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8 Functional Analysis of Local Circuits
in the Olfactory Bulb

GORDON M. SHEPHERD

astracT AN understanding of the functional organiza-
ron of any region of the nervous svsie m depends on the
evperimental methods used and the aciessihiliny of the re-
i and its constituent elemens o the application of these
methods. Any one method mav prvide essential clues or
evidence about the Tunctions of the regunt, but it can never
he sufficient: for evidence gainy creditabitity only through
support from ather incdependent methods. and i signifi-
canve can ondv be juelged within the Fabric of aH the infor-
mation availahle about that region. Cobereat conceps
therefure require the correlation of resulis trom as many
approaches as possible, §t s well 1 recognize this principle
15 4 guide 0 experimental analvsis anct a2 means ol guali-
fving the interprevativn of results, partcularhy durimg a
perind when neuroscientific methinds are multipsing rap-
idls in number and vaneiy.

In this paper | shall ouline briciy how such & multidis-
viptinary approach has evalved in the study ol svaaptic
cucnits in the teriehate oltaciors bulh. While deswonibing
this work 1 shall agtempt o dran atenuon o some geveral
considerations relevant o the analvsis of ool vircnns and
w soove implications ot local circwit seanization ke our
understanding vl the basie units boe islsrmaton provessing
i the nervous swstem.

Anatomical methods

GoLct sTroies have shown that theve ave three main
newron wpes in the olfaciory bulb tsee Figure 1),
The main ouwiput neuron is the mitral cell, the cell
Iuulies of which are arranged in a thin laver. A sub-
tvpe, the tipted cell, is sauered through the exernal
plesiform and glomerubar lavers. Fhere are two mdin
tpes of imrinsic neuron: the pericfomeridar cell is con-
fincd 10 the gloanerular layer, where the olfactory
axons ternunate; the granule cell has s cell body lo-
vatee in the deep. granule layer and has central and
peripheral dendrites, the latter ramifving extensively
n the external plexiform layer. The granule layer
also ventaing scaticred short-axon cells.

e termination ol oltactory asens amoeng mieral-,
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tifted-, and periglomerular<cell dendrites implies
svnaplic connections onto those dendrites (Ramon y
Cajal, 1911), and eleciron-microscopic (EM) studies
have confirmed these axodendritic synapses (see in-
sert, Figure 1}. It has also been shown that the mitral- -
and periglomerular-cell dendrites are imerconnecied -
by numerous dendrodendritic synapses (Pinching
and Powell, 1971} And there is evidence in some
mammalian species that the axons may terminate on
mitral-cell but not on periglomerularcell dendrites
{(White. 1972, 1973). None of these details could have
been deduced from the Golgi material iselt; the
Golgi method can indicate in what laver synapses are
likelv 1o oceur. but the electron nucroscope is neces-
sary to identfv the synapses.

The intermingling of mitral secondary dendrites
anl granule-cell dendrites in the external plesitorm
laver similzrly implies a connection between the o
(Ramaon v Cajal, 191 ). Again the electron microscope -
has shown that the predominant connection is in the
form of reciprocal svnapses lcated side-bveside with
opposite morphological  polarities  (Hirata,  1964;
Andlres. 1963: Rall et al., 1965: Reese and Shepherd,
1979, A modest proportion of the dendrodendritic
sviapses in the glomeruli have this arrangement. and
nearlv all the imitral and granule synapses are ol this
pe.

EM studies of the bulb are greatly aided by the
ease with which cell processes can be recognized. It
has been found that mitral-lo-granule synapses are
characierized by spheroidal vesicles and asvmmerric
mewmbrane thickenings, whercas granule-to-mitral
svnapses are characterized by Hantened vesicles and
svmmetric membrane thickenings (Price and Powell,
1970). This correlates with the excitawry amd inhib-
itory actions, respretively, of these synapses sugpested
v plwsiological studies (see below). A similur corve-
ation has been suggested lor svnapses in other parts
ol the nervous svstewn {Uchizona, 1966), and the ¢vi-
dence in the olfactory bulb is among the clearest for
this morphophysiological correlation. Frecze-tracture



Ficrre § Schematic diagram summarizing neuronal ele-
ments and synaptic connections in the rabbiolfactory bulb.
Tasers ar lett show mudin (vpes of svnaptic vonnections in
the glomeruli taboser and externaf plexiforn kaver (below),
Abbrevtatens, tor this and tollowing figures: ONL olfacon
nerves: PG, periglomerular short-axon cell: T, supecticial

studies (Landis. Reese. and Raviola. 1974) showed
that the mitral-to-granule svnapse is characterized by
aceumulations of intramembranous particles on the
pustsynaptic side. This correlation with a presumed
excitatory svnapse is similar 10 the findings in the
cerebellum (Landis and Reese. 1974) In both re-
gions. particle accumuiations are absent at presumed
inhibitory synapses (e.g.. granule-to-mitral in the
bulb).

From these and other studies in the oifactory bulb
it appears that individual synapses have a morphol-
agy similar 1o that of simple contacts seen in other
regions of the nervous system. Thus the same basic
tvpe of junction can serve S¥THIPHIC transmission fram
an axon o a dendrite or between two dendrites. An-
other imponant point is that dendrodendvitic svo-
apses are not specific for a given neuronal type or
neuronal process. In the bulb, the long-axon (mitral)
cell, the short-axon (periglomerufar) cell. and the an-
axonal {granule) cell all tike part in dendrodendritic
vonnections in which their processes occupy presyn-
aptic as well as postsvnaptic positions. This may be
taken as evidence that tunctional circuits are orga-
uized i erms of panerns of synapuc connections
rather than in terms of the panticular geometry of
the neuromal processes involved.
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utted vell; Ta. middle wited cell; MIT,, displaced mitral
or deep witted cell: M. mitral cell: G, granule cell: A,
shur-axon cell of deep laver: C. centrifuyal fbers. Histo-
logical lavers shown ar right: GLOM. glomerular laver:
EPL. external plexitorm lier: MBL. mitral budv laver:
GRL. granule laver. (From Getchell and Shepherd, 1975a.)

Physiological methods

B+ virtue of its distinct neuronal types and separation
into lavers. the olfactory bulb is a favorable site tor
electraphysiological analysis. The afferent and etfer-
ent pathwavs can be separately stimulated. and miteal
cells can be identifed by antidromic vollevs in the
lateral oifactory tract. Numerous extracellular single-
unit studies (reviewed in Shepherd, 1972a) have ver-
ified that mitral cells undergo a period of suppression
after antidromic impulse invasion. Intracellular re-
cordings have showa this period to be correlated w ith
a long-lasting hvperpolarization of the mitral-cell
membrane that has the propertics of an inhibitory
postsynaptic potential (IPSP), Typical recordings are
shown in Figure 24 B,

The interval hetween impulse invasion and the on-
set of the 1PSP is dependent on the strength of the
vollev and has a minimum duration of approximately
2 msec, which is sutficient for two synaptic defays.
The evidence suggests that the granule cell acts as an
interneuron in this pathway, in analogy with the Ren-
shaw pathway for inhibition in the spinal cord. How-
ever, in contrast with Renshaw cells, in which inhib-
itory action is ascribed to high-frequency, long-lasting
impulse discharges, impulse activity in the granule-

Frovre 2 Intracellutar recordings from mitral cells. (AL B)
Responses 10 LOT solley, (A1 Upper irace shows long-last-
g 1PSP. middle trace the fiek] potemial. lower trace the
held potential a1 higher gain with dime companents 1-3.
Fime scale in 2 msec divisions: voltage calibration 10 mV
Wippet traces). il flower traves). (Muodibiedd from Shep-
herd. 19711 (B} Response straddting threshakd tor axon of
s cell, with Reld potential trace shawn befow. Arrows
ww onse ot spike and onser of inhibiton, (From Nicoll.

cell laver is rare, and discharges are brief. Long-last-
ing svraptic inhibition is, in fact. commnn in neuronns
wf the brain. The passibility that such inhibiton
might be mediated wholly or in large part without
cancurrent impulse activity was revognired early in
the buth (Phillips, Powell, and Shepherd., 1963; Shep-
herd. 19631 .

