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amplitude.

Althuugh t,he hippocampal formation is. known to receive
an, extensl.ve noradrenerglc input there is some controv sy
about the effects of rmrepxnephrine ‘(NE) on hSp_pocampal \\

nenrdns and it is. not knoun Hhether the effects of NE are

identical in all the major Aqbdivhionqut the hlppccampal \
t‘orma\:ion. The ohgecnve‘s orj‘the present study uere to \
evaluate in detail the physiolchaal effects of NE in the
Tat” dentate gyrus in vitro and Vt.;': compare tk;e;e effects with ~
those previously reported for hippncsmpal pyramidal cells
and for dentate gyrus granule o6l 4
GRaHtLS 5811 responses were megsured
electrophysiologically by recording perforant path evoked
field potentials. Responsgs were digitized and analyzed by
a mi‘c’roprace\s‘s:or based systen for EPSP slope of amplitude, *

population spike onset latency and population spike .
3

l‘!E‘pro_duced dose-dependent changes in evoked regponse:
wh’ichlwere maximal after superfusion of 10 uM NE for 10
minutes. Typical effects of 10 uM NE were to increase
population spike s;nplitude and decrease population spike
onset latency. -Effécts of NE on extracellular EPSP
paraneters were less consistent: EPSP_ slope was generally
increased and EPSP- amplitude was most often unchanged

although sometimes increased. The effects of NE on




populatxon spike amplitude were of the greatest magnltude

and duration. Long-lasting lncreases in populaﬂon spike

. amplitude were observed in 24% of the cases. »

The effects of 'NE w:re hediated by beta—adrenergic
receptors. Timolol but not phentelamine blocked them and

“isoproterenol but not phenylephrine mimicked them. The

population spike-EPSP relationship suggested that 508 of the

.increase in population spike amplitude was due to synaptic ’

effects and 50% to extrasynaptic effects of NE...NE did not,

ineresse the antidromic population spike, th’}s\the enhanced
responsiveness was not due to granule cell 'soma nemhrane
excmbux:y changes. HNE superfusson without concurreft
perforant’ path: stifulation produced enhancement of
subsequently evoked responses, Herce, these, effects of NE
were activity-independent. In contrast to NE, 5-HT pr‘oduced
decrea'g,es in perfe%ant path evoked responses. "
Tése results suggest that the nor'adrener'gic input to
Lhe dentate gyrus facilitates the granule cell responses to
arferent inputs. These results are discussed in terms of
noradrenergic runmon in the dentate gyrus,s al:e related to
hippocampal runctionf‘ln physiologiaal and behavioral
perspectlves, and are eompared to the effects of NE-in other

“central nervous’ system (CNS) regigns.. : .

Key words: norepinephn“ne - dentate gyrus - hippocampal

’rslice ~ EPSP - population spike - long-lvaxting potentiation

‘- beta receptors
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recent studies have observed racilitatory effects uf NE on .

’ l'spontsneous and evoked responses in many CNS regions. jThese_,

facilitatory effects have been interpreted by many as
increases in slgnal-to-noise ratio produced by NE. Snch
enhancement ot‘ evoked neurnnal transmission may have

1mplicatiunsmfnr attentional prccesses.ﬂ Simllarly initial -

reports sugses;ed suppressant effects of NE on granule cell

'r‘esponses ‘ir{ the dentate gyrus. Yet, more recent'evi&ence y

indicates that NE'also produces ‘facilitation .of granule

'cel;s' evoked responses. The present study uas undertaken

to chara‘ct‘erize physiologically and gharmaccloglcally the
eff?cts of NE on del:ntate granule cell res‘ponses in vitro.
Houe‘ver, before descrjibiné the present Stliliy, the .
literature on the cent‘ral.noradrenefg??system will be
reviewed. The anatomical localization of cenbral .
noraldrenergic fibers, the.physiological effects of NE and

the functional aspects of the central noradrenergic system

-are covered. 'Thén the neurobiology of the hippocampus,

including its anatomy, physiology, pharmacology and

funetion, fs described. A review of noradrenergic function .




in Aumon's’ horn and the dentate gyrus follows. Then, the

i

localization of hxppocampal noradrenergic fibers, enzymes

'and receptor: will be consmered as well as. the previously

repurted physiological effects of NE. Finally, the ,

g # uhjecti‘(es of the present s:udy are describéd.

The presence of norepihephrine in the tentral nervous

_system’ was‘ suggeébed by.'Euler (1946) on the basis of his

observations that spinal cord and brain extracis contained

A""sympaf.hin", a' substance possessing physiological effects

similar to those of norépinephrine. Later, Holtz (1950)

demonstrated that =£lmpathin was composed of 90%

ncre’plnephrine and 10% epineﬁhrlne.,, By performing a number

‘of biological apd chemical tests on discrete brain extracts,

cht (1954) - showed that norepinephrine was present in

varying amounts in the spinal cord; medulla, mesencephalon.

diencephalon and telencephalon.  Based on these studies, the

idea de?reloped that noreﬁ‘inephrine could possibly serve as a
neurotransmitter:for discrete populations of neurons in the

oNs. e :

e e it A i

i
i
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.
With the development or the rormaldehyde t‘l'uorescence
metnod, it became pos:lble to visualize the ncradrenergic
fiber terminals in the brain (Carlssnn, Falck & Hillarp,

1962 Fuxe,” 1965) and spinal cord (Dahlstrom & Fuxe, 1965)

as'well as the noradrenergw neurons themselves (Dahlstrom & >

Fuxe,~196'{} ‘and their axonal pathway: (Ungerstedt, 1971).
Norepinephrine-containing cell bodies in the rat were.
-only found in certain nuclei of the brain stem (Dahlstrom.&
Fuxe, 1964).. Proceeding roughly from caudal to rostral,
these cell’ groups are referred to as A1, A2, A3, A4, A5, A6
and AT (Dahistrom & Fux-e, 1964). céu .group K1 is located
in the region of the inferior olivary complex and otvthe 0
lateral reticular nucleus. Cells-?t‘ the A2 groyp are found

\ B
*,in the area of nucleus of the solitary tract, doffsal motar

v i .
nucleus of the vagus nerve and commissural nucleus. The few

neurdons of. the group A3 are situated in the dorsal accessory

olivary nucleus‘. Cells of group A4 are seen in the lateral
part of the roof aof t‘he fourvt}‘\ ventric.le under the ependyma.
at the level of the ‘nucleus of the facial nerve.,Neurons
forming ‘group A5 are located among the fibers of the rubro-
spinal tract at the level of the superior olivary nucleus.
Cel}s of group A6 are 1d‘entical with the nucleus logus

.coeruleus and represent the largest noradrenergic cell




group. Finally, a small group of cells f’ormip“g AT are found -,
in the reticular formation, at the caudal third of the

'central grey, ventral ‘to ‘the ventral portion of.the: superior

cerebellar peduncle. . ¥ y WA g

oY
‘Hzth regard to the noradrenergic terminal “following

the 1n1tisl 1ocalization of rluorescing [iber and -

varicouhes in the nypothalamus (Carlsson ot al‘., _196‘2’),“‘”1
they were found to be widely distributed in the CNS rrémt“h_e‘_—.- S
cortex to the brain Stem (Fuxe, 1965) as well as inthe
spinal cor‘&f(Dahlstrém & Fg;xe, 1965). Fu;e'(1965‘) reported
that, in the teleneey.;h\alon, norady:en’ergin terminals. were- . 1
found in the neocortex,.olfactory lobe, entorhinal arid
ﬁirltorm cortex, cing‘ulate gyrus, "hippocampal formation, 3
amygdaloid complex, septal area and interstitial nucleus af‘
the stria terminalis. E

In the diencephalon norsdrenergic terminals were seen 1n
many hypothalamic ‘nuclei, ‘specifically the dorsomedial,
paraventr}cﬁlar, supraoptic,’ periventricular, lateral,‘
ventromedialand anterior nuéléi, as well as .in the
retrochiasmatic and preoptic aréas, and .in the nuclei.o‘f the
mammillary b‘ody. The‘ majority o)r.thalamic nuclei were also
:haun to contain noradrenergic terminals. In the
cerebellum, ncradrenergic terminals were observed scattered
in all layers of the cortex. In the brain stem, Fuxe (1965)

showed that noradrenergic termiﬂalé were present!in the




) majority of somatic afferent and efferent nuclei, as well as
¢ g N = £

in many visceral afferent and efferent nuclei and in certain

parts of the reticular formation. . - i

-With respect to the innervaticn of the spinal cord,

. :Dahlstrom and Fuxe. (1?65) reported the presence of

ngfadrenergic nerve g’erminus in the spinal, grey matter

throughout the éxﬁen}f of r;\ne spinal cord. A higher de?sgty %,
‘of terminals was oh‘;lerved in the sympathetic lateral column,
e \-\_/ in, the more vgntral/portion of the ventral horn and in the

% "+ most dorsal portion‘ of the dorsal horn (substantia

i » & gelatinosa). Detailed description; of the distribution ol‘

***'norudrenergic terminals have appeared elsswhere' see Levitt
and Moore (1819) and Jones-and Friedman (1983) for brain

& z . stem; C_ilsnn and F’uxe (1971) for cerebellum; Bldckstad, Fuxe/'

and Hokfelt (1967) for hippocampus; Fuxe, Hamberger and

Hokfelt (1968) i‘or cerebral cortex; and Lindvall, _Bjorklund,

Nobin and Steneyi (1975) for thalamus.

20 ) By combining formaldehyde fluorescence with 6-

-hydroxydopamine (6-0HDA) lesions, Ungerstedt (1971)

visualized t.he“axur’:al pathways by uhich the projections of

the 'lirain stem noradrenergic neurons ascend to reach r.heir

terminal areaa. Using' the glynxylic -acid method, ‘which -
resulted in 1nproved vlsuallzation of fluorescing
" norﬂdrenerglc fibers, Lindvall and and Bjorklund (1974)

conﬂrmed nnd expanded on tnese nhservnnons in the intact




rat. A description of the descending pathuay from the brain
stem tu the terminal fields in the ,Spinal cord has been
given by Dahlst.rom and Fuxe (1965). Ungerstedt (1971)
described two maJor ascending pathways, a ventral pathway
originating mostly frop cell groups A1, 42, 15 and 47, ‘and‘a
dorsal a;cending pathway originacing mostly from Tocus
coeruleus (A6). He additionally described a descending\
pathway nriginating from locus coeruleus t}:at projects to
lower- brain stem nuclei, and a lateral pathuay also
originating from locus coeruleus which enters the cerebellum

medial to the pedunculus cerebellaris medius. Lindvall and’

Bjorklund (1974) additionally identified another major. fibes

system, ‘the periventricular system containing axons

" originating from cell groups A2, A4 and locus coeruleus.

Proceeding from caudal t§ rostral,’ axons from cell
groups A1, A2 and A5 ascend-together inthe mid-reticular
formation where they overlap H_I.'th the de_scending pathway
from locus coeruleus'¢o form the nedullary bundle. Both of
these pathways contribute to the terminal imnervation in the

pons and medulla (Ungerstedt, 1971)-. At the level of the :

locus coeruleuﬂ this ascending pathway receives contributing

fibers ' from locus coeruleus (A6) and A7.cell group neurons'
and courses ventromedially to form loosely”the ventral’

s noradrenergic ‘bundle (Ungerstedt, 1971‘; Lindvall &

Bjorklund, 1974). Hnuev’er, the majority of fibers from the .




" ‘ s
" locus coeruleus remain dorsal and project rostro-medially to

- Y form the dorsal noradrenergic' bundle (Ungerstedt, 1971).
More medially, fibers originating in.-locus coeruleus, A2 and

Al groups project rostrally to form tie:periventricular

system (Lindvall & Bjorklund, 1974). TheSe .noradrenergic

. fibers in the periv‘entr‘icular system in turn project to and
provide noradrenergic innervation to the tectal, pretectal,
n,aianv{ic, ep{:hngn{ic and’ hypothalamic: regions.

" “Further rostrally at the hypothalamic level, the dorsal
and ventral noradrenergic bundles joift ventrally to form .
part of the megial fonebrain bundle (Ungerstedt, 1971
Lifidvall & Bjor’:klund, 1974). lﬁlong the medial forebrain
bundle, fibers.from the ventral bundle-exit to provide
noradrenergic innervation to bypothalanic, thalamic,
preoptic, septal, amygdaloid and pyriform regions -
(Unger'stedt, 1971; Lindvall & Bjorklund, 1974). Finally, . {
,the fibers in the medial forebrain bundle, orié'inébing from

" the dérsal bundle and locus coeruleus, continve rostrally :
and termlnate mostly in the thalamus, hippocampus and
“neocortex but also in the tectum, pretectum, metathalamus, hd

amygdaloid-piriform fegion, septum and olfactory bulb

(Ungerstedt, 1971; Lindvall & Bjorklund, 1974). -
It can be seen from this brief description of: the 5
. 37 ctions .of the noradrenergic sysfem that it is ‘mghly
B : /{;vtrgent in nature. Noradrenergic neurcns,‘eapeciall'y




those of the locus coeruleus, give off collateral branthes
which innervate different brain areas. These divergent
projections have been directly demonstrated for single locus

coeruleus néurons using retrograde doubl¥¥labeling ~  *

techhiqués in rats (Nagai, Satoh, Imamoto & Haedt,.1981;
Room, Pnste’m§ & Korf, 1981) and mice (Steindler), 1981).
Nagai et al. (1981) observed double labeled locus’céeruleus’
neurons projecting to frontal éortex and oceipital cortex,
frontal cortex and cergbellar cortex, frontal cortex and
olfactory bulb, cerebellar cortex and spinal cord, and

hippocampus and.-olfactory bulb. :

Room et al. (1981) repcﬁ:ed divergent projections of
locus' coeruleus neurons between any pnring of cerebral

cortex, thalamus, hippocampus snd spinal cord. Finally!

Steindler (1981). demonstrated divergent projections of the
same locus coeruleus neurons to cerebellar cortex and visual
cerebral cortex as well as to, cerebéllar cortex and
somatosensory cgreébral cortex. These double-labeling

studies complgment the observations from~hisbof1uorescence -

and -suggest that: the noradrenergic system in the ONS is

divergent in nature with c:{ll’aterals branching from’ each

axon and projecting to, ﬁiue-s'pread_ar(eas. Although the - | >
" projections of the noradrenergic system are divergent, they

also display neuronal. specificity in that they project only

to certain specific areas of the=CNS and not/diffusely to




all areas. =

Descarries and Lap: irre (1973) demonstrated that “the

noradrenergic axon terminals 1n the cerebral cortex could be
radioautographically visualized following topical
application of [3Hi-norepinephrine in the presence of
nonoariine oxidasé inhibitors. The distribution and the
-morphology ?f the radioautographically labeled noradren‘ergic
terminals were found to be similar at the light microscope
level to that described previously ‘with histofluorescence
(Descarries & Lapierre, 1973). Additionally, their
radioautographic presence vas shown b6 be sensitive to
destruction of noradrenergic terminals by 6-OHDA (Descarries

& Lapierre, 1973).

This method also pe‘rmitéed ‘the serial visualization of -

the labeled axu\n‘teminals at. the electron microscope level

(Descarries & Lapierre, 1613; Lapierre, Beaudet, Demianciuk

& Descarries, 1973; Descarr!es, Watkins & Lapier’re, 1977).
Ultrastrycturally, -[ H]-nbrepihephrine was found
predominantly in axonal enlargements (varicosities) in
association with smal‘l aéranular vesicles,snd often larg(‘a
dense-core vesicles but w;as also found in a;(onal,segments

devoid of synaptic vesicles (Descarries & Lapierre, 1973).




" Quantitatively, labelsd axons were obsérved to be

s v ny B S i B
;Jnmy'eliriated and fine (0=35 pm) whereas the.varicosities
were spaced a‘i‘; varying intervals (1-3 pm) and were
approximately 1 pm -in diameter (Lapierre et al., 1;73;
Besearries ot al., 197).) ", )
An jmportant ultrastructural difference observed between
noradrenergic Synaptl% bbutons and others. in the adjacént .
neuropil was that only a ‘lou‘ prcgy,ruio’n of noradrenergic
varicosities (less than 5% for NE'vs 50% ',t‘or‘ unlabeled) were
found to form typical junctional complexes with asymmetric
or symmetric rembrane differentiations (Descarries et al.,
19?7)- Therefore most noradrenergic varicosities were found,
to lack ty‘gical synaptic structures. ‘These results seemed
to confirn earlier ultrastructural observations ohr‘.ained
from the periventricular nucleus of bhg h){pothaiamus with 3 &
permanganate perfusion’ (Hokfelt, 1968). Sua;\son,‘ Connely
and Hartman .(1978) ﬁaing intraventricular injeé¢tion of L5- ‘.
hydr?xyqopamine’(S-OHDA) rn‘rllabelin:g and aldehyde fixation
also found a low incidence (203) of noradrenergic
varicosities forming convent’ional asymmetric specialized.:
contacts in .the paravehtricularvnucleus of 'the. h'}'pothalag}lus.
In contrast, using either permanganate rixa’:ti.ovn‘or 5-
OHDA labeling and aldenydle fig(?\i\'qn', Landis and Bloom (1975)
observed a greater incidence of speciaiized synapses in the !

b
cerebellar cortex...More recently, using immunocytochemical
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localization of dopamine-beta-hydroxylase (DBH), the enzyme
which synthesizes norepinephrine rrom dopamine, a higher
incidence of typieal synaptic contachs(%t, noradrenerglc

,varicosities was obaerved in a nulher ‘of brain areas—

(Olschowka, Molliver, Gr_zanna, Rice,& Cnl_le, 1981). The
pernentagé of varicosities with synaptic contacts varied
between 50-62% and such synaptic contacts, mostly of bhe .
asymmetric type, Were found-in the anteroventral and

paraventricular nuclei. of the thalamus, paraventricular

" nucleus of the hypothalamus, hippocampal dentate gyrus,

retrosplenial granular cortex and cerebellar cortex
(Olschowka et al., 1981).

' Thus it appears that alhhough ‘their respectxve
prnporbions remain controversial two types of noradrenergic

varicosities may be present in the CNS, those with

specialized synaptic contacts. and those with none.

Functiunally, it suggests two types of specificity for the

neuronal actionu of the noradrénergic. system. First

'noradrenergic neurons will specifically influence those

neurons with which they form conventional synapses and
|
second they may,diffusely influence other noradrenaline-
\ . .
receptive neurons which are located in the vieinity  of the

varicosities and which lack specialized synaptic contacts.




The initial attempts at.evaluatiné the cenhrai effects
of NE used;the gechnique of iontcﬁho_retlc ap‘plicabion and
reported no physiological effects of NE‘ on the evoked
activity of spinai cord motor neurons or interneurons
(Curtis, Phillis & Watkins, (1951) or anw‘;he spontaneous
activity ‘of mesencephalic rebioularfornstion nésbona
(Curtis & Koizumi, 1961) of barbituraté-anesthetized oats.
Soon after however, it was reported that. 10n$§wretically

applied NE depressed the evoked unit activity of neurons of

the lateral genjculate ‘nucleus olj the thalamys. in
barbiturate anesthetized cats (Curtis & Dafis, 1962) and
‘mostly: facilitated but sometimes ed the spontaneous
activity of neurons of tHe brain stem in decerebrate cats
(Bradley & Wolstencroft, 1962).

_Following thesé initial reports, the effects of
iontophoretically applied NE were investigated in a number
of brain areas of decerebrate or non-barbiturate
anesthetized animals and were found to be nostly depressant’
in. nature.v NE was observed to depress the spont‘aneou: and
evok’ed écbivlty of neurons .in cat neocortey (Krnjevic & ’

Phillis, 1963a; 1963b). "It primarily depressed, althcuéh

sometimes fhcilitéted, the spontaneous activity of neurons: Hon

in cat hypothalamus mostly in paraventricular and ventral

median nuclei (Bloom, Oliver & Salmoiraghi, 1963), of tufted




abtivity of interneurons, motor

’ ! v . ; }

P )
mitral or granule cells .in rabbit olfactory bulb
(Baumgarten, Bloom, Oliver & Salmoiraghi, 1963; Bloom, Costa
& Salmoiraghi, 1964) and of neurons in the caudate nucleus
of the cat (Bloom, Costa & Salmoiraghi, 1965).. HE was found
to suppress evoked or sponkanem}; neuronal activity in
cerebellar cortex (Krnjevic & Phillis, 1963b; Yamamotb,
1967), 25 well ‘as evokdd sotivity in medial (Tebects, 1967)
and lateral (Phillis, Tebecis & York, 1967) geniculate
nuclei of the thalamus. - Re-examination of the effects of NE

in the spinal cord showed that the spontaneous and evoked

was mostly depressed by NE (Biscoe, Curtis & Ryall, 1966;
Engberg & Ryall, 1966), altfough the-activity of some
interneurons and Renshaw fells was facilitated (WeIght &
Salmoiraghi, 1966a; 1966b). In contrast, NE was observed to
mostly facilitabe the spontaneous and evoked activity'of
neurons in the lateral yestibular nucleus and‘cerebellar
flocculus (Yamamoto, 1967).

kb Initial attempts at nharauter:izing the NE effects in
term of receiptar types showed zh‘e relationship to be Cy
intricate. Bloom et al. (1964) reported antagonism of the

depressant effects of NE in the olfactory bulb by alpha-

receptor antagonists, Weight and Salmoiraghi (1966b) ::
reported antagonism' of the facilitatory effects of NE on

Renshaw 8e1ls of the spinal cord also by alp}'xa#re‘ceptcr

nd Renshaw cells o



antagonists, while Yamamoto (1967) observed antagonism of
the racilitatgry effects gf NE on neurons’cr bhe.lateral
veBtibular nucleus by a beta receptor antagonist.

Effects of E : 1)ar Purkini 11

A closer examination of the effects of NE on Purkinje
cells of the cerebellar cortex revealed however that the
action of NE was not, simply depressant or inhibitory:

Early studies on, Purkinj_e ce’llsrin rat cerebellum
_established.that NE either released-by—iontophoresis——
(Hoffer, Siggins & Bloom, 1969) or aynapéically by
stimulation of the nucleus locus coeruleus (Siggins, Hoffer,
Oliver & Bloom, 1971) produced-a depression of the
spontaneous activity of’Purkinje cells. It was suggested
‘that this depression was mediated.via a postsynaptic beta
receptor (Hoffer, Siggins & Bloom, 1971) and to involve the
formation. of cyélic ar;\enosine 3',5"-monophosphate (cAIMH
(Siggins, Hoffer & Bloom, 1971). Intracellular recordings
from.PurkinJe cells vshowed that synaptic release of NE by
locus coeruleus stimulation produced a membrane
hyperpolarization associated with either no change or a
tecrease in membrane conductance (Siggins; Hoffer, Oliver &
Bloom, 1971; Hoffer, Siggins, Oliver & hloom, 1973) . '

Similar membrane effects were produced by iontophoresis of
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NE:and cAMP (Hoffer et al., 1973)..

However, unén the action of NE on the eyoked activity of
Purkinje cells was-investigated a different effect was
found. Freeduan, Hoffer, Woodward and Puro (1977) reported
that during iuntopharesis of NE, the spontaneous activity of
the Purkinje cells is more depressed than the evoked ]
activity produced by climblng fiber activation or by mossy
fiber "activation. Also, the depression evoked by
stimulation -of basket-stellate cells was augmented more thar;

the depression of spontaneous activity during NE

_ " ‘iontophoresis (Freedman et al., 1977). The augmentation of ' _

evoked inhibition was sometimes observed with ‘current
ejections of 'NE'Hhich produced only minimal changes in

spontaneous activity (Freedman et al., 1977). Thus, the net

effect of NE was to enhance the evoked activity (excitatory

or inhibitory) relative to the spontaneous activity, or in
other words, to increase thg Sig'nal-to—no‘ise‘ratio of the
neuronal activity.

smn;ﬁy, Moises, Woodward, Hoffer and Freedman (1979)

reported that, relativé to spontaneous activity,

 dontophoretically applied NE \preferentially augmented the

responses of Purkinje cells to lontophoresis of the putative

neurotransmitters for the pathways activated by Freedman et -

" al, (1977). That is, NE preferentially augmented the

excitation produced by iontophoresis of glutamate (GLU) as

3




well as the inhibition produced by gamma-aminobutyric acid - {
(GABA) relative to spontaneous activity (Moises et al.,

'1979). Furthermore, the augmentation of glutamate and GABA )

responses was ‘s(;metimes observed with NE levels causing &

minimal or no change in"spontaneous activity "(Moises et al.,
En . 1979). These facilitatory eff‘ects were specific to NE since
dopamine did not produce Such changes (Noises et al., 1979).
Also 1mp6rtént1y, these effects of NE were specific.to the i
putative cerebellar neurotransmitters glutama’te and -GABA
since the depressionsﬁ_prudu:; by glycine (Moises et al.,

—————————1979);—taurine-or-beta-alanine—(Yeh, Moises, Waterhouse &

Woodward;, 1981) were not augmented. ;
Synaptic release of NE induced by, locus -coeruleus !
stimulation also augmented excitatory evoked activity >

(Moises, Waterhouse & Woodward, 1981) and inhibitory evoked

|
i
1
activity (Moises & Woodvard, 1980; Holses, Waterhouse & %
3 Woodward, 1983) of Purkinje cells. 'With respect to the i
' ' pharmacological characterization of the facilitatory effects ;
of " NE, a beta-1-adrenergic antagonist effectively ?

antagonized the augmentation of GABA inhibitory résponses’

produced by iontophoresis of NE (Waterhouse, ‘Moises, Yeh &

Woodward, 1982; Yeh & Woodward, 1983). Although b a

beta-1 receptor, identification of the receptor type

mediating facilitation of the excitatory responses has not

i
]
i
i
Gl facilitation of GABA inhibitory responses seems to involve a i
|
!
|
i
{




been achieved. N ¢

Based on these studie: in the cerebellum the suggestion
vas made that the central function of NE was that Bi‘ ap-
neuromodulator which modifies neurqﬁll ‘responsiveness to

conventional afferent synaptic inputs (liooduard, Modses, b4

,
‘Waterhouse, Hoffer & Freedman, 1979). . ; -

o v . . i

- Since the initial descriptgon of the modulatory action

of NE in the cerebellum, similar actions of NE have also
been reported in other brain areas. In rat somatosensory i
cortex iontophoretically applied ‘NE enhanced both excitatory i
and inhibitory synlpcicllly-evol;ed responses relatl_ve to 3
spontaneous activity (Waterhouse & Woodward, 1980). In some i .
H

cells NE produced an increase only in the evoked excitatory

. response.

Similarly, Waterhouse, Moises and Woodward (1980) have
shown that fontophoretically applied NE augmented, relative C g
to background activity, the excitatory 'renpnnse of neurons
of the somatosensory cortex to the putative neurotransmitter
acetylcholine (ACU‘l) applied iontophorétically (however see
Reader, FE"FOI“I, Descarries & Jasper, 1979, for suppressant

effects of NE on ACh responses and spontaneous activity in




frontoparietal cortex). The inhibitory responses to
) ior\tophor{esis of GABA were also augmented relative to

background activity following iontophor&sis of \NE

(Waterhouse et al., 1980), Th‘e facilitation o‘f both .
responses (ACh and GABA) was ‘sometimes observed with minimal S

‘oF no change in ‘spbntaneous activity and was sp_ecific to NE -~
since application of dopamine did not facilitate the & 2y
responses (Waterhouse ‘et al., 1980). Waterhouse, Hoi:es and
Woodward (1981) have suggested that the facilitation by NE
of excitatory responses 1n aomutosensory cortex is mediated
by an alpha adrenergic receptor since alpha but not beta k
agonists produced s:\milar racilitaticn of wntophcretic and k
symiptic excitatory responses and alpha antagonibts blocked,
the facilitation of ACh responses by NE. The nature of‘the
facilitation of the inhibitory responses in terms of .
adrenoceptors has not been characterized in this hrai‘n
-region.

In cat visual cortex lontophoresis of NE enhanced =~ -
visually-evoked excitatory responses ‘in almost all simpl;
cells but had less effect on complex cells, again relative
to background activity (Kasamatsu & Heggelund, 1982). In -
many cells the evoked excitatory response itdelf was ‘
augnented (Kasamatsi & Heggelund,  1982). In area 17 of rat
visual cortex,.iontophoretically applied NE facilitated the

eicitatory and inhibitory responses evoked by visual
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_ reduced ‘spontaneous activity to a greater extent than

stimulation with either na change or éuppressmn of
spontaneous activity (Waterhouse, Azizi, Burne & Woodward,
1983). In this instance, two types of adrenoceptor: were
involved with alpha agonists producing facilitation. of
excitatory evoked responses and beta agonists, racuitahion
of inhibitory evoked responses. (Waterhouse et al., 1983).

In monkey: auditory cortex iontophoresfs of, NE.also

excitatory responses evoked by species-specific

'vocalizablbn. thereby producln‘g a greater net evoked

response (Foote, Freedman & Oliver, 1975).

