidromic and orthodromic situations, the
mitral cell layer could be identified by a polarity reversal of
the l(z wave., In the previous chapter, this reversal was clearly
shown to occur at or slightly central to the mitral cells and

was often associated with a high amplitude N, wave, attributed

1
to synchronous depolarization of the mitral cell population.
Single units encountered in this layer almost invariably fire
action potentials, superimposed upon this wave, following either
olfactory tract or olfactory nerve stimulation (Figure V. 1).

At threshold stimulus intensities, the units normally respond
withia single spike but, as the shook strength is raised, up to
three spikes can usually be evoked, particularly following
orthodromic stimulation (Figure V. 5A). These units can be
antidromically driven to frequencies of over 200 Hz,

Action potentials recorded from cells in the mitral
eell layer are usually of long duration (1.7 = 2.8 msec,) and
are considered to be recorded from the somata and proximal
dendrites of mitral cells, However, units are frequently
encountered in deeper regions of the bulb which also fire
synchronously with the R1 wave and which easily follow antidromic
lttw. Unlike the more superficial units, these action
potut“m: are of short duration (0.5 = 1.6 msec.) and are
considered to be recorded from the axons of mitral cells
(Pigure V. 1E).
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Figure V. 1: The identi fication of
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FIGURE V.1: The physiological identification of mitral
cells at the time of recording. A.1 shows the olfactory
tract evoked field potential in the mitral cell layer. A.2
is an antidromically driven unit recorded intracellularly at
the same co-ordinates as A.1. B.1 shows the olfsctory nerve
evoked field potential just above the mitral layer. An
orthodromicelly driven unit is shown in B.2 and B.,3, firing
synchronously with the N.1 wave, C shows a typical field
potential profile from the central region of the bulb with
two units encountered during the experiment, The upper unit
is a mitral cell; the lower one & granule cell. D shows a
similarly identified mitral cell. The units shown in i were
recorded from mitral cell axons.




Granule Cells
! The field potential in central regions of the bulb

normally consists of two high amplitude positive deflections
followed by & long duration negative wave, Single units
encountered in this region usually fire at least two spikes

in response to a threshold shock delivered to the olfactory
tract or nerve (Pigures V.2 and V,3), The spikes were always
of variable latenoy and could not follow repetitive
stimulation above 10 Hz. Increasing the stimulation intensity
usually resulted in a deorease in latenoy of the first spike
‘and an increase in the ovexill number of spikes in the burst
(Figure V,3). The first spike of the evoked burst always
fired synchronously with one or other of the two waves, It is
likely that these represent two distinot popu].nﬁou of
tertiary neurons and these two responses have tentatively been
labelled 01 and szpoot:ln]q.

feriglomeruler Cells
khythmically firing cells were sometimes encountered

in the superficial part of the bulb, By analogy with the
meumalian system (Shepherd, 1963b), these are considered to be
periglomerular neurons (Figure V.3D).

Some physiological properties of identified neurons:
Mitral cells
l Throughout this study it has proved extremely difficult
to obtain stable intracellular recordings from mitral cells. In
all, five suceessful penetrations were held for over five
AL B Akt SoabAEs Mo intrestiiulei gt
amplitudes rarely gmnddd 50mVe Resting potentials ranged
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Figure V.2: The physiological identification of grenular
layer cells at the time of recording. A shows the
identification of the cell in Figure V,.3A. To the left
is a series of field potentials recorded at the depths
showmn. The cell was located at 800 pym and the approach
to the cell is shown on the right. This cell was
classified as a type I granule cell, B is a similar
identification of a type II granule cell, C is another
type I granule cell and D another type II granule

cell,

Calibration: verticel 1mV; horizontal 50msec.
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Figure V.3: Rhythmio responses of bulbar neurons to
olfactory nerve stimulation. A, B & C responses of
a type I gramule cell, a type II granule cell and a
mitral cell to shocks of imcreasing intensity. llofc
in A particularly the linear relationship between
spike number and stimulus intensity. D shows
consecutive responses of a periglomerular cell to
olfactory nerve stimulation. T = threshold stimulus
intensity.

Calibration: Vertical A 50mV; B,C,D, <5uV:
horizontal 50msec.
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from =50 to -65uV. The action potentials elicited by both
antidromic and orthodromic stimulation were followed by
irregular, long duration hyperpolarizatiomns in four out of

five cells studied., The fact that the hyperpolarization could
be evoked by a sub-threshold shock (Figure V.4B), indicates that
this hyperpolarization is a true IPSP and not an after hyper-
polarization, Its latenoy (A4-5msec) and long, irregular time
course (50 = 150msee) suggests that one or more interneurons
are probably present in the pathway responsible for its
generation,

Stable positive - negative extracellular action
potentials of up to 2wV in amplitude were easily obtained from
mitral cells and could be held for periods in excess of one hour,
Three spikes could be obtained at high stimulation intensities
but threshold shocks (normally 1-4V) always produced a single
spike, It was found that a just suprathreshold conditioning
shock applied to either the olfactory trect or merve could
block the second and third but not the first spike evoked by a
high intensity test shock. However, at shook intervals of 4LO=-
150msea, a2 suprathreshold antidromic or orthodromic test spike
could be blocked by a sub-threshold conditioning shock applied
to either route. Since the test spike is blocked by a
conditioning stimulus of insufficient strength to discharge the
cell, the blockage cannot be due to post-spike refractoriness
of the mitral cell membrane, but must result from true
inhibition (Figure V.5C). It is significant that the inhibition
is greatest at shock intervals of 4O=50msec, simnge it corresponis
with the peak latemoy of the surface P wave of the field

potential, The total duration of the inhibition varies from
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Figure V.4: Inhibitory post-synaptic potentials
recorded from mitral cells., 4. 1=4 shows the

orthodromic activation of a mitral cell with imreasing
stimulus intensity. Note the EISP developing into

a full spike and the hyperpolarisation visible in

2 end 4o B shows the antidromic aotivation of a
mitral cell, at threshold and sub-threshold

stimulus intensities, The IFSP amplitude is 7.5 oV,
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Figure V,5: Inhibition of evoked mitral cell responses
by a prior conditioning shock. 4, the effect of
imcreasing stimulus intensity on wmitral evoked response.
B shows the effect of inoreasing intensity conditioning
stimuli on the n-pomo evoked by a testing shock
strong enough to elicit three spikes. C, both
conditioning shock intensity and shock interval were
veried in this experiment to produce inhibition of a
Just supre-threshold test spike by a sub-threshold
conditioning shock. All records are from the same
neuron in response to olfactory rerve stimulation.

T = threshold shock intensd ty.

Calibration: vertical 1mV; horizontal 50msec.