Orthedramic vollevs in the olfactory nerves also set
up a sequence of impulse generation followed bv
inhibition in mitral cells. In some cases the impulse
can be seen to arise from a depolarizing EPSP (Figure
203): in oiher cases it arises more abruptly {from the
baseline (Figure 2D). Note in Figure 2D that in the
response to the second volley, a small EPSP is re-
veuled. This is consistent with the idea that hyper-
polarization following the Arst volley moves the nen-
brane potential away from the equilibrium potential
tor the EPSP and toward that for the [PSP. [tappears
that depularization due 1o electrode entry inw this
cell is a complication in the activity recorded. This
complication requires continual assessment in intra-
cellular vecordings, particularly the smaller neurons
ut the CNS.
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1969.3(C. D. E) Responses to ON vollev. (C) Spike respon
arising fram EPSP. (From Yamamoto, Yamamolo, &
Iwama, 1963, (D Succession of spunaneous impubse, f
ON shock antifact, spike response lullowed by [PSP; sean
ON shack artitact, spike response arising from sall EPS
Time in 3 msec divisions. (From Getchell and Shepher
1973). 1E) Response during hyperpolarizan of cell mer
brane by applied current, showing EPSP. st prepotent.
anl tull spike. (From Mori and Takagt, 1975,

In Figure 2E. the cell has been hyperpolarized |
injected current, and a fast prepotential is reveale
Similar potentials have been seen in several uth
sites: for example, in chromatolvtic motoneuro
{Eccles. Libet, and Young, 1938), hippocampal ¢
ramidal cells (Spencer and Kandel. 1961). and Pu
kitje cells (Llinds and Nicholson, 1971, In anabo;
with those cells. Mori and Takagi (1977) have su
gested that the fast prepotential in the mitrad
represents “booster” activity in the distal part of u
primary dendrite. EM studies have shown thae tt
part of the dendrite is sucrounded by glial mer
branes: in the monkey these appear as a thin mvel
sheath (Pinching, 1971). The lauer finding shows tk
mvelination is not an exclusive property of axm
whether it is associated with active or passive pro
erties in the mitral dendrite has not yet be
established.

Physiological identification of mitral cells by an
drowmic criteria and by correlation with evoked ¢
tentials can be carried out relatively easilv. Tdem
cation by means of mtracellular dves has not vet be
reported, although in vertebrates, intracellular sta
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s heen effective in identifving cells in several
| regions (retina, spinal cord, cerchetlum, cor-
{owever, for both recording and stiwning, the
1 cells and processes have offered the best tar-
simafl cells and small processes present a severe
nge in the vertebrite nervous system and also
ertebrate neuropil. Information at this level is
tal for analvsis of local circuits, but assessment
effects of electrode penetration on physiolog-
soperties will be of critical imporiance.
lence for the properties of periglomerular
axon cells will be discussed after consideration
nputer simulation studies of mivral and granule

retical models

aphysiologists traditionally have been hesitant
plv theoretical methnds to the interpreration of
imental data relating to neuronal organization.
reluctance derives in part from a healthy skep-
1 that the theoretical assumptions can adequately
porate the complexities of the regions and svs-
under study. The methods of Rall for describing
lectratonic properties of dendritic trees have
n that theorv can in fact be applied to neurons
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ae 3 Compuoted imrracellular and exeracellular poten.
genevated by micad-cell leley and granule-cell {righey
rarcmental models in vesponse woa LOT volley. Filled
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to provide the essetwial basis for interpreting cxper-
imental results (Rall, 1977; see atso Jack, this volume),
Rall has emphasized the need for an ongoing inter-
play between experiments on the living system and
experiments on realistic models of that svstem.

En the olfactory bulb we first attempted to recon-

. struct intraceltular and extracellular potentisls with

computatienal models of the mitral- and grade-cell
populations, as they are activated by an antilromic
volley in the lateral olfactory tract {Rall et al.. 1966;
Rall and Shepherd. 1968). This wurk has been re-
viewed before (Shepherd, 1972a); Figure 3 displays
representative computations of anvdromic itnpulse
spread in the mutial celly and synaptic excitation of
the granule cells. The caomputations it the mitral-celt
model explored the #ifects on impulse propagation
of the geometrical hurdle from axon w cell body 10
dendritic equivalent cvlinder. Goldstein and  Rall
(1970 subsequently analvzed this interesting theo-
retical problem in detil. and computer simulations
of the effects of similar changes in nerve-process di-
ameters on impulse propagation have now been car-
ried out for several 1vpes of neuron (see the chapters
bv Parnas and by Pellionisz, this volume). Our com-
putations also explored the alernatives of active ver-
sus passive dendritic properties. and we concluded

INTASCELLULAR EXTRACELLULAR
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conmpartments indicate sites of active mpudse generation
lefoy and EPSP (rightn: open compariments bave only Pss-
sive elecerical propertics. {(From Rall and Shepherd, 1968.)
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that active properties might be present in some of

the mitral-cell dendrites but could be ruled out o
any  significant  extent in  granule-cell dendritic
branches il the computed extracellular transients
were to agree with the recorded hebd potentials.

The extracellular transients were computed on the
basis of a potential divider mode! for describing the
relation of the recording electirodes o primary and
secondary extracellular current fows. Subsequent
studlies showed thut partial activation of the bulh pro-
duces potentials in active and inactive regions as pre-
dicted by the mudel (Shepherd and Haberly, 1970).
Recentlv the theoretical basis for the patential divider
model has been described by Klee and Rall (1977)
(Sce Figure 4.)

The sequence of activity in the computer simula-

« 200 ww

45

200 uv

tions, together with reasanable assumptions about the
laminar locus and timing relative to the mitritk-celt
[PSP. lecd 1o the postulate of mitral-to-granule exci-
tation  followed by granule-to-mitral  inhibition
through the dendrites of these two cell types. The
reciprocal svnapses in the external plexiform laver,
as described above, provide & movphological hasis for
this pathway {Rall et al.. 1965, Rall and Shepherd,
1968).