In the lateral.geniculate nucleus of the thalamus of
cats and rats, the excitatory Wduponsl sotivity, evoked by
stimulation of the optic tract or by light flashes is |,
augmented by NE released synaptically b§ locus coeruleus
stimulation (Nakai & Takaori, 19%4; Rogawski & Aghajanian,
1980a) or applied by iontophoresis- (Rogawski & Aghajanian,
1980a; 1980b).  Although the spontaneous activity of
lateral geniculate neurons.is also factlitated by

iontophoretically (Rogawski & Aghajanian, 1980b; 1980c) or

synaptically (Rogawski & Aghajanian, 1982) released NE, the<C

net effect-on the evoked activity is enhancement of ‘the
signal-to-noise ratio (Rogawski & Aghajanian, 1980b).
Pharmacological characterization suggested that-the

facilitatory effect of NE released iontophcretically or

d
!

1



A
synapHcally on the évoked and wontaneous actlvity of

1atera1 genieulate neurons is mediated via a postsynaptic

‘alphs 1 receptor. (Rogawski & Aghajanian, 1950a'\ 1980c,

982) Whether NE facilitates laterpl geniculgte relay

neirons- directly or 1nd1rect1y by Femoving an’ inhibitory
effect of interneurons remaind controversial. Nakai and
Takaord (1974) reported that’the neuronal activity of ‘two
types of interneurons in the lateral geniculate nucleus'is
depressed by locus coeruleus stimulat‘ion whereas Kayama,
Negi, Sugitani and Iwama.(1982) observed one type of
interneuron to be depressed and"anobher‘to be,faciliéated by
1ocu; coeruleus sfimulation.

NE enhancement of evoked activity via a disinhibitory

process has been reported in the olfactory bulb (Jahr &

. Nicoll, 1982). With intracellular rebord:lngs, Jahr and

Nicoll (1982) observed that noreplne:phrtne, :acting on
granule cells, attenuated the GABA mel iated inhibitory

feedback from. granule to mitral cell—%‘, thereby facilitating

'mxtral cell firing, The mechanlsm of actlon of NE ‘on

granu-le cells and the receptnr type mediating the effect

have not been determined. o »

In the hippocampus, ag will he explained. in greater .
detail below, the synaptinally evoked ngtivity of pyramiﬂal
éel],s is enhanced by norepinephrine '(Mueller, Hoffer &

Dunwiddie, 1981). In the dentate gyrus, the synaptically

20
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"evoked activity of the granule cells is also enhanced by
dontophéretieal_ly applied NE (Neuman & Harley, '19533). In
both pyramidal and granule-ce€lls,. the facilitation of-evoked

activity appears. to be mediated .via a beta receptor (Mueller

7. et al., 1981; Neuman & Harley, 1983).
In the superior colli;:ulua, electrical stimulation of L ¢
the locus coeruleus (Kayama.& Sato, 1982) and iontophoresis

of NE 'éato & Kayama, 1983) produced either inhibition or

facilitation of spontaneous or visually- ‘and electrically-
evoked activity. Since the facilitation was more
preponderant -in the deeper layers, Kayama and Sato (1982)
suggested’ that the differential erregté were probably.
observed on separate populations of-neuro‘n:./' In many

instances of the inhibitory action of NE, the depression .of |

spontaneous activity was greater than that of evoked ~ Y
activify; Fesulting in improved signal-to-noise ratio i
(Kayama & Sato, 1982; Sato & Kayama, 1983). )

In the facial.motor nucleus of the rat brain stem, x

iontophoretically applied NE produced facilitation of the

résponse of motor neurons evoked 1oncopmi‘csuyﬁr-y - ¥
) glutamate or syna‘Ptlcally by stin!ulation of the cortex
- (McCall & Aghajanian, 1979). Alpha antagonists blocked .the
facilitatory effect of NE on facial motor neurons, thereby
indicating that the NE effect is probably mediated via an
_... alpha receptor (McCall & Aghajanian, 1979). With




intracellular recordings from facial motor neurons,
VanderMaelen and Aghajanian .(1980) reported that o

iontophoresis of NE_produced a subthreshold slow membrane

depolarization’ ed by a decrease-in membra
conductance and an increase in heuronal excitability as .
estimated by .evoked spiking in reéponse r.o‘ long Yepolarizing - :
pulses. e

In th_e spinal cord, as mentioned above, both
facilitatory -and depressant effects of NE have been
observed.- More recently,' White and Neuman (1980) ‘have
reported that iontophoresis of NE enhanced the reaponses of
lumbar mctor neurons evoked by iontophoresis of glutamate or
by stimilation of ventral or dorsal roots. The enhancement
of the evoked response was often long-lasting, persisting
six minutes after termination of NE iontophoresis {White &
Neuman, 1980; 1983). White and Neuman .(1983) suggested that
the facilitatory effects of NE were mediated via an alpha
receptor since alpha antagonists blocked the enhanccment of |
the glutamate-evoked response by‘ NE. Similarly,. recording

intracellularly from lumbar motor neurons, Fung and Barnes .‘

ALY, £ PR A

(1981) observed that NE released synaptically .by locus

coeruleus stimulation facilitated the motor neuron response

evoked by dorsal root stimulation, also.probably via an %

alpha adrenergic receptor. Synaptically released NE

produced a slow near threshold membrane depolarization in




. - "
some but not all motor.neurons (Fung & Barnes, 1981).

Similar intracellularly reécorded results have been

optained By Marshall, Pun, Hendelman and Nelson (1981) with

cultured spinal neurons. ‘Marshall et al. (1981) co-cultured
neuronal explants from locus coeruleus and from spinal cord

and reported that either electrical stimulation of the locus §

H
{

coeruleus explant or iontopnore:ié of NE onto spiﬁal neurons

‘ol
produced a slow.membrane depolarization accompanied by no

change or by small decreases in membrane cor;ductance in the
cultured apinél neurons, i .

Also, in the spinal cord, Hodge, Apkarian, Stevens,
Vogelsang and Hisniciﬂi (1981) have observed- that NE
syr‘\aptically r‘:eleased by locus coeruleus stimulation

enhanced the responses of neurons of dorsal horn lamina 6

evoked by-cutaneous stimulation.

Thus the recent experiment:&l evidence suggests that
facilitation of central néuronal activity is a genuine ;
effect of NE. This is in contrast with most earlier and !
aome»recent‘ results suggesting a :upp’ressant effect of NE -én -

neuronal activity. ' More detailed reviews of central effects

" Tof NE have appeared elsewhere (Moore & Bloom, 1979; Szabadi, "

1979; Van Dongen, 1981; Foote, Bloom & Aston-dJones, 1983;
Reader, 1983). Several reasons for t}ne(discrepancy between
facilitatory and suppressant effects have been suggested.

In the thalamus, it has been observed that facilitatory



effects of NE are seen predominantly with low iontophoretic
ejection currents whereas suppressant -effects appear with
high ejection currents (Rogawski & Aghajanian, 1980¢).
‘Slmilar‘,dose-dependent effects of NE were cbserved in'the
cerebellum where a.large injection sometimes- produced
reduction of spontaneous and evoked activity, whereas a
lower ‘ejection current sometimes enhanced evoked activity
without changing spontaneous activity (Moises et al., 1979).
Indeed, in some instances when the concentration of applied
NE could be measured precisely, dose-dépendenb effects with
;uppression at high doses and facilitation at low doses have
been clearly documented. Such observ’étions wer:e made with
bath application of NE in the in vitro hippocampal slice
(Mueller et al., 1981) and cerebellar slice (Basile &
Dunwiddie, 1984), as'well as with concurrent monitoring of
NE concentration by electrochemical analysis during
iontophoresis Df.NE in somatosensory cortex in vivo
(Armstrong-James & Fox, 1983).

It is also possible that the dose-dependent effects are
related to specific receptor types. In the in vitro
Hippocampus and _cerehellum, the suppressant effect of NE at
high doses is apparently mediated by an alpha receptor,
whereas the low dose facilitatory effect is mediated by a
beta receptor (Huelle;‘ et al., 1981; Ba:ile:& Dunwiddie,

1984). However, in the in vivo cerebellum the enhancement
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of inhibitory evoked responses appears to be medlated via a
beta ‘receptor (Haterhouse et al,, 1982) as is the
:nppressant efféct on spontaneous acblvir.y (Hoﬂ'er at al.,
1971) Thus the underlying principles-for facilitatcry vs
suppressant effects may involve interactions of different

factors such as concenbration of NE, réceptor.types presen(’.,

" method of,a?plicatlon as well as'typé of neuronal activity

recorded. ¥ - RN E, =8y
K Mechanism of action of norepinephrine

. A ubiquiious characteristic of the action of NE is that
its duration of action s;ems to outlast the period of

application. This long duration of action was noted in the

early studies and was_contrasted with the:duration of action

of "classical" neurotransmitters suchas glutamate:and GABA
(Bradley & Wolstencroft, 1962; Bloom et al., ?963; Bloom et
al., 1965; Biscoe et al., 1966; Weight & Salmoiraghi,
1966a). Whereas G.ABQ and glutamate actions ended almost
immediately upon termi‘nation of application, the erfects. of
NE often did not dissipate until 2 to 5 minutes had elaﬁsed.
Indeed some of the facilitatory effects of NE have been
observed to be relatively long-lasting. In the spinal cord,
White and Neuman (1980; 1983) observed the facilitation ;'{

motor neuron excitability to be still present 6 minutes

25




o

W

after the application of NE. In tha‘ cerebellum, NE released
by iontophoretically-applied amphetamine produced
facilitation of GABA inhibitory responses, and the

facilitation was observed to last for 60 minutes (Michael,

'Hatar[;muse & Woodward, 1983). In somatosénsory cortex,.the

excltaticn of. some neurons of the deep layers by »

‘ fontophoretiaally’ applied NE was ‘observed to last up to one

hour (Armstrong-James & Fox, 1983). Finally in the
hippocampus, as will be seen in sr:a’tnr detail later, a
short xontophoretic.applicabiqn of NE produced ‘enhancement
o{ syl;aptjcally evoked activity o‘r the granule _cell.s which

was sometimes observed_to last more than 11 hours (Neuman &

“Harley, 1983).

As for the cellular mechanism of action of NE, excluding
that in the hippocampus which will be covered further below,
actians which are consistent ulth bohh depression and
facilitation of neuronal activxty have been reported.

In accounting for the direct suppressant effects of NE,
initial intracellular studies qf NE action on spinal cord
motor neurons of the cat fenorEed o Monbrans
hyperpolarization resulting 1n'a~d_=9re,l_!§ of excitatory
(EPSP) and inhibitory (IPS;) postsynaptic potential
amplitude during iontophoresis of NE (Phillis, Tebecis &
York, 1968; Engberg & Thaller, 1970). The membrane

hyperpolarization was accompanied by a decrease in membrane
4 “

26

i
!
}
1



/

conductarice (Engberg & Marshall, 1971). The membrane

Wy perpolartzation prodused by NE wss Touhd to incresse st
hyperpolarized ‘m_embrane level.;z Vand to devcrease at
depolarized membrane levels (Engberg & Thaller, 1970;
Engberg & Marshall, 1971). Impalement of a motor neuron’
with two independent electrodes permitted an estimate of the
reversal potential of the NE-induced hyperpolarization of -
20 mV (Marshall & Engberg, 1979). Since the NE-induced
hyperpolarization was not altered by intracellular injection

of chloride ions, it was suggested ‘that the B

hyperpolarization was more likely due.to ‘a decrease in

sodium and pntéssium membrane conductance, although other
mechanisms such as a decrease in release of tonic excitatory
neurotransmitter, -or. a combination of .an activation of an

ionic pump (e.g. sodium-potassium)‘and a membrane . .
conductance decrease were also possible (Marshall & Engberg,
1979). )

Similar hyperpolarizing membrane effects have been 2
reported in cerebellar Purkinje cells during iontophoresis
of NE or stimulation of locus.coeruleus. (Siggins, Hoffer,
Oliver & Bloom, 1971; Hoffer et al., 1975)- Since .
iontophoresis of cAMP also produce}d similar membrane changes
it was suggested that ‘nor;adrenergi‘c action is mediated via
the formation of cAMP (Hoffer et al., 1973).  In Purkinje
cells, the locus coeruleus-induced hyperpolarizations were

®




‘(Bonkowski & Dryden, 1977).

.also observed to increase at more hyperpolarized membrane

levels "(Hoffer et al., 1973) suggesting that the ions

4 1nvolved might be similar to those in spinal motor neurons.

Hembrsne hyperpolarizations accpmpanied by a membrane
conductance decrease were also reported with iontophoresis
of NE on dissoci}ted neonatal mouse brain neurons ;n culture

With intracellular recoFding from cat Gortical neurons,
Phillis (1977, f£ig 1.) reported that iontophoresis of NE
produced a ‘membrane hyperpolarization but oné which wasy
generally nct accompanied by any change in membrane
conductance., . -

More recently, North and Yoshimura (1984) have recorded
intracellularly from substantia gelatinosa neurons in slices
of adult rat spinal cord maintained in vitro. They report
that NE applied in the superfusion medium or by pressure
micro-ejection produced a membrane hyperpolarization
accompanied by an increase in conductance (North &
Yoshimura, 1984).  The membrane hyperpolarization reversed
at -88 mV and varied with the extracellular potassium
concentration as predicted by the Nernst equation, thus

suggesting that the NE membrane hyperpolarization was

: med17'{éd by an increase in potassium conductance (North &

Yoshimura, 1984), ' The hyperpolarization produced by NE was

maintained 'in low calcium medium and wa‘: blocked by alpha-2
o . ol N




antagonists, thereby suggesting that it was mediated via
postsynaptic alpha-2 adrenergic receptors (North &

Yoshimura, 1984).

! A different. cellular mechanism of NE action on central
neurons has been suggested by Phillis (1974a). He
hypothesized that the NE-induced membrane hyperpolarization
was produced by NE stimulating cAMP formation which in i‘:urn
;céiva:ed a protein kinase which phosphorylated Na*-K*
’ATPase,' thereby activating an electrogenic sodium-potassium
pump. Following the initial report that NE stimulated Na*-
k" ATPase in rat brain synaptosomes (Schaefer, Unyi &
Pfeifer, f972) a number of reports have further
substantiated the activation of a ouabain-sensitive Na'-k*
ATPase by NE in brain (see Phillis & Wu, 1981, for review).
The observations that ouabain, an inhibitor of the sodium-
potassium pump, effectivgly antagonized the depression of
cerebral cortical (Phillis, 197“‘!)) and cere?;ellar Purkinje
(Yarbrough, 1978) neurons produced by iontophoresis of NE
provided support for such a mechanism. The antagonism’by
ouabain was selective for NE suppressant effects, since.it
did not antagonize the inhibition of Purkinje cells by GABA
(Yarbrough, 1976). Additionally, Wu and Phillis (1981)
showed that NE stimulated 22Na erfllr_un.d HZK influx in rat
cier'ebral cortical slices which could be antagonized by

ouabain as well as by alpha and beta noradrenergic

2
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antag@ﬂ%!tﬁ. * “
/ 'since activation of the sodium pump in skeletal muscle
9@ frogs produced & decrease, in membrane conductance
/(Geau1ate, 1968), Phillis and Wu (1981) suggested that
/ similar changes could occir in céntral neurons and that NE
/- by activating an electrogénic sodium pump, could produce the

observed membrane hyperpolarizvation associated with. a

decrease in conductance.

In cotrast more recent studies-on motor neurons and
dissociated spinal neurons in culture repor'{ differsnt
effects of NE which could acccount for the observed
facilitatory effects of NE on spontaneous and e‘voked
excitatory responses. VanderMaelen and Aghajanian (1980) \
observed a slow suh-brreshold depolarization of the membrane
of motor neurons .of‘ the rat facial nucleus during ii
iontophoresis of NE.- The membrane depolarization was o A i
accompanied by an increase in neuronal excitability as ';
estimated by long depolarizing pulses ar;d also by & decrease %

in membrane conductance. Fung'and Barnes (1981) also

reported a slow membrane depolarization in spinal motor

neurons with stimulation of locus coeruleus in cats

resulting in increased afferent sydaptic efficacy.
. Marshall-et al. (1981) observed similar changes in co-
cultured explants of neonatal locus coeruleus and spinal

neurons. Electrical stimulation of the locus coeruleus




explant or iontophoresis of NE caused a ;lou depolarization
of the mev;lbrane, lasting up to two minutés, which was
associated with a decrease or no change in conductance
(Marshall et al., '193'))'.n Injection of depolarizing current
resulted in a greater ey depolarization by NE and
injection of hyperpolarizing current result‘.ed in a smaller
depolarization or sometimes abolished the depolarizing

reéponse to NE (Marshall et al., 1981), Thus, since the m

depolarization was ied by a decr and
was greater at more depolarized levels, it was suggested
that it resulted from inactivation of resting conductance. to
potassium ions (Marshall et al., 1981).

With regard to the cellular mechanism of action of NE in

cerebellum and neocortex resulting in enhanced evoked

_activity (signal-to-ndise ratio) for both excitatory and

" inhibitory responses, no intracellular recordings have been

made dur_ing_such effects and-the cellular mechanism remains
to' be ‘deternined. Bub the obsgrvatiunvthat NE produces
facilitation: of inhibitory responses to GABA and not to
glycine, taurine or'beta-alanine (Moises ef'al., 1979; Yen
et al., 1981) suggests that the NE effects are not mediated
by a general membrane change (such as activation of a
sodium-potassium ionic pump) since the post-synaptic
response .to all active neurotransmitters would be )

facilitated by such a mechanism. Although receptor-specific




account for the direct actions of NE.on CNS neurons

13 e T,

actions of glycine, taurine and beta-alanine have not been

. demonstrated intracellularly in the cerebellum, it has been

suggested that they alter Purkinje neuron responses via a
chloride conductance change similar to GABA but via
Ziit‘ferent receptors (Yeh et al., 1981), "Additionally, the
observation of enhanced evoked responses with r;q changes in
spontaneous activity suggests that the membrane
hyperpolarization reported during depression of spontaneous
activity (Siggins, Hoffer, Oliver & Bloom, 1971) might not
be necessary for the facilitation. ;
Thus, four mechanisms of action have been proposed to
(excluding hippocampus). First, a decrease in sodium a_n‘d
potassium membrane conductance.leading to hyperpo]arizati‘gn
of the membrane (Marshall & Engberg, 1979’). Second, an
increase in potassium conductance'resulting in
hyperpolarization (North & Yoshimura, 1984). ‘Third, an
acti\{ation of a sodium-potassium electrogenic pump also
leading to hyperpolarization of the membrane (Phillis & Wu,

1981). These three mechanisms have been suggested to

mediate the suppressant effects of NE on neuronal responses. ,

Finally, a decreaae in the potassium resting conductance
producing a slow depolarization of the membrane has been
observed and was suggested as-a mechanism for the
facilitation of evoked excitatory responses by NE

¥
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(VanderMaelen & Aghajanian, 1980). oo e
Howéver, in~the olfactory bulb facilitatory effécts of -

NE-on evoked excitatory responses have been shown to involve

indirect effects of NE. AE was observed fo produce

disinhy if‘.i’on of ch'e mitral cells of the olfactory bulb by

its 1nhih1tory action on the granule dells (Jahr & Nicoll, i

"1982), thus indicating possible indiract erfacta of NE in

gacilitating evoked excitatory responses of some central

, neurons.

:Finally, effects of NE.on astroecytes in culture have

.recently been reported.  With 1ntracellular recordings l:rom

astrocyte:, NE added to the 'medium directly or by '
lontophoresis produced ' a depolarlzntxon of the gual
membrane -‘which could be antagonized by an alpha receptor
antagonist. ‘These results were obtained in raf neocortical
astrocytes in primary cultures ‘(Hiratg,‘ Slater & Kine].be;-g,
1983) and in astrocytes in explant c\‘:lturea from rat
cerebellum and brainstem (Hosli, Hosli, Zehnter, Lehman &

Litz, 1982). Such resulls, if they are shown to occur in

si'tu, would- suggest that some of the facilitatory actions of ~

NE on excitatory neuronal responses may involve glial-cells
and result in or from altered extracellular potassium

levels.'
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Based on the divergentiand widespread. nature of its

-

terminal innervation, early hypabheses suggested that the
central noradrenergic: system, -and more specifically the

locus coeruleus, functions as a central arousal system

which, when active in temporal contiguity with other neurons‘

of specific pathways,‘acts as reinforcement and permits the
development of pei‘eistent chaﬁe‘a‘ir‘x these pathways (Crow,
1968; Kety, 1970; Crow & Arbuthmott, 1972). ‘Initial
evidence from’studies with intracranial self-stimulation as
well as from pharmacological and biochenical analyses of NE
turn-over rates supported this hypcthésié (see Kety, 1970,
for'review). Subsequent work with central depletion of NE
using 6-OHDA indicated that no impairments in 1n_trgcran’ia1
self-stimulation or in learning abilities were present
“following sever:e depletion of central NE- (see Mason, 1981
for review). ;L s
However, Mason and Iversen (1975) reported a specific
behavioral -deficit for NE- depleted. rats.. In 6- OHDA treated

rats, they observed that follouing aciuisition Of an

. alleyway running task with food as the reward, NE-depleted

animals showed an increased resistance to extinction when
the tagk was no longer reinforced. This deficit, termed the
dorsal bundle extinction effeet, rormed‘ the basis of the
selective attentional filter hypothesis for noradrenergic




function uhl‘ch has been recently reformulated (Mason, 1981).
A In this hypothesis, the function of the NE-system is to
fﬁ‘ter out in(‘:oming»:ensory stimuli by labeling these-
‘:t.jmuli as irrelevant to the pre_sent,task and suppreasiné

3 bher:: (Mason, 1981). However, recent reports have failed to

Vreplinaf.e_ the dorsal bundle extinction effeet;(Tombaugl"A,
Papp‘as, Roberts, \.l'icker's, & Szostak, 1983) ahd others have "
reported: intact selective attention in NE-depleteci rats
(Pisa & Fibiger, 1983). .

Recent experiments on the physlolégy 'of, locus coeruleus
“ neurons hav; provided other insights into the function of‘
the central noradrenérgic System. The ‘firing rate of locus
coeruleus neurons appears related to the behavioral state of
the animal in-that the discharge rate in rats is hlghest‘:"
during the waking states, lnwe'rbduring‘ slow wave sleep ar;d
virtually absent ‘during paradoxical ‘sleep (Aston-Jones &
ﬂloom, 1981a). Despite earlier r;ports of‘ increased
‘activity during paradoxical sleep in cat (Chu & Bloom, -
.'197'4),'a ss,;nu—ar relationship between locus coeruleus firing
rate and awake-sleép states has been found in cats (Hobson,
McCarley & Wyzinski, 19%5) and monkeys (Foote, Astén-done: &
Bloom, 1980).. )

Locus coeruleus neurons have also -been reported to be
_aativﬂated by noxious stimuli, or "stressors". ‘ Foob»shock

and tail-pinch increased NE turnover, pr‘esumably‘ as .a result

3
]
|




) 0 ) ; -3 %

of activity in NE neurons, in.various brain regions (see 3

Amaral & Sinnamon, 1977 for review). With extracellular

unit recordings in anesthetized rats, the neurons of the
locus coeruleus have been shown to be activated by noxious
.stimuli such as toe presaui‘e (Korf, Bunney & Aghajanian,

1974), deep pressure and pin pricks to the body surface

e g e

(Cedarbaum -& Aghajanian, 1978) and by stimulation of

peripheral cutaneous nerves (Takigawa & Mogenson, 1977T;

Cedarbaum & Aghajanian, 1978). The firing rate of locus
coeruleus neurons is also activated by iontophoresis’ of
adrenocorticotropin (ACTH) (Olpe & Jones, 1982) and
corticotropin-releasing f_actor (CRF) (Valentino, Foote, &
Aston-Jones, 1983), which are secreted in response to

stressful stimuli. These results with noxious stimuli

support the hypothesis that the NE system is a central ..

analogue of a sympathetic ganglion being activated during

noxious, stressful situations (Amaral & Sinnamon, 1977). X
 However, unit recordings in unanesthetized rats and
nonkeys have now shown that locus coeruleus neurons- re also

.activated phasically by non-noxious sensory stimuli (Foote

et al., 1980; Aston-Jones & Bloom, 1981b). Indeed in " 53
monkeys the most efficient stisulus for eliciting activation : i
of locus coeruleus neurons w;s the presentation of eonple); i

srousing stimuli such as preferred food (Foote'et al., i

\980). In rats the magnitude of the evoked sensory response



N

varied as a function of the animal's vigilance lével,.being
“depressed during cousumator"y behaviors such as grooming and
&rxnking (Astop-Jones &:Bloom, 1981b)." Thus it appears that

> the locus coeruleus is involved in a more general function

than the nediation of a central response to pain ‘or. noxtous

“stress. ‘As poingmed out by Aston- Jonea anq Blocm (1931b) the &7

fact ‘that oaus coeruleus neurons are excltad phasically
'_ also ‘suggesf.s that its function is .not one of tonic '
‘modulation. .
» Therefore, it appears that the locus coeruleus acts as
an-Integrator of two types of influences, excitatory
_inrluenc:a'frou arousing 'gensory stimuli and inhibitory
“influences reflecting the 'vlgllance staté of the animal‘
(wake vs sleep, and/or consumatory .behlvj\:r:). The nes
interaction of these influences will determine the phasic
activation of the ‘locus coeruleus. -The end result of the
activation of 1ocua.eoe'ru1eu= neurons uo‘uiu then, according
to the reviewed postsynapfic effects of }JE, result in °* :
selective enhancement of synaptic tranamiulonv in certain -
CNS areas and suppression of neuronal activity in others.
Indeed in some instances this enhancement could be long-
lasting. ) S
Therefore the physiological evidence suggests a similar
type of function to that proposed .earlier in terni of
“enhancement of synesptic transmission as a function of the

i
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" OHDA over 10 days resulted

arousing properties of sensory stimuli (Kety, 1970).

Norepinephrine and neuronal plastisity

A related functional aspect of the central noradrenerglc
=ystem which has renently come into focus is its involvement
in neuronal plasncity.

In ~the cat visual cortex, Wiesel and Hubel (1963) have
shown that monocular 1id suture during a critical period

results ih ah ocular deminance shift.. A greater number of

cortical cells are  fouhd Eh3t~gespond to visual stimulation:

of the non-deprived eye, and ‘fewe

‘che depri_ve;i eye bhan'in/normal tthps. Kasamatsu and
‘Pettigrey (1976; 1979), hovevgh, reborfed: that central
depletion.of NE with daily
in failure to observe an ocular
duminance‘ shift in cortical cells, following monocular 1id
suture, and consequently more cells were found that could be
driven binocularly. ’ :
It was further observed that microperfusion of 6-OHDA'
over the visual cortex with osmotic minipumps ‘duriig one
week of monocular 1id suture also blocked—the ocular -
dominance shift (Pettigrew & Kasamatsu, 1978; Kasamatsu,
Pettigrew & Ary, 1979; Bear, Paradiso, Schwartz, Nelson,
Carnes. & Daniels, 1983) . Howeyer, if NE was applied by

are found that respond .to

ular injections of 6-"""

2.
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microperfuston for one week afte} treatnent with 6-OHDA it
was found that the ocular dominance shift did occur and
cortical ‘cells were now mostly responsive to the non-
depvrlved eye (Pettigrew & Kasamatsw, -1978; Kasamatsu et al.,
1979). : ; -
- Since in Né—debleted kittens"bhe ocular domﬁ:ance shift
did not ocour, and_since’ with replacement of NE in NE-
depleted kittens the ocular dominance shift di‘d oceur, it
appears that cortical NE is necessary for this neuronal
plasticsty. Kasamatsu, Pettigres and Ary (1981) have now .
shown that the Plasticity taking place during the recovery

from-monocular deprivation (recovery from monocular,

V'dominanc‘e to binocularity) also involves NE since it is

suppressed by 6-O0HDA microperfusion and accelerated by NE
microperfusion following re-opening of the closed -eye.

The cellular meck{anlsm by whi?h NE permits the
functional alterations in.synaptic connectivity in?the
visual cortex remains undeter‘mined.. Preliminary evidence
‘indicates a receptor mediated action pé:sibli lnvolv_in; éhe
for!natiorl of cAMP.  Kasamatsu (1983) has reported that-the
beta receptor antagonist ‘propranolol is also erf_ective in
blocking the ocular dominance :hif\; a’nd. that ;uperfusian of
dibutyrylv cAMP results in ‘an-ocular, dominance shift in 6~
OHDA treated, monocularly deprived kittens.

A.similar role for NE in neuronal plasticity has been
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‘decrease in amplitude of compensatory eye movements) (Keller

‘reported for adaptation of .the vestibulo-ocular. reflex
(VOR). I.n the VOR, compensatory eye' movements. opposite to
the direction of movement'of the head result in
stabilization of an. image on the. retina.

e bhe image ia rotated with the head for - hours, the

VOR ‘is suppressed and there 1s adaptation in. the VOR gain (a

k Smith, 1983). 'However the same cats depleted of central
NE following intracisternal injection of 6-OHDA show a
suppression of VOR adaptation with very libtle’ﬁecreaae in
the -VOR-gain (Keller & Smith, 1983). Hencs it appears that’
NE is necessary rur pla:ticﬂ:y to occur in.the von.
Similarly, central NE depletion with subcutaneous 6-0HDA
1njec;10ns’ljr| newborn rats-resulted in the suppression of
the conseguerices of rearing in an_enriched environment
(0'Shea, Saari, .Pappas, Ings & Stange‘, 1983; Brenner,
Mirmiran, Uylings & Van der Gugten, 1983).: The increased

forebrain ‘weight, decreased” mpothalamic weight and enhanced

maze acquisition in a biaﬂley Type III maze which are found

in rats re:_md in an.enfiched environmeﬁt were not present

in NE depleted rats reared in the same. enriched environment

‘(D‘Sheu et al., 1983). Similarly, Brenner et al. (1983)

found that in NE-depleted rats the increased cerebral

cortical weight usually associated with rearing in an

. enriched environment was not present. Thus NE .appeais also

i
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to be necessary for plasticity to'occur, during rearing in an -

enriched environment.