A
F4H 4404 4
S R O I B R
BRSNE)

n W
“'\‘-’998&22&'

FFFFFFFFFF

- -
--------
hhhhhhhhhhh



100=-150msec.
Grenule cells
Although the granule cells are particularly small
(ca. 10 /m), twelve stable intracellular recordings were
possible during the course of this study, one of which was
held for over an hour. This greater success is probably due
to the extremely large number of cells in the granular region.
Eight of the recordings were from type G, cells,
Granule cells respond to a single shock with ore or
several spikes, often superimposed on & high amplitude
(16.52 £ 2,5 wv), long duration (24.87 % 4.51msec) depolariz-
ation (Figure V.34, V.6, V.7 and V.8). As shown in
Pigure V,3A, the number of spikes in an evoked burst could be
inoreased by raising the intensity of stimulation, The maximum
number of spikes obtained in response to a single shook in the
olfactory nerve was eleven, the total burst duration being
around 200msec., As observed by Yamamoto et al (1963) in the
rabbit, the granule responses often consist of a single spike, :
followed by a burst of sttenuated spikes on a large depolarize
ation (Figure V.6). Raising the stimulus intensity often
changed these into fullesized action potentials. This large
membrane depolerization is assumed to be an EFSF, the
charactecixtics of which are shown in Figures V.78 and V.8. It
is of particular interest to note that the time course of this
EPSP, recorded from a type I granule cell, corresponds almost
exaotly with a time course of the field potential lznve.
This lends support to the proposal that this wave is generated
by synchronous synaptic depolarization of granular region

cells,
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Figure V.6: Recordings from gramule cells to
illustrate the miniature spike (or EPSP) activity
following stimulation of the olfactory nerve. Note
in A how the full spikes are related to the under-
lying pattern of depolarization. Also of interest
in A.7 is the sinusoidal oscillation of the membrane
potential, B.1=3 and 4=6 show intra and juxta=
cellular recordings from two type I granule cells,
together with the extracellular field potential at
the recording point. In C are shown further
responses of the cell in A.
Calibration: wvertical 4A; B.2, 3; C; 50 mV:

Bel, &4, 5, 6; 1uV:

horizontal A.1=4; B; Cj; 50msec.,

A.5-8; 100msec.
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Figure V,7: Orthodromic responses of bulbar neurons
to stimuli of imreasirg imtensity. (i) A, respomse

of an unidentified cell encountered in the caudal region

of the bulb, Stimulus intersity was inoreased from 1
through &4 in 4 another unit appears to have been
recruited, (i) B shows the response of a mitral cell
encourt ered close to the unit shown in A. Note the
increasing variation in latenoy as the shock intensity
was lowered (1=3). Stimulstion was at 5 Hs. (1i)
intracellular responses of type I granule cells to
olfactory nerve stimulation. A & B show the granule
EFSF produced by sub-threshold stimuletion and spike
generation at just supra-threshold shock intensities.
The records in C are from an adjacent cell; stimulus
intensity was increased from a to ¢ The response was
almost graded in nature,







Figure V.8: Relation of the ’2 wave to the granule
cell EVSP., A, averaged evoked potential from region
of mitral cell dendrites, B, field potential
recorded from same region. O, intracellular
recording from a granule cell, showing an EFSP and
two spikes evoked in 3 consecutive superiumposed
sweeps, The spikes were evoked by slightly raising
the stimulus intensity. This cell was encountered
along the same electrode track as the field
potentials in A & B, D & E, intracellular and
extracellular records from a type I granule cell.
All records are arranged to show the similarity
between the extracellular fields in the 'external
plexiform' region and the intracellulary recorded
synaptic potentials, CiP, compound action
potential, N1, ll2 & P refer to components of the
field potential.
Calibration: vertical, intracellular 25uV;
extracellular 0,5V,

horizontal, 20msec.







Extracelluler recording has shown that conditioning
shocks applied to the olfactory nerve or trect can suppress
the spike generating ability of granule cells for up to
300msec, igure V.9 illustrates this suppression when both
conditioning and test shocks are delivered to the olfactory
nerve, This cell maximally fired three spikes, the second
and third of which were blocked by a single conditioning spike
delivered 5Omsec before the testing shoock. Three conditioning
spikes, however, were needed to block the initial spike. In
many granule cells the control number of spikes was not evoked
by a testing stimulus until the field potential had returmed
to its control configuration. At brief shock intervals there
is often a facilitation of the test response as shown in

Figure V.9C,

DISCUSSION

The most freguently observed result of olfactory
tract stimulation on the spontanecus activity of bulber
neurons is a long-lasting depression (Dgving, 1966b;
Hara, 1967), which both authors attribute to the presence of
centrifiugal fibres in the olfactory tract, However, the
evidence presented above, together with preliminary
observations in the present study that ipsilateral nerve
stimulation can suppress spontaneous firing in bulbar neurons,
indicates that this inhibition is, in part at least, generated
by intrinsic bulbar cireuits. It is tentatively suggested that
the mitral cell IPSP, evoked by both antidromic and orthodromic
activation, is generated by the dendrodendritic pathway proposed
in Chapter IV, If this postulated pathway is correet, then a
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Figure V,9: Effects of conditioning shocks on unit
responses from a granule layer cell, Records show
the effects of varying the shock interval and
conditioning amplitude on the test response.
Conditioning shock strengths were raised by 5 V
intervals until the control response was

surpassed,

T3 « threshold for three test spikes

T2 « threshold for two test spikes

T4 « threshold for one test spike

Shock intervel in A, 50msec; in B, 35msec; in C, 20msec.
411 shocks delivered to olfactory nerve,.
Calibration: Vertical 1mV; horizontal 50msec.
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conditioning stimulus to the olfactory tract or nerve should
suppress the mitral IPSP, Unfortunately, no sufficiently stable
intracellular penetration has so far been made to allow confirm=
ation of this, The theory is supported, however, by the double-
shock studies with field potentials and unit responses in the
granuler leyer., The inhibitory effect of conditioning
olfactory nerve and tract shocks on a test olfectory nerve
response is gxpected, since olfactory nerve impulses must pass
via the mitral cells to exoite the granule cells, Inhibition
of the mitral cells following a conditioning shock to the nerve
or tract would suppress the response of granule cells to
olfactory nerv.o stimulation by blocking the excitatory pathway.
The inhibition of the test olfactory tract response of granule
oells would not be expected if the cells are activated by
recurrent collaterals, since inhibition of the mitral somata
should not block conduction through collaterals of their axons.

This type of feed-back circuit could be of use in
limiting the natural discharge frequency of secondary neurons
and could easily be responsible for generating the highly
synchronous oscillatory potentials evoked by natural chemical
stimulation of the olfactory mucosa. Shepherd (1972) has drawn
parallels between this type of lateral inhibition in the
mammalian olfactory bulb and the retina as a physiological
mechanism for providing contrast between odours, In view of
the evidence presented here, there is no reason to suppose why
this type of information is not also conveyed to higher
integrative centres in the fish brain,

The influence of centrifugal fibres on these intrinsic

circuits remains an open question. One possibility is that they
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may be responsible for exerting fine control on the mechanisms
described above, The question can only be answered by the

use of chronically decentralized preparations in which the
centrifugal fibres and their endings have degenerated,
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VI

spontaneous activity of bulbar
neurons and its modulation by

olfactory stimulation



INTRODUOT ION

In non-piscean vertebrates, the coding of olfactory
information at the receptor level is relatively straight-
forward. Odour intensity is temporally coded by variations
in the firing rate of the primary neurons. The more
concentrated the odour, the faster the firing rate of the
exoited cell. Odour quality is spatially coded, some
receptor cells being insensitive to particular odours at any
concentration (Mozell, 1971). There have been no studies on
olfactory discrimination at this level in fish but the close
anatomical relationship with primary olfactory neurons in
other vertebrates leads one to suspect a similar method of
odour coding by this class of vertebrates,

As shown in a multitude of studies on other
vertebrates (aAdrian, 19503 Dgving, 1965, 1966e, b, ¢ & d;
Mathews, 1972a & b; Mogzell, 1971), differential spatio-
temporal patterming is also well developed at the bulbar
level. However, as shown in the previous section, the
secondary neurons do not purely reflect the crude sensory
information coming from the receptor cells; they also display
the influence of several neural feed-back loops, intrinsic and
extrinsic to the bulb, Our present state of knowledge
concerning odour coding at this level is best summed up by
a quotation from a recent review by P, MeoLeod (1974): "First
order neurons give a first approximation of a topographical
coding of odours, This fuszy piocture is worked out by mitral
cells to give a welledefined and well-contrasted image which
is kept almost constant throughout the intensity ranmge". It
is the purpose of this seotion to demonstrate that the pattems
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of secondary neuronal responses to odours are as complex in
the fish brain as in the brains of other vertebrate classes
and that olfactory discrimination is, therefore, also
particularly well-developed.