The computations using the putential divider
inodel were for the case of svnchronous activation of
large poputations of mitral and granule cells. Re-
cently Robert Bravton and [ focused on the situation
it the other extreme—the minimum parts of individ-
wit mitral and granule dendritic trees involved in
mediating  self-inhibiuon  and  Luweral  inhibition

s

Fieear 4 Compured Fekd potentials generated by popu-
Lations of svichronoush active cefls ol dillering contical
extents. Extents of active populations e indicared by
shaded areas. Activity consists of depolarization of 11 mv
m cell sonmana, which are arramged along the inner border
with dendviies exiending radiallh ouncisd. Tsopotential
contours are indicated o upper diagrans, and depth peo-
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hiles throngh the entite region tdhashed <phere) are shown
bl . Resistivits warhuen the rewion s 2500 (hom, ot
siede is 2500 (o Neae superiuial posinviny and deep
neativity for recording tracks through active zones,
agreement with experinents o ollactory bulb 1Fram Klee
and Radl, 1977,
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Ficvar 3 Comparimental model of dendrodendritg svn-
apuw cireuit, comprised of tau mitral secondary dendries
1M, and M:) and a branch of & granulbe-cell dendre (GRY
with two spines. Reciprocal sviapses connect the spines 1w
the mitral cells. The mitral dendntes are 4 gnn didmneter:
cach compartment is 160 mm m length. with specific mem-
hrane resistance of 2000 (-on and specibic cvloplasine
resistance of 30 {t-cm. For the granule-cell dendrite. the
corresponding values are 4000 {l-cmé and 80 o com-
partments 5=10 are § it diamerer and 30 am in lengehe
the spine necks 42 and 4 are 0.2 mm in diameter and 3 am
in kength: the spine heads (1 and 31 ave 1 pm in duamneter
and 3 um in length.

through the reciprocal svnapses. Figure 3 shows these
parts, which consist of secondary deadrites of two
mitral cells and 4 part of a granule dendrite with two
spines connecting 10 the lwo witra! dendrites. The
mudel is in compartmental torm. An action potential
is generated in the first compartment ot mitral cell
A, simulating antidromic invasion. The subsequent
events are passive impulse spread into the M, den-
drite. activation of the excitatory ssnapse from com-
parument 3 te the spine head of the granule dendrite,
and activation of the inhibitory synapse back onio the
mitral dendrite. producing self-inhibition of the mi-
tral cel). This sequence is Mustrated in Figure 6. Dur-
ing this same period. the EPSP in the first spine head
spreads electrotonically through the granule-cell wree
and into the second spine head. The depolarization
activates the inhibitory svnapse of the second spine
head oato the second mitral dendrite, producing lat-
eral inhibition of the second miwral cell.

The computer simulation thus reproduces the basic
properties of the responses recorded from the mitral
cells (cf. Figure 2) by the postulated dendrndendritic
pathwav. A key point is that the pathway involves
only certain parts ol the dendritic trees ol the neu-
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rons invulved, These parts define the functional unit
(Shepherd, 1972b, 1977) for self-inhibition and lar-
eral inhibition under these conditions, The functional
unit is in fact a dendritic synaptic network with this
speaific morphulogical locus and these specific phys-
jological properties. Two levels of local circuits are
included in this unit: the reciprocal synapse and the
dendritic circuits in which they are embedded. We
will rewurn o the question of levels of organization
in the discussion section, -

Previous aucmpts o model neuronal networks
have generally treated the nerve cell as 3 singke node
or integrating locus and described the network as
being built up by axonal connections between the
nudal points. The present approach begins with Rall's
recognition of the extended dendritic nature of the
neuronal integrative surface and builds the relevant
functional network within that context. This. of
course, reguires specific estimates of dendritic and
synaptic properties. The present results represent a
first step toward analviing the dvnamic relations be-
tween svaaptic inputs and outputs in individual parts
of dendrodendritic networks.

Short-axon cells

The granule cell is unusual among local mterneurons
in that it combines o large population with a parallel
urienation uf extended dendritic trees. These factors
were. in Eact. necessary morphological preconditions
for mudeling the field potentials described above.

The other interneuron in the olfactory bulb—the
periglomerular (PG short-axon cell—uperates un-
der very different conditions. PG cells are comfined
within a narrew kiner: their dendrtic trees are short
and have different oriemations as they enter and
ramifv within the glomeruli. Thus field- putemtial
analvsis has limited value in unraveling the functional
properues ol these cells: untortunawely the same lin-
itation applies w many ather kinds of short-ason cells
in other parts of the nervous system. Forwunately, in
the case of the periglomerular cell, there are coun-
terhalancing advamages.

Single unit recordings have provided some under-
standing of PG vell properties {Shepherd. 1963,
197 1: Getchell amnd Shepherd. 1973h). PG cells char-
acteristically respond 1o a strong volley in the oltac-
tary nerves with a briel burst of inpulses. The im-
pulse frequency tends increase with increasing
volley strength. although the amount of inereuse var-
ies in different cells. The results indicate that in the
rabbit the PG cells. like the mitral cells, are excited
monosynaptically by the olfactory-nerve rerminals in
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Ficrme 6 Computed activity an the demlranlendritic cir-
cwat of Figure 3, clicited byoan npulse generaed o com-
partmesi | of M, he impulse recarded om My is shown
an 4 sofud lines 10 spreads clea womeadly shisrugh compant-
menis 23, weivating the reviprocil sthapae vonnecng
mitegd compartient 3w gramute spine head L which feeds
bach sell-inhubisae oo miral compartiem 3 inie the
tn perpolanzng IPSP in M, dendvite in the alermath ot
the mwnpuber. The depolarizniun st up in granule-ell

the glomeruli. Following this excitatory perind, there
i characteristically a peviod during which the re-
sponse ta a second volley is suppressed or shurtened
in duration. This period may fust tor several humslred
milliseconds. A similar perind oceurs in mitral cells,
where. of course, the IPSP due mainly o granule-cell
inhibition ocewes (see Figure 20 The suppression of
PG cells at longer testing intervals can be shown 0
be independent of the olftory-neTve TeCovery L ycle,
leaving us w assess the ellects of PG-cell impulse
activity,

To do this we studlied PG-cell units at threshold for
single-spike initiation by weak ON vollevs. In some
cells the lest response was facilitated in terms of
threshold andfor laency: this response characieris-
tically began carly and could last up w 30 msec. In

-
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spine head | oapreads o the granule dendrite and o,

the second spine 3 xee Figure 30, activatmg 1he inhibion
pan ol the renprocal stiapse vntn compasnnent 3 of the
M, dendrite, This mediates Liceral iuluhitios one the M.
denddrie, as seen i the by pn:rpnl.lrifiuu PSP in compart
ment b adishied Lnck and comparnmen 1 kashed-dlonies
lincy. Sode the similariny of these ITRes T the expernicita
recordinggs in Figure 2B,

some cases the test response was suppressed. In Fig
ure 7. for example, there is early hiockage due u
absolute refractoriness, a relative refractory recover
phase. and. finally, blockage at |5 miec intervals and
bevond.  Although electrophysiologists oflen  us
strong volleys 1o elicit clear-cut response patterns. th
nse of very weak ounes, as in these studics, may b
more productive of evidence aboul synaptic connec -
tions and the properties of small intrinsic neuron:
Aitral cells undergo similar periods of facilitatio
and suppression tollowing an ON volley (Getche
-and Shepherd, 1973a% this raises the interestin
question of the relation between the PG-cell and m
tral-cell responses. The Renshaw-cell malel (Eecle
Faut, and Koketsu, 1855) requires the PSP medliawe
by an interneuron 1 be coincicdent with an impuk:

LOCAL CIRCUITS IN THE OLFACTORY BULE 4
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1IGURE 7 Extracellalar uni responses in glomerwlar bner
v paired ON vollevs, (A} Responses shown ar inereasing
wck intervals: note suppression af 1est response at shart-
itk and boggest o, e intervals, Time i 5 msee divisions.

ischarge in the interneuron: bt how can the PG
el be an inhkibitory interneuron for the mitral cell
‘hen it appears o be inhibited uself? The answer
€5 in a consideration of the dendrodendritic ar-
angements in the glomeruli. As shown in Figure 8,
cginning on the lefi, the simplest 1vpes of synaptic
rithwavs idemibied in EM studies are the monosyn-
ptic oltactorv-nerve connections onta itral-cell
nd PG-cell dendrites and the disvnaptic pathwavs
hrough dendrodendritic ssnapses. PG cells also have
eciprocal synapses onta mitral cells. A circuit thus
'xists whereby the PG-cell dendrite can inhibit the
nitral-cell dendrite and. bv so doing, black further
Xeitatory input to itsell: that is, it presvaaptically
nhibits itselt from responding o further olfactory-
terve input. This mechanism provides a temative
splamation tfor the physinlogicat vesults described
tbove and indicates that dendradendritic pathwavs
ran provide for a relationship between impulse firing

oM, ON, oOn, ow,

Terrr 8 Schemarie diagrnm summarizing evidence from
=M and elcetvoplvcsiological siudies or MUIEPIHC CHrcuits in
he glomerntar Liner of the ollaciory bulh, (From Getchedl

i Shepherd, 197 5h,)
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(B} Plots of data: filled cirles indicate spike responses o
comditioning volless. open cireles o testing volless, (From
Gerchell el Shepherd, 10750,

and the inhibitory action of a short-axon cell that js
different from that of the Renshaw-cell modei.

This example also underscores the caution one
must exercise in basing interpretations of sYNnaptic
interactions on extracellular spike dati. Studies of
spike discharge patterns in other parts of the nervous
SVSiem ray warrant reinvestigation on this account,
particilarly in regions where dendrodendritic svn-
apses are known 1o exist or are 5uspe([c(l_ In many
such regions, “impulse 8ow™ may give only a limited
indication of the actual information How through the
svnmaptic circuits. This consideration appears to be
important in developing strategies for studving the
functional properties of locat newronal circuits.

Natural stimulation

Thus far we have considered inethods of analvsis that
involve brief, artificial activation of local circoits from
voltevs produced by electrical shocks. The next step
is 1o use matural stimtlation. For this purpose we
need svnchronous activation by a stimulus defined in
time course and in spatial locus. The ability to control
stimuli in this way has been fundamental to the anal-
vsis of neuronal properties and mechanisins in the
visual (Kuffer, 1953), auditory (Galambos and Davis,
1943), and somatosensory (Mountcastle, 19573 svs-
tems, to name only the best-known examples, In these
svstems it has been relatively easy to gencrie well-
defined step pulses, ramps, and sinusoidal stimuli. [n
the olfactory system, however, we are dealing with
stimudi-—voluile gases—that are vers diffioult o work
with. In fuct. when we began our experiments several
vears ago there were no methods for delivering and
moenitoring the stimuli equivalent o thase used for
other sensory systems.

The instrumentation we have developed (Kauer
wnl Shepherd, 1975i,b) consists ol a system of con-

atrie nozzles that deliver step pulses of odor w the
exposeed olfactory receptor sheet of a salamander.
I'he step pulses have a relatively abrupt onser, a
aeaddy platean phase. and an abrupt termination. The
durarion and concentration of the stimulus can be
intlependently varied. For monitoring the stimuiu§ a
lons percewt COy s introduced into the odor carrier
stresun: this is measured by a €O analyzer with a
sl inlet port positioned over the olfactory receptor
“heet ar the site of stimulation,

Ivpical results obtained with these met_hmls are
shown in Figure 9. These are recordings of extracel-
Iular spike activiey in 2 mitral cell. The stimulus is the
acdor ol amyl acetate. delivered in step pulses lasting
4 see. as shown by the lower traces. At the lowest
concentration (d), just over threshold for this unit,
there is a prolonged impulse discharge. At a higher
concentration (c). the discharge has a higher fre-
quency, shorter onset latency. and brieler duration.
anl it is followed by a period of suppression. These
changes become more pronounced at higher concen-
tranions th, a). Note that at the highest concentration
tat. the response consists of only two spikes separated
by a brief interval and followed by complete suppres-
sion for the remainder of the pulse.

We found that there are three muin tyvpes ol activ-

INCRE 4 SiG CNC

ity correlated with pulse stimuli: initially excitatory,
initally suppressive, and ne change (unattected).
These categories were originally described by Kauer
(1974), and our results confirm them and show the
precise relation between the timing of the response
and the stimulus. As in the carlier study, cells are not
specific tor particular odors; among the battery of
odors used, a given cell nav show all three response -
categories.

With regard 1o svnaptic circuits, the results have
some interesting implications. The prolonged is-
charge at threshold suggests a prolonged impulse
input through the receptor axons and correspond-
inglv prolonged excitatory svnaptic drive in the glo-
merult. but with minimal inhibitory svnaptic actiens.
As odor concentration increases, it appears that the
receptor impulse activity increases pari passu, Causing

- earlier and more intense excitatory synaptic drive o

the mitral cells. but it also activates circuits that pro-
vidle for suppression. which cuts off the impulse re-
sponse: suppression then continues {or the duraton
of stimuladon. It is wempung to correlate  this
suppression with svnapuic inhibition through the den-
drodendritic pathwavs as described above. Qur pres-
ent work is directed tr obtaining further evidence tor
the properties of this inhibition and attempting te
identily the contributions at the external plexiform
and glomerular levels,

_— e

A

Freowr 0 Exracellabar un responses i salamander of-
factores bl teodor pulse sty delivered o the oltacior
mucosa, Lower teiees are pulse monitors, with onsets in-
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These resuits demonstrate that oder stimuli can be
controlled and monitored in a manner equivalent to
that in other sensory systems. This control grealy
facilitates the analysis of response properties of neu-
rons and synaptic circuits under conditions of natural
stimulation; and in some cases findings can be directly
compared with results from electrical stimulation. For
example, the prolonged discharge at threshold, with
litthe evidence of inhibition, correlates well with the
finding that the mitral-cell response o 2 test volley in
the olfactory nerves shows litle evidence of suppres-
sion when the shocks are very weak. With odor stim-
ulation at higher concentrations, the excitatory-sup-
pressive sequence in some mitral cells is very clear,
which correlates with the excitatory-inhibitory se-
quence in the mitral-cell response Lo sirong olfactory-
nerve volleys. We need close correlations of his tvpe,
using buth elecirophysiological and nawral mndes uf
stimulation. in the analysis of local circuits. Our re-
sults indicate that they are passible in the olfucory
bulb; they show Further that the functional properties
of kxal circuits are not rigidly set but may change
dramatically in relition to submodality of stimulus
and levels of activation.