Other recent rep‘orts indicate that central NE depletion °

LS R A

in rats results in impaired acquisition of locomotor tasks 5
) involving precise paw placement. ‘Injections of 6OHDA 1
(o " intracisternally (Watson & McElligott, 1983)° or into ‘the - :“1‘
coerulo-cerebellar pathuay kua@son & McElligott, 1984).

|
resulted in significant impairment in acquisition of the new

st o S 5

locomotor task. /
Together these experiments indicate an additional

function of NE somdWhat different from its physiological °

acti-on on -neurona_l activity. Thus not only does NE suppress

" .'or' facilitate neuronal activity in specific CNS areas but it

also permits the establishment of more permanent changes in

neuronal function under the appropriate circumstances.

v

Neurobiology of the hi

.Anatomy of the hippocampal formation
" '
) The location of the hippocampal formation in the CNS is
expressed disgrammstically for the rat from'a dorsal view in

Figure 1A and a lateral view in Figure 1B. It is a roughly

bean-shaped structure lying between the neocortex and the

i . . diéncephalon which is oriented longitudinally alopg a septo~

AR b s sk



Figure 1. Locaticn‘ of the hippocampal’ formation in the rat ‘
CNS.. Diagramatic représentation as viewed through the

: overlying_gggcortex. Subfields iZAS.'CALand subiculum Sre
represented as well as the septo-temporal longitqdinal gxi:
of the hipimcampal formation. A: Dci‘sal view (red;taun‘frém‘
Blackstad et als \970). B:l Laterdl view (redrayn from $

‘ Swanson & Cowan, |91'i).
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temporal ‘sxis (Blackatad, -Brink, Hea & Jeune,.1970)The
cytoarchitecture of its various sub-fields is expressed
diagrumat!cally in Figure 2 in horizonnl section,
transverse to the longitudinal, axis near the.temporal pol!..
The hippocampal formation refers tq four major fields’
de'scribed in Figure 2A: ‘the entorhinal:cortex (EC1, ECm),
. dentate gyrus (DG), Ammon'a horn (CAS, CA1) and the
subicular complex (SUB, PRESUB, PARASUB) (Suanaon & Couan,
1977; Amaral, 1978; ‘Wyss, Swanson & Cowan, 197%a; Amaral &
“Cowan, 1980).

The entorhinal cor;ex is-the uaje}‘ periallocortical
component of the mppauipal formation and it extends from
ghe border with the parasubiculum to the rhinal tisa!}re or
more dorn’lly to vt;he neocortex (Blackstad, 1956; Steward,
1976). -It is composed of. two major zones nn; an
1nternedin’e one, Adjacent to the parasubiculum is the
medial entorhinal cortex which is characterized by a
pronlnent layer II consisting of tightly packed stellate
cells (Steward, 1976). Moving laterally there is a small
transitional zone, the intermediate entorhinal cortex, and
nore laterally the lateral entorhinal cortex (Steward,

1976). The lateral entorhinal cortex is characterized by

cell islands in layer II and a 'grelher génsity of cells 1n\

layer III (Steward, 1976).

The dentate gyrus is a curved structure consisting of a
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Figure‘z.' Cytoarchitectonics of the hippocampal fqrnati’onl
he ’Diagramm‘atic representation of the suhl‘iy'elvd‘s of _the 3
hippocampal formation from an‘horizental section, transverae
to the septo-temporal axis, near the temporal pole ofithe
right hémisphere. Abbreviatiois: CA1, Aufon's horn regio
‘superior;’ CA3, Ammon's horn regio: inferior; DG, dentate
gy&ua; EC1, lateral entorhinal c’ért:x; ECm; medial ) L
entorhinal cortex; PARKSUB, parasubiculun; PRESIB,
presubiculum; RF, rhinal fissure; SUB, subiculum, Bt - .

Diagran of the strataof area CA1 and ‘the.dentate gyrus. @
g ; ]
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supra- apd an-infrapyramidal limb (Amaral, 1978). It lies
'adjacent_'tn the subiculum and CA1 regiun from which it is
separated by 'the ;ippocampai fissure. The' prlnbipal, cells"
of the dentate gyrus are the granule cells which are aligned
in'dense’rows to form the granule cell'slayer  (Cajal, 1968).
The dendrites of the granule cells extend radially through
the extent of the molecular layer ‘(Cajal, 1968). The region
under the rows of granule cells is the hilus through which
the axons of the granule cells (the mos‘sy ribe‘rs) course
toward Ammon's horn (Cajal, 1968). Scattered among the
hilus are numerous polymorphic cells (Cajal,1968) which

recently have been characterized on the basis of their

marphology into 21 different cell types (Amaral, 1978)
- Ammon's horn is also a curvilinear structure uhich
“contains two major subdivislnns. regiu 1nferior or CA3 which
is partly adjauent to the hilus and regio ‘superior or CA1
which 1s partly adfacent to the sublculum (Swanson & Cowan,
1977). The layers of CA3 and CA1 have a simllér
nomenclature and thus’only those of CA1 and the d;entate
gyrus are illustrated in Figure 2B. The principal cells of
areas CA1 and CA3 are pyramidal cells uhi‘;:h are‘aligned to
f‘nrm.the pyramidal layer and consist of three or four rows
of tightly packed cells (Cajal, 1968), The CA3 pyramidal
cells are larger than those of CA1 and both typea possess

basal- processes branching into stratum oriens and apical




bracesses extending intn's\:’ratum rad;atum and .radiating into
stratum lacunosum-moleculare (Cajal, 1968). Additionally in
cA1 region r.here is another layer, the alveus, through which
course the axons of ‘the pyramidal cells /(Cajal, 1'968)
The 1last major division of the hippccampal formation 1s
‘the subicular complex cansist‘ing of ‘subiculum, presubiculum
. sand parasubiculum (Cajal,-'IéBB; Blackstad, 1956; -Swanson ‘&
Cowan, 1977). The junction of CA1 ‘area ‘and ‘subiculum is~
characterized by a less dense layer of pyramidal cells .
scattered over a larger area (Cajal, 1968). The transition
between subiculum and presubiculum takes .plaee where the
cell poo;- superficial layer of _n:e subiculuﬁ contacts ],_ayers
II-III of -the presubiculum (Sorensen & Shipley, 1979). And
« finally, the parasubiculum is vcharaeterlzed by scattered
» cells in the ‘superficial layers (Shipley, 1975).
-
sortex

. ' The dortical afferents to the entorhinal area artse from
piriform cortex (Powell, Cowan & Raisman, 1965), lateral

_ olfactory tract (Kerr. & Dennis, 1972), cortical, basolateral
and lnt‘eral nuclei of the amygdala (Krettek & Price, 1974)
and from multimodal associational areas in orbital-frontal

ahd temporal neocortical areas (Van Hoesen, P‘andya P




Butters, .1972; 1975; Van Hoésen & Pandyé, 1975).  Sub-
cortical afferents to the emtorhinal area originate from |
e locu: coeruleus, dorsal and median raphe, nucleus reunlens,
medial septum and diagonal .band of Broca (Segal, 1977). The
entorhinal area also receives local projections from the
" hippocampal f‘orma‘tion,‘ notably from pre- and parasubiculum

bilaterally (vShipley,_ 1975; Seéal, ‘1977; Swanson &. Cowan,

1977) and from CA3 (Hjorth-Simonsen; 1971; Swanson. & Cowan, -

1977) §

The efferent connections of the entorhinal ‘area are
mostly unilateral but to some extent bilateral ‘and project
to the dentate gyrus and Ammon's horn (Steuard 1975; .
Swanson & Cowan, 1977; Hjorth-Simonsen & Jeune, '1972; ® e

. Hjorth-Simonsen, 1972). "-Ipazlateral fibers originating from
neurons of layer .II of the eﬂto}hinal tortex (Schwartz &
Coleman, - 1981; "Ruth, Collier & Routtenberg, 1982) form two
distin‘ct fiber systems, the IaCer;ai and medial perforant
paths (Hjorth-Simonsen,~1972; Hjorth-Simonsen & Jeune,.
1972). The medial perl’Lrant path or.iginstes fl;om the medial

“entorhinal cortex &nd projects to the middle third of the
molecular layer of the dentate gyrus as well'a; to the
}:leeper half of stratum lacunosum-moleculare of CA3 (Hjorth-
Simonsen, 1972; Hjorth-Simonsen & Jeune, 1972; Steward,
1976), Projections from the lateral entorhinal cortex form

the 1a|‘:ern1‘ perforant path and project to the superficial

i




- layers of the molecular layer. of thé dentate gyrus and of *
the stratum lacunosum-moleculare of CA3 (Hjcrth—simonsen,'
:1972; Hjorth-Simonsen & Jeune, 1972 Steward, 1976). A
similar pa,ttel;n nt: ter_‘mination is ‘preaent_vin‘the crossed

- ‘entorhinal-dentate gyrusand CA3 pabhways (Steward, 1976).

‘Projections.to stratum lacunosup-nolecuiare of -the ca1

_region however are organi%ed differently with medial
entorhinal afferents pro_jectj.ng to t’he cAl a’rea adjacent ‘c;:‘
the CA1-CA2 transition and the lateral entorhinal afferents
to the. CA1-sublculum transition (Steward, 1976). ‘A sinilar
arrangement was found in the crossed temporo-ammonic. tract

(Steward, 1976).

The projections from medial entorhinal cortex to’' dentate

gyrus are also organized topographically along the
hippocampal septo-temporal axis. Neurons of the medial
eniorhinal cortex project in a parallel fashion to the

. dentate gyrus with those from the posterodorsolateral area
of ‘medial entorhinal cortex terminating- in the septal pole
of the dehtate gyrus and those from thiffanteroventromedial
area terminating in the temporal pole (Ruth et al., 1982).
A similar par:ﬂlel projection system from dorso-ventral
entorhinal cortex to septo-temporal dentate gyrus was
previously Suggested by HJorth-Sth;naen and ‘Jeune (1972).
Although this type of lamellar organization apparently

characterizes the projections of the medial and inbeﬁméuxatg

\
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“entorhinal cortex (Wyss, 1981; Ruth et al., 1982), the

lateral entorhinal cortex appears to project much more
broadly along thé septo-temporal axis (Wyss, 1981).
The, entorhinal cortex, mostly the lateral parr., also

prcjects to non-hippocampal areas.. Tnese 'proJecbiuns appear

to be reciprocal to t.he major extrinsic 1nputs to the

er@orhmal cortex and cerminnte in piriform ‘and
periamygdaloid cortex, endnpiriform nucles, the lateral, )
basolateral and cortical nuclei of ‘the anygdala, the- nucleua
of Fhe olfactory tract, the nxfabtnry tubergule, the
anterior olfactory nucleus, the taenia te_cta and the
indusium griseum. (Wyss,1981). '

As mentioned above, the dentate granule cells receive
projections from the e’ntor}‘hinel cortexon their dendritic.
processes in the molecular layer. Fibers from the lateral
perforant path terminate in the outer ‘third of the molecular
layer, those from the medial perforant ‘path in the middle
third ‘dnd ‘thoée orxginating from’ 1ntermediate‘entorh1nsl
cortsx‘ at intermediate 1D‘cations between middle and outer
third (Hjorth-Simonsen & Jeune, 1972; Hjorth-Simonsen, 1972;
Steward, 1976). The dendrites of the granule cells also’

receive commissural projections from the 'contralateral

'
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homotopic déntate gyrus which terminate in the=inner ‘third
of the molecular layer (Blackstad, 1956). -Associational

fibers. from the ipsilateral dentate gyrus also terminate in

the inner third of the molecular layer (Zimmer, 1971).

Recently it was shown that the commissural and associational
. ‘fibers are collaterals originating from the same hilar

‘neurons. (Laurberg & Sorensen, 1981).° In the rabbit, these

hilar neurons were identit’ied as -polymorph neurons and not
hilar pyramidal neurons (Berger, Semple-Rowland & Basset,
[ #

" Subcortical ‘afferents to the dentate gyrus have been

1980). . a
demonstrated using the method of retr.-cgrage axonal transport
of horseradish peroxidase (HhP) »v_u‘.th large injections
incorporating various subfields of the hippocampal i‘ormaéign
‘in monl;ey' (Amaral & Cowan, 1980) and-rat .(Segz;l & Landts,
1974; Pasquier & Reinoso-Suarez, 1976; 1978; Wyss.et al.,
1979a).  More recently these at!‘erents: have .been more
selectively demonstrated in the rat with lontophoretic
applications of HRB restricted tc the dentate gyrus (Rilgy &
Moore, 1981). . It-was found that the afferénts to the v
dentéhe gy‘rus were primarily ipsilateral and.originated from

the septum (medial septum and diagonal band of Broca), the
4 B

suprnmamillary area of the hypothalamus, the dorsal and

median nuclei of raphe and from the locus coeruleus. Kiley

and Munre (1981) additionally documented afferents from ths

<




_lesser’degree the granular.and -molecular layers (Loy, i 0

-

e s X - .
interpeduncular nucleus, ventromedial dorsal tegmental

nucleus, ‘as well as scattered neurons in ventral central ..

gray and lateral dorsal tegmental nucleus. ' ;
With respect to the zone of termination of these

subcortical afferents, those from the supramamillary area

terminate from: the superficial one half.of the granular

B8

layer to the inner-one fifth of the moleculaf layer (Segal;
T 71979; Wyss et'al.,.1979b; Dent, Galvin, Stanfieid'& Cowan,
1983). The septal projections terminate in two narrow bands

in~the infra=—and supragranular-regions (Raisman, Cowan

_Powell, 1965; Mosko,. Lynch & Cotman, 1973).  The terminal :

projections of the raphe form a narrow infragranular band as
well as'a moderately' sparse 1nnerv,at%on of - the molecular _
layer ;nd hilus (Moore & Halaris, 19";5) Azmitia and Segal
(1978) suggested that the" dorsal raphe projections term:mate
in the molecular layer while those from the median raphe
terminate in the hilus. Locus coeruleus projectlons, which

Will be covered in greater detail below, form.'a dense

|

terminal plexus in the hilar region and innervate to a

Koziell, Lindsey & Moore, 1980). )
With reference to the efferent projections of the
dentate gyrus, there are only twvo major systems, As

mentioned -above, axons of hilar neurons project

ipsilaterally to.form the associational fibers and . . i
5 s



‘projects.to CA3 in a lamellar fashi

. contralaterally to form.thé commiuurai fibers (Blackstad,

1956; Zimmer, 1971; Berger et al., 1980; Laurberg &

_Sorenson, 1981). -Secondly, the axons of the granule cells

(mossy fibers) leave the hilus and course suprapyramidally
in the stratum radiatum of bhe ‘cA3 region in a distinct
layer. referred.to .as stratum lucidum (Blackstad et al., -

1970; Swanson & Cowanm, 1977). .Th

mossy fiber system
T ° 5
transverse

(perpendicular). to.the 5eptc-temporal aNis of the

" hippocampus and ends at 'the CA3-CA1 transition (Blackstad et

al., 1970).

joal s £ £ s
hipRocampal formation,

’Since this thesis co‘ncentrabea on the dentate gyrus, ifhe
anatomical comnections of the other regions of th'e'
hippocampal formation.will not be covered in detail.
Detailed accounts of their afferent (Segal &*Landis,: 1974;
Pasquier. &—Reinoso-Suarez, 1978; Wyss et al., 1979a; Riley &
Moore, 1981; Irle & Markowitsch, 1232) and efferent (Swanson
& Cowan, 1977) connections have appeared elsewhere.

Briefly, extrahippocampal projections to the CA3 and CA1
regions are similar to ‘those of the dentate gyrus exc'ept

that these regions recelive additional fibers from thalamic




. septum “and subiculum (Swanson & Céwan, 1977). ~ The subicular :

‘The Schaffer-collateral projections from CA3 to CA1 are also’

. stimulation ﬂf the entorhinal cortex (Renshaw, Forbes &
¥
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nucléi V(Hyss et al., 1979a), The major efferents of the CA3

region are to the septum, CA1 pyramidal cells and subiculum

(Swanson & Cowan, 1977). CA1 cells also project mainly to o 1

region however projects to hypothalamic and thalamic nuclei

as well as to the entorhinal cortex (Swanson & Cowan, 1977).

oriented 1:‘1 a lamellar fashion, transverse to the septo- T w .
temporal hippocampal .axis (Hjorth-Simonsen, 1973). Thus . !
there is a major sequential projection system within the 2
hippocampal formation which is lamellar in nature and

involves perforant path -> granule cells -> CA3 pyramidal

cells -> CA1 pyramidal cells.

Physiology of the hi

Initial extracellular electrophysiological studies
)

reported the activation of hippocampal pyramidal cells by.

Morison, 1940), ‘?;uhaffer-collaberal.s or mossy fibers (Cr’agg

& Hamlyn, 1955) or commissural afferent fibers (Cragg & i

Hamlyn, 1957). Cragg and Hamlyn (1957) also reported the

activation ~of ‘the dentate granule cells by stimulation of

c‘he perforant phth. % '
Later inbra/Lelluisr and extracellular studies confirmed




the. excitatory nature ‘of .the hippocampal ‘tri-synaptic

c‘ircuit:‘ perforant path s grahule cells (Andersen, » o :

Holmgvist & Voorhoeve, 1966), mossy fibﬁrs ~> CA3 PYr‘amidal
cells (Andersen & Lomo, ,1‘966), Schaffer-collaterals -> CA1l

pyramidal cells (Andersen & Lomo, 1966).-, Detailed

bopograbhical mapping of stimulation and recording sites‘

4
!

"c’vnt‘irme,d electrophysiologically the. lamellar organiz‘a'ﬂon

of the inbra—hipp;campal circuit, Lomo (1971a) demonstrated
t;hat r:strici}ed =},1mulatian of the perforant path
monosynaptically activated a narrt‘)u band of granule ;ells
oriented transversely to the septo-hippocampal -axi
Andersen, Bliss and‘skreda.(‘l?ﬂb) »showed that the'
monosynaptic activation. of CA3 pyramidal’cells by the | u_
granule cells was also oriented similarly. Monnsyriapr.‘in
activation of CA1 pyramidal cells via the Schaffer-
collateral’s as well as the trajectt;ry of the CA1 axons in
the alveus were also found to be oriented transversely to
the septo-temporal axis (Andersen et al.,. 191‘1!:; Andersen,
o i '

Bland & Dudar, 1973).

A more detailed physiological account of the hippocampal
for_maiion will be restricted to the dentate gyrus, except

for the action of norepinephrine in Ammon's horn which will

be covered below. A comprehensive review of the " h]

neurobiology of the.hippocampal formation has recently been

i
i
i

published (Seifert, 1983) to which ;He reader is referred




Stjamulat.ion of the perforant path elicits'in the granule
Gells an EPSP followed 2-4 milliseconds later by ah IPSP
lasting some 100 milliseconds (Andersen et al., 1966; Lomo,
1971a), .
E)’(perimental studies have indicated that the excitatory
amino acids glutamate and aspartate are taken up (Storm-
‘Mathisen & Iversen, '1979) and released (Nadler, White, Vaca,
Redburn &.Cotman, 1977; White, Nadler, Hamberger & Cotman,
1977) in the dentate gyrus. Fur!hermcre, pharmaculagicsl'
antagonism of the perforant path evoked synaptic response of

the granule cells by antagonists of these excitatory amino

acids has been r;ported (White et al., 1977; Wheal & Miller, i

1980; Crunelli, Forda-& lzelly, 1983). These resuit:
indicate that glutamate or aspartate may be the
neurotransmitter released at the perforant path synapse.
Thus far the evidence favors glutamate as the endogenous
excitatory neuroiranamitter in the perforant path (Hhite‘ et
al., 1977; Wheal & Miller, 1960; Crunelli et al., 1983).
The de‘layed, long'duraticn IPSPs evoked by stimulation
of the perforant path synapse are .thoughb to refl‘e»cr. two

‘processes, As suggested earlier by Andersen et al. (1966) a
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component of the IPSP is a hyperpolarization produced by

_recurrent inhibition via basket cells, involving CABA and an
“increase in chloride conductance (Fricke & Prince, 1984).

However, a second component is .due to a delayed, late

calcium-activated increase in potassium conductance

(Thalmann & Ayala, 1982; Fricke & Prince, 1984). ./
: k]

Othér afferents to the dentate molecular layer are also o

excitatory in nature.” Stimuiation of the commissural and
sssociabional “afferents produce monosynsptic excitation of
the granule cells (Deadwyler, West, Cotman & Lynch, 1975;
Steward, White & Cotman, 1977; Buzsaki & Czeh, 1981).
Buzsaki and Czeh (1981) and Buzsaki and Eidelberg (1982)
have additionally suggested that commissural activation also
produces feed-forward inhibition of the granule cells. L

Another afferent system to the dentate gyrus, the septo-

‘hippocampal system, is also thought to, be excitatory.in

nature. Stimulation of the septal area produced activation
of the granule cells (Andersen, Bruland & Kaacia, 1961; Wheal
& Miller, 1980; Krug, Ott & Matthies, 19'80‘). and enhancenent
of .the perforant path evoked response (Alvarez-Leefmans &
Gardner-Medwin, 1975; Fantie & Goddard, 1982). . It has been
suggested that the excitation of the jranule cells by septal
_yrfere;ts is mediated by acetylcholine v‘ia muscarinic:
receptors (Wheal & Miller, 1980).although the modulation of :
the per:rorant path evoked response by sep‘tal stimulation was:

P
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found to be non-muscarinic. and non-micotinic (Fantie &
Goddard, 1982). : ‘ . -
The influence of the raphe system on the.granulevcells, .

however,, ‘1s thought to involve“serotonin and to be

inhiﬁitcry in nature.' Stimulation of the median raphe
produced. inhibition of unit activity of the granule cells
" (Assaf & Miller, 1978). Iontophoretic application of

serotonin’inhibits granule cells post-synaptically by
depolarizing the membra;e, probably via an incre'ase‘ in

chloride .conductance (Assaf, Crunelli & Kelly, 1981).  In
contrast to these inhibitory’ effects on granule cells,
“'stimulation of the median raphe produced an 1ncrga§e ¥n the
perforant path evoked response: of the granule cells (A;saf & 2

Miller, 1978; Winson, 1980; Srebro, Azmitia & Winson, 1982).
: N

Assaf & Miller (1978) have suggested that the 1r;creased
evoked response resulted from serotonergic inhihitio‘n.' But
since Srebro et al. (1982) observed facilitation of “the

perforant path evoked-reésponse by raphe stimulation despite:

depletion of hippocampal sarotonin,’ they suggested that the

facilitation observed was due to non-serotonergic factors.

The actions of the hypothalamic afferents,in the dentate

.gyrus remain unclear. Segal (1979) reported that

+ stimulation of‘ the supra-mammillary region produnéh E

B

" monosynaptic inhibition of the granule .cell spontaneous unit’

‘activity. However, Dent et al. (1983) observed at the-

P




ngyrus (Gall, Brecha, Karten & Chang,‘ 1981) but their
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electron microscopé lev{el that the‘a hy‘pathalamic términals. in
the dénbate gyrus formed synaptic’ contac_ts in the.
supragranular region uhich were typical of excitato;y
s:ynapsea, Thus t.his 1a|:ter report suggested an excitatory

acbion of the hypothalamic an‘eren‘:s on the granule cells in

contrast to the observatlons of Segal (73.19)
Various neuropeptides are also present in the dentate

gyrus. Substan'ce P (Vincent & McGeer, 1981; Vincent, Kimura

& NcGeer, 1981), cholecystokinin (Gréenwood, Godar, Reaves &
Hayward, 1981, Handelmann, Meyer, f;einfeld & Oertel, 1981), .
somatostatin (Finley, Haderdrut, Roger & Petrusz, 1981), :

angintensin II (Haas, Felix, Celio & Inagami, 1980) and

vasoactive intestinal polypeptide (Kohler, 1983; Luren, .
Emson, Fahrenkrug, Bjorklund, Alumets, Akansson & Sundler, “
1979) have been identified in the ‘dentaté,gyrus. However,
'tneir physiological actions “on granule cells have not been
demonstrated. . ! ) !

On the other hand, opiates have .been shg\m to produce
excitatory effects on the granule cells (Haas_g Ryall, 1980; .
Linseman & Corrigall, 1982) and are, pres‘ent in the dentate
s v
. physiological role remains unclear. It has also been :huyn
that the granule cells concentrate subcutaneously injected

tritiated cofticosterone (Gerlach’& McEwen, 1972) and that

systemically injected corticosterone produced a decrease in”



|

° spontanéous unit activity i: the dentate gyrus (Pfaff, Silva
& Weiss, 1971). However, the phy‘siologxcal role of the
corticosterone action also remains unclear.

The vhya‘iological action of the other major afferent
system to the dentate gyrus, the noradrenergic innervation
from: lacus: cosruleus, will be covered in detsil bslow,

‘ As mentioned above, there are also numerous 1ntrin‘s1c
neurons in the dentate gyrus, mastly in the hilar region
(Amaral, 1978). Although it has been suggested that some
-mediat.e feedback and feedforward inhibition of- the granule
‘cells (Andersen et al., 1966; Buzsaki & Czeh, 1981; Buzsaki.
& E'idglberg, 1982); there has not been any direct ‘
. intracellular investigation from interneurons in —the dentate
gyrus of this matter. Nor is it known whether any or the
\\ interneurons have excitatory actions on the granule cells.
. .
Function of the hippocampal formation

Although the rble ‘of the hippocampal formation in brain
*  function remains to be defined specifically, the evidence
< from humans who have undérgone surgical removal of the
htppocampal formation 1n1t1a1~1y ;pggested its involvement in
the eatgﬁliahment’ of long-term memory (chvule_ & Milner, '
_1957). Patients that underwent medial-temporal lobe

" resections ‘ihich ir’wluqed the hippocampal region showed
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severe post-operative nnterogra‘de amnesia Hif,h‘only partial
retrograde amnesia ,(Sc‘oville & Milner, 1957). Furthermore,

“bhe anterograde amneslls was still present 14 years following
the lobectomy (Milner, Corkin & Teuber, 1968). The
patients! perceptual and other intellectudl capacities,
including short-term memory, remairged-inhact ‘(Scoville &

. Milner, (1957; Milner et al., .1968).

With respect to animal shudie‘g_;’}_)x?—h‘ippocampal function,
tthy have recently been reviewed and integrated by‘D'Keefe\
anld Nadel (1978; 1979) in their proposal of the.hippocampus
as a cognitive map. The cognitive mdp theory is based on
the observation that hu;pncampal neurons are found to be
specifically ‘responsive to the presence ("place" units) or
absence ("misplace" units) of cues, or spatial factors, in
t‘heir environment or, alternatively, to be responsive to tl{e
‘displacement of the gnimal in its env!roqqent ("displace"
units) (0'Keefe & Nadel, 1979).

Thus, it wds ted that the hi (Amqon';

horn .and dentate gyrus) constructs and may store tognitiye
maps which represent the experienced spatial environment of
the animal (0'Keefe & Nadél,/.1979). © It was also suggested
that ‘the spatial map/memory system exists in humans but
because of lateralization of funurtion the hipponnmpns.of the

@ langﬁ'uu hemisphere is involved in semantic rather than

spatial mapping (O'Keefe & Nadel,.1979).
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Although ‘the process by which such m‘ps are. formed

remains undetermined, synapses in the hippocampus have been
shown to undergo changes in synaptic efficacy with- - . ]

activation. First, decrements in cellular responses

following low-frequency stimulation similar to behavioral
habituation (Thompson & Spencer, 1966) have been observed in
the granule cells (Teyler & Alger, 1976; Harris, Lasher &

Steward, 1978). And secondly, long-lasting increases in

cellular responses (long-term potehtlstion) have been shown
to occur following brief high-frequency stimulation of the

afferent fibers to the granule cells (Bliss & Lomo, 1973;

Bliss & Gardner-Medwin,. 1973) and to CA3 and CAl pyramidal
.
cells. (Schwartzkroin & Wester, 1975; Alger & Teyler, 1976). {

The long-term potentiation of the grénhle cell responses was

observed to last sometimes over two months' (Douglas &
Goddard, 1975). Although the cellular changes underlying X
s 1ong-.|:er:n potentiation have not been completely identified .0 .
) (see Swanson, Teyler & Thompson, 1982 for recent review) ‘
such changes hav;:. been suggested as téking place during the’
formation of long-term memory in the Hippocampus (Douglas &
Goddard, 1975;. Swanson et al., 1982).
The firing of hippocampal pyramidal cells has also been
shown to be correlated with, and predictive of, the |
a‘ondibioned response in. classical conditioning of the rabbit - . :

nictitating membrane (see Swanson et al., 1982 for review).
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This increase in hippocampal cellular resporises developing
with learning appears closely related to long-term
po‘t‘enr.iaticn and could possibly arise from such changes
taking place in the hippocampal circuit during learning
(Swanson’ et al., 1982):
3 2

receptors

¢ Noradrenergic terminals have been described in all
regiohs of the thpocampél formation including Ammnn"! horn
and.the dentate gyrus (Blackstad et al., 1967). The initial '
observations of Blackstad et al“ (1957) hdve beén extended: ‘
by Loy et al. (1980) using a more sensitive fl}l&rescence'
histochemical bechnlque‘ Hence, fluorescent fibers with
varicos}bies are observed in stratum oriens, pyramidale,
radiatum and lucunn‘sum-tndleculare -of CA1 region (Lgy et al.,
1980). In the CA3 ‘regior'l, the fluorgscent flbera.‘are also
present in matﬁm oriens, pyramidale and ‘radfstun 'but:, a R
distinct ‘plexus of fibers is observed.in stratun luctdun
(Loy- et al., 1980; Blackstad et al., 1967).