RESULTS

Spontaneocus activity in bulber neurons
The spontaneous firing frequencies have been measured

for one hundred and twenty-six olfactory bulb neurons from
twenty-three rainbow trout (Salmo gairdneri). The mean
frequency of discharge was found to be 3.5 Hz, which compares
favourably with the velue of 4.2 Hz obtained by Dgving (1966b)
during his studies on the burbot (lota lota). Approximately
one half of the bulbar units encountered during these
experiments exhibited bursting activity (Table Vi.1; Figure
Vi.2). On=line interval histograms of such units were bi=-
modal, with peaks ocourring at approximately 75 msec. and

2000 msec. Several interval histograms from bursting cells
are shown in Figure V1.7, with the low frequency peak omitted
in order to show minute variations in the position of the high
frequenoy peak. Dgving (1966b) found that only 10% of bulbar
neurons in the burbot exhibited bursting activity. In a later
study, Deving found a proportionately higher number of bursting
cells when recording from olfactory tract fibres. As shown in
Table V1.1, bursting activity was more commonly associated
with periglomerular and granule cells than with mitral cells,
This agrees well with the response patterns of these cells to
electrical stimulation described in Chapter V.
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Table Vi, 1:

Firing Rates of bulbar neurons

I

No. of

r
|
{

Mean Spike
: | Bursting  Burst  Frequenay
Total Mean Cell Cells as Prequency Within
- No.  Firing & of Bursts
i Rate Total .3 : ;S
Periglomerular 11 | 3.51 £ 1.8 81.82 [0.36 % 0. 14 21.8 = 5a1
| cells (08 = 6.3) (0at = 0u55) (540 = 15.5)
| | | |
(Mitrel cells 70 3.59 2 0.25 34429 (037 ¥ 0,18 (1347 % 3,78
| | (042 = 10,1) (0408=0,61) [(5.76 =21417)
\ | :
; 3 [
Granule oells = 27 | 3.75 = 2,14 88,9 |01 % 0413 [16.85 £ 8,0
g - (0u5 = 11.5) (0418-0,33) | (6.2 - 34.0)
Unidentified | 3 L o
cells 1 1 ek = ’.‘ 18.18 Oek9 = 0,27 3003 - Oeks
; {: (0.6 - 1).1)
A1l units | 126 | 3.5 = 2.3k 52,38 [0.38 T 0.16 [15.42 2 70

(0 = 13.1)
s ]

(0.08=0.83)

Values are means : standard deviation.
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Figare VI, 2(1): Responses of two bulbar neurons
to olfactory stimulation., In all records the upper
trace is the EEG activity and the middle trace

the unit activity, recorded by the same el ectrode,
The two signals were separated with a system of band-
pass filters, The time marks in the lower traces
are 1 and 9 secs, for the short and long periods
respectively., The stimulus period is indicated

by the short pulses on the time trace,

A: Granule oell, 1 & 2 inhibitory responses to
slanine. Note the greater uimum in 2 following
a longer stimulus, B: Mitral cell, 1, inhibitory
response to L-phenylalanine. 2, more pronounced
inhibitory response to L-glutamine, 3, excitatory
response to L-histidine,
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Pigure V1. 2(ii): Responses of two bulbar neurons

to olfactory stimulation. C: 1 & 2, inhibitory

- responses of two adjacent mitral cells to L~
glutamine, The upper trace is the EOG recorded
from the ipsilateral olfactory mucosa. Each

time mark is 1sec. D: Granule cell, 1, inhibitory
response to glyeine; 2, excitatory respomse to
L~glutamine, followed by a long period of
inhibition. 3, excitatory response to Lehistidine.
The EEG was recorded with a separate microelectrode,
deeper in the granule layer. The short time marks

are 1seo.







Summat es to olfact stimulation

The overall electrical response of the olfactory
bulb to chemical stimulation of the ipsilateral olfactory
mucosa is a high amplitude oscillatory potential (7-9 Hz).
Figure VI. 1 shows the response of the trout olfactory bulb to
ten of the odours used in this study. The odours are arranged
according to Hara's classification of stimulatory effectiveness
(Hara, 1972b). Although this will not be dealt with further
in the present report, it is clear that the responses shown,
which were highly reproducible, are not in agreement with
Hara's classification. This result tends to throw some doubt
on the significance of Hara's work, particulsrly as he was
using the seme species,

The LEG was initially jemployed to confirm the
efficacy of the odours to be used in the unitary studies, It
was found, however, that the responses of single units were
oftten difficult to categorize, For example, an inhibitory
effect is often followed by a post-inhibition burst of spikes.
In studying the effects of various substamces, it is essential
to be able to distinguish between these and other similarly
confusing effects, In this study, the bulbar :iG and/or the
mucosal EOG were recorded simultaneously with the unit activity,
The ECG (Ottoson, 1971) gives information about the omset and
duration of the effect on the receptors (Pigure VI, 2¢). The
ﬁm gives information about the omset and duration of the
effect on the whole olfactory bulb. Thus, excitatory effects
on bulbar units could easily be distinguished by comparing
the time-course of the unitary response with either the EEG
or EOG (Figure VI. 2).




There often appeared to be a relationship between
the sponteneous end evoked LEG activity and the spontanecus
and evoked unitary activity. Spontaneous unitary dnhunco
seem to coincide with negative going EEG waves. During
inhibitory end excitatory evoked responses, a fast burst of
spikes oocurs synchronously with the second overall negativity
of the evoked EEG response. Similar relationships have been
observed in the meammalian olmfoq buldb (Bw;'toa, von et
al 1962) and the mammalian cerebral cortex (Fromm et al, 1964).

s of bul ts to t st t

The spontaneous activity of single olfactory buldb
neurons was affected in various ways by chemical stimulation
of the olfactory mucosa with amino acid solutions at a
concentration of 1041(. The most commonly observed responses
werei=

(i) Exoitation, i.e. increase in firing rate
(i1) Inhibition, i.e. decrease in firing rate
(ii1) Excitation followed by inhibition
(iv) Inhibition followed by an excitatory burst
(v) No response at all
For simplicity of anslysis, types (1ii) and (iv) were
classified as excitatory amd inhibitory by comparing the
response time course with the evoked EEG/E(G response. Thus,
responses have been divided into three classes: exeitation,
inhibition and unaffected, (Figures VI. 2 and VI. 3).

The olfactory stimulants used in this study were
the sixteen amino acids shown in Table VI. 2. They were chosen
from the most readily available amino acids classified as
highly stimulatory by Hara (1972b). Table VI.2 shows the
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Figure VI, J: Dwell histograms of the responses of
two mitral cells to 200 ul pulses of various odorants,

Histograms were compiled on=line with a Biomac 500
computer fed with standardized pulses from a pulse
generator triggered by action potentials from the
recorded unit via a window disoriminator, Each
histogram is for a total of 500 events, each bin storirg
the time interval between consecutive events,
Excitation is implied by a decrease in inter-spike
interval; mumg by an inorease in inter-spike
interval and thus - greater pen deflection.

A. Histograms from a gell showing three different
response patterms; excitation, excitation followed by
inhibition and pure inhibition to alanine, glutamine
and oysteine respectively., B, Histograms from a cell
which showed purely excitatory responses to all
stimulants,

s,




$jueAe JO Jaquinu SjuaA@ jo Jaqwnu

00s 0
——

‘e

autayshn-

aulpA-Q

1079

auia)sho-
BUIDA-]

3

(29sw) DA ayds-Jajul

1079

8ulIaS-] auIWD}N|9-T
1877
0%9
411 ::.___ !
auiuoiy-] Z64
auIuDlY -]
us
*S3UBIOPO ©3} sasuodsag [[e0 TeI}Tm JO sweaB04sTY TraMd £ *TA 8an’




¢ The number of units exoited, inhibited or
by the different odours.