Metabolic mapping

One traditionalls thinks of functional anabvsis of the
nervous svsiem in terms uf electrophysiological meth-
wds: but other approaches are pussible for detecting
changes in activity of cells. One of the most promising
is the use of 2-deuxvglucose (2DG), as introduced by
Sokololf and his colleagues (Kennedy et al., 1973;
Plum, Gjedde, and Sampson, 1976). This glucose an-
alog is taken up by nervous tissue and phosphory-
lated by the same mechanisms as glucose, but it can-
not be further metabolized. Thus, when radivactively
tabeled with “C and introduced in tracer anounts,
2DG can be used to give autoradiograms revealing
regions in which nerve cells have changed their ac-
tivity andl hence their glucose requirements. Early
results have shown local regions of activity-related
DG uptake in relation to wiatic-nerve stimulation,
acular ablations, and focally induced epilepsy (Ken-
nedy et al,, 1975; Colling et al., 1976). These results
have been consistent with evidence from previous
studies wsing elecoophysiological methods. but they
have gone further in providing maps of the simul-
tancous activity changes throughout the nervous
S¥SLeT.

Our interest in this method was based on the ra-
tionale that it was particularly sensitive to activity
changes in ncuropil, that is, in synaptic wrminals and

local synaptic citcuits. It was therefore well suited for
“determining whether or not spatial patierns of activ.
ity are present in olfactory bulb neuropil during odor
stitnutation. The possibility of such patterns had been
suggesied (Muzell, 1971: Moulon, 1976), but the
electrophysivlogical evidence was fragimentary and
unsatisfactory.

Qur experiments involve injecting rats with a pulse
of HC-2DG and placing them in a closed glass cham-
ber with a controlled olfactory environment for 45
minutes (Sharp. Kauer, and Shepherd, 1975, 1977).
The brains are then rapidly removed and frozen, the
bulbs are sectivned, and N-ray autoradiograms are
prepared according 1o the Sokoloff method.

In control raws breathing reom air, there is a broad
band of relatively high activity in the autoradiograms
of the olfactery bulb, extending from the glomerular
laver o the granule laver. Individual layers can be
discerned in Favorable sections, and the glomerular
and miral-cell layers tvpically have high levels of
resting activity. A characieristic Anding is the pres-
ence of scattered very small dense foci, and careful
correlation with the histology shows that these are
located uver groups of glomeruli. It appears that
these foci are in some way related w olfactory input
ander vonditions ol minimal stimulation ot olfactory

* receptors by odors in the ambient Tomm air.

Under conditions of odor stimulation, larger areas
of increased activity are characteristcally found in
the ulfactory bulb, Figure 10 shows a tvpical resukt
for the case of stimulation with the odar of amyl
acetate. A broad bund of increased activity is found
in the anterolateral aspect of the bulb. and another

- similar band is found in the posteromedial aspect.

Histological correlations show that these hands have
peak densiry in the glomerular laver and spread into
adjacent olfactorv-nerve and external plesiform lay-
ers. This general pauern of activity is found in dif-
terent animals subjected 1o this odor, suggesung that
the pattern may represent . spatial distribution of
activiey ymportant for transmission of this olfactory
inpul. Furthermore, preliminary evidence inelicates
that parterns mav be different tor different odors
and mav thus reveal an essential aspect of the mech-
anisms of discrimination between odars. The results
in the rat oltactory bulb have been coniirmed and
extended in studics of the olfactory bulb of the tree
shrew (Skeen. 19770

Synaptic transmitters

I shall conchle this review of experimental methods
by considering brietly the identification of transmitier

FiGLRE 10 Autoradiograph ot frontal sguinmni alfactory
bulbs of a rat expoved 1o sirong odor of anw] acetate. I'he
nutlines of the histologial kavers of the olfictors hulh.. as
determined from the subsequently siained sections, are

substances. Only in very recent vears have aulcq_uale
rechniques become available so that one can hegin 10
approach this probiem with confidence in the c_cmr:_n'l
pervous system, A nutnber of laer chapters 10 this
volume tesaly to the range of methods now a\‘mlablg.
In the olfactory bulb the best case tor 2 specific
transmitter substance can he made tor lh_e granule-
w-miteal dendrodendritic synapse. .\iujrummmp‘hnf—
etic studies, combined with single umt rcmﬂln,lgi.
have provided evidence that GABA is the l-r.'.msu'l}ftcr
substance at this svnapse (MeLenan, 1971 .\ufall.
182 ). lonwphoresis of GABA produces suppressioit
of mitrakuell activity, mimicking the suppression tol-
lowing LOT volleys. tontophoresis of bwu‘u_nll.mc.. a
known blocker of GABA, blocks the LOT -induced
inhibition of mitral cells. More recently i has been
shown that radioactively labeled GABA s ukfu up
by granule cells. (Halasz, Ljungdahl, 'aml Hukfc?t.
1078). Moreuver, an immum)cyuu.‘hemnc‘nl suu.ly has
provided evidence tor the localization of the (‘-.\B:\-
svnthesizing enzyme GAD in granule cells (Ribak et
al.. 1977) High GAD activity has been reporied in
the external plexiform layer and prest_nmuhly r.:ll_ccts
GABA synthesis in granule-cell dendrites and spines
in that laver (Grahan. 1970, ) _—
With regard w the other hall of the recipraca
svaapse in the external plexiform lg:-'cr. nucrukInto-
phoretic studies have shown that miiral cells are alse

shown superimposed on the nnlnrn;ﬂingraphs. Small arrows
indicate extent of Luersl active regions: large arfows indi-
cate medial active regions. Seale bar s 300 pm. (From
Sharp, Kauer, and Shepherd, 1977

suppressed by amino acids such as aspartae and D-
L homocysteate (McLennan, 1971; Nicoll, 1971} At
first this seemed paradoxical. since these substances‘ ’
have excitatory aclions at many other central syw .
apses. The explanation appears be that they mas
exert their exciatory action on the granule ce!l§
thereby mimicking the excitatory dendrodendritu
s.\'nupt{c actions of the milra!-lo-gr:mule half of th
reciprocal synapse. The excited granule cells the
juhibit the miwral cells reciprocally, so ll‘lal‘ the oh
served effect is mitral<cell inhibition. This mterpee
cation awais furthert Lesting, but it serves as a
impuriani caution for the inwerpreiation of "“f".":
junophoretic studies in other parts of the pervou
svstem. Lt is clear thay one cannot assume that th
substance iontophoresed acts directly on the cc_ll T
corded from. Any synaplic terminal or local circu
element that carries receplors, specific or nonspecih ,
for that substance mav be Jctivated by it and transm
the ultinue elfect on the cell rctorfied frorr.l b,v- i
own kxal action or that of the circuits of which it
i L
! r;::lrthc glomerular layer there has fong bfen e
dence tor catecholamine uptake' and sym.hes:s (Lic
tensteiger. 1965). Recently Ha_l:tsz et al. (|9:7') ha
shown with immunoc_vtuchrmlca? _mtlhmls that P
iglomerular-cell bodies are posiuve for dopami
{DA)-symhesizing enzymes. The reaction exter
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high GAD activity
in glomeruior layer

specific cholineaterans
ond monooming oxidase

high GAD activity in
aniernal plexiform loyer

OLH

\

t It Summars of evidence lor neurotransmitier
des i the ollactory bulb, For details see rest.