In the dentate gyrus some .fluorucent fibers and

terminals are seen’in the molecular and grunﬁ}.-r layers but

il
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a much denser piexus of fibers and varicosities 1.’ present
in the hilus (Elackstad‘\ et ‘al., 1967; Loy et al., 1980).
Within the hilus, the innervation appears denser in the
infragranular zone ‘(Blackstad et.al., :196"[; Loy et al.,
1980). Loy et al. (1980). observed that varicosities were
often clustered around somas or closely apposed to dendrites
of granule and pyramidal cells,

Loy €t al., (1980) also reported that the noradr rgic

fibers originating from the locus coeruleus-and projecting
into the dorsal noradre}gergic bundle enter Ammon's horn and
the dentate gyrus via three pathvays: fascieulus cingull,
fornix and -ventral amygdaloid bundle-ansa peduncularis.
“Specit.ipally, the dentate gyrus réceivea its 1hn=rva1giu;| via
the ipsilateral and contralateral fasciculus cinguli as well
;s' the‘“fornix arid the ventral amygdaloid bundle—unsaj_
peduncularis (Loy et al., 1980). . A similar diulribl;f:ion of
noradrenergic fibers in ‘Ammon's horn and the dentate gy‘rua’
was observed with immunocytfwhemical localization of '
dopamine-beta-hydroxylase (DBH), the noradrenergic
syntk}e:izing enzyme which converts dopamine to
norepinephrine (S»i.anson & Hartman, 1975).

With respect to the topography of the »locua‘coeruleus
+ neurons projecting to the der\xtate gywus, a recent report
) iﬁdieatea th.at the noradrenergic fibers originate mostly

{rom neurons of the dorsal par: of the locus'coeruléus

65

Zudi

T




. o (Haring & Davis, 1983). Furihermore, following double-label
injections into septal and temporal dentdte gyrus, some
(locus coeruleus neurons were doubly stained (Haring & Davis,

1983).° Thus it appears that the locus coeruleus projections

to the dentate gyrus are divergent in nature with
r;ollaberals of the same neuron innervating both septal and ' .
temporal poles of the hippocampus. &

Ontogenically in the rat, noradrenergic axons appear in ,
the CA3 region at emhryonlc ‘day 18 and in the dentate gyrus ,
at postnatal day 4 (Loy & Moore, 1979). The maturatinn of
these afferents is relatively rapid and the innervation
Jpattern is f;irly complete throughout those regions by
postnatal day 10 (Loy & Moore, 1979). 3
At the electron m‘jcro;nope level, the noradrenergic
terminals ‘havevlheen examined in the dentate gyrus with the

pemangsnate’-‘-’élynxyuc acid fixation method-(Koda & Bloom,

1977; Koda, Wise & Bloom, ‘!978' Koda,\Schulman & Bloc‘ﬁ\

b R b

1978). -The small granular vesicles that appear with t(ﬂs

method are chnugh: to ‘be ‘the ultrastructural correlates of i

¥ aldehyde-induced fluorescent noradrenergic varicosities
o (Koda & Bloom, 1977). The disfribution of boutons
Noa, containing smallgranular vesicles in the dentate is similar

to that previously described for fluorescent fibers. " A . :

_ greater number of boutons are observed in the hilus,

|
{
H
!
particularly in the infragranular.zone, and fewer boutons 3 . ]
’ .
. 5
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are found in the granular and molecular layers (Koda &

-Bloom, -1977). Proportiomally, the molecular layer contains

approximately a sixth and the granular layera third of the
small-granular bouton density of the hilus ‘(Koda & Bloom,
1977 . ' :

5 : | \
Although the permanganate method does not sbair; synaptic

specializations prominently, synaptic profiles were assessed "

by the presence of a thickened or parallel contact with a
dendrite in aa:oclatit;rg with an aggregation of vesicles nea}_
that contact (Koda, §qhu1mnn & Bloom, 1978). ‘It was found
thgt about 20% of the noradrenergié boutons 'in ihi molecular
layer and hilus formed such synaptic' contacts (Koda, :
Schulman & Bloom, 1978). .

yThis proportion L;as similar to that of .ather non~-
adrenergic boutons in the dentat:c gyrusv (Koda, Schulman &
Bloom, 1978). Although this estimate was not achieved with
serial seationing and prcvldesl only an indirect estimate, of

synaptic contacts, it suggests that some noragrentrgic

" boutons make specialized contacts with postsynaptic

structures insthe dentate gyrus. Olschowka et al. (1981)
reached a similar conclufiun using non-serial dopamine-beta=
hydroxylase lmmunocytocixemixtry, although no details were
given about the distributsén and the density of the
noradrenergic varicosities they observed.

Biochemical measurements have conrirn;ed the presence of
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norepinephrine and dopamine-beta-hydroxylase as well as
noreptneéhrine uptake mechanisms in Ammon's horn and the
dentate . gyrus as a whole (Heller & Moore, 1968; Zignond, -
Chalmers, Simpson -4 Wurtman, 1971; Thierry, Stinus, Blanc &
Glowinski, 1973; Ross & Reis, 1974; Storn-Mathisen &
Guldberg, 1974). These parameters are reduced by 50-80%
following lesions to the medial forebrain bundle (Heller &
Moore, 1968), lateral hypothalamus (Zigmond et al., 1971),
locus coeruleus (Thierry et al., 1973; Ross & Reis, 1974) or
fimbria/fornix superior and cingulum (Storm-Mathisen &
Guldberg, 1974)w l-“o}leulng transection of the three
'noragrenergic afferent roputes, _{1mbris/rorn1x superior,
cingulum and amygdaloid, hippocampal noradrenergic uptake '
was completely suppressed (Storm-Mathisen & Guldberg, 1974).
Such studies suzge‘st that the endogenous NE and dopamine-
beta-hydroxylase levels as well as NE uptake mechanisms in
the hippocampal formation are derived fron noradrenergic
terminals of extrinsic origin, i —
Hore recently, ho’ueveﬁm biochemical.assays of more
discrete areas of the hippocanpal formation have been
carried out (Loy et al.,, 1980). .At the septal end, NE
content was found to bs greater in the dentate gyrus (36.13 J
ng/g) than in Ammon's horn (201 ng/g). Similarly, at the
‘temﬁoral end ‘the dentate gy‘rus contained more KE: (642 ng/g)
than Ammon's horn (346 ng/s) (Loy et al., 1980). Thus,




throughout the hipyocampu:, the dentate gyrus: contained more

% 8 NE than Ammon's horn and the cemporal end contained more *

than the. septal end (Loy'et al., 1980)." Bilateral lesion:

| 'of the locus coeruleus produced a’88-90% d:creas: in the

endogenous NE levels in Ammon's horn and in dentate gyrus

i

(Loy et al., 1980). Selective deafferentation indicated

that the dentate gyrus .receives mogt of 41t= noradrenergic . i

innervation vig the'ipsilateral cingulum and approx‘imr:ely g
' equal contributions via the fornix, amygdaloid bundle-ansa

peduncularis and contralateral cingulum (Loy et al:, 1980)."

Histochemical visualization of monoamine oxidase (HAO),”

an enzyme involved in .the metahnli:m of norepinephrine and

other manoamnes, indicated a distribuuan of the enzyme

different rram the noradrenergic innervation (Mellgren & R |

Geneser-Jensen, 1;72‘ Geneser--lensen, \973) In the rat,

the MAO dlstribution is denseat 1n the hilus, almo'st‘ absent

in the granule cell layer and homogeneously mod;ratg

throughout the molecular layer with a denser supragranular

zone. (Nellgren & Geneser-Jensen, 1972). The MAO"

distribution in the guinea pig dentate.gyrus is similar but.

much more stratified, especially in the molecular layer with

e a dense suprigranular zone, weaker superficial layer and

almost unstained intermediate zone (Geneser-Jensen, 1973).

E ,The relative distribution of’ noradrenegic ‘r‘eneptora in .

P Ammonés!hS;In apd the - dentate g}rus remains controversial.




Using 'a.fluorescent beta noradrenergic blocker, Atlas and
Segal: (1977) reported that beta receptors were located
“aroun’d cell bodies and proximal basal and apic’al dendrites

in strstum oriens and pyramidale of ho:.h CA3 and CA1

- reglons. In the. dentate gyrus they reported less beta
receptor fluorescence in the hilus than in Ammon's horn and
still less fluorescence in the granular and molecular
reéions (Atlas & Segal, 1977).

However, using ‘radicugand binding methods, Crutcher and
Davis (.1930) reported an approximately equal density of. beta

.“adrenergic E_ec‘e‘pg:_nra :in_Anmon's horn and the dentube‘ "gyrh!.
In Ammon's horn the beta receptors were.found to be
uniformly distributed in stratim pyramidale apd radiatum

" (crutcher & Davis, 1980). In contrast there were 30% more
alpha binding sites in the dentate gyrus than 1n'Ammon‘s
horn (Crutcher & Davis, 1980), In the dentate gyrus, the

concentration of alpha receptors was found to be tuicq'that

of beta ndre}.ér‘gic:_reeepters (Crutcher & Davis, 1980). Thus
it appears th.at the distribution of beta adrenergic '
receptors differs from the pattern of noradrenergic
: '1nnerva1:ion in the hippocumpal rarmation. The‘di_atrihutiun i
e of alpha receptors, hcuever, appears. more similar to the s g
phttern ‘of innervation. More rece‘ntly, Rainbow, Parsons and
Wolfe (1984), using quantitative autoradiégraphy, have
" evaluated the dlat’ribution of beta-1 and beta~2




noradrenergic regeptors in the Vhlppocnpll i‘or-auon. They
reported asgreater percentsge of beta-1 receptors (60-90%)
in all hippocampal arvels (Rainbow et al., 1984)> In the’
septal pole of the dentate .gyrua the proportions were —751
beta-1, 25% beta-2 whereas in the temporal pole it was 85%
beta-1 and 15% beta-2 (Rainbow et al., 1984).

With respect to the,‘;—elaase ni‘ norepinephrine .in the .
hippocampal formation, it has héen =tudied‘1n synaptosomal
preparations from Ammon's horn and the dentate gyrus (West &
F’lllenz, 1981; Fung & Fillenz,r' 1983). Narepinephrl’ne is
released from h_tppnclmpul :ynapm:oﬂe:l in a calcium-
dependent fashion spontaneously (Fung & Fillenz, '1903) and

in response to increased extracellular potassium (25-60 mM)

) (West & Fillenz, 1981; Fung & Fillenz, 1983). Furthermore,

GABA was found to increase the spontaneous release of NE,

whereas it decreased the potassil:ln-evéked release (Fung &

Fillenz, 1983). Fung and Fillenz (1983) have suggested that

the increase in spontaneous release is the result of an
1ncrea‘=e in resting calcium conductance because of the
depola{‘izlng presynaptic inhibition of .norldrgnei"gin
terninals via GABA-A receptors and an increase in chloride

conductance. The decrease in potassium-evoked release,. .

:hcuever, uu‘. proposed to arise from non-depolarizing

presynaptic inhibition of noradrenergic terminals mediated

by GABA-B receptors ;nd by a decrease in voltu(e-dependeht
5 . N,
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calcfum conductance (Fiung & Fillenz, 1983). 8
Reports of NE release from hippocampal slices indicated
that kainic actd (0.3 mM) also” evokes a calciun-dependent
i-el\eaae of NE although 20-fold less effective than potassium
(H0mM) (Nelson, Zaczek & Coyle, 1980). Electrical field
:\;Xmulatian' also produces acalcium-dependent release of NE -
ﬁhich is inhibited by alpha-2 adrenergic agonists and by an.
adenosine analogue (Fredholm,” Jonzon & Lindgre_n, 1983) .
Thus it appears from release studies that.evoked -
norepinephrine rgl'ease from noradrenergic termihals can be
inhibited by mechanisms involving GAB;! adenosine or alpha-2
adrenergic receptors.
Physiological effects of norepinephrine on hippocampal
pyranidal cells
Initial reports of iantbphoretic application of NE near
hippocampal pyramidal/ cells deseribed a suppression of the
‘ spontaneous and evoked activity reoar&ed extracellularly in,
‘the anesthetized cat (stefa;ds, 1964; Biscoe & Straughan,
1966). '
ll.sf.er reports’ confirmed the suppr'essant‘ effects on the
spontaneous actiyity of pyramidal cells with '
iontophoretically applied NE (m;ni & Bloom, 1974a) and

locus coeruleus stimulation in anesthetized (Segal & Bloom,




n

197‘")) and awake rats (Segal & Bloom, 19763' 1916b). The

auppressant ef fects of NE were relatively long-lasting and
" outlasted Lhe period of iontophoresis or locus coeruleus . w0
stimulation by 5 seconds to 6 r;xinucea (Segal & Bloom, 197%4a;
1974b): Tt avake, restrained cat, Joous coeLEEs | o
stimulation also producéd suppression of spontaneous .
“activity (Finch, Feld & Babb, 1978). o i

Intracisternal 6-OHDA injections abolished the effects

.nf lncua coeruleus stimu.lation (Segal & Bloom, 1974b; 1976a;
1976b) but not of 1ontuphure=is of NE (Segal & Bloom, - ’
yo7ush, e supitisnang sbeiy of e oRES I Ly  wpLLe ;
' NE -and locus coeruleus stimulation in anesthetized rats i
could be blocked by a beta .adrenergic antagonist‘(so‘tnlol)

and augmented by the NE uptake blocker ‘desnethylinipranine
(Segal & Bloom, 1974a; 1974b).  The suppressant effects of :
‘NE iomtophoresis could be mimicked b‘y iontophoresis or'_cAMP ¥

or dibutyryl ;A.EP‘ (Segal & Bloom, 1974a). lj‘rcyq these ' %
studies it appeared that.the effect or_NE on hippocampal

pyr_‘an}idal cells was inhibition mediated via a beta receptof
and involving cAMP, : - P

Experiments with _intracellul'a‘r reeord!nga" from pyramidal

cells have ylelded conflicting data concerning the cellular
; o Sy '
mechanism of action for the supprigssant effect of NE.
" 2

Herrling (1981) observed a hyperpd‘;arlzauon of the membrane % el

nnfzompanigd by a condudtance du\xi‘ease fellow,ing

. :




" ‘hyperpolarization

_that NE decreases an inward Ca'-Na' ourrent, thereby -

decreaaing ‘anomalous recnfieanon (Hotson, Prince & .,

P ™o
- *

iontophoresis of NE in the in vivo cat. Synaptically-evoked

EPSPs were also observed tovincre'ase in amplitude during’
iontophoresis of NE (Herrling, 1981),

In contrast, in the 1n vitro, hlnpocampal slice‘ Segal

(1951) and Langmoen, Segal.and.Andersen (1981) reported a
‘!nf pyramldal/;ells accompanied by an
incredse in memb;‘ane conductanca following a "microdrop" -
(topital) applicatioh of NE. These membrane effects vere )
present in loy calcium medium and thus the effects of NE

were suggested to be post-synapt_ic,tn nature (Segal, 1981;
Lengmoen et al., 1981). In normal medium, synaptically-
evoked EPSPs were either increased (7 cells) or decreased (8 7
cells) (Langm‘,oen, et al., 1981) or were moaﬁy aenreaa.ed : ;
(Segal et al.! 1981). Since the hyperpolarizing effects of
NE were partly sensitive to eitracellular chloride R
ccncentrétion and partly sensitive to ouabain, Segal (1981)
suggested that NE activates tuo mechanisms, an increase in
chloride conductance and an ‘ increase in sodium-potassium

pump acfivity. ’ '

On the other hand, Langmoen et al. (1981) have suggested " e
24+ " !

Schuarbzk"oin, 1919) and resulting in an apparent increase

in o . A 1 recurication in e

pyramidal | cells is thought to be ‘medtated by’ an inward GaZtl




* current which increa:e: with membrsne depolarlzation and

ool Hhich produces an apparent im:rease in membrane* resis:ance .

by adding to the voltage change cause&hy an. 1ntracellular
“-ourrent pulse. (Hotsom et al., 1979). !

[+ More recently, fanilihatory e!‘fects of NE on ‘the evoked
activity of pyramidal cells have’ feen desoribed® (Hueller et i

al., 7980 Mieller et al. (1981) reported dose-dependent,

receptor specific, differentlal ‘effects. bf NE on’ the. - "\ .

synaptically-evﬂked firing of CA1 pyranidal cells as @ =5

-meaaured by the populatisn. spike ampncuae of field - ¢ . ; {

R patgntials in the .in vitro‘slics.  When added o the medium;. " . i
‘low doses ‘of NEg(5-10 pM) produced an inoredse in the evoked .

. ° . potential which was mediated by, beta receptors, while high

dosés of NE' (50 pM) produced decfeases in the evoked.

| ‘activity m meuiated via alpha r’ece;umrs (Mueller et al.,

. 1981)." It was suggested. that the beta-mediated tnorease in
excitabuity involved cAHP since EAHP derivatlves als
produced-increases' in evoked re;\ponses‘JMugller et al.,

1981). . § - B
Similar i'acilitatury effects Df bath applied NE have now 4
been reported for apohbaneo\us and | synaptically-evoked unit .
K

activity in the CA3 region (Otmakhov & Bragin, 1982), and ..

E ‘for synaptically ‘evokéd ‘Tield popentials’in the CAT region
(Anwyl & Rowan, 1984). Iontophoretically applied NE has

K : . “also been reported to facilitate synaptically evoked field
P e .




> potentials in the CA1.region (Marctani,

1983). Segal -(1982) reported that glubamate 1nduced %

‘Calabresi; Stanz

& Bernardl, 193‘;)

N The facilitatory efféets of NE.on the. dyoked: accmcy of

! pyramdal cells have also been observed, intr cellilarly’ m‘

vitro (Segal, 1982; Madisomi “Nicoll, 1982; Haas & Konnerth,

membrane depolarizations are augmenked by “iontophorésis
NE,"or of beta agonists, on' the pyramidal cell soma’ but. not
‘oni_ the dendrites. The NE effects weré not accompamed by

any.-systenatic or major ‘change in membrane polarization or’

resistance (Segal, 1982). -

Madison and Nicoll (1982) and Haas and-Konnmerth (1983)

ﬂr,epon'ed ‘that in-the ‘in vitrg sYice the pyramidal cell

firing evoked by intracellular depolarizing pulses or by
extracellular. fontophoresis of glutamate was augmented

e
during bath application of NE. It was observed ‘that NE

produced. a décrease 4n the calelun- dependent’ potassium

conductance meduung the lste hyperpolarization (Hadison &
Nicoll, 1982; Ha_as' & annertl:\, ‘98&_ Thus by decréasing
the late hyperpolarization. which normally inactivates the
cell’ firing, NE produced ‘an increase ‘in ‘evoked firing. This
effect of NE 15 thought tg be mediated following the entry

of calciunm into the pyramidal eells since calcium spikes

récorded intracellularly are not affected by NE (Madison &

Nicoll, 1982; Haas & Konnerth, 1983). Additionally, the -
x i o

i »/
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SATIE . ‘facilitatbry effect of NE was found to be mediated via beta 1
h reeeptors (Madison & Nicoll, 1982; Haas & Konnertﬁ 1983) <
. % and could be mimicked by cAMP dertvutives (Madison*& liooll, i
. z i
et it 82 % . 4. s
B oF0N B sl : T o4
. : - Thus, to summarize, in Ammon's horn, NE.appears to k|
S . 3
produee dose- ané receptor-dependent erreubs. Low ' doses of [

NE . pruduca facilitatory ef fects” "ok pyrlmidal cells ‘via beta

receptors and poanbly cAMP. - At the ceILullr level thi:

e toiiivaid

facilitation of rxrin}; appears to be' caused\by @ reduetlon e

.
of the calcim-dependent potassium conductance mediating the & - 2

late hyperpollriution. +gh doses of NE prouuce a
suppressant efl‘ecL on pyramidal cells via alpha receptors.

The cellular necnunum of the snpprcannt efféct remains e
unclear, both conductance increases and depreases have bee'n . N 2, .
_observed and at least thref ‘-ech:nims hny: been suggested: :

4,;

an activation of the sodidm-potassius pump,’an increase in. -

chloride conductance and a decrease in -anomalous v

[ ‘rectification. 8
. . - : iy P

- In compurlson tn _some other brain areas, nme is known
lbcuc the yhyualaglcal efflects of NE-on the dentate granule

cells. An 1n1t1nynb§trnut: reported suppressant effects of |




. ,dantate\granule cells has'also been evaluated‘ \Ina "

" abolished by
. bundle which depleted 914 of hippocanpal noradrenaline N
" .(hgsaf €t al., 1979).

.. 398 of .the cases had not recovered “to cnn_trol leyels 30. : .,

NE on.the spontaneous and evoked activity of neurons.of the Ty
" dentate gyrus (Stefanis, 1964). Later, Segal ‘and Bloon

‘(19763) in' the course of their 1nvesugation of the effects .

_.of 'NE on hippocampal pyranidal- oen:, “reported ~that locus
'coeruleua =t1mulaﬁ-on inhibited the spontaneous activ!b/y\of
- most excracellularly recorded hlppocampal cells, including ' B -

caus ‘from the dencace gyrus. S : L

Houever, more recently, the e!’fect q&lE on identitied

conference reporty’  Assat, Mason & H!ller (1979) lobserved
that’, stimulation of the locus coeruleus augmented the
synaptically evoked firing of the granule cells as measired -

by the amplitude of the population spike of the. evoked:field

; v
potential. . Dendritic potentials representing the summation

of EPSPS were not altered. The increase’ in evoked| dell
i < .
discharge following stimulation of locus coeruleus.was,

HDA injections. into the dorsal noradrenergic

In a more detailed account, Neuman and Harley. (1983)
reported that -iontophoresis of NE also augménted the
amplitude of the evoked. pup\}latian spike representlng the Sl 1

synaptically evokdd Tiring of the granule cells: Jhey.

observed a.20-400% increase in the evoked_ response which in \




- {ontophoresis of NE did not affect the Synaptic potentials

_subsequent enhancement of the evoked. responses’ to perforant

2 . % ! o " 2
minutes after the ianbophoretic appncation jof -NE. In. some

.:mstances theeffect was rollowed over a long period of .time

aﬂd bhgenhancement of the evoked response \was - shown to ﬁast

as long as eleven hours (Neuman & Har}ey, 1983).
Characteristically, the loné-lasnng errects developed
as a cuntinaus, au:tained increase in the minutes rollnwing

the 1ontophor=tie application (1-2 minutg] reacnins a

‘plateau after.{5-30 ninutes (Neuman. & Barley; 1983).

. Sumetimea hcuever, the 1nnrea== was. slouer nnd more grndual 3

athieving & pisteau only 3'hours sfUel the loAtophorstis i

appliGation (Neuman &.Harley, 1983). Typically,

(EPSP), althouzh this was not systematically evaluated

(Neuman i Harley, 1933) 5 Prelim;nary evidence indicated

that “enhancemen Fproduced by NEiqa'?prop'aihlyTep;ma
betd adrénergic receptors.(Harley & Neuman,. 1980). AL
’ Preliminary reports (Harléy, Lacaille ‘& Milway,  1962)

indicate that locus coéruleus étimul’at‘mn c;n produ_‘ce an

.enhancement of the "pﬂ'f’orant path evn'ked. bopulatinn spike "8 =
indicative  of an enhaneed‘evo_ked firing of ‘the granule Ny s
sells. Firtheroré; with sufficilent repetition (50) of the

paired locus coeruleus.and perforant path stimulation, the

path stimulation alone was observég to last for more than 30

minutes in- 60% of the animals tested (Harley et al., 1982).
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Thus, it .wolld appear. that the effect of:NE “on dentate

granule cells'in.vive is to increase their firing in

Sl

re:ponse to synaptic activation. Furthermore, this, =~ * . 3

i : faci ftatton of ‘the granule ca;l response 13 often, 1ong~ A 3

8% : o _lasnng. Prelihinary evidence auggests the involﬂnent of ", y 3‘

i “beta receptors, < N Y ‘ '» Lo j

i ' B ‘. i ’ ,. 5 T I
i

The main ehjecuve of this =tudy ia to characcerize the .

erfect of nor:pinephrine on the evnked response/a_of t:hef

ey v S dentate granule celis using ‘the in vlcro_hippocampnl slice, e

.+ preparation (Bliss & Richards, 1971; Skrede & Westgaard,

U 19713 Yamamoto, 1972; Schwartzkroin, 1975} Dingledine, - fp 0

3 Kel‘l.y,ll‘iﬁé). . 38 e Ty B )

The in vitro slice’ preparation 15 used because it offers -
the fO'llﬂHing advantages.. The ettracellular space is
§ * direccly accessible to the experlmenter and thus drugs Such
. a= NE and various adrenergle agunists and antagonists can be
" applied directly in the superfusion medium at a prenise

.conaentnuon. The condimnn of the slice {is under the "

.(control of the experimenter, hence secondary d;ug en‘ecta
;;-elned to changes in hload pressure, henrt rate,
temp:ratnre or ane:the:ia are elininated. Finally,‘

stimulating and recorung el_ectro_des can be positioned in




- eb‘e slice

s placemenb

under visual control thus permitting the precise

of electFodes within specific areas. )

However, the slice preparation ulso has‘its umitutions.

The cefls ars removed: from their | mormal CNS environment. and.
"there is'a progresswe metabolic run-doyn of the =1iue.

<7 The evnked responses of grnnule cells will be, recorded
electrophysiologically u:ing extracellular Tleld potentials.
This method is used because it orf:ra the aﬂv*ntage of *
aimultaneoualy m.earsur}ing evoked EPSPS and evok\ed Bct_ion

potentials in Populations of granule cells. Thus.the

effects of NE will be assessed in terms of 1ts sctiomon
synaptic activatian as uell :as on the firing of granule
dells. Wit reference to the physiological effects. of NE on

the dwked rd

&

fes_of dentate grunule cells, avﬁ\:%m e
‘objestive of this study will. be to , examine ‘the incid¥ce of ©

1ong lasting NE effects in vitro. Thus, the effects of NE

Hlll be Systematically recorded for 30 minutes fulloving “the
application of NE. ¥

Other objecbives of this study aim’to characterize the
,mechani:m dt action of NE: |

1. To identify pnarmacolegfcany whieh\g\y«pe\K

nurenergic receptor (alpha and/or beta) mediabes che eM‘eets

* of NE on the granule cell responses, Therefore, exgeriments N
will be ,condunhed with' adrenersic»agnnists (phenylephrine

and 1s§§r9terenoi) and antagonists (phéntalamine and




'timom). i . : .
2, To evaluate whether NE produces :nppre“ssant and/or .
racllitatory effectsfuhlch are dose- dependent. Thus KE will"

Lot bes applled st différent concéntrations - 200 pH) in'the - -

F :up!rtusxen medium. B E

3. To determine “the relations 1p betueen synaptically r. - \ X

evoked EPSPs and dction potentials’ in granulekcellls and to o,

examine how. NE affects this relationship, Therefore, 'the LA

1 i
normal relationship will be measured and the effects of NE

on_these parameters will be evaliated. 1
i To ‘examine whether NE atters the excitabllity of
'granule céll 'somas. ° Thus the eft}cts of NE:‘on the
antidronidally -eyoked responses ofithe.granule cells will % ’
examined. | - C N S A e

5. To determine whether concurrent evokéd activity of -

.- 'the ‘granulé’télls is necessary.for the -effects of 'NE':-to take

place. Thus NE will be'applied in the superfusion ‘medium |

with afd without concurrent’ perforaft path stimulatior.
6. To evaluate the ef{'e;uts' of serotonin on the evoked
+ " response of the'granule cells and to compsre serotonin .
“effects with those of ME Thus serotontn wj1l be applied in .
the superfusion medium and the effects on pe;g'oran: path L

evoked responses will be measured. . 4 K




L. albino ral:: male (n 197 or female (n 2) ‘weighing '250-300

grams. ‘The rats were ohnined either from the Herwyial
|
University breedin; colony or from’ Charles River Inc.,

. Quebec, and’ were hou:ed in the Anim-l Care Unit, Faculty qf' b W

; Medicine, Hemor_ial University of Neuf&undlan_d.

chlmbe hsaed on the deaign of Haas, SchBerer and Vomanqky
(19 97. The design was nodified to accomodate subnié‘i%ed ;<

¢ N slices an a similar manner to Corrigall and Linseman (1980 : Vv

chamber Nith a 11d into Hhich bhree racnrding chambers were

The slice 'perfusion' chamber was built of Plekiglass by~ ., i

W ’,‘echn!.cal Serviges,, Memorial JUniversity and is 111ustrated - f
ne in Figires A-1'to A-d in Appendix A ) ' .