{
Excited (+) | Inhibited (~) |Unaffected (o)
ODORANT S | ‘Ll
TR M G| TP M G| TF uic
L=glutamine 32 8 .20 & 10 4 & 2| 2020
D-glutamine 122 82| 1 1,7/ 3| &l 040
Leserine 2 4 15 5 18 2 12 4| 8 2 6/ 0 |
D-serine 18/ 4 92. 2| 12/ 0/ 8, 4| 8/ 2 6|0
I~histidine 0 &6 22/ &| 12/ 2/ 10/0| 2/ 0/ 2|0
D~histidine 4 O & O] 12( 3-8/ 1| N[O/ &0
l~valine 18/ 6 6/ 6| 10/ 2| 8/ 0/10 2/ 8|0
D=valine 8 0o 6 2 8 2| 4|2 6,0 6|0
L-phenylalenine | 14 2 8 4| 16 3 12 1| 4 0 &4 |0
D-phenylalanine b 2/ 2, 0| 14 2| 8| & 21020
L~glutemate 16 6 8 2 16/ 2112/ 2| & 0| 4|0
D-glutamete oo 0t0| %0/ 0| 8 2| 2/0|/ 2|0
L~alanine + 20/% 10 6| 26 4|20/ 2| & Ol 4O
 Lecysteine 23 6/ 12/ 5|°26| & (18 A| 2/ 0| 2|0
‘gz:tm 12/ 2, 6 & | 24| Hh {18/ 2| B/ K| & |0
18| 4 10| & | 4/ 0| H{O| B/ 4| k0O
| Totals: 285 54 149 50 | 232 35 164 33| 78 14 64 | O

M: Matrix of mean values extracted from Table V1.2.

Total no.
Cell Type | of | % exouw : 1muml % unaffected
| rosponum 1 i 1
| 1
| iie. | vasibielke W RS 13.6
1 . . | .
. mitral cells m { ”05 ) h’os ‘ 1700
~ granule cells 83 1| 60.3 ' 397 - | Os
. unidentified ?
<‘ cells 38 l 57.9 l 42,1 ‘ Os
| all units 601 | WPl | 38.6 = 1440




numbers of various bulbar units influenced by them during
the course of this study. Over all units encountered, there
were slightly more excitatory responses than inhibitory ones.
This trend is reflected in the response pattems of peri-
glomerular and granule celils, Mitral cells consistently
showed 2 higher proportion of inhibitory responses (Table Vi.3),
Figure V1.4 shows a metrix of responses by units
and odorants, Only units held sufficiently long enough for
testing five or more odowrs are included. Units responding
to four or less odours have been included in Tables V1.2 and
V1.3. Units were occasionally encountered which responded
with exclusively excitation or exclusively inhibition to all
odorants tested. Most units encountered responded with
excitation to some odours and inhibition to others. Only
one unit was found to be totally specific, in that it was
normally silent but responded with exeitation to only a
limited number of odours (Unit 13, Pigure Vi.4). Each odorant
normally produced 2 unique pattern of excitatory smd
inhibitory responses escross the units. Also, the odorants
to which & unit was sensitive produced responses of different
magnitudes, Results from other vertebrates are normally
similar to those obtained here. Mathews (19722), however,
working with the tortoise (Gopherus polyphemus), found no
units that responded exclusively with inhibition. Since he
only recorded from nineteen units, this discrepancy is
probably due to insufficient data.

Comparison between odour pairs
The three-way classification of neural responses

to olfactory stimulation makes the data suitable for enumeration

~Th=
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statistios. If the responses of a sufficiently large number
of units to stimulation with a given number of odorants are
observed, the chi-square value (with four degrees of freedom)
between pairs of odours can be calculated from a j x j response
metrix, The chi-square value indicates whether or not a
particular pair of odorants heve similar stimulating properties
(Dgpving, 1965). A low chiesquare value indicates that the
stimulating properties of a pair of odorants are mutually
independent. The first column in Table V1. gives the ohi-
square values with four degrees of freedom for forty-five
odour pairs. The ten odours compared are those listed in
Table V1,2, excluding the D-isomers, The ohi-square value for
the pair l-alanine/l~gysteine is 22,78, With four degrees of
freedom 2t P = 0,001, the chi=square value is 18.,47. Therefore,
the hypothesis of independence is rejected at the 0.17 level
of significance. This indicates that the two odours have
similar stimulating properties,

The chi-square test is less helpful if the number
of entries in one or more cells of the contingenocy table is
below five. This was often the cese for categories
representing units unaffected by one or both members of a pair.
If these are omitted, the data, fit a 2 x 2 contingenoy table
and the chi-square value can be galculated by Yate's formula
for one degree of freedom.

Xz_—_ n( | ad=bo | -h)z
a+b) (c+d) (aro

(the vertical lines in |ad=bc| mean that the absolute, i.e.
positive, value of the difference between ad and bc is taken.
The difference is, therefore, always reduced in size by

~75-




Isble Vi.4: The chi-square values obtained for
45 pairs of odours with one and four degrees of
freedom (D.F.). The pairs ere arranged according
to the chi-square values with one degree of
freedom,

som: eignificent at 0,1%; mx significent at 15
«; significant at 5,

S.Le = significance level




TABLE V.4t The chiesquare values obtained for 45 pairs of odours.

PSR

|
(A1l Units #itralCells
No. Pair of Odours & D.F, 1 D.P. ‘11 3
XZ 8L | X% |8kl [ Sl
1 |L=alanine L=gysteine 22,78 s (13,91 |30 6,62 »
2 |L=serine L~phenylalanine 14,76 sx 12.00 6.96 .=
3 |L=serine Le~glutamate 13.48 (mm  12.00 ;e 8,00 |:m
4 |L=valine Leglutamate 1504 (s 11,02 (3w 6,00 | m
5 |Leserine L~valine 17420 jmm  (10.50 jmm  5.00|m
6 |L=serine i~alanine 18,93 moex 10,06 wx | 7.53 ==
7 l~histidine GABA 12,90 | 10,00 s 8,77
8 |L-serine L~gysteine 11.36 s | 9.90 sem 8,57 |wm
9 I=glutemate L~alanine 16,02 jmm | 9411 321
10 Leserine 16,49 moem | 5.13 mm 6,43 =
11 |L~phenylalanine l=cysteine 1537 [ | 7,14 jsm 5,65 =
12 |L=valine L~alanine 14,07 jmn | 6,98 371
13 l~glutamine L=glutamate Fe3h 6.72 6,96 wm
14 (l~valine Il~phenylalanine 12.42 |u 6.67 5.00 |=
15 |L~phenylalanine l~glutamate 10.62|m | 6,19 |m 4480 |m
16 L-phenylalanine Lealanine MS51m [ 5.82m (1,89
17 |L~glutamine Lecysteine 7438 5¢53 m 2,86
18 L~glutamate L~cysteine 194 30 msexe | 4,67 3640
19 L~glutamine 1048 e | 439 2,36
20 (I~glutamine Lephenylalenine 7.29 430 2447
21 |L=serine glyoine 10,02 = 427 3e21
22 |L=glutamine L=valine 5484 3499 3+00
23 |L=~alanine glyeine 7+38 3.99 6ub5 im
24 Levaline L=cysteine 727 294 3T
g I~histidine L=alanine 2.45 1.75 Ce 00
L~glutemine GABA 5086 1.49 1.20
27 l~glutemate  GaBA 5490 1o | (1412
| 28 L=phenylalanine GABA 9. 51 1.08 Ou 3t
29 (L~serine GABA 6ul7 1,06 |  [0e9|
3 lalanine glyoine | 597 1.03 0,00
31 |L~histidine L=cysteine 136 1.01 2400
32 |l~valine GABA (10402 = 0.89 0«83
33 L~alanine GABA | 7403 0.62 Oek8
34 L~histidine { 0.‘5 Ceb1 006}
35 |glyoine GABA | 6ebly 0459 0,00
36 L-gysteine GABA 3.87 0e55 0e25
37 L=histidine L=valine 518 k8 097
38 L~cysteine glycine 8.67 Ouk? 1eb1
39 Levaline m ! 3.76 Oobily 0,00
4O |L=serine L=histidine | 1.69 Oulst 002
41 L~histidine Lephenylalanine | 1.96 0.25 2,06
42 I=glutamate glyeine | Te20 | 0e21 0.00
43 l=glutamine I~histidine i 0e81 | 0.19 1o
44 L=glutamine glyeine | S5e54 Oe13 Je35
45 L~histidine I~glutamate 8.03 0.03 0.08
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subtracting the correction #n and the squared quantity in
the numerator is less than the corresponding quantity in
the numbrator of a 'mormal' chi-square caloulation).