he dendrites. suggesting that DA mav function
 ransmitter at dendrodendritic as well as axo-
ritic svnapses of the PG cells. However, onlv a
af the population of cells around the glomeruli
in these enzvimes. This fact provides a most in-
ing  hvpothesis—that the periglomerular-cell
lation mav consist of metabolically distinet sub-
Lations that use different transmitter substances
theretore. could have ditferent synaptic actions.
hypothesis suggests a biochemical tractionation
1 anatomically defned and otherwise homoge-
s cell tvpe. A new complexity is thus iinroduced
the functional significance of cell tvpes in the
nus svstem—i complexity that is abviously rele-
to the organization ot the local circuits within a
1 region. Similar observations have been made in
macrine-cell population in the retina (see Miller,
volumet. In the olfactory bulb further work is
ed to determine the subtvpes of PG cells that
:rve the inhibitory actions attributed 0 PG cells
e electrophysiological stuclies. The PG cell ap-
sty be the first short-axon cell tvpe in the CNS
hich DA has been identihed as @ possible neu-
nsmitter. Some tutted cells also appear 10 syn-
ze DA (Haliasz et al., t977). Recently a second
opulation of PG cells, which svinthesize GABA,
wen identihed (Ribak et al., 1977).

SevMEdal W IO n

mittol-to-gronuie
ancilation :
cholinergic

aspartete
Qlutemate

olfactory nerve containg:
apecific protein

« carnogine

GABA

PG calts take up:
norapinephring , DOPA
sarotonin

soms PG calty fluoresce

for dopamine

inhibition :
GABA

centrifugal inputs:
cholinergic
adrenargic
serolongrgic

tModified trom Shepherd, 1977)

The biochemical constituents of the olfactory
nerves have been studied intensively in recent vears.
A protein has been described that is unique o these
nerves and the receptor cells from which thev arise
OMargolis, 197H. A dipeptide, carnosine. has also
been tound in these cells and axons: it is present in
higher concentration there than in any other region
of the nervous system (Margolis. 1974: Neidle and
Kandera, 1974). Tts function and possible relation o
chemical transmission by the nerve terminals in the
glomeruli is intriguing but as vet unknown.

The other muin extrinsic fiber svstems to the ol-
factory hulb are the efferent pathways from the CNS.
The huilb is one of the regions that receives terminals
trom the adrenergic and serotoninergic hbers arising
in the brain stem (Halasz, Ljungdahl, and Hokfel,
1978). These terminals are found on granule-cell
spines, where they are strategicaily located for pro-
ducing inhibiton of the mitral cells or biasing the
mitral- and granule-cell interactions. Sone connec-
tivns to the periglomerular regions are also known.

From this brief review it can be seen that there is
evidence regarding possible neurotransmicers tor
mast of the main neuronal types and extrinsie hber
svstems in the olfactory bulb, In this respect progress
s equivalent to that in regions such as retina or cer-
ebellum. A special sighificance of the olfactury hult

et these studies may rest in the evidence for neu-
Jorranstuitters at dendrodendritic svnapses. The op-
i tectum is anather central region where consider-
able progress has been nade, including evidence for
oossible transmitters at dend radendritic svnapses (see
¢ uenen!. this solume), Other regions, such as the
hasal wanglin. have also been studied intensively, and
Miere 1s tentative evidence for important synaptic in-
teta tion between dendrites in some of these regions.
Prowress in neurochemical studies will be closely de-
perdent on knowledge of the organization of the
low 4l circuits within the regions under study.

Do isvion

[ lie experiments that have been reviewed itlustrate
the praposition set out in the introduction to this
weunon—that a correlation of results from different
methodalegies is essential in the effort to understand
the nature of nervous organization. In additon, gen-
cral comment mav be made on two further aspects.
one priwtical and the other theorencal.

O the practical side. it is worth remembering that
phvsiological study of the olfactory bulb was initially
hased on traditonal methods of electrophysiological
amalvsis suitable for motoneurons and other large
impulse-generating  projection neurons in the ner-
vous swstem. Electron-microscopic study ot svoaptic
cotnections was also begun at & time when onlv the
tvpes af synapses made by projection neurons with
long axons had been recognized. These approaches
v themselves have been successtul in the olfactory
bulb up to a point; but one of the lessons emerging
most clearly from this work is that our methods and
the tactics of appiving them must be reevaluated and
mlified for the task of anatvzing local svnaptic cir-
cuits and Iocal svnaptic properties. Evidence of the
presence of output svnapses on dendrites and their
activation by local graded potentials is the most ur-
gent need. 1 pointed out earlier that “impulse fHow”
as monitored by extracellular unit recordings can ne
longer be relied upon as an accurate reflection of
“svnaptic flow”—that is, of the activity mediated by
local svnaptic circuits, Even with intracellular recoredl-
ings, the compartmentalization ot dendritic trees se-
verely restricts the utiliey of a soma recorcing site in
moniwring or testing the input-ouwput relatons me-
diated by circuits into and out ot distant dendritic
compartments. The development of improved re-
vording technigues and isolated preparations are im-
porant steps toward obtaining stable vecordings
from intrinsic newrons and dendrites; even so, the
vifects of elecirode impalement on local properties

and the electrotonic constraints on the sampling of
activity will have o be rigorously ussessed. With re-
gard to neurochemical aspects, it is likely that the
simple picture of brief synaptic potentials mediated
by punctate synaptic junctions will be much embel-
lished as more is learned about the variety of mor-
phophysiotogical refations at different junctions and
the variety ot longer-term effects a terminal may ex-
ert through substances acting on neighboring termi-
nals as well as on itself. Considerations such as these
indicate that the practical problems facing experi-
mental analvsis of local circuits are considerable; but
they also teave little doubt that it is here that the basic
mechanisins of neuronal organizition are o be
found.

(In the theoretical side, a kev problem is ta develop
a conceplual framework for the new wpes of orga-
nization that have come into view through the work
on local circuits, In the olfactory bulb. some clues
have been provided by the organization of svnaptic
circuits in relation o the dendrites of the principal
anel intrinsic neuronal populations. [ have discussed
this elsewhere on several occasions (Shepherd, 1972h,
1974, 1975, 1977, 1978). Here it will suffice to sav
that, beginning with the single svnapse as the basic
wnit, several levels of organization of increasing ex-
tent anc complexity can be identified in terms of
sviaptic clusters. dendritic branching compartments,
whole dendritic trees, the whole neuron, aned mulu-
neuroml chains and leops. This view of the olbactory
bulb emerges rather naturally from simple structural
considerations. Present analvsis of functional opera-
tions is being carried our within this context, as dlus-
trated by the model of the veciprocal svnapse and the
dendritic branch comparunents of the mitral and
gratule cells, as in Figure 5.

There is evidence that similar types of sviapuic
vircoits and functional propesties are fowd in 2
nuwmber of other regions. We thus fice two kev ques-
tioms, First, con logical hicrardchies of levels ol orga-
nization be identified i all regions® Second. can the
levels in anv given region be svstematically correlaned
in a meaningful wav with those i other regions:
Against these propositions it has been argued that
every neuron is unique and that the information
processed in each is different in kind from than of
anv other region. However. the evidence seems to be
increasing that, behind the welter of detail, there may
indeed be some relatively limited and common prin-
ciples ot organization along the lines mdicated above,
that apply, to 1 greater or lesser extent, o all types
of nervous organization, Both points of view were
expressed in the formal and informal discussions at

LOCAL CIRCUITS IN THE OLFACTORY BULB I41



this Study Program and represent at least a prelimi-
nary attack on this important issue.