/ - The perruaion chamber aonsisted of an en‘closed water }

4

i

5 ) machined. Thc usher chamber was' filled bo three nuarter:




f {th distitled water which was

\maintained a'z'37' 5£0.5

|

|
|

Appendj.x B.V The temperature probe was a tuu-terminal 4

integrated circult temperature. tran:ducer, model ‘0 590,
rrum Analoanevices. ’

‘A 'mixture of 95 oxygen/5% ‘carbon ‘dioxlne was bubbled 3
thraugh the uazer chamber, The humidified” 0 /Co was then .

“led via uir holes to Y.he recording chanber tu pruvide a

uarm, humidifled Wrce of oxygen to prevent drying c!‘ the

slices. Polyethylene tubing (inside diameter 1.02 qm)

running in the yater chamber carried the érci!‘lcial

cerebrospinal fluid (ACSF) by (grnvity from a storage )
&Y

container to "the; reaardlng chamher while warming it to a

final temperature of 35.5 & 0.5 degrees.Celsius. Solution

flou rates were monitored with a:Gilmont (size no.12)

precision floumeter. Different solutions could be selected

fur aupprfusion with\a two-way tap. X Prior to superfusicm,

;olution: were continously bubbled with O /co while warmed

_to 40, degrees Celsius to prevent bubble rormution ‘in 'the

recordipg c’ﬁa}lber. il y e
% e { v :




Only. ofie of the three. recording chambers vas used at a
time. Polyethylene tubing carrying the superfusion medium

was Ied- into- and out of the water chamber via the-air hales

of ‘an adjacent recording .chamber. Air‘hoies from - the unused

-recording chambers were blocked to avoid 0,/c0, leakage.
B “ The .recording chamber consisted of a Pléxiglaas inner

resting, stage: with fine nylon net (N};;ex) on its’' surface. apd

a Plexiglass outer syuare frane with nylon net on its

’topmost surface: The slice was laid on the imner résting

1
1
4

‘- stage which was then inserted into the outer square frame

thereby creating a 500 micron space between the two nets.
*/This spac‘a ;:ontaining the =11?e ué: then filled with A(gﬁ,
(see Figure A=3). * N T, J® o
The superfusion medium was supplied-to the recording

chambér- by positioning the end of the po;ye:hylene-tuhing

with micromanipulators onto the' topmost nylon net and
n ‘continously supsrfusing at & rate of 426 milliliters.per
minute (graviéy-fed). Theyyperf;uion medium exited ‘the
: " recording chamber by capillary action along the nérﬁém net
: ' ‘which extended over the edge of the 1id (see. Fi_gur{jl-;)_.
: Usually filter paper e ‘lao used’on and/or under the nylon
4 Shet to increase the m;pfl].ary draw over the t_adg'e of the:
)_ recording chamber. A s1idirg covér was maintained as much

A\ y
as. possible over the slice to prevent drying of the slices.

w e




doated tungsten microelectrodes (Fi Haer Co.) with shank

_‘Hunopcl;r £i6ld potentials were Fecorded: with '}-éspect to:-
2’ ground ‘electrodt in the recording chamber.” Monopolar
recordings vere made with mieropipettes pulleﬂ frDm Omega
Dot eapxllarxes (1.2 mn0.D. x b in. ) fi].led With 3M NaCl.

Size nr the tips ranged from 5-15 nierons and ‘impedances

were'0.4-1.8 megohits . g w g S

“The ‘electrophysiological l‘ngn's') vas differentially
amﬁllfied (WPIL, model DAH;SA) at a handv‘zidth of 1. Hz to 3
KHz and then displayed on a ‘stirage vathode-ray oscnlascope
(Tektrnnix, nodel R5031). The amplified
electrophysiulcg}cal signal was also sent to a

microprocessor-based systém for analog- to ,digj.ta) C(A-D)

"conversion, signal analysis, digital to aalog (D-A)

conversion and subsequent ur1te-ou§‘ar' the amplified v‘:_unal
on an ink~pen. r_ecqrder (Beckman, model R-411).

- Sliées were: electrically stiimiaated with bipolar Teflon<
diameter of 0.010 inch, blunt tip profiles, an exposed tip
length of 25 microns anzi tip separation -of 100 micr’ons.‘
Hphasie Gonitantiioltage SCMMETLHE pulses were Eenerated”
by an Ortec stimuldtor (model '6710) and 1snlated from ground
by’ Grass stimulus isolation \mlts (model SIU5). Stimulation-

pulses were also led to a level slicer (BRS, model LSZO!),

- K « " . e
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B ‘han nxnroprocusor aystems uere ugd in the: course at‘

the expsrin\::c/. In(tiany, a ZBD mieroprcusanr (Exiﬂ e
)

model’ Sorcer mith 48K of ,mqlary was. _uaed J/.n oon_]unuti_on

with' either

The A<D and D-A’conversion was done with an'8-bit conyerter

. with 2 A-D and’one D-A" channels fH::dél Ratzapper) built by

the Center for Engineering Design, Department of ~ . .

Engineering, Memorial Unlvers’i:ty. '

The second microprocessor- used ‘was an 8086: . ~ ,*

_microprocessor (Séattie, model Gazelie 1) nEh 8- xncn dlak

drives (Ou-e, model Data Trak 8)-and IZBK ur nelory.

v convu;nr was a.12-bit, 16 channel converter (hcma»r.'

model -,TI‘-AD_z!Z)_ with timer and' counters and the b-;@ %

convertér was a 12-bit, i channel convertef (Tecmar, model

TH-DA100). Additionally with this system, a dot-matr:

“printer (Epson, model MX-80F/T) was uned for* on-line pribt-

out of data analysis,,

‘a‘tape recorder oF disk ‘drives for data storage.
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A11 solu\:i.ons were mixed on ‘the dsy of the experlment.
The ar‘tificial cerebrospinal fluid- (ACSF) was the same as

that used by Yamemoto (1372) ‘for’ submerged slices and

. ~
consisted. of (in mM,” final concentratxons) Na(:1, 124; ](Cl,

5;CaCl g0 245 KH PO, 1 zu MgSOu, te 3 NaHCO

26; v

3.

+"‘For the dose response experiments, stock solution: of NE . -

_were mixed fresh before each.experiment. NE was dissolved
at a final concentration (1, 5, 25, 50, 100 & 200 pM) in
pre-oxygenated ACSF ‘and “°‘ﬁ°‘? in a refrigerator., Fifteen
minutes prior to bath applica'tian, the solution was l:armed
t6 room temperature in a water bath and cc.ntinuously bubble_d
with 0/co,. N )

Fdr a11 other axperiment! conoenf.rated drug solutions
were mixed and a%ored in a refrigerator. Befere applitation
they were ‘diluted to their final concentration with warm,
oxygenated ACSF." ‘Norepinephrine (NE) (Sigma, l-srt_erenol)
was génerally mvix.e'dnat 300 pM in 0.01% (w/v) ascorbi‘c acid
(Sigma) in ACSI-“. .Timolol (TIM) (C.E. Fr’o:st & Co:) was
mixed Ee 150 pM ‘in. ACSF. Phentolamine (PAQ (Ciba

‘Pharmaceuticals) was made up to 1.5 mk in ACSF.

. Isoproterenol’ (150) (Sigya, 1-fsoproterenol) was dissolved
,be 150 pM in 0.01% ‘ascorbic acid ACSF. Phenylephrine (PE)

A \
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(\glinthrop'l.ﬂboratnries_) was mixed vto 900 )IM or 1.5 mM i‘{
'ACSF. Finally, serotonin (5-HT) (Sigma, 5-

hyd}‘cxybry’ptaqlne) was mixed to 300 pM in ACSF.

-~

Hippncampal slices were obtaingd by a method similar to
‘the Vibratome method of Dingledine et al. (1980?.' The
animals were decspltated and‘the skull was e‘xno:ed.' U:inﬁ
rongeurs the dorsal aspect of the skull was removed thus.
éxpnqing the brain."\ méial spatula was inserted unde’r thé
brain and the cranial nerves were severed. The brain was
‘then removed from the 'skull and placed on a filter paper
moistened with AGSF at room temperature. 3

With the brain lying on its ventral side, a 7 5 mm thick
block of tissue including the left hippo_campus was obtained
by makir“\g two obligue near- and far-sagittal cuts wi‘t"h a
razor blade. Such cuts were nearly perpendicular to the
septo-temp;oral axis of tﬁe hippocampus. With the block o!‘
tissue lying on its medial side, additional ‘cuts were mad.e
rostral and caudal to the hippochmpus to remove unnecessary

tissue. The lateral aspect of the tissue Dblock was then

. fixed to the Vibratome stage with cyanoacrylate glue (Krazy
Glue). The atage and blnck n! tluue were then immersed in

the Vibratome (Oxford, model/ G) bath which was filled with

/
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ACSF at room temperature and bubbied uigh 95% 0,/58 C0,- At

-this pcint the prccedure was repeated:-to obtain a block of.

“"+ :tissue containing tne ‘right hippocampus.. . ©

The stage and block of tissue'were then.cfimped in the

bath with the alvear side of the hippocampus facing the’ 4 & g

V:bratome blade. prpocampal slices, transverae to (:he

septo-temporsl axis and 300- MOO nlcrons thick, were cut with :

the Vibratome blade advancmg at slow qued. After ‘each
slicef’ﬁas "cl‘lt'it was ‘transferred w;i‘l;h_";ui’de-bored pipette

* to a'storage beakér uhicki was fllled with ACSF at room ]
temperature and contxnuously bubbled with 0, /C0,- After the
lert hlppoca-pua had been sliced the procedure was repeated
!‘cr- ‘the rizh; one. Normally, 4-5. slice§ were obtained trom_
each hippuc‘ampus. From the time ofv-decapitatlun to
imme'rs‘ion of both tissue bipcks 1"n.,the‘VIbrartome hath the
procedure usually took less tl‘qan 5 ;nin‘utes. *The .salicin'g
procedure ‘af th‘e left hippocampus was generally finlsh:d by
15 minutes and that of the right one by 25 minutes post-
decapitation. The slices were theh anéueq- to.rest for an .-
hour in the storage beaker to overcome the trauma _of“ the

slicing procedure.

' . . ¥
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A slice was trahsre‘ru“d from the: storage beaker to'the -
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nylon net on the. inner restlng stage of the recording

) chamber with a wide bored pipette: «The slice was pnsition‘ed
with a fine paint bfush'and sometimes held down onbo the

stage with nonn string:. The lnner stage was inserted intov

Lhe outen square frame and pcsinuned ‘into the recnrdxng _-\

chamber uhere auperf‘usion with warm ACSF was s(:art,ed. The .
_ slice was then allowed to rs:t an additinnal 15-20 minutes
to permlt recovery from the transicion from cold to warm

medium. A e

+ The gic;oelectro&gs'uere lowered into the rgccr:ﬂi(r\g'

c._h‘amber throiigh openings in the nylon net and then
pu‘sitioned on- the slice imder visual ghidance with a.
disse‘&mng mieroscope (Hild model M7, magnification: 60- =
310). .Figure 3A 111usbratea dlagrammatically the placements
of the electrades in ) =lice. The record1ng~ microp?pgtte

% (REC). uas poaltioned 1n the granule cell layér. For “
orthodromic :timulation, bipolar stimulating electrodes (51)
‘were positioned in the ogter two- thirds of the molecui’sr
“layer and away .trom the recording electrode so as not to
‘stimilate directly the dendrites of .the recorded ceils. - For-

~-antidrnmie stimulation, .blpo]ar stimulating elecbrndes (s2) |
were posiuone; it SLFREUG: PASLARUR STVER3 6 snmha:e the
mossy " fibers.  In all’ experiments fielﬂ po}.entials were x

i evoked at a rate -of 0.1.Hz and only slices which displayed a

stable baseline of %evoked responses iere kept for 1,




Figure‘vg. Eléctrode. placement and evoked 1

Diagrém of the slicé with orthodromic (S1) ‘and antidromic.

(52) stimulating electrodes and recording micropipstte

7 =(REG).. B:. Example of an orthodronically ‘eyoked field:

: pot,ent:ii:

potentia

C: .Example of an ,;sntldromicaliy evoked field: 4
Asterisk (*) in B and C indicates spimulus:

artefact. See text for explanati







experiments, Slices with increasing or decreasing baseline

rpsponses ghich did not stabilize were dis arded. - Usually a

‘103 change over 10 minutes was easily hoted and slices were
f

discarded.on that basis. In a few cases the slice showed a
change in.evoked responses with superfusion of :ﬁe veklniclz‘
solution ‘alone.- These =lices-‘uére‘alsn discarded.

; Figure 35 is an example ‘of an orthodromic field
pntential recorded in the granule cell layer a!‘ter perfnrant
path stimulation.  Figure SUS an example of an antidromic
rleld potential recorded in the granule ‘cell layer after,
mossy. fiber stimulation. Smultaneous recordings of

extracellular‘ field potentials a d ‘extracellular unrc .

activity or intracellular recordings nave, demonstrated 'the
cellulst events underlying these field potentisls CAndersen,

Bliss & Skrede, 1971a; Lomo, 197|ﬂ). For ‘the orthodromic *

" field potential‘, the first, p‘caitivity ("#" to'b.in Figure

38) 1s termed the extracellular EPSP and reflects the
synaptic current. generated by intracellular EPSPs in a
number of granule Gélls. The first negativity (b t ¢ in

Figure 3B) is called thg population’ spike and reflects the

- number of granule cells dfscharging action potentials nearly’

synchronously. For the antidromic field potential, the

'nega'tivity (d to e 'in Figu‘re 3C) is the antidromic

population gpike alsc refleoting the number of granule cglla

firing action po@entiau nearlly synchronously. More

ol
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- detailed discussions of the membrane currents generating the
"field potentials and underlying cellular events have %

appeﬁred elsewhere (Aridersen et al., 1966; Andersen et al.,

ST 197187 197 1by Lomo, 1971a; 1971b; Winson & Abzug, 1978;

Jefferys, 1979).. - 4.

‘Data acquisition was basically the same wiéh-the two”
. microprocessor .systems used. Thus, the proc;dure.will be
.explained. only <for the Seattie-based systém. P
The computer programs ‘for ‘the uata acquisition and
analysis are included in Appendix C‘ ’l‘he_ language used was
e, st - " ~80‘B6 FORTH (Laboratory Microsystems) running under CP/H-Bpf"
(E.D.S.). The instructions' for the analog-to-digital and
e digital tn-analog conversions consisted of machlne language
{ subroutines: ° - C ] C N
For the data acquisition two apalag-to-digxtai chaﬁﬁeis

" were used. » One carried the electrophysiological signal and °

: “. the other a trigger signal from th level slicer.: The
; L analogsto-digital conversion was- done at.a rate of one pojnt
< every 75 microsecond:. :

i F PR . Flrst the trigger channel was continuously sampled t‘or

the presence of a trigger signal. Hhen a trigger signal was

found the analug -to- digital converter was multiplexed to the

|
|
/




i ‘other channel carrying the eléctrophysiological signal 'and . ,
5 . 5
the A-D conversion wis started.’ Two hundred and fifty six . ©

i 8 points repregenting 19.2 milliseconds _of. signal were thus

Sipas

digitized and stored in memory.

Following ofi-line data ana}y_sis (covered ip next
” sectiop) the digitized waveform was bhen"ccnvertedvbavck to a

e -voltage signal at a rate of 1 point every 29.4 milliseconds

&
RONRVOTNE PR
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(347Hz). The output of ‘the D-A converter was continuously-

plotted on an ink-pen recorder. . » |

_Q‘n..]jnlg data analysis . . . R r

4
. The data analysis consisted of not‘t:n- and off-1ine

€3

. ... analysis. The on-line analysis consisted-of the ’ . i

measirements of parameters of the digitized waveform and. the -

i off-line analysis comsisted of sbatlatical.analyses on these:’’
parafieters across .experimental situations. '
For the on-line analysis the parameters mea:ured were

the t‘ollowing. extracellular EPSP, population spike nnset \

latengy, population spike peak latency and population spike

amplitude. For both orthodromically and aptidromically
“IN‘ evoked respén:es\all pérametefs were measurjed although the.
EPSP and latency measurements.were not considered for the
N i sntidramiu response. :

.For the orthodromic respnnae the parameters ‘were
E 3
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measured in the following way. - For.the extracellular EPSP,

- kwo fnethods of fhewment were uied.. Fir‘st;, 'the an}:piltude

of the first positivity was measured at -a “;flxed latency,
after the stimulus ‘artefdct vand"bhe baéeliné neasurenént. was
'suhtracted from it (in Figure 35, ampliﬂlde of point a minus
baseline taken prior to stimulation). rThis parameter is.
re!‘erred tu as the EPSP amplitude. Houever, in ﬁhe course
of the experiment: 1(‘. was thought-that the EPSP :1upe
vmeasur“vement might provide a more_,pcwe‘r!'/ﬁl measureu{enp of "the
extracellular EPSP component. Thus, 1r’| the transition to

the sejcond microprocessor system the ﬂgcrlthm was changed

ed as the change in amplitude aver ‘the change in.time

and the peak of the first posltiviiy. With reference to
At . .
* Figure 3B the EPSP slope was measured as the change in
afplitude ﬂetweén point[s'b and a d!videﬁ by -the change in

time petween points b and a. Before an experimént, the time

at which point..a was measured wa§ ‘set by the experimenter so.'

that ‘the time interval between the two points (a and b .in
Fi‘gqre 3B) was approximately 1-1.25 milliseconds,

"1In the present experiments, the Mpure" extracellular
" EPSP uncoritaninated by the population spiké wasmot «
meusured. It is ucknouledged that the present EFSP

measurement from the compound signal could be altered by

re the extracellular EPSP slope. The EPSP-slope was

etween a point during ‘the rise time of the first positivity

i

AR,
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changes in’ the population spﬂle (sueh as decrea:es in onset

latency). Howéver, sincd the effects of 'NE on the

population spike were of primary interest, if was decided to..
: ) ;

measure the ext'récellular EPSP ‘rrom the compound signal as

‘an initial estimaticn or the. effects bf NE, on synupbiu

i potenuals. o . . ’ K

For the papulation ‘spike onser)eatency, the latency of

t’hev peak of the first positiwvity a!‘Ce\r the stimulu,s artefact .

was measured. »Nith re}erence‘bo"Figu}e 3B the population
spike onset 1a:ency equals ‘the latency b{ point b after.the
stimulus artefact nan, w R
For the populacion spike _ueak latency, b e latency of v
the peak of the ﬁrs&nezativiﬁ after ‘the stimulus artéfact
* was measured. In Figure 3B the peak latency of he
ﬁopulation spike equals the latency of poinf: e afte\r\;he

stimulus artefact "#n,

For t,he population spike ampl*ir,u'v{e, the'di»fference
he

first negativiw was meaa,ured. wuh reference to Fisure 3

the population spike amplitude..equals thg -an
b minus the amplitude of ﬁoint a.
For the antidromically evoked rl‘eld por. ntials- the.

* antidromic population spike amplitude was mea:ured as the ’
ampllbude diﬂ‘erence between the peak ‘of the firsr. :

nnganvny ohd basellne., With reference to F r\




e \
T 'antidromic population spike alﬁplitude equals ‘amplitude of
Point d minus amplitude of point e. . ’

This on=line analysu was perfcrmed after e:mh A- B

conversion of the signal. Thgn the résults. were displayed,’

printed and ‘stored for'batch dumping to disk, Finally a D-a

conversion took place' and a record made on the polygﬁ

In evaluating effects on'b‘evrt‘,orant,path'evoked responses
the extracellular EPSP measyres, the population spike onset

- )
"latency and thé population spike amplitude were considered.
N v

s

VWhen antidromically evoked tesponses were evaluated-only the

effects on population spike amplitude were examined.
- For statistical analysis, the data from a recording

- ‘session was transferred.from disk to memory'. 3

For a‘given experimental manipulation a control period . °

was specified. The parameters (EPSi’, population spike onset
latency and amplitude) were averaged in blocks of 3 measures
(i4e. blocks of 30 seconds) for that perdod. ¢ The mean.for
each parameter was then measured for the control period. .
Then, the 95% confidence interval of the control periad
(tuu-f.ailed, n-1 degrees of freedom) was measured for. each
Jar‘hmeter. M‘_y_erward the parameters during the given period

of experimental manipulation were averaged 1n blocks of 3.

e i



Finally the parameters during both control and experimental

periods were expressed as percentages of. their respective

"mean for'the control period. The results of the statistical

rinted-aut on a line printer. ‘\B
Therefore, fer each experimentsl manipulation the"
statutical enalyais would yield a print-ouh giving the mean
” or‘ each parameter (EPSP population spike onset latency and”
amplitude) for the contrnl period the respective 95%
cox}t‘idence interval of the control pericd for' each parameter
and the.means of each block of 3 data points for eacr‘
para!nef.er for ‘the whole’ expgrim,ent expressgd as the

‘percentage of the mean .of the.control period. .

Effective NE tion: - Dose-response experiments

For ‘the dcse response experiments, the _vehicle 8
and different concentrations of HE (1,.5, 10,25, 50

were ‘applied consecutively to’ the: same ‘slice in four §

In another slice all solutions.but 1 pM NE were applied. In-

two of the (_Slices 100 -and 200 pM NE were alsn individually
applied.  The orwpresentation of thé drig solutions

vas random.

Since repeated applications of NE to the same slice were

used, short control periods were ‘taken and the effects of NE

were not systematically followed for a long periad.‘ Thus,
@ E . :




following a control period ot‘ 2 minutes of evuked resbonseg'

the solution containing NE or "the vehicle solution alone’ was

'applied to the slice for 10 minutes. After this perlod the |

slices were again supertused conbinuously uith ACSF. M‘ter .

the return to ACSF superruslon the" slices were allowed, ‘to}

stabillze. Follouingdtabillzation of the evoked response .’ -

(less than 10% variabilxty) the pracedure was repeated ulch
a different concentration of NE. Far data analysis the
magq_itude of the evoked response (as % of the immediately 4
preceding control period) qe:i:g the seventh and tenth
minute of superfusion -with” NE was compared.with the "

responses during the same. mterval of superfusion with the

vehicle solution. Since these were a_ priorl comparisons the

statistical signifmance ,of the c’hangea in reqponse fur each
drug concentration compared to ‘'vehicle was assessed with a

t-test for oorrelated means (Runyon & Haber, 1977)

Eiieﬂlu_ﬂz ration: Physiological . Kig

3 ,0n the basis of Lhe dose-reaponae experlmenbs, the most.

-effectile dose of " NE was chosen i‘or the ;physiological
characterization of NE efrects. In 38 slices, che eft‘ect:
of ,superfusion of 10 pM NE on granule cell responses evoked

by stimulation .otvthe perforant path were assessed. First,
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&, o art‘:)ontr.ol peri}:‘:d of 10 minutes was taken. Then ACSF
containing, 10°pM NE was superfused for 10 minutes. Arter i
this period the slices were again superfused with normal

i . ACSF. The recovery from the effects of NEias follnwed for
30 minutes after. the return to superfusion with normal ACSF
(wash=out) or until the svoked responses had recovered to

iy edntrol levels, . whichever came first.

4o § » 'The ‘effett of NE on the EPSP mplitude, EPSF slope,
' .

. population spike onset latency and population.spike

7 amplitude of the evoked response was monitored. The

llowing five measures were computed for each NE effect on

. hese parameters. onset qf eft‘ect, peak effect; time of peak

[

E A ., .| éffect, time of recovery, and presence of long-lasting

¢ . . effects. The onset of effect was defined as the time after.
o 4

i

the beginning of th% NE application of the 171r=t of two L
$ * consecutive means Df blocks of 3 data points Hhich fell

fooem ‘outside the 95% confi dence interval of the cdntrol period.

. The peak effect was ¢efined as the maximu!n. effect (% of

! . control) which ‘ocaurred sfter tha onsgt of effact. It had

s to be<one of twd. consecutive significant means. The. time’ of

’ 3 b,. peak efféct was defined as the time after the beginning of

* the NE gpplication at 'which the peak effect book place.
',Fipa'lly, the time of recovery was defined.as the time after
the beginhing of HE wash-out (return to control ACSF) of the
last significantly different, mean of blocks of 3 data

¢ « .
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points. The last significantly different mean wyas defined 4
; i
as the mean of a block of 3 data points after the reak
effect?ich .fell outside the 95% confidence interval and
r

which freceded the first two consecutive means of blocks of

3 data points which were within the 95% confidence interval.

Long-lasting &ffects were defined as effects which had i

g recovered to jithin ‘the 951 confidence interval off the i
control period 30 minuces after the removal of NE and the i
i

_beginning of wuperfusion with control ACSF. Inason

instances the duration of effect was measured. It was ) i
defined as the difference between the time of recovery and
the time of onset for a given effect. ’
Effective NE conceritration: Pharmacological
characterization of NE effects

In the pharmacological experiments the-effects.of 10 uM

NE were characterized in terms of their mediation by alpha
or beta adrenergic receptors. To evaluate mediation by an
alpha receptor, NE was applied in conjunction with
phentolamine (PA), a reversible, competitive, non-selective
alpha receptor antagonist (Goodman Gilman, Goodman & Gilman,
1980). Also, shenyilphrine (PE) a non-selective alpha )
recéptor agonist with little effect on beta receptors

(Goodman .Gilman et al., 1980) was superfused on ,the slices.
1 ! >




" To evaluate the mediation of NE errects‘via' a betad receptdr,_ L
timolol (TIM), a non selective beta adrenergxc antagonist

without demonstrahle locaI snesthetic properties (Goodman

Gilman et al., 1980) was ‘subérfused in conjunmetion wWith NE.°

Klso, iséproterenol (ISO) a non-selective betd receptor

agonist with almost nn action on alpha recept—P:x(Goudman

*  Gilman et al‘, 1980) was superruued on the slices.

The effectiveness of the. adrenergic antagonists was

evaluated by- their sction on_ the peak:effect produced py 10 .

v

pM-NE. The' effectiveness \x{ the adreriergic’ agonists was
evaluated with the peak erfect they produced compared to
that of 10 pM NE. The effectiveness of the antagonists (TIM
& °PA) ‘was evalusted in different slices whegeas the
effectiveneas of the agonists (IS0 & PE) wgs evaluated in

" the same slices.

In ’these’éxperiménbs the general procedure'was, first, a

10 minute control *period, -followed by 10 minutes jof

wulose: superfusion with the drug sclutien and finally wash- it with

control AGSF. ‘In the experinents with antagonists, 10 pHHE
Wwas first applied for 10 minutes. ' After recovery’from’ the . .

= . effects of NE, the antagonist' {TIHM or PA) was,applied .
concurrently with 10 pM.NE. ~After recovery fron thess !
effects, the antagonlst (TIM'or PA) Ha: applied alcne._ »

In the exper!ment: uibh agoniats, 10 pM NE was rirst

applied. Afber ‘recovery frcm the effects of NE, the first
. ¢ \
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_ agonist was applied. After recove‘ry' from these éffedts, the
second agonist was then applied.’ Tn o, slices, G =
1soproterenv1 was applied before phenylepnrine ‘and in five . 17

it was t.he reverse order. -

Since ‘us was fqund to increase both the EPSP slope and

the populauon spike amplitude (see Results) thase results

"R 1nd1cated that NE could {ncreaseboth the postaynaptic
X L " depolarization (extracellular EPSP) and the £ifing of the
granule cells (populal’.inn. spike). " Thus the possibility
_arose that the increase in granule.cell firing (population
\. ° spike amplitude) was ‘the result of the greater posbaynaptic i
' depolarization (EPSP slope). To assess this _possibility,

xperiments were performed to examine ‘the relationship

. between EPSP slope and population-spike amplitude under P

normal conditions. A[ter establishment. .of \'.he EPSP slope

and population spike amplitude function in a given slice, #

was asked whether, for that slice, the effects of NE on. %6 .
population spike amplitude could be accounted ror by the v B L T
‘éffects of NE on Lhe EPSP - slope ,alone.

" A procedure similar to that used by others was employed

(BItss and Lomo, 1973; Wilson,“1381; Bliss, Goddard and
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Rixves,‘ 1983; Lou, BeMent & Whitehorn, 1933) First, for
d subsequenh measuremerit’ of the functional: relationship, the
EPSF slppe and papulatlon spike, ampllhude were recorded over
2 range ot‘ perforant path stimulus intensities. Care was
taken to measure ‘the parameters mostly over r.he linear

portion of the stimulus-respon:e funccion.