The chi-square values for all units and for mitral
cells, with one degree of freedom, are given in the second
and third columns of Table Vi.4. No separation of peri-
glomerular and granule cell responses was possible, owimg to
insufficient data. All three groups of chi-square values
are plotted in Pigure V1.5. It can be seen that general
agreement exists between the results obtained by the two
methods but there are several exceptions, For example, the
pair IL-glutamate/L-cysteine have a relatively much higher chi-
square value when calculated with four degrees of freedom.
This is probably due to the small number of units unaffected
by these two odours, Other than the overall reduotion in chi-
square values, the only major difference between the values
obtained for mitral cells and for all units is the higher
degree of independence between L-alanine and L-serine and the
other odours when considering the mitral cell responses.

The amount of infcrmation in Table Vi.4 is far too
great to be easily assimilated by visual observation. Thus,
all ten odours have been listed in Table V1.5 with their
corresponding numbers of responses rejecting independence
with one degree of freedom. Across all units tested L-serine
wae the ocmpound that most consistently showed stimulating
properties in common with the other odours, I~alanine also
showed 2 low degree of independence when compared with the
other odours but it evoked fewer significantly similar
responses than Leserine at the 1 level. It is particularly
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%ﬁ: Odorants which show similer stimulatory
es to at least one other odorant, arranged in
order of nuxber of variations from independence across
all units, Significance levels are for one degree of
freedom, T = total,

P R S demi s o
L-serine 1 & 2 7 ‘lk 5]
L~alanine 3 | L Rk 2io 2
L~glutemate 2 PR MR s |
L~glutamine I 2 016 §adn.y 2
L~phenylalanine | & 1 1|6 3%111‘
| |
L-cysteine b T o SR TR RO LR
Levaline 2;2 15 3?0;3
glyoine 2§oio;a 15051
Lehistidine 051‘oi1 05151
GABA T IRRSE R P R TR

W-M values obtained for five enantiomeric
with one and four degrees of freedom (D.F.)
The pairs are arranged acocording to the ohi-square values
with four degrees of freedom. smm: significant at 0.1%;

mx: significant at 1/ = significant at 5.

Sele = significsnce level

{ |
FEITIN S SSSSEISN

]
No. FPair of odours
& D.P, S De®e T

S.Lo SOI"
1 |i= and Deserine 29.82 mmm | 10,37 wmm
2 |I= and D=phenylalanine | 10.1 = 2.19
’ I~ and D=valine B.O 2.68
4 |IL= and D=histidine Le63 1.6
5 L~ and Deglutemine ENX 05 |

i



interesting to note that the two odours found to be
independent of serine and alanine were histidine and glycine
in both cases., The structural formulae of these compounds are
given in Pigure V1.6, In addition, the structural formulae

of histidine and phenylalanine are compared, showing that their
molecular profiles are almost identical but they show a high
degree of independence.

One of the most intriguing problems in olfaction
research is the search for molecular properties which confer
a particular smell upon a particular compound, Correlations
have been attempted with molecular weight, molecular volume and
pKa, The ratios between these parameters were calculated for
each pair of odorants and the rank order compared with the
experimentel chi-square values, The correlation coefficient
for molecular weight is 0.46, which for forty-four degrees of
freedom is significant at the 1. level, Correlations with
molecular volume and pKa showed no significance. It is not
surprising that no correlation was obtained with molecular
volume, since the density values used to ocalculate the volumes
were mainly derived from measurements on erystalline solids,
exhibiting close moleculer packing. It is particularly
surprising that no correlation was observed for the second pKa
values, The stimulant solutions were all made up with samples
of the same tapwater used to perfuse thegills and no attempt
was made to control pH. It is probable that significant
correlation could be found if all solutions were at neutral
pH. Vvhen the first pKa value was compared with the compounds
showing similarity with serine and alanine, a slight upward
trend was noticed with decreasing similarity in stimulating

effectiveness.



Pizure VI, 6: To show the structural relationship
between selected cdorant molecules,

Ao

Molecules showing olfectory stimulating
properties in common with Leserine, arranged
in order of decreasing similarity.

As in A but for molecules which have
stimulating properties in common with L-alanine,
Two molecules which had stimulating properties
in common but which were both significantly
different from L~serine and L-alanine. The
formulee are drawn to demonstrate their
similar molecular profiles,

Two molecules with almost identical molecular
shepes but having widely dissimilar olfactory
stimulating properties,
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bet tiomeric pairs

It has been repeatedly reported in the literature
that the olfactory efficecy of the Deisomer of an optically
active molecule is less then the corresponding L~isomer
(Hara, 1972b; Hara, Law and Hobden, 1972; Sutterlin &
Sutterlin, 1971; Susuki & Tucker, 1971). All of the above
reports were based upon multi-unit or EEGC responses but,
nevertheless, it was surprising to find in the present study
several single units giving opposite responsesz to enantiomeric
pairs of amino acids. Table V1.6 shows that only between L~
and Deserine was there any significant degree of similarity at
the 1{level. Even serine gave opposite responses in a number
of trials and it was during an experiment with D= and l~-serine
that this effeot was discovered. It is usually the naturally
ocourring Il~isomer that is excitatory and the D-isomer
inhibitory but all possible combinations have been observed
during recordings from different units. In cases where the
responses were in the same direction, the L-isomer was always
the most effective (Figure V1.7). It is interesting that the
L~isomer of serine is the odorant showing independence with the
least number of the other compounds tested. Deving and Hara
(separate personal communications) have both confirmed that
they have observed units vhich respond differentially to

enantiomers,

DISCUSSICN
The results presented above appear to agree well
with similar studies on other vertebrate species, It is

unfortunete that no comparable study has yet been attempted with




Pigure Vi, 7: Interval histograms showing the

response patterns of four bulbar neurons to
olfactory stimulation with 200 pl pulses of
amino acid enantiomers. Histograms were
compiled on-line with a Biomac 500 computer
fed with standardized pulses, All four neurons
showed bursting spontaneous activity, not shown
by these histograms, The time scale has been
expanded to more clearly show the difference
between enantiomers for the high freqguency

components,
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other species of fish, The fact that Doving could find only
1: of a large sample of units showing bursting activity in the
burbot is significant. It points to a fundamental differemce in
the activity pattern of olfactory neuromns and, thus, bulbar
circuitry in the two species. No olfactory discrimination
experiments were performed using the other main species
employed in earlier sections of this thesis, Gedus morhua. It
is to be expeoted that slight differences may have resulted.
Une aust certainly take care in making generalized statements
concerning piscean olfaction. In the rainbow trout, at least,
the neurons of the olfactory bulb appear to be capable of
discriminating between & variety of chewmical stimuli, with
only slifhtly diesimilar molecular structures and conformations,
This indicates a particulerly well-developed mechanism for
odour quality diserimination,

fome points raiced by the section on the comparison
of odours are worthy of comment. L-serine and I~alenine each
showed similar stimuleting properties with the same six
compounds, They also showed independence with the same two
compounds, namely L~histidine and GABA. The second pKa value
of B-tidine is 6,04 and so, in approximately neutral agueous
.qluticn, the imidazole ring system will lose a proton and
have one unit of negative charge delocalised around the ring.
It will be more negative then the amino group and will,
therefore, be electrostatically repelled from the also negative
carboxyl group. The molecule will then possess a rrofile not
unlike that of GABA, with two methyleme (or equivalemt) groups
interposed between its two negatively charged ends, These two
compounds will thus present a molegular profile, larger by one
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tetrahedral carbon atom, than the other molecules considered
here. This is presumably also the reason for the dissimilarity
between histidine and phenylalanine; two molecules which
superficially at least appear to have almost identical molecular
shapés, On the basis of this evidence one can postulate the
existence of at least three separate amino acid receptor sites.
Two of them will possess single positive and negative charges
but in one of these the two charges must be separated by a
greater distance, this distance being equivalent to the
dimensions of a single methylene groups The third receptor
site should contain two positive charges, separated by two
tetrahedral carbons in order to accommodate the doubly ionized
histidine, The results indicate that the second and third of
these sites are coded similarly by bulbar neurons.