Although these matters are speculative, they wuch
on a requirement of any feld for a consensus on the
basic units of organization. We have traditionally
" thought of the basic structural unit as the neuron
_ and its basic functional praperty as the impulse. Bur
" at the level of local circuits, these units lose their force

and generality: input-cutput operations inay be car-
ried out through restricted parts of whole neurons,
and local synaptic transmission and integeation may
take place in the absence of impulse activity. lmpulse
activity of course underlies the excitability that has
always been regarded as the halimark of nervous
tissue; ver nut only do some nerve cells function with-
out this activity. there are a number of nonnervous
types of cells, in both animals and plants, that aiso
exhibil this property (see Mueller, this volume).

It thus appears that the study of local synaptic
circuits in the olfactery bulb, retina, and other re-
gions requires a reassessment of our traditional be-
liefs abvut the essential nature of nervous organiza-
tion. The case for retaining wraditional enets in the
face of the new evidence has been argued eloquently
by Peters, Palay. and Webster (1976). The problem,
in fact, is not to discard these tenets. but rather w
incorporate them into a new lramework. 1 have sug-
gested elsewhere (Shepherd. 1972b, 1977} that this
van be developed around the functional operations
carried out at the different levels of organization. In
this view, neuronal units are replaced by functional
units. and the traditonal neuron doctrine is incor-

" porated into a set of functional principles that begins
with the single svnapse as the simplest unit and buwlds
in complexity through the successive levels of orga-
nization, At each level the svnaptic circuits comprise
rhe basic units tor information processing, the proc-
essing being carried out by the ensemble of units ac
that level of complexity. Since the functional vpera-
tions are largelv defined by svnaptic properties and
citcuits, it is possible that the organizing principles
we seek will be eventually subsumed under the head-
ing of a svnaptic doctrine. It this can serve as a means
to orient the search for common principles that ac-
count for the diversity of nervous-sysiemn siructures
and functions, it will have some heurisiic value,

REFERENCES

Asoues, K. H.. 1963, Der Feinbau des Bulbus Olfactarius
der Ratre unter besomlerer Berucksivhtigung der Syn-
aptischen Verbindungen, 2. Zeffforsch, 63:330-561.

CoLuxs, R C.. C. Kesxxiepy, L. Saokowosr, and F.o PLos,

142 GORDON M. SHEPHERD

1976. Mewabolic anatomy of fical seizures, Ared. Nearol,
33:596-542.

Ecoues. I C., P FaTT, and K. Kokersu, 1955, Cholinergic
and inhibitory synapses in a pathway from mator-axon
collaterals w matoncurones. f. Phwiol. 216:524-562.

Eccies, J. C., 8. Liser, and R R Young, 1958. The be.
havior of chromatolyzed motoneurnns studied by intra-
cellular recarding. J. Physial, 143:11-40.

Gavanmsus, R, and H. Davis, 1943, The response of single
auditory-nerve fibers 1o acoustic stunulation. J. Neurophy.
sl 6:424-437.

Guronere, T. V.. and G, M. SerPHeEwp. 19730, Svoaptic
actions on mitral and wilted cells elicited by olfuciory
nerve vollevs in the rabbat. J. Physiol. 251:497-522,

Getouetl, T, V., and G. M. SHernerD, 1973b. Short-axon
¢ells in the olfactory bulb: Dendrudendritic synaptic in-
1eractions. J. Phyel. 251:523-348.

Curpsterx, 5. 5., and W. RacL, 974 Changes of action
potential shape and velocity for changing core conductor
geametry. Buphys. J. 14:731-757.

Granan, L. T.. 1973, Distribution of glutamic acid decar-
boxvlase activity and GABA content in the ulfactory bulb,
Life Sci. 12:443-447.

Havisz, N A Lposcoane, T, HOKFELT, 0. Jonansson,
M. GorpsTters, D. Pars, and P. Bisraricn, 1977, Trans-
mitter histochemisity of the rat ulfactory bulb. 1. Im-
munochistochemical localization of monoamine synthes.
izing enzyvmes: Support for intrabulbar, periglomerular
dopamine neurnns, Hrain Hes. 126:455-474.

Hatasz, N., A, Ljexcoane, and T. Hoseewr, 1978, Trans-
minter histocheaistry of the rat offactory bulb. L. Flua-
rescence histochemical, antoradiographic wml electron
microscopic localization of monvamines, Bran Res. (in
pressh.

Hatise. N A Ljuscoady, and T, Hosrer, 1978, Trans.
mitter histochemistry of the oltactory bulb, 1L Autora.
diographic kecalization of H-GAB A, gheine and leucine.
Bram Res. (in press).

Hinara. Y., (964, Some observations on the fine siructure
of the synapses in the olfscwory bulb of the mouse, with
purtivular reference ta the wvpical synapuic configura-
o, Arch, Hood. fap 24293312

Kater. J. 5. 1974, Response patierns of amphibian olfac.
ey bulh neurones o wbour stimulstivn. J. Phwiol.
T43:695-715.

Kater. J. 8., und G. M. SHerseen, 19730, Ollactory sim-
ulation with controlled and monitored step pulses of
oilot, Brain Rer. B5:1068-113,

Kaven, 1. 5., and G, M. SHiPrero, 1975, Camenttation-
specific responses of salinander oltaciery bulb unig. /.
Phwiol. 152 49-50.

Kesxeoy, C.. M. H. Des Rosiens, . W, Jyine, M. Rewvics,
F. R Stoarp. and L. Sokovosr, 1975, Mapping of func-
tional neural pathways by autoradiographe survey of
loeal metabolic rate with ("*C) deoxyglucose. Seirnce
Id7:850-853,

Kiew, M., and W. RaLL, 1977, Computed potentials of
conticallv arranged populatons of neurans. J. Newrophy-
vol, 1:047-666,

KUkt er, S, W.. 1954, Discharge pauerns amd funenonal
arganization of mammalian reting. /. Neurophrad. 1637~
6.

Lavms, D. M. D., aml T. 5. Reese, 1974, Dillerences in

embrane struiure Detween excitmery and inhibitory
sv e in the cercbellar conex. . Comp. Neurol, 155:93-
Sh.

l.\i\lu‘i. D. M. D, T. &5 Rewsk, and E. ll.awm.a._lg?-i.
Differences in membrane structure hetween excHaury
and inhabitory cora ponenis of the reciprocal synapse in
the vifactovy bulb. J. Comp. Newrol. 155:67-92.

Lic HIENSTRIGER, W, 1965. Uptake of norepinephrine in
p.-riglumcrular cells uf the ulfsctory bulb in the mouse.
Nafure 210:955-956. .

Lunas, R and Co NICHOLSON, 1971. Electrophysiological
properties off dendrites and somata in alligator Purkinje
celis. J. Newrophvsiol, 34:532-351. o

\is Lessax, H., 1971 The pharmacology of inhibitioa of
mitral cells in the olfacory bulb. Bran Res. 29:077-184.

stueows, Fo L., 1974 Carnosine in the primary olfactory
pathway, Scrnce 134:908-911. ‘ o

sancouts, F. Lo, and | F. Tansorr, 1973, Site of biosyn-
1hesia of the nouse brain olfacuey bulh protein, J. Biol.
Chem. 248:451-433.