After the measurement of the range of evnked respnnses,
the stimulus 1ntensity was adjusted so that the magnitude of
Lhe evoked reﬂpanse,was in" the low end ‘of the range. This
was. done to ensure that the - 1ncrease in responsea produced

" by NE would. fall within the range of responses previou:ly s

recvokrd,ed. ‘A’ control period of 10 minutes was ‘then taken, 5:

followed. by 10 minutes of superfusion'with 10 pMNE and-then:

return to control ACSF. During \Lhis time .the peak effect: of -

NE on EPSP slope and pop\zlation spike amplitude was
neasured., B n .

o Weastre)ins EPSP slppe and populaaun spike amplitude
function, a llnesr regression analysis ‘was perror‘med on the
range of evoked responses. .Thus the regr‘ession of the

populancn spike amplitude .on the EPSP slophuas computed

(Kerlinger & Pedhazur, 1973).. ,This analysis resembled tha‘t

-~ used. by Low et al. (1953> for similar:purposes.
With the regresslon analysis an equation was obtained

“that—predicted ‘the population spiké amplitude.from the EPSP

y using the peak vaiue of the EPSP slope produced




1

by.10 pM NE in the regression equatlon it was possible to
compute the predxcted value of me pupulation splke that
could be‘accoiinted £fr by thé increment in EPSP slope duiing
. NE perfusion. Then by comparing this predictéd population.
spif{e amplitude value w;th the ob:erved one, it could- be
seen, whether the 1ncrea$e in population spike amplitude was
.aapounted ro‘r by the in_creasz in EPSP slope. The value qtv
the EPSPislope necéssary ‘to predict ‘the observed peak -value
of ‘the population spiké amplitude.produced by 10 pN 'NE was
also ‘computed: Furthermore, to find the "percentage. oi‘ the
1nc_rease in population spike amplitude accounted for by the

increase in EPSP slope, equation (1) was computed:

POPgre - popotrlx 109 - : .
=y POPobs - POPotrl -

In the equatinn (1) POPpre was the population spike‘ i
. amplitude predloteﬂ from’ the observed EPSP slope durdng 10

¥ M NE superfusion, POPctrl was the' population splke

) ﬁmplituda observed during the contfol period and POPobs vas
the pobulatfon shike amplifide obaervéd during 10 pM NE
s‘l\l'perfusion. Thus the equstio_n yie‘lded the percentage ;)f
the observed increase in.population spike amplituide
accounted, for by ‘the increase in EPSP slope.

The functional relnticnship of EPSP alope and populalion

ittt i i
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g



spike amplitude was examined in 6 slices. :J

N

To- evaluate whether the. efifect of NE on the
s 3 orthodronicall] évoked: population spike ampnwde was due to.

changes at bhe soma \membrane ‘of the granule cells, the

* effect of HE on the anhidrumlcally evnked populatinn spike

" amplitiide was agsessed. Since the extracellularly recorded-” ¥l

antidronic—populator-spike- amplitude reflects the ap-nia—‘————vf

temporal summabicn of the current flow ?GI"OSS the soma .

membrane resulting from antldromia propagation of ‘action

pébentitals; chaggds tnivhe soma membrané charscteristics

.. produced by 'NE T reflected by changes in the R R

antiaronically etoked population spike amplitude. Thus if.

tE the increase in nrﬁhbdrpm‘ic population spike amplitude was
Z7 . dueto a change.in som ‘menbrane sharacteristics, the

antidromic populaqun spike ampn:ude would also be s

IR increased. . This possibility was assessed in B 'slices. v
' " The general procedure, for superfusion of NE in these .
experimenta wsa the same as before With a 10 minute control i
i period, {0 minites of superfusion with NE and d recovery i
¢ perlod with -superfusion of ACSF. ! .
In these ekpgrlmenbs, the .responses of the granule,c;uq_,




wer'e irst evoked orthodromically by stimulation. of the
perforant path and the effect of NE on the evoked responses
was measured. Subsequently, granule cell responses were

evoked antidromically by stimuldtion of the mossy fibers.

Gare was taken'to adjust the stimulds intensity to evoKe an

ants&romic response which ‘was of approkimately thé sane
magnitudg range as the orthodromic response’ - NE was then
superfused and the: et‘fsct of NE oy the antidrnmically evoke
responses:was measured.

Mditionally, in 6 of the B slices, granule cell

resp later—evoked-or r \.ux;yﬂgain by
stimuletisg thie perforant paths™ NE was supsrfused again and
the effects on thy orthodromic responses were reassessed.

This‘additional procedure was dorie to eisure UKL the '«
:Saﬁuie cell responses were still-sensitive to the- effect of
NE and to show that any lack of efféct of NE on the '

antidromic response was not due to a lack of responsiveness

on the part of the granule cell’s or the slices.

§

\ J i
Since'the préceding experiments had :houn that ‘the

effect of NE was to ‘{nctease the perfcrant path evoked

_response and since' this increase was ob:erved to"last longer

109
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than the period of’NE superfusion, the question of whethdne
NE had to be present in association with the evoked response
to _produe the increase-was.of. interest: In terms of

neuronal - events the question asked was the followin‘g. Given

that there are two synapses (A.and B)- on the dendrite of a

b_granule cell and that- synspse A is active but B 15 inactive

during. superfusion of NE, will both synapsés be equally
ért_‘ected by NE?: Following superfusion and then removal. of

NE, based on the results of the previous experiments, one
! : i

** would predict that the response of the granule cell.to

activation of synapse A would be increased. But what would . .

happen to the response of the granule cell to‘activation of
synapse B? Would it ‘be increased or unchanged? Are the
effect of N activity-dependent (only the response to

synapse A would be increased) or are they activity—

% ‘
independent (the responsés to both synapse A and B would be
% 3 '

Jnereased)?

Since the ‘experimental preparation ud ot allow direct
measugement Of the response -of a single granule cell to two
different afferent synapsés, the following experiments were

designed to.answer the question. First,-a 10 minute control

pericd was taken, followed by superfusion of 10 pM NE for 10
‘min'ur.es and then return to control ACSF. The éffects of NE

on the evoked reaponses were measured. By analogy to the

example, this experiment- represented the test for synapse A




ﬂu‘bsequently active.
‘the respective control period) produced by NE but obtained . i
" fter the superfusion period. However in the course of the -

'responses‘ obtained following the inactive period with those 2

subtracted was obtained by measuring the increase in e}nked

period during which the vehicle Solution was. superfused.

. N
aetﬁve during NE superfusion.

AMfter recovery “from the effect,of NE, a second 10 minute

contiol period was taken,  After this period, 10 pM NE was

superfused for 10 mihutes but durifig this period the

. perforant pabh vas_riot’ stimulated and, thereforé, no

responses were evoked. Upon return to superfusion with
control "ACSF, the perforant path was stimulated again and.
the effect of NE on these evokedvreuponus was measured. By
analogy to the.example this experiment respesented the test

for synapse B inactive during'NE superfusion but -

In these experiments r,he effect of  NE on the evoked

responses was.assessed by measuring the peak effect (% of

experiments it was noted that following the 10 minute period
without perforant 'path stimulation, the subsequently evoked

responses were transiently enhanced compared to’the control

-period. Thus to permit a direct .comparison of: the evoked

obtained t‘ollowing the active period, this transient

increase was subtracted from the measures. The valué to be,
responses (as % of control) produced following the inactive




#

Henn;e/th\e resulting corrected value represented the evoked
response (in % of control) produced following superfusion of
NE during an inactive period, wst‘h the spontaneously
enhanged responsivehess removed. This value could then, be
comparedWith the evoked respopse obtained following
superfusion of NE ui\ﬁn goneurreént perforant path’ .
'stimulation. . These ekperiments were done in 6 slices.
Effects of serotonin.on evoked responses ¢ e

The effects of serotonin on the perforant path evoked

L2

responses were measured and comparéd to the effects of NE in N

5 slices.

In these experiments 10 uM NE was applied for 10 minutes
following a 10 minute control period.. ‘M.’ter the return to
superfusion with control ACSF, the evoked responses were
followed until the effects of NE had.disappeared. 'Then,

after another 10 minute control period, serotonin (10-25 pM

"'5-HT) was superfused for 10 minutes.. After the return to

superfusion with ACSF ‘the effects of se‘}otoniq vere followed
until recovery. The effects of serotonin on the perforant
path ‘evoked responses were assessed in terms of peak effect, -
onset of effect, time of p‘eak effect and time of recovery on
the EPSP slope, population spike onset latency and

population spike amplitude.

%
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3 i Chapter 3i _ Results . )

Overall, the results indicited that superfusion of NE: oh

hippocampal slices; produced a facilitation of the perforant

bath évoked responses in the dentate gyrus.  The
factlitation of the synaptically ‘evdked responses was .-

:xpresaed in the field potential as an increase’in the EPSP . 5
amplitude and/or slope, & decrease in the population’spike ’ !
1

onset latensy “and an increase in -the’ popilation spike:

amplitude.” In many siices the facilitation of the evoked '« I

" the perforant path was pot concurrently stimulated during

uas found to be long=lasting.’ The facilitation of
the evoked responses was ‘alsi found to be nedlated viza' . .
beta adrenergic receptor. The facilitation of the i
populanon spike amplitude by NE could not be scccunted for
solely by the increase:in the EPSP slope dlso produced by
NE. - Sugerfu:ion ‘of NE did not prodice -facilitation of the

antidromically evoked field potentials. NE did facilitate

the subsequently evoked perforant path responses even when -

‘superfusion with NE. - Finally, superfusioh of 5-HT produced
a decrease. in the perforant path evoked field potentials

“ expressed as a decrease in EPSP slope, population spike
:

" of'5-HT were not found to be long-lasting. '

!
{
o | ¢
onset latency and population spike amplitude.. The effects % ¥
N E *
’ ]
1
s
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Superfusion of NE produced; significant dose-dependerit
B 1ncreases 1n some components of the perforanr. path* evoked

responses. Tables 1,2 and 3 summarize the .means ror a1l

slices of each parameter (EPSP amplitude, population spike ’

snset labency and population spike. ‘anplitude,’ respectively?) ]
", .as percent of the control period during the seventh and - ; - {'
tenth ninlite of - superfusion for each conee’n:ranon of fE-ar i
i the’ vehicle application.’ Table'd stamarizes: the t-values ’ \

for -correlated means for ference: between vehicle and

NE appnca'noni for EPSP'amplitudée, population spike.onset
_‘latency angd population spike amplitude during the seventh
€ and tenth minute of superfusion. ' Figures i, 5 and 6
illustrate semi-logarithmically the effects of NE during the ) "
seventh and tenth minute of superfusion on the £hse
amplitude, population spike onget latency and.pcpulagion
CR < spike amplitude, respecnvely, as a function of the B

N . concentration of NE appied.: g

P
The.statistical analysis indicated that the changes in
" EPSP ﬁmplitude and population spike onset latency observed

during’superfusion of NE (1-50 pH) were nob significantly

" different from those obsérved during vehicle application

(8>.05, two-tailed). The population spike amplitude changes .

produced by 1| pM NE were alss not statistidally significant:




Table 1 - _ s

Dose-responise Quemary table; effects of NS on EPSF
mplicude' Means (3 of contran of EPSP lnputude ﬂurlng
7th*and 10 th minute of superfusion with i (1-200 pn) or

vehicle in n slices.

A T o i
r :
= : y T
Solution el 7th eIl 10th
Vehicle R SR T X S 100
o ipm - R i ©9r.0 T aeeis
5 5 pM O N L Ry %, R
10 pM 5 99.7 109.5 —"
25 pM - 5 108.3 102.4
‘ 50 pM LA 99.1° 106:2 -
WO PR S 55 A 8% T03.8 00, ieeeggt L
200 pM Ay 9&;3' LleFee L
N.o.:.a_'. Maanu Quring NE uuperfuxion naf. si;nu‘iclntly
] . x
. i 35 VA ;
" . ;
\ = %




Table 2

. 3
Dose-response Summary table, effects of NE on population

spike.onset latency. Means (§ of control) of population

spike onset ' ).atency during Tth and 10th minute of . . -
[ superf'usion uith NE (1- ~200 M) or vehicle in n slices. K
& s
o .
“Sélutten ~ ., 7 om ~ th " 1otn, *
. N N 4
Ventote. T T 5 98.7 98.3
Tt LI 9.5 98.9
5.pM : 5 100:2 96.8
10 5 " 99.9 98.7
25 M 5 i 98.3 97.6
o 5 98.2 97.0
100 P ot g 97.8 99.6
200 jH 1 99.6 100.4
} y .
.

Note. ®Means during NE supersusion not significantly
different from vehicle application p>.05 two-tailed.

-
L

B S
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) .
7
et W . B St
i \
: 1
5 3 \ .
= & - Table)3 5 v 5 g 4
Dose-response summary table, effects of NE on population
spike amplitude. Means (% of control) of population spike
\snpi’nuae during 7th and- 10th minute of ‘superfusion with NE
1-200 pM) of vehiele in n slices. :
Solution - n Tth 10th
Vehicle 5 . 98.3 98.5 .
1 5. 98,3 8.7, i
5 pM -5, 104,08 9 G
10 ' 5 114,00 180 "
¢
2 5 113.8% i13.6% .
50 P 5 1178 109.6% e
" 100 pM % 109.1 14,8 i
i 4 4 .
200 pH 1\, 1 Co109.3 " W 1057 2

Noke. - ¥ mean significantly different from vehicle

application p<.05 two-tailed.




Dose-response summgry table, t-values for correlated mearis.’

Table 4

'Statistic t for differences between NE and vehicle

applications during Tth and. 10th minufe for EPSP amplitude -

(EPSP), prulation splke .onset latency (DNSET) and

“population spike " amplitude»(POP. SPIKE).

- ONSET *_ . .POP, SPIKE

5 pH

10.pH

w
25 pM -

50. pM

EPSP
d.f. i i
i = - !
" Tt 10th 7th . 10th. . Tth 10th
7 -1.33 . 1.08° .. 0.40 073 . 0.50° 0,17 %
. i O L I
9 .0.89 0.1 1.53° " 0.50 . 3.71%. 0.38 PO |
st e
p ) ; i
9 125 0.18 0,23 501 6.15%
9. 057 0.25 0.31- 06T —Wefuss—i3ee_ |
3 g 5 T
9 1.0 1.04 . 04T 2.04 . 3.48% ;

2.95%

Ry Y

[

% statistically significant t, p<.05, two-tailed.
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" Figure 4. 'EPSP amplitude dose-response’ curve. semi=

' logarithmic graph of mean EPSP amplitude 4 s.e.m. during.

super'fusion with NE or vehicle. Number of ‘siices in. .~ -
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AFigure 5. Populluon apxke onset lutency doae-reapm:e

aurve.. Semi-. 1o;nr1t’nn1n graph of mean populatlon spike N

unaat lat-ncy + s.e .m. .during superruuon yth NE or

vehlcle. lln-her of sI{cea in parenthese-

ot vty

it ez
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Figure 6. . Population spiké amplitude dose-response curve.-

. Séiif-logarithmic graph of mean popul¥tion ‘spike amplitude s T f

s.e.m. during superfusion.with HE or vehlcle. Number of Lol

© 'slices in parentheses. Asterisk (*) indicates mean _ ¢ ;
) signifiuantly different from vehicle appliocation, p<. 05. l
two-tailed. |
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"'However, the population spike amplitude .showed significant

increases-with superfusion of 5-50 pM NE (RC.05, tio- ~ .~ ...
tailed). With 5 pM NE the '1fne.;esse was :Al_gnl!‘icant during

the seventh minute but ot during the tenth. VA: other
concentrations (10 25, .50 pM) the 1ncrease in' papulation

spike ampn:uae was significant during both the seventh and
;enth}minuu. As illustrated in Figure 6. the mean increase

in population spike amplitude was the greatest (1183 of

control) diring the’tenth midute of superfusion with 10 p4 _
NE. & sma/ller but ;iznlfiéeﬁt increase was also observed at i
25 and 50 pM.NE.. NE vas al‘su applied al,: 100 and 200 pM, in
one slice each, and both concentrations produced a clear
"1increase in the population'spike amplitude (see Table 3 and’
Figure 6).. Since 100 and 200 pM NE were only applied in one

2 i

14

slice each, they were notdncluded in the statistical % i
analysis. ) }
b

: - = : . !
In.the present and following experiments, the effects of f

. - i
j i

NE_ were not compared with vehicle application but rather
with the r‘espective control period preceding HE sqper‘!‘u:ion.
Inthese experiments slices showing changes. in evoked
reaponses during superfusion of the vehicle solution vere

discarded ¢




minutes following the beginming of superfusion with NE there

Superfusion of 10.pM NE for .10 minutes typically
produced no chsnge\(or sometimes an 1ncrez;:e) in EPSP
amplitude, an “increase in EPSP slope, a-detrease in

populaticn spike onset’. 1atency and an ‘increase in the

_population spike amplitude. Long-lasting effects were

mbstly, seen on the population-spike amplitude.
. Figure 7 illustrates a representative example of the

effec\:: of 10'pM NE on EPSP slope, pnpulation spike onsét .

—

latency and populatlnn spike ‘amy utude of the perforant path ’

evokeéd responses in’an individual ‘slice displaying a long-

lasting increase in populdfjon spike amplitude. Three

i, ;
.was a significant increase-inlithe EPSP. slope. This increase

reached a peak of 118% of cgifrol at 7 minutes following the

onset. of superfusion. Following the return to superfusion
with contrel ACSF the increase slowly decayed. and reached »'
control levels at 15 minites !‘oll\ouins wash=out, IIn this
slice, fher(eﬂ‘ect of .NE on ‘the population spike-onset
latehcy was.smaller, more delayed and short-lived than
usual. There was @ significant decrease in.the onset
latecy 9.5 iitnutes following the beginning of HE
'suy‘erfusi'on. It reached a peak effect of 98% of control at
this time and had recovered to control level a minute later.
The papulatinn spike amplitude. showed a signlficanthrease

3 minutes: after the onset ‘of NE =uperfusx«m. The am tude




/

"Figure 7. Effects of NE on per’torant path évoked responseé,ﬁ

" Typical effects -of 10 minute: of =upert’usion of 10.pM NE Pl 3 !

(bar above ab:clssa) on EPSP slcpe (EPSP), Pbpulstian spike

onset-latency (ONSET) and population/spike amplibude (PUP. N
SPIKE)"fOr slice #34." Intervals-at tha left of the ordinabe ! {

indicate the respective 95% confidence intervals of the -

. control perlod Only the last 5 minutes of the conl:rol

period are illustrated.
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increased, further until it reached a peak effect of 129% of
control at 6.5 ml;lutes following the onset’ of ‘superfusion.
After the peak effect and ‘the reburn bo superrusion with °,
coni‘;‘pl ACSF there was’a small decay in°the g:;zﬁlimde _
'increase, but 30 minutes after removal of NE the population .-
spike amplitude was still significantly greater tkan during
* the éontrel period. ' ¥ : or '
Table 5 summarizes the effects of 10 pM NE on ﬁpsg i
amplitude and Table 6 on EPSP slope for ‘all srxcés“_cégceé.: .
Note that EPSP amplitude and slope were not measured in:thé
‘same slicés (see Method). . O .
Usually superfusion with 10 M NE did not-produce a
,, significant 'chang; in EPSP amplitude. Hou‘é'v‘er\in'a‘ third-of -
‘the slices a significant ingrease was' observed (mean 11437 of:

control, range 106-122%). 1In cohtrast superfusioniwith-NE ° b

produced an increase in the EPSP slope (mean 118% of

control, range 107-1528) in a greater proportion of slices:
(15/20%. In only two slices were no significant ‘shanges fn -
EBSE sliops Shseryad: -The ofist ub effect, time of peak.* ot
"¢ffect'and time of recovery were gensrally earlier for theé
EPSP slope than for the EPSP amplitude. Long-lasting NE
SfLecEs Wers ‘ohEerved only on ‘the EPSPIAIsie (2-s11ces).

Table 7 summarizes the éffects of .10 pM NE on’ population
spike onset latency. The change most often observed ias a -

significant decrease (mean 94% of control, range 88-98%) in

L




Table 5,

Sulimary table of NE effects on EPSP amplitude. Means (&

s.e.m.a) of effects produced by a 10 minute superfusion of 10

jM NE on EPSP amplitude.

-

‘EPSP amplitude Q

Long-lasting effects

(6. of slices)

o K Deérease No change "!ncr‘ease‘
. No.iof slices- - 1 ) 10, &
peak effect oo = 114 £ 2.4
(% of ‘cargg'}.tél) o ’ o :
s, Qnsei: of eﬂ_‘ec’k_" o -‘ A1 - ’{.8{;—_‘{.2
Tt AL e ;
" Time of peak effect 1, s ; - 833 s0.8
mitn.) 3 oy v : .
Tiné of recoyery - 2.55. e H3sus
g 4L N N
' - o

Note. One slice “showed

. effects, . " I




- Summary ta‘hle‘of-i{i effects on EPSP slope.

Tanje 6

Means (& s.e.m. )

‘of effects produced by a 10 mlnute supertu:ion of 10 )JH NE

", on EPSP alnpe.

i EPSPslope;;

) 5 o : ,.\' . Decrease - No change Increase
“Noi of ‘slicss - ; E 2 A 5
' Peak ‘effect 0 - 18 2 3.1
(% of control) - : Pl
Dns’et‘ of - effect - 3.9+ 'D.3‘
{min,) : - .
|.Time of peak effect . ' 14 T [ E X
(min.) g i Yl
Time of recavery 1 o9 L= 8.5.£ 2.9
’(min.).-'y . 4 e s !
Long-lasting effects 0 - ' - o S -
(no. of slices) . S ".‘ R

' Oné slice showed biphasic (inbrjeue, llienrease) and

another triphasio (fncrease, decrease, increasé) effects.




i
1

"latency. Means (+ s.e.m.) of effécts produced by a 10

\'\’ e ay i‘ab‘le(7

ummaryﬂgable' of. NE effects on population spike onset -

mipute superfusion of 10 jiM NE on onset latency.

e Y

S 4 " “Population spike onset latency
Déc;‘ease No change fncréase ) PR
- N 3
No, of .slices LN 28 1 |
e .
Peak effect . 9k £.0:4 - 106 1
(3 of control) R e
Onset of éffect. 5.2 % 0.6 - 7

(min.) .
’ Jf e 8 »o
Time af ‘peak effect 10.3 +.0.7°
(min.) . g
Time of ‘Tecovery BT R TR S
(min.) i .
Long-lasting effects . 3

(no. of 'slices)

effects. . E

. -
., MNote., ‘One slice showed biphasic (decrease, irjcrease)




i

i SRR
14, . 3 *

onset latency. - The observed times of onset, peak and

recovery of onsetilatency decrease were generally simila¥ to

thosé of the increase in EPSP measwres: Long=lasting

decreases in onset latency-were observed in ‘three slices.
Table8 summarizes the effects of 10 pM NE on the, » S
population spike amplitudeT The change most often observed *

was-a significant increase. in amplitude (mean '131% of

confrol, range 106-200%). ‘Tha‘pei‘centage'incresse in
5 \population spikeé amplitude (mean :131%) was gener! 3y greater

.~ ' .than the increale observed ii EPSP amplitude (mean 1143) or '

- slope (mean 118%)." The ohset and time of peak increases’ in
% .population spike amplitude were generally similar to those,
of increases in extracellular EPSP and decreases inm onset' ¢

latency. However, a greater proportion of slices’ showed

long-lasting effects for population spikel amplitude. .

increases (24%) than for extracellular EPSP inireases (10%)

: and.population spike onsét latency decreases (11%). -
.- Generally, long-lasting changes ‘in EPSP slope or onset S
latency were ob:e‘rved in slices. showing long-"lastiﬁg cnar.)ge:s . B
/(r?i)opulation ~spike amplitude. Houeveru; the long-lasting‘ ! Y

. " changes ‘in EPSP slope and onset latency occurred in

. different slices. o s

The time to recovery from population spike amplitude

1ncre§ses was generally longer (mean approx. 1 minutes)

than that of extr‘aeellu.la'r EPSP increases (mean approx. ‘9« *




B B g © Decrease No change ~ Increase
/ ' - i
0o of slices. oemh, 30 vy
L S ’ =
“Peak effect | . 91 £ 4 - e U
(% of control) . " SR . ) \
Onset of effect 72402, 0 =T 43 £0.4
(min) y \
Time of peak effecr. 9+ 1.5 ) - S0 £0.8;
(min,) o s 5 .
-’ Time ‘of ‘recovery - TS 2-5 5 54 5 17‘.2 £1.9
(min.) ' ) 5
Long-lasting effects [ P S

. Table 8 \ . ;

Sommary .table of NE effects on population spike amplitude.

“ §
Means (x s.e.m.) of effects produced by ;/0 minute

superfuai_:;n of 10 pM NE on population spi¥e amplitude.

Population spike amplitude”

(no. of slices) ' 3

Note. One slice shoued triphasic (increasé, decrease,

increase), twa slicea biphasic (increase, decrease). and

annther slice biphhsic (decrease,. increase). effects. "

S



. Winutes for siope-anl-auplituds, duta }oqlgd) and population
spike ensat.‘latency dec‘reases,(mean"approx. 12 minutes).
Figire 8 illustrates graphically the difference in time
of ‘recovery -for popula(:).an spike: amputude increases and
%xtracellular EPSP increases (slope and amplitude data

ponled) produced by. 10 pM NE.

\ The results- indicated that the »eftqcz(/of 10 pM- NE were
mediated by.a beta: adrenergic receptor. The effects 'on
perforan(: path evoked responses were antagonized by a-beta, "
but not an alpha hreceptor aritagonist and were minicked by a
beta, but not an glpha,. receptor qgonist.

" Figires 9 and.10 give representative exémplea, in the »
snme slice, of the antagonlsblc affects Of the beta ”
,antagonist timolol (5 pM) on the increase in EPSF slope and
population 'spilfe amplitude, respectlvely, produced by 10 EH

» NE.  As illustrated in kFigurek‘)‘, approximately 5 minutes ~

= .after the onset_of superfusion with NE the EPSP slope - -

o ¢ increase! significantly. With continued superfusiﬁn, the
3 '
EPSP slope increased further. Finally it-reached a peak

f[fect of approximately 115% of central about 4 minutes” .

Nl ¥ after -the- removal qf NE.. However, in the same. slice when NE

'wgs superfused with the beta recéptor-antagonist TIM, no




Figure 8. Hisccgram of time of recovery. from NE effects.
:Distribution of time of recovery, ‘in 10 minute intervals,

" from '1ncreasaa EPSP :lnpe and amplitude (EPSP)- and rrom

increases in pcpulation spike smplitude (PDP, SPIKE) Sl
, produced by 10 pM NE*applied ‘for 10‘minufes.

.
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‘i Figure 9: Effects of timelal and NE on EPSP slepe, E,xam'p‘le"

of. pharmacological antagptjnism of )|E effecl:s by timolal (TIM)

for slice #15. Bar above/the abscissa indicafcs drug

R ¢
superfusion. Intervals to the left of the ordinate lndlnate ;

the respechlve 95% cénf!dence 1nterva1 of the contrnl

periods .
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_’Fliur‘e'm. _El‘i“qcu of tinolol and NE.on population’ spike

i

H

{
i
}

i

)

alplitude.,' -Examplz of ,pha'rmaoo;cgit;al éntagcnisréf NE
effects by timolol (TIM)-for slice #15. Bar above abscissa

1nd1cat‘z§ drug superfusion.  Intervals.to the left of the

ordinate indicate the respective 95% confidence interval of - o

the control. periods. | -
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v
significant change was observed in the 'EPSP slop‘e.
Similarly as.illustrated fn Figure 10, after ) E
spprovmately 6 minutes of, superfusior with NE the ’
population spike amplitude showed ‘significa’nt ing‘-,eﬁaes._

With continued. superfusion, the population spike amplitude = . .\

. augmented to reach a peak effést of 118-1208 of contral 3 .
WiRuGe following cessation of NE_ superfusion. Yet in-the
T s;‘iee,- when NE was:superfused with TIH,: no signiricané .
changes were obseryed in the pop‘ulation spike amplitude.
Tables 9, 10 shd 11 summarize the effect of the beta
sdrénerg_ic antagonist TIM on/the action of 10 pH-NE on the
"EPSE" slope, populatiz;n spike onset latency lanﬂ‘ yo’pulatian a
spike mmplitude, respectively, in 8 slices.’ ; ’
¢ When applied alone; TIM usually had ‘no, effects on the
perfa‘rsn!; path ‘evoked respon.;aea.' The effective
-* concentration 'of:erH required to reu;qu anta\gonlze the
effects of 10 pM :IIE arr)bhe ﬁerfot:ant path evoked‘re‘spdnses;
was found to-be 5'pM.

. : 3 .

In the experiments with 1 pM ‘TIN, NE produced an
i 1ncr‘en=e in EPSP slope«in 2 slices which 1 pM TIM blocked .in
/ . 0 G
1 s}jce. NE brought about -a decrease in population spike x .

onsgt latericy in 4 slices which'1 pM TIM blocked in 2 i .

slices. Finally, NE éahsed an increase in population.spike -
amplitude in'¥ slices which 1 pM TIM blocked in 1 slice.

; ® g gy k
In one slic_e, 2,5 pM TiH‘block_ed the population spike { (J




Table 9 J ks F

Surilmary table of action of timolol.on EPSP .slope. .Peak

"effects (% of coiitrol) on EPSF slope produced by 10 . NE = - =

alone (NE), NE with timolol (NE+TIM) and timolol alone

. (. b . cw ;
ke, w - & . i
., Ve S R &% PSP slope . i
Slice v. Do‘sé oo et i e
' S NE L NEemmo T s et
R RS R R TP s /)
L H2 1 cLT i e T o s
L B 100 83 v 00,
T s e T 107 ’ e !
s s Cotr o rept L T
- s 5 ° 17 00 0
: il 5. SRR T IR 7 100
‘ , n7 s E: 90 1000 100,
#8 .5 87,120 100 ) . m [
Tt 5 118 Moo . ” 100
Note. Double entries indicgte biphasic effects.
i » /
i - ) ¥ a ] ¢
[ .