The experiments with enantiomerio pasirs also allow
speculation about receptor sites. The different response
patterns obtained for I~ and D= amino acids immediately points
out the stereospecificity of receptor = odorant interactioms.
There is, presumably, one type of receptor for I~isomers and
another receptor type for De-isomers, The lower amplitude LIG
responses commonly observed with D-isomers can now probably be
explained by the fact that many neurons will be inhibited by
the D=isomer and will not, therefore, oc;utrimte to the evoked
wave, The oseillation produced will, therefore, be of lower
amplitude and shorter duration.

The high number of inhibitory responses observed,
particularly by mitral cells, is in line with the studies on
other vertebrates already mentioned. This, together with the
fact that a far higher degree. of burating activity is found in

-80~
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granular and periglomeruler cells, supports earlier statements
that the granule cells are inhibitory interneurons. They
are responsible for inhibiting the recently active mitral
cell, together with its inective neighbours, to provide a
well-defined and highly contrasted olfactory image for
processing by higher forebrain centres.

Obviously, much work is still necessary to confirm
these speculations but at least the door has been opened,
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VII

some pharmacological properties

of bulbar neurons




ZINTRODUCTION

loumplnr.«‘aologiod investigations of the fish
central nervous system are few in number; the only notable
exception to this is the work on the Mauthner cell by
Diamond end his colleagues (1968, 19732 & b). GABA, glycine
and l=glutamate were shown to cause an imrease in membrane
conductance when applied iontophoretically to the cell
surface in a region known to receive inhibitory synapses.
Their work, however, provided no clear evidence for these
compounds as neurotransmitters, since the pharmacologically
evoked inhibition appeared tc be only distantly related to
that evoked physiologically.

On the other hand, there have been numerous neuro=
pharmacological investigations of many regions within the
memmalian central nervous system and the olfactory bulb is no
exception. Salmoiraghi and co=workers have obtained evidence
for en adrenergic synapse in the olfactory bulb which appears
to be activated during the olfactory tract evoked inhibition
of mitral cells (Salmoiraghi, Bloom & Cesta, 1964; Salmoiraghi
& Nicoll, 1968). Nicoll (1970, 1971) has produced compelling
evidence that GABA is the neurotransmitter substance
responsible for mediating the grenule cell induced inhibition
of mitral cells, In addition, he believes that this synapse
forms part of the dendrodendritic feed-back loop proposed
by Rall, Shepherd, Reese and Brightmen (1966). Nicoll's work
is well supported by McLennan, who further suggested that the
granule cells receive excitatory adrenergic and inhibitory
GABA-mediated synapses. The amino acids, aspartate and

glutamate are thought to be likely candidates for the excitatory




transmitter released from mitral cells on to granule cells
(Nieoll, 1971).

This section presents the results of experiments
designed to test the hypothesis that similer mechanisms of
chemical transmission exist in the olfactory bulb of teleost
fish,

RESULIS
Responses of evoked field potentials to antagonists of

suspected inhibitory neurotransmitters
In Chapter IV it was demonstrated that a conditioning

stimulus applied to the olfactory nerve or tract caused a
substantial reduotion of the field potential evoked by a
testing stimulus delivered to either pathway. If this
inhibition is mediated by GABA, then drugs which antagonize
its action should remove the inhibition and possibly cause a
potentiation of the test response. Bicuculline and pierotoxin
were used as GABA antagonists (Curtis, Duggan, Pelix &
Johnston, 1971; Curtis, Duggan, Felix, Johnston & licLénnan,
1971; Nolennan, 1970) and strychmine as an antagonist of
glycine (Curtis, H8sli, Johnston and Johmston, 1968; ioper &
Diamond, 1969). These convuleants were administered
intravenously since it proved impossible to obtain any
significant alteration in the evoked potential field by the
iontophoretic method of application. This was presumably due
to the low drug concentrations released from the pipette and
also the large population of neurons responsible for generating
the field.,

Figure VII.1 shows an experiment in which conditioning
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Figure V11.1: The blocking action of picrotoxin on
inhibition of the '2 wave by a prior conditioning
stimulus to the olfactory nerve., The records in A
were obtained by delivering paired shocks to the
olfactory nerve at a constant interval., The

numbers 0 = 12 refer to the imoreasing strength of
the conditioning shock in arbitrary units.

Inhibition is well developed in the control situation
but is gradually replaced by facilitation following
an intravenous injection (4 mg/kg) of picrotoxin.
Calibration: vertical 1mV., horizontal: 30-000.

B is a graph showing the testing response as a
percentage of the conditioning response, plotted on
a log scale, against conditioning shock intensity.
The inset shows the mesencephalic EEG before (a)

and after (b), repeated injections of pierotoxin;

¢ is the EKG before drug injections. The time
interval between sucoessive p-waves is about 750Omsec.
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and testing shocks were delivered to the olfactory tract at

a constant interval, Inhibition was generated in the comtrol
situation (i.e. prior to the injection of convulsant) by
gradually increasing the intensity of the conditioning
stimulus, Following an intravenous injection of piorotoxin
(4 mg/kg), there was a gradual reduction in the degree of
inhibition until, after about ten minutes, it was replaced
by a marked potentiation. In similar experiments bicuculline
was equally effective at doses of about .25 mg/kg, whereas
strychnine could not block the inhibition at any concentration
tested. 4An identical result is achieved when both shocks
are delivered to the olfactory tract., Figure VII.2 shows
such an experiment. GShocks of equal amplitude were paired
at different intervals, and following an intravenous
injection of bicuculline, the inhibition observed at short
shock intervals was replaced by a slight facilitation.
Pigrotoxin, but not strychnine, was also effestive in
blocking this inhibition.

The overall effect of these convulsant alkaloids
on the electrical activity of the brain is shown in the
inset of Piguro ViI.1B. The electroencephalographic
convulsions shown here were recorded from the optic tectum,
after repeated injections of picrotoxin, Superficially at
least, their effect on the fish brain appears very similar
to their welleknown epileptogenic action on mammals,

re 8 to eoted transmitt

Mt ce
Spontaneously active units identified as mitral cells
were invariably inhibited by the iontophoretic application of
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Figure V11,2t The effect of biocuculline on the
inhitd tion of the ll1 wave following a prior
condi tioning shock, In this experiment both
shocks were delivered to the olfactory tract.
Faired shocks of the same amplitude were
delivered at decreasing intervals. Responses
to & whole series of paired shocks were super-
imposed on a storage oscilloscope. B shows
such records obtained before (a) and after (b)
an intravenous injeotion (.25 mg/kg) of
bicuculline. The amplitudes of the test
responses as a percentage of the conditioning
response are plotted in A, against the

condi tioning-test interval,
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many OW suspected of having a transmitter funoction
in the central nervous system (Figure VII. 3). The amino
acids, Leglutamate and I~aspartate, have been found to be
powerful excitants of virtually all central nervous neurons

studied, exoept the mammalien olfactory bulbd (Baumgarten, Bloom,

Oliver & Salmoiraghi, 1963; Curtis & Watkins, 1960; Krnjevid
& Phillis, 1963).