Mok, K., and $. F. Takact, 1975 Spike generation in the
mitral cell dendrite of the rabbiv offaciory bulb. Brain
Rer. 100:6853-084.

Vot Lros, D. G, 1976. Spatial patterning of respunses o
wdurs in the peripheral olfaciory system. Physiol. Rev.
36:378-593. .

MovsTeastir, V. B 1957 Modality and topographic
pmpenies of single neurons of cal's SGINANK SEN3OrY curs
1es. J. ,\'punrph'ﬂm'. 408434, ‘

MosfLL, M. M., 1971 Spatial aml rempural pagerning. In
Hureibasse «f Physoors. vol, 4, Chemical S I ljpantun,
L. M. Beidler, ed. Berlin: Springer. pp. 208-213.

NEIDLE. A.. and . Ravorrs, (1974 Carnoving—An olfac-
wirv bulb ticle. Bram Hes, 80:339-364.

Nicow. R .l::pl'.)'n‘l. Pharmacokgical evidence for GABA
a3 the transmitter in granule-cel) inhibition in vhe olface
tors bulh, Bram Rev 33:137-149. .

Pereas, A.. 5. L. Paiay, and H. br F. \WiBsitk. 1976, The
Fine Structuse uf thr Nervoun  Sydem. Philaclelphia:
Saunders,

Priuaps. G G T. P S, Powetd, and G M, SHEPHERD,
1063, Responses of mitral celly i stimulation of the lar-
eral vilactory tract on the ralshit. J. Phvsindl, Iﬁﬂzéi—ﬁ_ﬂ.

PracHinG. A L. 1971 Mvelinated desudritic segments in
the monkey ollactory bulb. Brum Res. 249 E33- 138

Piaching. A, L. and T, P, S Powsw. 15971h, The avuropil
of the glomeruli of the olfactory balb. f. Cell Sei. W:347-
Jiv.

Purs, F.. A, Gpeoor, and F. E. Samsoy, 1976. Neurnani-
womical functional mapping by the radivactive 2-eoxy-
D-glucose methud. NP Bullrtu 14:437-318, )

Pricy. ). L. and T. P. 8. Powen, 1970. The syuapl_ulrg;- of
the granule cells of the vlfaciory buth, J. Cell Sei 7:135-

35.

R\ILL. ., 1977, Cure conductor theary and vable proper-
ties ot neurans. In Hamibouk of Physwiogy, section |, vols
wime 1, E. R Kandel, ed. Baltimore: Williams & Wilking,
pp. 39-97. ]

Racl. W., and G. M. Surpnesn, 1968 Theoretical recon-
struction of field pitenaals and dendrodendritic synaptic
interactions in oltactory baib. f. Neurophrsol. 31:884-915.

Ratl, W., G, M. Seeruenn, T. 5. Reese, anud M. W. Bricar-
Mas, 1963, Dendro-dendritic synaptic pathway tor inhi-
bitisn i the altactery bulb. Exp. Nearol, 14:44-36.

RAMUGN ¥ Cajak, S., 191). Helolugre du systeme nervrux d
U'hanmme et des vertibris. Paris: Malome.

Rersk. T. 5., and G. M. Surenekn. 1972, Dendro~-dendrin
synapses in the central nervous system. In Structure an
Function of Synapses, G. D. Pappas amd D, P. Purpury, ed
New York: Raven, pp. 121-136.

Rinak. C. E., J. E. Vavcun, K, Sartu, R Barner, and ¢
Rosears, 1977, Glutamate decarboxvlase localization i
the neurons of the olfactory bulb. Aratn Res. 120:1-11

Sware. F. R, 1. S. Kaven, und G. M. SuerHeno, 1975, Lot
sites of activity-related glucose metabolism in rar oila
tory bulb duriag odor stimulation. Brmin Res. 98:3%
600,

Suanr. F. R. J. S. Kaver, and G. M. SHEPHERD, |97
Laminar analysis of 2-deoxyglucose uptake in oliactor
bulb and ulfaciory cortex ol rabbit and rat. J. Neuroph
siol. 40:B00-813.

SuepHenD, G. M., 1963, Neuronal svitems comrolling m
wral cell excitahility. J. Physiol. 168:101-L17.

SuepHian, G. M., 1970. The olfactory bulb as a simp
cortical system: Experimental analvss and functional ir
plications. In The Newrnsciences: Secumd Study Program.
O. Schinitt. ed. New York: Ruckeleller Univ. Press, p
539-552.

SuepPHERD, G. M., 1971, Phvsiological evidence tor dendr
dendlritic synaptic interactions in the rabbit’s olfacio
ghymerulus. Bram Res. 3T M2-20T,

«t SurpHikD, G. M. 1972, Svnaptic organization of the mai
malian olfaciory hulb. Phvsml. Rev. 52 3654-917.

SwerHERD, G. M., 1972b, The neuron doctrine: A revisi
of tuncuonal concepts. Yalr J. Bud. Med. 45:584-3499.

Suernerp. G. M., 1974, The Svaaplc Orguwization w} |
Brar. New York: Oxford Univ. Press.

sHEPHERD, G. M., 1975, Mudels ol local circuit neur
tunction in the alfactory buib. 1n Lecal Circurt Neuroms.
Rakic. ed. Cambridge. MA: MIT Press, pp. 530-33.

surpHERD. G. M., 1977. The vifatory bulb: A s e ¥
1em in the mammalian brain. ln Handbouk of Phvausdv
sevtion . volume 1. F. R Kambeh ol Baltimore: A
liams & Wilkins, pp. 945-968.

SHEPHERD, G, M., 1978, Micracircuits in the pervous <
e, Sea. A, 238ewl- 103

SuerHern, G. M. and L. B, Hamaoy, 1970, Partial w
vation of olfarory bulb: Anabssis of tield potentials &
wpographic relation hetween hulbh and lateral oltacu
wract. J. Newrnphisiol. 33:643-633. .

Sxren, L. C. 1977, Odor-induced patterns of tenxvlue
consumption in the oltactors bulb ol the tree shre

Tupaia glis. Brain Res, 194:147- 133,

Seexcen, W, A, and E. R KaxpeL, 1961, Eleciruphs sioek
of hippocampal newrons. IV, Fast prepotentiak. J. N
rophysiod. 24:273-283. ] ]

Ucsizona. K., 1967, Svnaptic neganigation uf the Purki
cells in the cerchellum of the cau Exp. Araim Rer. 1!
113

WhiTE, E. L. 1972, Synaptic organization in the olfac
glomerulus of the mouse. Bran Her. 37:69-80.

wrere, E. L., 1973, Synaptic arganization of the mam
ian olfsciory glomerwlus: New hindings including an
traspecific variation, Brain Res. Hr299-313. o

yYaunsan, C. T. Yasasoro, sl K Tw anta, l'.lbli._
inhibitory system in the oltactory bulb studied by in
cellular recording. J. Nearaphsowl. 26:403-413.

LOCAL CIRCUITS IN THE OLFACTORY BULB

*

»