Table 10

Summary table of action of timolol on population spike onset

latency. Peak effects (3 of control) on population spike

.. onset latency produced by 10 pM NE alone (NE), NE with

nd timolol alone (TIM).
» v B ® e .

timblol (NE+TIM) a

’

o A TIM

i Population spike-onsek latency ..
R R S - o :
’ : ) "NE NE+TIN TIM .|
~ a. o . 3 .
¥ 8 1 L9 96 100
#12 1 § 95 100 “100
#1304 93« .. o9u 100
RN T} 100 ° 5 4
mst 2t T gy - 100 5
Tasc b 94 100 1057
"016 : 5 94 ¢ 96 1:10
Hr s 100 100 - 100 o
e s wo 91 100 A
2 21 5 o . 100, w0 -




: ’ R Table 11

Summary table of the sctlon of timolcl on population spike

amplitude. Peak effects (% of control) on population spike

amplitude produced by 10[ pM NE alone (NE), NE with timolol

i & 5
; ) (NE+TIM) and timolol alone (TIM).e

. Pop‘ulaticn Epike‘

. L TIH, amplitude
- Slice Dose’
I ¢ NE NE+TIM M
T . X
8 1 X 124 86 100
: Cnz e 1 122 109 90
: s 413 1- 1 107 - 88
A 415 Kl 120 116 @
‘ N (ﬂs 2.5 120 12 -
15 5 120 100 100
T.o#16 5 1 88. 100
"7 5 ) 115 ’ 100 100
D e 5 114 90 92" -
oz 5 i iz 100 ‘100




s “‘onset latency decrease but not the increase in EPSP slope‘_'
and .in population ‘spike ‘amplitude produced by NE. k
" In the experiments with 5 pi TIN, NE caused an increade’

in EPSP slope 1n 2 sllces which' TIM blocked. “NE produced a .-

decrease in population spxke onset -latency in 3 slices,and 5 -

HM TIM antagonized ‘the decrease in 2 slices. Finally, NE

brought about an” increase in population spike amplitude in'5

slices which was blocked by 5 jitt TIM in all 5 instances.

Figures 11 and 12 give representatlve examples, in the
same slice, of the laek of antaganistic effects of the alpha
antagonist .phentolamine (50 pM) on the increase in EPSP
slope and population spike amplitude, re:pectively, produced
by10pHME.' o <R E e

" s illustrated.in Figure 11, =uperfusion of NE.produced "

significant increases in the EPSP slope 3 minut‘?: following

the onset:of superfusion. . The effect xncréa‘sed and reached
S I a. peak of approximately 118% of control at 5 minutes of

supér[usion. A’ﬁ:erwards the effect ‘décayed. When NE was

applied with PA slmuar effects. uere found.” A slgnificant
increase in EPSP slape ‘was observed after 4 minutes of W
superfusion. The effect .1n[!f‘ea=ed until reaching .about 115%

ontrol after 5 minutes of. ”super.f:mion.' u There;fbér the
th decayed. e b \ 7

3 " Similurly, as shown in Figure ‘12 with auperfusion of

i
f 4 m;, a signil‘icant increase was observed . in the populatlon
: x




g ks e S AN e e ey

Fig\ire 11. "Effects of "ph'entolamin'e‘and_l(gvon.‘EP‘SP slope.

Example of lack of pharmacological antagonism of NE effects -

" by phentolamine (PA) for slice #26. Bar above abscissa

indicates drug superfusion: Intervals at the left of ghe

ordinate indicate the respective 958 confidence interval of -

the control periods. ',

¢
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:E{gﬁre 12.

spike amplitude.

Effects o!‘ phentolamine aml IE on: population

Example of lack’ o!‘ pharmacologinal

antagonism of NE effects by phentolamine (PA) for :nce fZS.

". Bar above abscissa indicates drug supert‘usian.

Interval: to

the ‘left of the ordinate indicate the respecnve 955

vconfidence interval of the control period;.
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‘spike amplitude after 3 minutes of superfusion. The eiffect'

continued t¢ increase to a peak of over 170% of control
after about 7.minutes.of superfusion. After returdi to
superfusion with ACSF the effect decayed. When NE was

superfused with ‘PA, similar results were obtained. After 3

“minutes of. superfusion, significant increases in population

spike' amplitude ‘were observed. The effect peaked after 6

minutea of auperl‘usiun at over 1503 of control. After
return to superfusion with ACSF the effect depayed
’lmilarly. ~ I .

; Tables 12,:13 and 14 summarize the effgot of: PA on the
action of 10 M NE on’ the EPSP slope, populatior spiké onset
latency and populatinn spike amplitude, respectively, 1n 6

slices. ,

In all these experiments a ccncentration of 50 pM PA was-

‘used, Bath applications of 50 pM PA have been shown o be

effective. in antagonizing the alpha-med ated effects of NE

on CA1 pyramidal cells (Mueller'et al., 1981; Marciani'et.,
al., '1984). .NE caused an'increase in EPSP slope in 4 slices
which was blocked by PX.in oné -instance only. NE produced a

decreasé in populatior spike onset latency in'5 slices and

" PA blocked the decrease in MI slice only. ' NE brought about

an increase in population spike amplitude in 5 slices and’ PA

never blocked'the !.ncrease:.

In one sliue NE produoed a biphasic efrect on EPSP slope

151




| Table'12 )
Summary table of action of phénfo;amine"xon EPSP ‘slope. Peak -
effects (% of control) on EPSP slope of 10 pM NE alome (NE), I~

NE with 50 pM phentolamine'(NE+PA) and phentolamine alone
@0, . A, = Lt
'
) EPSP slope
Siice . . P L LT
NE NE+PA - PA §
v "
#23 107,93 ?, 109,91 .oz
B 2T ‘13 100 100 :
w2 8 . 116 S 00 3
21 100 100 100 PR
' % g ] ) Vo
rmy © 06 113 100 R
’ J S
78 . 1 110 . 100 L
Note.” Double entries indicate biphasic effects. . )




Table 13

53

Summary table of tfie action of phentolamine an'population i
3 i i
spike onset latency. Peak effects (% of control) on < §
v'populz;non spike onset latency of 1_0‘)1!1 :'NE alon‘e.(NE),»NE ' ?
" with 50 M phentolamine (NE+PA) and phentolamine alone (PA).: RE
o . N ipaAd | ?
va w {
) Population spike onset latency RE
Slice -
: NE NE+PA PA-.
#23 95 - 97 - 100 g
#24 % 91 92 . 100
_#26 95 95 100
. i
#217 ) 105 ‘93 100
e .
4 . L . )
#o \ 97 100 100
3 e . i
2 . 94 ' 96 100 |




— -~ Summary table of the @ction of phentolamine on population — -—

Table 14

)

spike amplitude. Peak effects (% of control) on population ', .’

: -spike'an{plitude ‘of 10 pM NE alone (NE), NE'.with 50 pM

phentolamine ‘(NE+PA) and phentolamine .alone '(PA).

Population :pik/,e amplitude

Tice :
NE NE4PA / PA "
lza 115,86 118,79 112,85
s2i L33l - 118 100
; %% ude T
#26 116 160 . 118
‘b21 Ju 167; 132
#40 136 158 3 £ '1>|8
. 2 129° Lpr 116

* Note, Double entries indicate biphasic effeécts.
: " p \




aha population spike amplitude (increase followed by
‘decrease) and PA-did not block either increase or decrea;e.
747;A Hilen»applied alone showed partial:adrenergic
agonistic properties, praducing an in‘creaag in pnpylation
.spike amplitude in 4 out of 5 slices.. PA alone had 1o,
effect on EPSP slope or population spike onset latency. g
: Figures 13 and 14 give individual examples, -in-the same
-.slice, of the agonistic effects of the beta agonist
isoproterenol (I pM).on the EPSP slope and population spike
amplitude; respectively. -

For the slice "shown in Figure 13 :upErrusion with NE
produced a_signlficant increase in EPSP slope after
approximately 5 minutes of superfusion. The effect peaked

~rapidly at about S‘minutes to apprnxim‘atelydoﬁi of control.
‘_Afterwérdx there was only a.very small decay. When ISO frse

superfused a significant increase was observed after 3

minutes of superfusion. The 1ncresse reached a peak, dr over '

1101 of control ayter 4-5 minutea of auperfu:ion. Houever
the increase decsyed rapidly- and had rqcnvzred to control
' levels before the end -of superfusion. . 4
Similarly, as illustrated in Figure 14, superfusion with

'NE resulted in a significant increase in.the population

spike amplitude occurring after 3 minutes. of superfusion., A

peak efféct of about 125% of confrol was observed after

appro¥imately 5 minutes of supérfusion then the effect

155
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"Flgure 13 Ef!‘ect: of adrenergl

3 Exanple of agnniulc propertles oi‘ 1snproterenol (IS0) but
s not of phenylephrine (PE), compared to the effect of NE for

slice #36. -Bar above abscissa indicates drug =uperfuaion.
Intervals to the let‘r, of the ordinate indicate the

respective 954 c‘on!‘;deneev tnqerva} of the control periods. ‘v

'agonxsr,: on EPSP’ slopu. ’\

)
b
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* hh‘e control periods..

spike amplitude. Example of agonistic properties of

isoproterenol (IS0) but not of phenylephrine (PE), .compared '

to the effect of NE'for slice #36, ~Bar above abscissa

" indicates drug superfusion. Intervals to the left q}‘ the

ordinate indicate the respective 95% confidence interval of.
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;nuap“ Thus- 1. pM 150 unéovereq tyi;ionl noradrenergic
k .

slouly decayed. When ISO wis superfused similar effects.,

were observed. DurSng the third mfnute of - supert‘usion
signifieant increasea in the population spike amplu;ude »
soceurred. - After‘3 minutes of_ superfusion- the effect had 2

'rea‘ched a peak of ‘over 1403 of control. Afterwards the

T effect dQcayed-rapidly and recovered to control levels 1"

before the :uperrusion period was finished.

‘. Table 15 compares the effects of IS0 to thoae of IIE o

EPSP ‘slope, population spike onset latency and populeuon

spike amplitude for the 7 slices tested:

A concentration of 1 pM ISO was found. to be nece&s;ry to
produce reliable'noradrenergic. agonistic effects eﬁ the
perforant path evoked responses. s i o

In the experiments with 500 nk ISO, NE produced an
snerease in EPSP slope’in one slice and ISO did not. NE
Produced a decrease in population spike onset latency in one '
" slice and IS0 did not. 'NE caused an'inéremse in population~ *
spike amplitude in 2 slices and ISO in one slice only.

~In ‘the experiments with 1 pM ISO, NE brought about an

increase in-EPSP slopé in 2 slices, and ISO in 6 sliges. NE
caused a debrosss in population spike onset latency in 5 ' i
slices and ISO in\6 slices. NE p‘rnduced"ﬁn increase in
population spike ampli‘tude in 6 slices'and IS0 also in 6

effects that 10 pM NE did not produce in 4 '_Sl!oea for! the

. 3 1 s P B
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Table. 15

. Summary ‘table of action of isoproterenol.. Peak effects (%

of .control) on EPSP slope (EPSP), population spike onset

1atendy (ONSET) and-population spike amplitude (POP. SPIKE)

of 10 pM NE (NE) or isoproterenol (ISO).

‘180 EPSP ONSET POP. SPIKE
Slice Dosé " 2

pmy v \iso NE I0 © NE ISO
#36. 0.5 1Mo .93’ 100 id0 127 89 -
‘#4705 - 100 100 94, 100 139 © 127
#36 i 10 111 100 96 127 42
#39 1 107 116 93 93 152 - 193
#6 1 100 115 95 9 122 117

. - :

- #u7 1 100 114 9 96 139-= 166
#48 1 100 111 93 9y 114 150
49 1 [ 70 15 92 95 118 130 °
1355 \ 07 107 100 s o130 c131

P

”

i
o
3
?
3
b




e e i

: - 5 L

EPSF slope and in one slice for the population spike opset
Tatency. ‘Also in'5 out of 6 slices the effect of ‘1 pH.i 1s0
on’ the population spike amplitude Wa grester than the

et‘fect of 10 pM NE. & o

Irl the gxperhnent with 5 pM ISO, NE caused an 1ncr=aae
in EPSP slope. no change in pnpulation spike onset lar.ency
and s increase in popuxatxon spike amplitude. ISO produced
sim[:r effects with a decrease in populanon spike onset
1atendy. p

With respect to the duration of ISO effects compared to
those of NE, the differences observed in Figures13 and 14
was uncommon. For the increase 'in population . spike
ay;plitude produced by 1and 5 M ISO the mean -duration i»df
effect for 7 slices was 14.4 minutes. For the increase
produced by 10 pM NE; - the ‘mean duration of effect was 16:8
minutes. o o .

In term; of individual :Ili\ces, the effects of IS0 lasted
long‘er'than those of NE in, 3 slices‘herena those of IIE:
1E.=tﬁd longer than the effects of IS0 in the remaining 4
slices. Thus, albhough the effects of I50 were of =hnrter
duration in a greater.number of slices; the diﬂ'erence
ebservéd was not great. : ‘

It should be noted that in one alxce, ISO_ produced a
long-lasting increase im population spike amplitude whic'h'
wa:_(still‘ present 30 minutes after removal of 150, In jbhab

.
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: slce the effect of NE recovered 18.5 minytes after resoval #
of IIE . i * ’ . }
Figures 13 and 14 give representative elnnpies, in the :
same slice, of the lack of noradreneruc agoni:tle
praperues of the alpha agonist phenylephrine (50 pH) on
\ EPSI: slope and population spike amplitude, respectively. “E
As mentioned earlier, in the slice illustrated in Figure 7:"
13, superfusion with NE resulted in an'increase in EPSP %
° ! slor:g to approximately 105! of conitrol after 5 ‘minutes of ] j

superfusion. However in the same slice superfusion with PE
did not produce ai.aricant changes in EPSP slope. ‘
Similarly as shown in Figure 14, superfusion uit}) NE
3 caused 2 significant increase in vovulltion spike amplitude
to approximately 125% or control after 5 minutes of
superruslon. Yet, in l:he same slice, superfusion with PE
L failed to produce any signgf:c&nt changes in population-
- spike amplitude. ) '

/
s AR

Table 16 sulmarizes the effect of PE on EPSP slope,

populatian/;p/ke onset lllenoy and populauon apike

shiare

amplitude in -comparison, to those of 10 pM NE in 7 slices. g

2  The effects of PE (10-50' pM) on the perforant path - N
evoked responses proved ' to, be' complex, PE rarely mimicked %
; the effects of 10 pM NE, but -sometimes produced opposite

K Ve effects which were generally smaller and more transient,

t In these experiments, NE produoeq an increase in EPSP

L -




Table 16~ -

Summary table of, action of'phenylephrine. Peak effects (%

of control) on EPSP slope (EPSP), population spike onset

latency (ONSET) and population spike amplitude (POP. SPIKE) o
& < . ©f 10 yK NE (NE) qr phenylephrine (PE). ; H fi
' .
AN
: PE_ . EPSP ONSET . POP, SPIKE | :‘
. Siice Dose : :
b (M) NE PE YNE PE CNE PE :
B T o 110 100 100 100 1277 100
; § 56 25 0 10 100 104 121 12
M 4325 10 ° 100 100 . 100 121t g2
o, o #5 U T 10 100 - 100 130 100 e
436 50 110 100 100 100 121 100 ; .
/ 39 5o o7 9 .93 104 - 152 /7100,
: 3 16 50 100 100 95 . -100 122 9t
' #7 50 100 90 94 103 13993, 3
S TR 00 993 95 11 89,109 -
#y 50 70 o 92 100 . 118 . 95,106 o
: ‘Note, - - Double entries indicate biphasic et‘reuts und 25 pH
- PE was applied tuice to slice #36. 4 '




§

decrease in EPSP slope to 91% of control for a mean duration

slope in 3 slices and PE (10-50 pH) never prpduée_d such an
Iet_’fecp.. NE caused a decrease in population spike on»set ;
latency in 5 slices and PE (50 pM) did so in only one slice.:
NE ‘brought about an increase in population’spike amplitude|
in B.slices and PE (50 pM) also ‘produced an ‘increase; -
although snaller and delayed, in only 2 siices.. The two
tion spike

slices in vhi:ch PE ‘produced an increase in pop
amplitude were obtained Fron the same ‘animai.
“However, more Gonsistent effects of PE were'a déérease
in EPSP slope, increase or no change in population spike
onset latency and a decrease in population spike amplitude.

PE (25 pM in one slice; 50 M in i s1i%es) produced a mean

of 2.2 minutes. PE (25 pM in one slice; 50 pM in 2 slices)

caused a mean increase in population spike onset latency to
10‘“4‘”_ ‘eontrol for é mean duration of 2.8 minutes. PE’ )
(same slice twice at 25 pM; 4 slices ati50 BM) brought about
a mean ;decrease in population spike amplitude to 895 of *

control ‘for a_mean duration of. 5.5 minutes.

The results of these’ experiments. indicated;that’'in .

" general the increase in population spike amplitude produced

by HE could not be accounted for entirely by the increase in

165




EPSP slope also produced by AE.
3 The functional relationship between population spike
amplitude -and EPSP slope for dentate granule cell evoked

responses is Indicated by the linear regression curve shown

-in Figure 15 for slice #38. As described in the Method

section, this curve was produced by melsuri_ng‘ evoked
responses to-different intensities of perforant path
stimulation. ' 3 ’

Figur‘e’lﬁ also illustrates for slice #38 the parlm:teru
of the evokec; reuponaos:obtn‘med'durxng the control yer{nd.
preceding NE superfusion and the peak. effects produced by 10
uM NE sup:rrusimubaerved EPSP slope and ob:erv;d
population.spike amplitude). The predicted value of ‘bhe
popul;tion spike amplitude that would be expected from the
regression curve to be.associated with the .EjSP alove‘
observed during N application is also indicated. Alsé
illustrated is the necessary value ‘or the EPSP nlo‘pe which
would be expected from the regrés.uon curve to predict the
population :pik‘e amplitude observed during superfusion of
NE. N .

As can be seen in Figure 15, the population spike

‘niupl!thde‘ obsyrveri during NE application was"too iar;u' to be

sccounted for solely by the magnitude of the EPSP slope

during NE superfusion. Indeed, as calculated from equation

(1) 1in the Method section and as shown in Table 17 thé

e ;

3




SRR

Lo . 1% -
Fighre 15. ! Funetional relationship between population spike | oL oo R
“lmpl'lt_ut;e and EPSP slopc.,ﬁ?&ar regression analysis of L ]
pi)pulnnun suike‘ amplitude 0P, SPIKE) on EPSP slope (EPSQ)

for slice #38. Interv-li on the control period proJacth‘:s‘

2 represent the respective 95% confidence 1ntervli. Refer to ¢ i
taxf-. 1||>Re)=;|lts re‘r the explanation of control, observed,
predicted and necessary values. Note' that the term
'Birtctl;)n of prediction" is used fi;l.lratlvely and not
statistically. The results lndiea.-te that the population Y
spike an;’lnu-ﬂa predicted from the increase in EFSF’ slope
produced by NE, was smaller than the population spike

pltqudg' value observed during NE superfusion.
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. Table 17 0
Summary ‘table of EPSP slope and population spike amplitude
“relationship. Control (CON); observed (0BS), necessary
(NEC) ang predicted (PRED) values (see text of Results for
explanation) of EPSP slope (EPSP, in pV/msec) and of © z
population spike amplitudé (POP. SPIKE, in pV) ui.:h the .
(percent,age of the POP. SPIKE increase ‘produced by NE which

can. be accounted for by the EPSP increase, ‘for.all slices.

i EPSP ' "POP. SPIKE i POP. SPIl&E
Slice _ = Percent
’ CoN 0BS NEC CON OBS . PRED Predicted .
#34 00832 981 9TH 2043 2628 * 2658 1058
$33 1355 15 1670 ta21 1924 1657, Wz
© . e Tod 781 91 1521 1973 1503 -4%
#36 832 91§ 1063 1885 2401 2036 29%
#38 326 2 507 ]69“ 1649 1329 h2%
#39 352 318 W08 %638 971 - 8AT- 63%
. 4




pércentage of the. population spike nmpficﬁde increase that
#as ‘produced by NE in slice 438, which® qoild bs sccounted for
solel:} by the EPSP slope incr"ease was -only 423, S‘imilarly,
as: 1'nd‘ica_t‘:ed in Figure 15, _an EPSP.slope value greater than
the ofie observed during NE was necéssary to prédict the

- population spike amplitude value .observed during NE.-

: 3 g\
Table 17 indicates that out of 6 slice: similar results

were found in 5 slices.” Hence, in one slic€ .only, .the EPSP
slope inérease .Was Sufficient to' account for :r;e -population
spike increase. In'the other fivg slices the EPSP slope |

- inerease accounted for a mean value of 35% of the increase-
in populablon‘ spike ‘amplitude. For gll slices, a mean of .

4TS of the population spike amplitude increase produced: by

NE could be accounted for by the. increase in EPSP slope also
s -

prodiced by NE.

)
\

The results indicated that in. contrast to the ¢

orthodromic responses; NE.'rarely: prnduced-ah increase in- the i

antidromically evoked population spike amplitude.
Generally, the \antldrcmlo popnlatioﬁ spilike measure showed no
% IS MR /-

change or a sma. 1\:Iecreuse ‘of short duration.
‘ {libtrates-an example of the lack of ! effect

Figure 16|
.:of . NE on antidromic responses compared. to the increhse




Figure 16. Lack of effect -of NE on antidromlo reapcnues.

Example of the 1aak of effect of 10 pH NE on the; antidrpmic d

L'populltien spj.ke nnpluude in contrast tn che increas:

'prodncad in the or(‘.hodmmiu populatlnn spike lmplltude fo

slice #28. Bar above ahaai;sa_ “tndicates NE super(_ualon.

Intervals to the left of the ordinate represent the 958 -

confidence interval of the respective control period. ’
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Droduced 1 orthodrouic-sesponses. - Teble 18 smmarizés the
effect of HE on the antidromic ahd orthodromic responses .
the 8 slices on which these experiments were yerforl%d.

45 1llustrated in Figure 16 for slice #28 superfusion 6f,
10 pM NE did not produce any hLéreer or n;nificant change
in the antidromic population spike am;)lu.udn. In co'n‘tr’ast,
in the same slice, 10 jH NE produced a significant increase
in the orthodromic population spike amplitude. Note that.
the effect of NE on the prehodronie responses illusgrated in
Figure 16 was obtained subsequent to the experiment on the ,
SEidronte responses of the same population of granule

cells. Thus the lack of effect of NE on the antidromic

0 2
~ responses was not due to deterioration of the slice

prepsration since an increase to 1403 of control could
subsequently. be produced by NE on the orthodromic responses.

As indicated in Table 18, NE produced an increase in

“antfdromic responses in one of eight slices. Even in this

case the magnitude of the effect on the antidromic responses
(1128 of control) was much less than the effect on the

orthotiromic (200%, and ly 141%8), In

three of the, eight slices no changes in the -antidromic

" responses were observed following superfusion with NE. -

In contrast {n the remaining four slices a decrease in

the ant:dr}mlc population spike éuiputude was noted (mean

96% of control, s.e.m. 0.6)..,The-mean time of onset was 4

S G il s
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= ) " Table 18 - *
Su-nary table of .the effects of NE on lnf.ldrulllc populatlon
sp:lkes. Values of the peak effect (i of control) produced.
by 10 pM NE on the orthodromic popullnon spike amplitude’ '
(Urthodromsc), on the antidromic populauon spike amplltude * ! :
(Antidromlc) or on the orthodromic pupulltion spike i
amplituda evokqd subsequently to_the antidromic experiment
{Sub:equent, orthodromic). o . g A
" -~
3 B subsequent
Slice Orthodromic Antidromic . -'anhudra-t: % :
30 D0 LRI i 111
128 h 1y T 10p w 3
"w- 132 100 = 116 g
4i5 1395 100 151 - -
31 - o128 : 95 Soe
AN 129 o9 ' 135 *. r
"o TS 96 13 i
3 ot 96 - R %o
7




minutes (s.e.m. 0.4), the time of peak effect was 6.4
minutes (s.e.m. 0.7) and the mean- time of recovery was 2

minutes (s.e

2.7), thus yielding a méan duration of
effect of 8.5 minutes. Hence the éffects of AE on the
antidromic response were generally no change or a small

decrease in m;gnitude of relatively short-duration.

In six of the eight slicés in.which orthodromic ’ N

responses could be reliably evoked subsequent to the
anﬂdromic'experimenta, NE was aluayaiqburved to increase
significantly the orthodromi¢ population spike amplitude.
Thekefore the sbsence of an increase in the antidromic
response during superfusion with NE was not due to a lack of
responsiveness on the part of the granule cells or the

slices.

The results of. these experiments indicated that the
effects of NE on the perforant path evokeq responses were
activity-independent. Thus-even though no concurrent

. perforant path stimulation was applied durzlng superfusion of
+ NE, upon subsequent return to superfusion wl';h control ACSF
and perforant path stimulatien, the evoked raaﬁon:es were

enhanced compared to the control period. .
Figures 17 and 18 illustrate an example of the effect of

R AL

4




Figure 17. Activity-independence of NE effects on EPSP
slope. Effects of; 10 pM NE (bar above abscissa) lpplieﬁ
with,and without concurrent perforant path stimulation on
EPSP slope for slice #41. -Intervals to the left of the

ordinate represent the 95% confidence interval of the

respective gcntrol pe;lo&. 4 5 R /
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: Figure 18. lc’uvgty-indzpendenee J{ NE effects on

population spike amplitude. Effects of 10 pM NE (bar above bl
:bsciua) lppliad \/\th and uuhout concurrsnt pcrtornnt pncn "

5 stinuhuon on_ population spike n-putude for slice #41;

: Intervals to the left. of the orﬂin:ta repreaent the 95%

e /
confidence interval ‘of the reapeetivé control per(od. S s,

L X » 5
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| NEon the EPSP slope and- population spike ampl’(itude,
( respectively, of reépons_ea evoked subsequently to e =
| superfusion with NE with and without concurrent perforant
gac'n stimulation.: Table 19 ;eprese;ta a summary table of
Z r the effect of NE on:evoked responses ‘obtainéd subsequent to
" “superfuston u‘ilbh and without concurrent perforant path :
stinulation in-fhe 6 siices tested. | . ‘ﬁ )

The results ‘shown in ‘Figur'es 17 aid 18 indicate that ' :

|
"7 superfusion -of WE produced an Ancrease 1. the,EPSP slope and C
1 popilation spike amplitude of the respénsé_s evoked *
concurrently during the superfusion period. [Folloving the |
peak ‘effect and the return to ACSF the ef'fg‘q: decayed |
slnwly" ‘The maximum effect produced’ after superfﬁsioj with {
concurrent perforant-path stimulation was 1154 for the EPSP

slope and 152% for the population spike amplitude. The -

responses evoked after superfusion of N!f but without

concurrent perforant path stimulation were similarly

inéreased with respect to the control per +/ Peak effects ' H
g B . of 117% for EPSP slope and 165% for population spike

amplitude were observed.

Figures 17 and ‘18 also show that 7
: i

the effects produced after superfusion without concurrent "
|

perforant path-stimulation.decayed at approximately the same |

rate as those produced after superfusion with concurrent

perforant path stimulation, . ) \L/
| The results of Table 19 indicate thab in all slices |




§ | y 3
Sugn’mars table or ‘the’ efrects of ' NE applied with.and without
connurrént perfqrant path stimulahion‘ Peak effects (% of

control) obtaina_‘ﬂ after superfusion of 10 pM NE with (With

‘PP) and without ‘perroFanp path »_s_timulatvlonb (Without \PP) on

E'PSP slope (EPSP), population spike onset latency (ONSET):

and population spike amplifude (POP. SPIKE).

£psP: " oNsET POP. SPIKE
Sitee il \ o i -
With Without  With Without With: Without -
PP. PLX’ PP PP L T
v b Gy
#18 100 Y. tlok feb. ' © 00
#28 M9 93 92 w2 122
#29 100 76 94 94 2 13
#41 s 1096 92 152 165
w2 M. 0. 95 100 w8
“4i3 100 . 1M 9 93 g Mg
.
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| tested superfusion of NE without cancurrent perferantipath

:timulution generally prcduced similar e:‘fects to thosé of

L supertjusion of NEwith concurrent perforant pa\:

stimulation. .In these experiments NE applied without

conéurrent perforant. path stimulation prodiced an increase:’

in EPSP slope (mean 1128) in, thiee sliges. In caiparison NE' -

applied with conéurrent pérforant path stimulation produced”

a mean increase of 1165 in 3. slices. NE applied without
perforant path Stimilation caused no significant changé in .

EPSP slope in ;)ne'slice whereas when applied with perforant

_+path stimulation. NE caused no significant change in 3
slices. NE applied without concurrent perforant path

'stimulation also brought about a decrease (mean 711) 1n EPSP

slope in 2 slices. .
NE applied without concurrent {)errorant pabh stimulation

produced a mean decrease.of 93% in population spike onset

lahency in 4 slices and no significant changes in 2 slines. 3

Similarly NE applied Hith concurrent perforant path

_ stimulation caused a mean decrease of 94% in popilation

spike ‘onset ‘latency in 6 slices. "
Finaily, N without concurrent perforant’ path -

stimulation brought about a mean~increase of '127% in : %

population sp@e smplitude in'5 slices and np significant

changes. in one slice. Similarly NE applied with concurrent:

' perforant path stimulation produced a mean increase of 133% .