The spontaneous firing of teleost mitral cells
was likewise often depressed by these compounds., The
iontophoretic application of glycine and GABA also suppressed
the spontaneous activity of mitral cells, To totally suppress
mitral cell activity it was necessary to employ far higher
ejection currents for glycine than for GABA., The inhibitory
effect of GABA was nearly always antagonized by the
simultaneous ejection of bicuculline or picrotoxin from
another barrel of the electrode (Figure VII. 3A). The
inhibitory effect of glycine was occasionally blocked by
picrotexin and always by strychnine. Strychnine, however, was
never shown to antagonize the action of GABA (Figure VII, 3B).
It is interesting to note here that, on the few occasions
when a sufficiently stable antidromically or orthodromically
driven unit was located in this area, with a multi-barrelled
pipette, the type of inhibition shown in Figure V.5C could be
blocked by picrotoxin but not strychnine. Bicuculline was
not tested on this kind of response.

The amines noradrenaline and serotonin (5HT) were
also effective inhibitors of spontanecus activity in mitral
cells (Figure VII. 3). The inhibitory effect of noradrenaline
was readily antegonized by the ol=blocker, dibenamine and by
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Figure Vl1l,3: fHesponses of mitral cells to
iontophoretically applied drugs. A & B show
the effeots of biouculline and strychnine
respectively on the inhibitory responses
produced by GaBA (Ca), glutamste (GL) and
glyeine (CY). Ejection currente were:

GABA, 10mé3 glutamate 50nA; glyeine 20nA;
bicuculiine, 100nA; strychnine 50mA.

C & D shew the effects of dibenamine and 15D
on the inhibitory responses produced by
norsdrenaline (NA), glutamate (GL) and SHT.
Ejeotion currents were: noradremaline, AOnaj
glutamate L5nA; SHT, 4OnA; dibenamine, 50ni;
LSD, S50nA.
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LSD, duoh is normally a S5HT antagonist., LSD did antagonize
SHI' mt!, on nearly all mitral cells tested, it was a more
effective antagonist of noradrenaline. This anomalous finding
is in agreement with the studies by Bloom on the olfactory
buldb of the rabbit (Bloom, Costa & Salmoiraghi, 1964).

During the studies with mitral cells, it was
occasionally possible to locate neighbouring units by a
slight wovement of the electrode, which responded with
excitation to many of the compounds used, None of these units
could be antidromically driven by stimulating the olfactory
tract,

granule cell region
With the exception of glycine and GABA, all drugs

found to cause a depression of spontaneous mitral cell activity
were usually excitatory when applied iontephoretically to cells
in the granular region (Migure VII. 4). The inhibitory effect
of BABA and, to a lesser extent, glycine could be antagonized
by the simultaneous ejeetion of bicuculline or picrotoxin.
These alkaloids produced no detectable alteration in the
response of granule cells to noradrenaline, 5HI', glutamate,
aspartate or acetyl choline. Occasionally bicuculline caused
a slight inorease in the firing rate of both mitral cells and
granule cells, The inhibitory action of glycine wes
antagonized by strychnine.

The amines SHI' and noradrenaline were nearly always
exoitatory when iontophoretically applied to granular cells,
In the responses of mitral gells, LSD antagonized noradrenaline

to a greater extent than 5HT but, in the case of grtnnlé cells,
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Figure Vii.4: Responses of granule cells to
iontophoretically applied drugs. A. shows how
the inhibitory effect of GABA (GA) but not the
facilitatory effects of noradrenaline (NA), S5HT
and glutemate (GL) is blocked by picrotoxin,

B. shows the antagonism of the excitatory respomse
to noradrenaline by dibenamine and LSD., Note
thet SHT is only partially antagonized by LSD
and nlot at all by dibenamine.

Ejecting currents were: noradrenaline 30na;
5HT, 25nA; glutamate, 30nA; GABA 15 naj
dibenamine 50mA; LSD 50nA; piorotoxin 150nA.
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Responses of individual olfactory bulb neurons

to iontophoretically applied suspected neurotransmitters.
Responses classified as: excited (+); inhibited (=) and

unaffected (0) o

Mitral Cells Granule Cells :
Total Total
Dl'llg Typ. of No. No.
Hesponse | Tested | Responses | Tested |Responses
+ 0 0
glyeine - 20 12 23 17
o 8 6
+ 0 0
GABA - 24 20 28 19
° 4 9
+ 2 30
‘glutamate - 21 17 39 2
o 2 7
+ N 15
aspartate - 27 13 24 2
o 10 7
+ 3 16
noradrenaline - 19 10 30 6
o 6 8
+ 3 13
SHT - 19 10 26 3
° 6 10
+ 1 3
acetylcholine - 10 4 15 2 |
o 5 10 {




the antagonism led to a reduction in the excitatory response,
Dibenamine removed the excitatory response of noradrenaline

but not of S5HT.

DISUSSION

Findings from other parts of the vertebrate
central nervous system, particularly the mammalian olfactory
bulb, are in good agreement with the pharmacological inter-
actions desoribed above between GABA, glycine, bicuculline,
piorotoxin end stryohnine (Curtis, Duggan & Felix, 15970;
Curtis, Duggen, Felix & Johmston, 1970; Curtis, Duggen, Felix,
Johnston & MoLennan, 1970; Duggan & MoLennan, 1971, Engberg
& Thaller, 1970; Nieoll, 1970, 1971). The results are
essentially similar for cells in both the grenule and mitral
cell regions and are indicative of both cell types possessing
receptors sensitive to glyoine and GABA.

The inhibition of the Nz wave by a prior conditioning
stimulus was previously used as an argument for the existence
of a dendrodendritio inhibitory pathway. The fact that this
inhibition is effectively blocked by bicuculline and
piorotoxin indicates that the inhibitory transmitter
responsible for mediating the inhibition may very well be
GABA. The blockage of mitral cell inhibition and the other
pharmacological evidence described above support this
hypothesis, Sinoe strychnine was unmable to block the
physiologically induced inhibition, it is unlikely that
glyeine is the inhibitory transmitter at this synapse.

Since the amino acids, glutemate and aspartate,

have been shown to be excitatory on so many other neurons in




the central nervous system of vertebrates, it seems unlikely
that their inhibitory effect on mitral cells is due to their
direct activetion of inhibitory synapses., In view of the
observation that granule cells were ealmost invariably
facilitated by these compounds, a more plausible explanation
for the above phenomenan is that the mitral cell inhibition
is delivered via the granule cells, which are themselves
facilitated by the excitatory transmitters glutamate and
aspartate. The inhibitory effects of acetyl choline,
noradrenaline and 5HT can also possibly be explained by the
same argument,

Thus, the nature of the excitatory transmitter at
the reciprocal synapses is much less definite. It has
proved impossible to block the physiologically induced
inhibition with cholinergic blockers and only to a limited
extent with adrenergic blockers following an olfactory tract
conditioning shock. Unfortunately, no reliable antagonists
exist for either glutamate or aspartate and, therefore, the
possibility that one of them is the excitatory transmitter
involved must go unchallenged,

In a histochemical study on the rabbit olfactory
bulb, Dahlstrém et al (1965) have shown the presence of
noradrenaline containing nerve endings in the region of the
granule cell bodies. A few preliminary observations on the
olfaciory buldb of the trout have revealed intensely green and

yellow fluorescing endings in the same region, suggesting both

adrenergic and serotomergic imputs. No experimental evidence
has been obtained regarding the origin of these fibres in
fish but, in the rabbit, they appear to have a suprabulbar




origin (Dahlstrm et al, 1965). If these fluorescent
endings represent the terminations of eentrifugal fibres,
the pharmacological evidence given above is more easily
explained, The excitatory action of noradrenaline on
granule cells and its inhibitory action on mitral cells,
could possibly be occurring via the same group of synapses,
nemely postesynaptic receptors on the granule cells which
are activated by noradrenaline and 5HI. The granule cells
then deliver inhibition to the mitral ocells via the GABA
mediated side of the granule - mitral reciprocal synapse.
A summary of these possibilities is given in Figure VII. 5.
All of these tentative explanations are possible,
The iontophoretic technigue leaves much to be desired but,
at the time of writing, it ‘i- the best available tool for
studying the pharmecological properties of individual neurons
within the central nervous system (Salmoiraghi & Stefanis,
1967), It is hoped that biochemical and further histo=-
chemical evidence will soon be available to shed further
light on the complex interaction: described. It may then be
possible to draw some firmer conclusions comcerning the
nature of the neurotransmitters involved in the complex
synapses of the olfasctory bulb. The evidence presented here
supports well the hypothesis of similar mechanisms of
chemical transmission in the mammalian and piscean olfactory
bulb.




Figure VII, 5: Arrows indicate direction
of transmission.

¥ = mitral cell; G = granule cell;

(+) indicates an exitatory synapse;

(=) indicates an inhibitory synapse
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In ary study of this magnitude, it is inevitable
that one should develop a particular soft spot for the
experimental subject, Centimentality aside, however, it has
beoome inoreasingly obvious during the course of this study
that fish are partioularly well-suited experimental subjeots
for physiological studies of olfaction.

At the mucosal level, fish are indeed ideal subjeots,
The very faot that olfactory stimulants reaching piscean
olfactory receptors are water-borme, implies that experimental
odorants gan be easily applied and their compentrztions
easily controlled. The use of radiocactively labelled odorants
immediately springs to mind as a method of investigating the
spatial distribution of receptors,

Biochemical studies of primary transduction
wmechanisms are commonly performed on bovine olfactory mucosae
(Dodd, rersonel Commumication) but this preparation involves
a painstaking separation of olfactory mucosa from the
insceensible nasal bones. The olfactory organs of the larger
elasmobrenchs are enormous and highly accessible, therefore
they would be ideal preparations for membrane fractionmation
studies. Consequently, the separated olfactory cilia,
possibly from different mucosal regions, could be used in
conjunction with radiosctive odorants to study the kinetics
of receptor - oforant interactions.

By the use of several distinot electrophysioclogical
techniques, it has been shown that the fundamental physiology
of the fish olfagtory system, at least to the level of the
olfsctory bulb, differs very little from the equivalent
system in amphibians, reptiles and mammals,




Any major difference in bulbar physiology should
have been revealed by the extensive studies of bulbar field
potentials, lowever, the evoked fields possess almost
identical properties to those reported in the literature for
mammals, Although more precise comparstive studies are
needed on representative asphibians and reptiles, it appears
that the same fundsmentsl patterme of current flow are
preserved independently of any segregation of mitral primary
and secondary dendritioc fields., One is led to suspeot,
therefoare, thet this segregation wmerely represents a gradual
wodificetion of an already sophistigated fine tuning system.
In phyl ogenetio terms, this imoreased ocomwergence could be
thought of as an attempt to maintain en effeotive analytical
olfeotory system with relatively fewer neuronal elewents as
the rhinengephalon gave way to the oerebral cortex.

The studies of unitery responses to olfactory
stimulation indicate that the fish olfactory bulb is capable
of disgriminating between closely related compounds, The
agross units response patterms generated are certainly as
complex as similer patterms reported in the literature for
the rat and the tortoise (iathews, 1972a, b). Vhether or not
the output of the msumalian bulb is wore or less ordered is
a question aweiting considerable further research,

The studies comparing odour molecular properties
and olfsctory efficecy also meed to Le oonsiderably extended,
It is hoped that this will be along similer lines to the
results already presented but employing a set of odours
including molecules other than amino acids emd whose physical
properties are extremely well known. The technique of "fishing"
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for single units cbviously leaves a great deal to be desired
but the preliminary results obtained suggest that it is at
least as useful as Hara's method based upon induced waves
(Hare, 1972b). In view of the interesting relationships
noticed between evoked unitary activity and the induced waves,
a fruitful line of research mizht possibly be to mske a
thorough investigation of this relationship during stimulation
with different odours, A possibly useful technique would be
the simultaneous on-line computiation of the averaged induced
weve and the unitery poste-stimulus time histogram.

One faoctor that seems to have passed without
consideration in the olfaction literature is the possible
influence of current fields on the sotivity of bulbar neurons.
The large extracellular field potentiel generated by the
Mauthner cell is responsible for the electrieal inhibition of
2 neighbouring population of interneuromns (Faber & Korn, 1973).
Although the maximum amplitude of the bulbar evoked field
is only sbout 3mV, it would be surprising if this did not
influence the excitability levels of bulbar neurons to some
extent,

It is genuinely hoped that the research embodied in
this thesis will provide the background material for future
research on the olfactory system of fish and that, one day,
we will know a great deal more about what the fish's nose
tells its brain.
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er b fie tentials

The results presented here are an extension of the
two=dimensional study presented in Chapter IV. Recordings
were made of the evoked field potential from a total of
1000 points forming a 1000 um oubic array. Lach point was 100um
distant from its nearest neighbour,

The series of field potential recordings labelled
AL2/10 = 100 were evoked by stimulation of the ipsilateral
olfactory nerve with just suprathreshold shocks at 0,5 Hz,

Each record consists of five superimposed sweeps. The arrgys
of recordings in each set from AL2/10 through 100 represent ten
consecutive frontal sections 100 um apart, passing caudalwards,
Recordings were madé during elestrode withdrawal to aveid
unwanted dnitary asotivity and analysed using a film reading
device designed by Nr. P, Baloh and Mr, R.E. Young.

The voltage was measured from each record at 13.6msec.,
19.5msec., 2h,hmsec,, 29,0mse0., 35.8msec, and 53.9msec.,
together with a zero measurement from before the stimulus
artifact, The values were punched on to paper tape and
subsequently fed into am IBM 360 computer (Young, 1973). Aafter
updating, the data was transferred to cards and isopotential
oontour maps and three-dimensional graphs were constructed, using
Portran IV programmes written by Mr. P, Balch for the IBM 360.

A digital plotter was used for the final drawing of contour maps
and three~dimensional grephs.

The contour maps labelled A42/10 = 100 correspond
to the arrays of recordings AL2/10 = 100 appearing before
each contour map, They consequently represent isopotemtial

-9



contours agross fromtal seotionz of the olfsotory buldb, The
contour meps labelled Ak2/510 = 5100 were drawn using the
same data but reorgenized so that eech set of maps represents
a segittal seotion through the bulb. These two views of

the array are shown in Pigure i.1.

The one set of three-dimensional graphs shown is
equivalent to the contour maps labelled AL2/530. The
vertical axis represents voltage, the other two axes
representing the edges of the recording array. This set of
graphs has been included to ewmphasize the different
distributions of potential at various time intervale,.
Farticularly dramatic is the difference between 29msec. and
53.9msec. ‘These two times represent the peaks of the '2
positive refleotion and the P wave negative reflection
recorded in the granule cell layer,

On ell figures in this Appendix, voltage is given
in arbitrary units,




M3IA VY31V

Joigajsod

ol

0ol

JO1Jajup

M3IA TVLINOY S

0ol

000l

fLeaxe Burpxooaz

ay3 Jo uorjrsod sjemrxoxdde oyj 27

\
+




contour map AL2/S30.
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Three~dimensional representatic
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