182




1 assessed on long, laating NE' ei’l‘enbs. {a

“ ¥ o
in population spike amplitude in 6;':llces". b o

In thése experiments long-lasting effects of NE were not

-dbserved, thus the effects of NE'superfusion with and

‘unhout concurrent perfarant path stinulation uere never

»

Serotonin produced. dll‘f‘erent etrects than NE on the. .
perforant path’evoked responses. - Generally seFotonin: - .
prod + decfbase in' EPSP s1ope, a snall, transient” .
decrgase in pnpulauonvspil{e"onie‘ﬁ lateﬁ,c& and a de’crea}e in
populdtion spike  amplitude: L P o

Figure 19 illustrates a representative example of the
effects of 5-HT on EPSP slope, population spike onset
!.af.éncy and populatién.-spike -amplitude in ‘onesYice.

, Table 20 sunmarizes for the 5 slices tested the‘;:)eak
effects of 5-HT on'the EPSP slope, population spike onset
latency.and po?ulétxon spike amplitude, compared with the -
peak- effects.of 10 pH NE fn the nm; slice.

As illusbrated in Figure 19 superl‘usion with 25 pM E-HT
produced a significant degrease ih EPSP slope after 7 °
minutes of supertuslon.‘ The decrease-reached a.peak effect.
(85% ‘of ‘con'tkol) 13 minutes Following the onset ‘of

superfusion. 'Aftervards the efTect decayed and recovered to
! :




Fi(ure:w Elfecta of 5 H‘I\\on pert‘orlnt pnth evoke

/ruponaeu. Repreaenbltlve xample of the er!‘aot of 10 L

"EPSP. alnpe (EPSP), pnpuhucn lplke %aez.lltena;‘(mlsﬂ)
) ide (FOP."SPIKE) for sitde #.

T RS

e 1;%‘:;: nf suparfusion ‘025 pk S-HT (bar above |bsc&sn) on

i gy
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; 3 Table J\

Summary table of the effects of 54}-11 and NE in the same
slices. Peak effets (3 of control) produced by superfusion
with 10 pM NE- (NEJ. or with 25 M S5-HT (5:HT) on EPSP slope .
(EPSP), population spike onset latency (ONSET) amd. ™ & .

population”spike amplitude (POP, SPIKE). T

EPSP p “ONSET POP. SPIKE
Slice : :
NE 5-HT NE 5-HT NE 5-HT
g 4 .
#35 107; 100 100 97 130 81
939 - rod07 0 B 93 95 152 117,63,124
6 100 : 857 95 96 122 70
W - 100 M 93 95,109 114 108,65
; i

« 49 70 85 92 96 f18 72,131 .

MNote, Double entries indicate biphasic effects and triple
entry indicates. triphasic effect.

\ .
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‘control levels at 17 minutes.

The effects of 5-HT on the population spike onset
latency were =n11er and more translent. In this slice, a‘
significant decreua (96% of control) was observed at 5.5

minutes after the onut of* auperfuuon and it had recovered

to control lavela at 7 'minul:es. Houever the, et‘t‘.ect.nt (5-HT

on the population .spike amplitude was of a greater '

magnitude. As illustrated in Figure 19, 5.5 mirutes after
the onset of supdrfusion a ‘significant decrease in

population spike amplitude was observed. The effect

increased with contirued superfusion reaching a. peak’at. 70%

of control 10 minutes after the onset of superfusion.

Grédus‘lly thereafter the effect deeiy%d and the population

. spike amplitude had recovered to control levels 8 minutes

after the reloval of 5-HT.
As mdxc.ua in Table 20 similar effects were observed

in most, slices. ‘A concentration of 25 pM of 5-HT was found

to bé necessary to observe these effects. In slice #35, 10

PM 5-HT was applied for 10 minutes and no significant

changes’ue}re' observed. ' Thus,'25 };H 5-HT produced a decreaae’

in EPSP slope in four slices and no change in one. A mean
deere;ae to 843, of control was oba'e.rved with a m‘ea‘n time of
onset of 4.5 minutes, a mean time of peak effect of 10.6

minutes and a mean time of recovery of 2.2 minute follouing

removal of 5-HT.” - /

A




Twenty five pM.5-HT caused a decrease in papulation bS
spike onset latency in all 5 slices. -In one slice, the’
decrease was followed by an ;ncrease to 109% of control., A
‘mean deergase to 963 of c_&nir‘o1 was observed with a mean «
time of onset 6f'".1 minutes, a mean time of peak effect of
4.8 minutes.and. a mean duration of effect of 2 ninutes.
] Serotonin hinug}\t a’bouc’ @ decrease 1n‘pnpu1at’ioq spike

amplitude in all 5 slices.. In two slices the decrease was

preceded by a transient (1 minute) increase and also in two
sliilnesr\the decrease was k‘ollowgﬂ’ l;y;aﬁ elcreag'e \wh'ich lasted .
10.5-19 minutes. The-mean’ decrease. observed in'population '

spike amplitude was to T0% of gontrol, with a mean time of = ==
onset of.3.8 minutes, a dean time of peak effect of -10.8

minutes and a mean time of recovery of 9.6 minutes after the

{
“ removal of 5-HT-

A5 indicated in Table'20, these effects of 5-HT differed
\{rom theeffects of NE on the same slices. NE ugs observed: >
e

to inérease the EPSP slope in two slices (mean Lr 107%), to

dec;ease it (70%)-in one slice and hot to affect it.in two

£ £
slices. NE caused a mean decrease to 93% in population/
“spike- onset latency in 4 slicés’and produced no changé in

one slice. NE produced a mean increase to 127% of control

in population spike amplitude in the 5 slices. In-these
. slices NE effects on the population spike amplitude

recovered faster than in general (mean recovery 8.5 minutes
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Chapter 4: Discussion

The results indicate that superfusion of NE produces an
enhancement ‘of ‘the perforant path evoked responses of the
granule cells in the dentate gyrus in vitro.r Thia increased
responsiveness to synaptic ‘activation in vitro 1s cénsistent
with .the efﬁects of NE observed in the dentate gyrus in
vivo.  The enhancement of the population spike amplitude
observed with Supérrusiqn of NE was similar to the increase
reported following syknaqtjc release of NE by locus coeruleus

stimulstion (Assaf et al:, 1979; Harley et al., 1982) or

following iontophoretic applicanon of NE (Neuman & Harley,

1983). " Additionally, in: agreemenb with the in vivo studies
of iontophoretic application of NE (Neuman & Harley,>1983)

and ofJlocus coeruleus stimulation (Harléy et ali, 1982),

the increase in population spike amplitude in the in vitro

slice prepara'tion was often observed to be long-lastihg.
However, the .results also indicated other aspects of the
ef(‘ect; of NE on the perforant pa‘th evoked responses in the
dentate gyrus hitherto undemonstrated. Notably, superfusion
with NE produced dose—dve.pendent effects which ‘uere found to
be paxinal with superfusion of 10 pH NE. In the
physiological characherization experiments, inewhich no
changes were observed with vehicle superfusion, NE also

generally caused ei_t.her increa:ps or no change in EPSP ‘

Y




as decreases in population

amplitude and/or slopef as well
spike onset latericy., However the most mnarked and long-
TasbLE SEEets NeaFH LOUNE i LHe popUlALYGN Spike |
anplitude. e i

The effects of NE 01" the evoked responses were nedtated
via-beta adrenergic re’chtors. A beta recepécr antasonist,
;l But not an alpha receptor anta;gzniat, blocked the effects, )
wWhereas a- beta receptor agonist, but not an alpha receptor-
agonist, prodﬁced- siml}sr changes in responses. NE uas‘also
found to increase the granule cells' responsiveness by
affécting botﬁ the EPSP sl‘épe and the;pupulation spike
amplitude, The increased responses brought about by NE were
not caused by changes taking place at the granule cell soma
sincethe amplitude of thle antidromically ev;keh population
spikeswas ‘mot enhanced by NE. The effects of NE were
actlvity-indepqnifnt since superfusion of NE without
concurrent perfofant path stimulation produced enhancement

of the tly evoked Finally, the effects

“of NE were found to differ from those of 5-HT. Sup\erfusion

with 5-HT produced decreases in perforant path evoked
_ responses. ’ ) . :
Dose-response experiments

~

. The results indicated.that a concentration of 10 pM NE

i




applied for 10 minutes was most. effective in producing an E
il ;

increase in population spike amplitude. Lesser X «,

concentrations produced smell or no effects:, ‘Greater

concentrations also produced significant hageuaRE it

generally smaller in magnitude.

Hovever, in ‘the dose-response experinents) o’
significant changes were observed on ‘écpulgtion‘;pike onset
latency and on EPSP amplitude at the sdme concéentrations of
NE producing changes in population spike amplitude:
Although small décreases were observed in onset late;xey,
these changes were not significantly different from the
vehicle application. In the case of the EPSP amplitude the
large variability of the measure; tended to pbscure any
small effect which might have been present. The
physiological characterization experiments confirmed this by
Showing that although ‘the most common effect’obser.vedl on
EPSP amplitude was no change, in some instances significant

Lection, whkn the EPSP slope, which was slightly less

increasesﬁre observed. Moreover, as discussed in the next
variable than the. amplitude, was measured, the effeot most
often observed following 10 PM NE was a significant
increase. ‘ o
These results, althouéh similar in ‘general, differ in
some aspects from those obtained by Mueller et al. (1981)

with bath application of NE on CA1 byramidal cells, They
. [




reportéd increases in population spike amplitude at e
approximately thé same effective concentration of NE (5-10
pM). Similarly to the results obtained here, they also
Feported o stiateleHnt Changaslta EPSP amplitude with
superfusion of NE at various doses, O

However, high doses of NE (25-50 pM were reported to
produce decreases in the population sl\i\ikb‘\\mplltude éf oAt
“cells (ueller et al. 1981). .Also in OAT,\Marciani et al.

(1984) o d similar-d t. inhibitory effects on
the population spike with iontophoretic application of NE,
but Segal (1982) reporbeld only facilitatory .effects of
iontophoretically applied NE on excitatory responses
produced by iontoph‘oresis of glutamate. The dose-response
experiments reported here indicate that for the granule
cells of the dentate gyrus higher concentrationy of NE (25-
50 pH) do not.produce inhiBition of evoked CespoNNes Bit
rather increases of smaller magnitude.. Similarly, Neuman

and Harley (1983) failed to observe suppressant effects of

NE on granule cell' respogses with higher or longer
iontophoretic ejection currents. Assaf et al. (1979) and \‘
Harley_et al. (1982) also reported only facilitatory effects \\
of NE on' graniile cell evoked responses yith stimulation of '
the locus coeruleus. Although their results cannot be

directly compared with results obtained from CA1, they

indicate that in the dentate gyrus following locus coeruleus

W ) -
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| y
Stimulation no suppressant effects of NE are observed, . = |
i |
g‘upporting the results obtained here in the slice. Thus in
the CA1 region dose-dependent effects with facilitation at, |
I\OH doses and suppression.at high dosés of NE are observed,

whereas in the dentate gyrus only dose-dependent

fheilitatory effects are produced. Thesé results suggest |

| i 7 3
d%ff‘erences in noradrenergic function in different parts of 1
3
the hippocampal formation. |
1 i . f
| Although the lack of ‘a suppressant effect in the dentate

14
gyrus at.high doses may represent dlrferencu in the

mechanl:m of action of NE on the granule cells, it may also

reflect a different weighting of the magnitude of effects

me%iated by the different receptor sixh—tyﬁes in the two . ° B
regions. Hence, whereas the alpha receptor action mediating

the suppressant effect of NE in the CAl region (Mueller et

al., 1981) is sufficient to overcome the facilitatory effect

mediated by the beta receptor action in that region, it may
i
not!be so in the dentate gyrus. This point will be further

disculsed in relation to the pharmacological experiments.
- N

" The results indicated that the effects most often

observkd following 10 minutes of superfusion with 10 PMONE

were no change or sometimes ‘an increase in EPSP amplitude,

SIS L




an increase in EPSP slope, a decrease in population spike

onset latency and an-increase in population spike amplitude..

The. different effects on the EPSP measures are
’notewo;thy. The .generally unchanged EPSP amplitude measure
following superfusion with NE is consistent with other
reports of a general lack of effect of locus coeruleus
‘stimulation (Assaf et ali, 1979; Harley et al., 1982) or
iontophoresis of NE (Neumdn & Harley, 1983) on the EPSP
amplitude of ‘Lhe granule célls (but See Neuman & Harley,
1983, for somL effects). Similarly. in CAT, Huell—er et al.
(1981) reported an unchariged EPSP amplitudejwith superfusion
of /NE ntradellular stuéies in CAi"Have given mixed
results. In yivo, Herrling (1981) reported lvncreases‘ in

intracellular [EPSP. amplitude. In vitro, Langmoen et al.

(1981): reported mostly equal incidences-of increases and>

decreases; whereas Segal (1981) observed mostly decreases in

intracellular trspv amui:fe. . ’ :
However, the more consistently observed changes in EPSP

slope-in this study indicated that one effect of NE was to*

increase the ekcitatory synaptic drive on the granule celld. -

Thus, these results suggest that the EPSP s’lope may

represent a more sensitive extracellular measure of the

excitatory syngptic activation of the granule cells than the

EPS‘P amplitude lmeasure. At least in conditions similar to

the present onjs where the EPSP parameters were measured on
| 3

Pl
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a supr d evoked response which included a population
spike. The reason for the discrepancy in effects between
the EPSP-measures remains unclear. Although a greater mean -

effect vas observed on the siope (118%) than on ‘the

amplitude mus) and the variability of the slope measure
was' le:s nmesn 95% conridence interval + 5.6% of control)
‘than that of thg amplitude measure (mean 95% confidence
interval +.7.1% of control) these differences are small.
... The fact remains, however, that an increase in excitatory
synaptic drive ‘produced by NE was more often gbserv‘e‘d on t:.he
‘EPSP. slope than EPSP amplitude and therefore suggests that
an effect of NE on the granule cells is to increase such
;xcitatary synapgic activation.
It should be noted that ugth “the present method of
N measuring the EPSP slope, a decrease in population spike
onset latency_associated with no change in the extracellular
EPSP could result in an artefa’ut.ual increase in the EFSP-
\Dope neasure. Thus the effect of NE on the EPSP slope may
ise from the observed decrease in population spike onset
latency. However there are.three arguments suggesting that
NE produced.a true effect on the extracellular EPSP.
First, during all experiments‘bhe evoked responses were
displayed at high magnification as a stored trace.on the .

cathode~ray oscilloscope. . With superfusion of NE, a shift

»

in" population spike onset latency which was accompanied: by
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prior jcreau in EPSP slope was commonly observed on the
§ §

d, the computerized measurements of the EPSP

stored

Seco)

*amplitdde in the first part of the physiological

chardcterization ‘experiments represented’a measure of the
# :

in population 'spike onset _late'n‘ey.; In.these experiments’

racellular EPSP-which would not be affected by a decrease

superfusion of NE produced a significant increase in EPSP
amplitude in 6 slices, whéreas 1‘10 changes were observed in-
10 slices; Thu#, in more than a third of the slices true
increases in the ektracellular EPSP measire were produced by .
NE. ) ’ E )
Fin;lly. to assess directly whether the increase in EPSP
slope was artefactual, the erre.ct, of NE was alsc measured on °
the true extracellular EPSP in two slices. 'n"ml, following
measurement of the effects of NE on the evoked responses-
recorded at the soua‘. the recording electrode was positioned’

in the outer half of the molecular layer and the effects of

* NE on the aﬁputixde of the pure extracellular EPSP was

measured. In the 2 slices, whereas NE produced an increase
in EPSP slope of 120% and 112% of control, following

superfusion with I!E the amplitude of the pure extracellular
EPSP was increased to 116% and .112% of uc:nt{rol respectively.

Thus in these two slices the increase in EPSP slope

reflected an increase in the extracellular EPSP truly -




. produced by NE. These three observations therefore suggest

that the effects of NE observed on the EPSP slope were not
artefactual. However the question. can only be definitely
resolved by measuring the effects-of NE on the .pure EPSP*
respon;e recorded either intra- or: extracellulalrly.
Regarding the decrease in population spike onset lstency

observed with superfusion of 10 pM NE, these changes |

differed from the results obtained during- the dose-response

experiments. In the dose-response experiments, although &
small decrease in onset 1atency was observed wi'f.h Pk

superfusion of NE, a decrease was also observed with

. superfusion of .the vehicle solution. Houever, in Fhe

phy:i\ciugical*"characterization experiments showing NE-
induced decreases in onset latency, in on}y one out ;f
twenty‘: eight slices did superfusion with vehicle solution
produce a decrease in onset latency. In terqxs of neuronal
events, the decrease ih population spike onset 1ateney
indicated that with superfuSion of NE the evoKed actioh-

potential firing of ‘the granule cells occurred- earlier, or

more synchronously, following perforant path stimulation.

“The increased population spike. amplitude, in turn,
suggested that u‘ith superfusion of NE-a greater number .of
action potenbials(uere .evoked in the grgnule cells following
perforant path stimulation. "Alternatively, a greater

current ‘could have been generated by the firing of the same




api:h onset'vlatency on . the -basis of the reépective

nunber 'of granule- cell action potentials ‘either because of

iring or other factors such as increases in

synchronous
membrane’ conductance.

" The.effects of NE. on the different parameters ¢f -t
eyoked' responses occurred with similar time of un:e:llyué
spbr;oximately H-Sﬂmnutes) and time of peak ef‘fec; means
approximately 10 minutea) Hquever differences were noted.

‘First, the effect of NE was greater in magnitude on the

population spike amplitude (mean 131§ of control) than’on
" the extracelg%r;ls‘?s? measure (means 114-118% of control).

Second, the effect of NE on the population spike amplitude

ge jerally recovered later (mean approximately 17 minutes
after rémoval of ‘NE) than its. effect on.extracellular EPSP

i : i ) i
or onset latency’ (means -8.5-12.4 minutes). Secondary to this

J"dif!erence in duration of  effect, a greater intidence of

16nz-1a=ting"e\ffects v(sii‘ll prjegen‘t 30 minutes after removal

of NE) was observed: for. the population spike amplitude (24%)
/ b ;

thar/ﬁ for extracellular.EPSP and onset Tatency measurés (10-

118

Thus, the effect of NE on e;nrécellular EPSP, population
spike ordet latericy and population. spike amplitude developed

with a similar tline-cours‘e. However, the effect of NE on

_the population spike amplitude could be differentiated from

.its effect on extracellular EPSP measures and population
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- magnitudes and durations of "effect. - These observations.
suggest that NE produced) distinct effects on extracellular
EPSP and onset latency and on population spike amplitude.
This point will be further discussed below with respect to
the experiments on the EPSP slope and populatiun.spike
amplitude relationship. N

The effects on expracellular EPSP measures and |

population spike onset latency are the first depoystration:

of the effect of NE on these parameters ‘of- the granule cell y

“evoked responses. As mentioned above, Assafset al. (1979)
and Harley et al. (1982) t‘ypica_lly did not OQN‘IE'EI\ ’
increase 4T EPSP amplitude following locus coeruleus ’
_stimulation and neither did Neuman and Harley, (1983)
following icntophor’esis of NE. The present reaule are,
however, :‘:nnaistenb with more recent observations of
increases in EPSP slope followiﬁg stimulation of the,loc,us.

ecoeruleus (Harley, Lacaille & Milway, unpublished

cbservarjlons). Similarly, an enhancement by NE of the ) ke

perforant path evoked extracellular EPSP-of the gfanule’
cells has recently been éugges;ed by Dahl, Bailey and uinsol;l
(1883). These authors reported that tHb increase -in
ex%r&cellular EPSP observed J:rl freely moving rats during the
still-alert state relative to slow-wave sleep was not
.present following deplefion of hippocampal NE with 6-OHDA. °
Therei‘ore; these authors sugée:ted that the 1ncreaaa/

ERIC AL SRR




observed in normal rats was nediaged by KE. .

As mentioned; above; the effects on “tWe population .spi’ke

amplitude are consistent with previops reports of increases

in population spike amplitude following locus coeruleus

stimulation (Assaf et al., 1979; Harley et al., 1982) and

iontophoresis of NE (Neuman &°Harley, 1983). However they

*

are 1ncon.!15f.ent with thE 1nih1al reports of suppres!ant

" effects of NE on xpontaneous and evoked activity of dentate
gyrus cells (Stefanis, 1964; Segal & Bloom, 1976a).

The effect of NE on the population spike amplitude in j

the slice (131%) was in the .same direction and of similar
magnitude to' that observed following locus coeruleus
stimulation (140-150%70f control) or iontophoresis of NE
(130-1408) in the ahesthetized rat (Assaf et al., 1979;
Harley et al., 1982; Neuman & Harley, 1983). However, the

development and subsequent decay of the increase in. : we g
- . Ppopulation spike amplitude was not uniform with
iontophoresis. of NE, stimulation of locus coeruleus; or
superfusion of NE in the slice. - _
In the iontophoretic studies, following an ejection .
i period of 142 minutes, the population spike amplitude
" incressed slowly to. a plateaucver a period of 15-30
winutes. Sometimes the population spike amplitide continued s
. . to increase after this period and was followed by a slow

decay over hours (Neumam Harley, 1983). With locus . o




coerulens stimulation, the first pairing of locus Goeruleus
and perforant path stimulation prodiced a near peak increase
in population spike amplitude (Harley et ‘al., .1982) .
Following 50 repetitions'of such pairing (1’.e. over z 10
minute p‘e‘riod), when “the perforant ylth was stinulated ilone

t}[ﬂ pupulatian :pike amplitude was snu elevated relative

to com.rol although less than during paired locus coeruleus-
perfnran\: pnth stimulation. Al‘terulrds, e!ther the effect
decayed back to bueline or remained elevated -for 30 minutes
.(Harley et aliv, 1982). ‘In the slice, a almllar pattern to
‘that proauced by locus coeruleus stimulauan was abserved.
v.The population ayike amplitude increased relativzly rapidly
after the onset of superl’usiyn, and Lh:n peaked near the end
, of the _supe‘rnsion period. _A;teruardab either the effect
decayed back to buseline or desayed much more slowly and
Temained significantly elevated for 30 mimtes. ‘The
simil‘arity of the effect with superfusion in the :lice and
locus coeruleus -stimulation “in vivo su;geats that the-
superfusion ler.hod “in vitro provides a good approximtiomol‘
the “effect of phymlogzcany released NE in vivo.
¥ith respect to the long-lastirg ‘povt.enti.lﬁon of the
populition: spike smplitude produced by NE, its ifcidence wes
found to be lower in -the slice than in vivo. Hhereasi long-
lasting.effects were observed in 60% of “the aninals -
following locus coeruleus stiluutlon'(Hnrle.y et al., 1982)




and at 39%.of the. potentiated sites following iontophoresis <
of NE (Neuman & Harley, 1983), following superfusion of NE_
théy were observed'|1n 243 of the slices showing. an incresse
in population spike anplitude. The lofer incidence of Long-
lasting effects in the Siice was not uhexpected given that -
there is always g pr‘og'ressive metabolic run-down of the
slice. However the fact that long-lasting increases in
evoked responses weré observed in vitro suggests that the
neuronal substrate necessary- for such long-lasting changes
in neuronal responsiveness is present in the simplified
slice .preparation. .The lower 1néidgnce observed in vitro
ney reflect the absence in the slice of factors f‘adilitacing.
the effects of NE in'vivo.  For example, co-localization of
_vasopressin and NE in locus coeruleus cells has been «
suggested on the basis of immunocytochemistry (Caffe & Van
"Leeuwen, 1983). Additianally, vasopressin has been reported
to potentiate the stinulation of cyclic AMP accumulation
produced by NE in mouse hippocampus (Church,.1983). Thus
_perhaps,thie presence in vivo of endogenous factors such as
vasopressin which are co-released with NE or which are under
other extrinsic influences facilitates the seffects of NE and
results in a-greater incidence of long-lasting effécts than

in vitro.
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¥ The pharmacological results indicate that the effects of
NE on the EPSF slope, populatien spike onset latency and

Ppopulation spike amplitude were mediated via beta adrenergic

receptors: The effects of NE on the evoked [regponses’ were
antagonized by the beta receptor antagnnlst ‘timolel but ot 4

by the alpha receptor antagonist.phentolamine. il

» Addinonglly, similar effects’ to those produced by NE were
Gailsed by the beta receptor agonist isoproterenol but not.by
.th‘e‘ alpha receptor agonist phenylephrine.
The effective -concentration of timolol. necessary to

réliably antagonize the effect of 10 pi NE was found to be 5

M. The _errecr,ue\'_canc'en:rauon of iscpro:erenol necessary

‘to.reliably mimick the effect of 10 uM NE was noted to be 1 - ‘{[
{

K ).IM.; The greater potancy of .isoproterenol relative to

norepinephrine ‘in prnduclng changes in the granule cell - je
evoked résponses further suggests that ‘these effects were r i
_med)a\:ed via beta .receptors (Goodnan Gilman et" al., 1980). ’
.The gicater potency of isoproterencl resulted in effects -
. ‘of greater magnitude being prad\l'{ud on EPSP slope and

: s, population spike amplitude than were produced by NE. While
superfusion with ‘Laoproterenol ¢id ot apear o result in a

" greater incidence of Tong-lasting eiregcs, this question was

not thoroughly investigated in the present study. ‘Since .

iscproterenol is more potent than NE, it maybe that shorger —




periods-of superfusion would produce long-lasting effects.
In this respect,-Anwyl and Rowan (1984) mentioned that
superfusion of isoproterenol on CAl cells produced increases

in population spike amplitude'sometimes lasting up to 2 .

hours. Alternatively, a more selective beta-1 or beta-2 » °

ad};nerglc agonist could be necessary to cause the 1ong-_
lasting effects in thé dentate gyrus.
Although the effects o!.NE on EPSP slope and ‘population
spik_e amplitude could be differentiated in terms of
5 ma!l:!itude and duration of effect, the effects on both :
parimeters appeared to be mediated via beta racepi:nrs.
Tinaiol blocked and _isoproterenol mimicked the increase in
both EPSP slope and population spike amplitude produced by
'NE.
The results of the experiménts with superfusion’of the
alpha-receptor agonist phenylephrine indicated that some
- alpha-mediated actions of norepinephrine were also present -
in the dentate gyrus. These alpha-uedlgge«‘i actions resulted
in decreases in EPSPv a‘lope 4nd population _splke amplitude
but no changes in population spike onset latency. However,
" compared to the beta-nediated effects,. the alpha actions
were .of shorter duration and; smaller magnitude. . Thus, unh
superfusion or NE, ‘the beta-mediated’ effects predonminated
and increases in EPSP a]opegﬂa population ‘spike amplitude
as uall as in pnpulaunn spike onset latency were mostly

i
i
|
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.al., 1981; Marciani et .al., 1984) and the beta-mediated
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observed. i

The present demonstration of beta-mediated increases in
population spike amplitude produced by NE confirmed the
prelininary evidence of Harley and Neunan (1980) that the
increases in population spike amplitude produced by
iontophoresis of NE were mediated by beta receptors. The

present data are also_consistent with the beta receptor

mediated increase in population spike amplitude (Mueller &t

increase in evoked firing (Madison & Nicoll, 1982; Haas &
Konnerth, 1983) ,observed in hippocampal CAl cells, ~ However
the present data provide the first”demonstration that the

increase in evoked excitatory synaptic activation hlso

produced by KE in granule ceMs. (in

nediated via beta adrenergic receptors.

Hence the results indicate that the physiological %
effects of NE'on the evoked responses of the granule cells 4
of the dentate gyrus are predominantly mediated by beta
receptors.. In contrast, the physiological effects of NE on - ;
the evoked responses of the pyramidal cells of the CAl .
region appear ‘to be mediated via Eoth alpha and beta
receptors (Muelier et al., 1981). . Thus bétween the two
regions. there appears to be a difference in terms of
weighting,. or rslat"’ive strength,’ of alpha vs beta mediated

effects. ' In contiagt.to the physiological results,

. Y
! g
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radioligand binding studies indicated that, whereas a -

relatively equal dfsity of beta receptors are found in

Ammon's horn and the dentate gyrus, 30% more alpha binding

sife:';.re present in the dentate gyrus than in Ammon's horn
(Crutcher. & Davis, 1980). The present results suggest that
the higher density of alpha bind'ing sites in_the dentate
gyrus represents a relatively inactive pobulaticn of
receptors if they are ‘situated on granule cells. K
Alternatively ‘these receptors could be situated on n;urons"’
other than the granule cells, or on glial cells, which may
not affect evoked potential parameters in the slice
prepnaratien. )
EPSP slope and ‘population spike amplitude relationship

The results of theé experiments examining the population
spike amplitude measure as a function of the EPSP slope
indicated that the increase in the EPSP slope produced by NE
was not ‘of a sufficient magnitude to account for the

observed increase in population spike amplitude. Thus it

‘was concluded that NE produced distinct effects on EPSP

slope and population’ spike amplitude.’
Regression annlyses permltted a quantitative assessment

of‘ thé contribution of each factor to the observed increase

in populatlun spike amplitude. It was observed that the




increase in the EPSP slope contr‘-lbuted to a mean of 47% of

the increase in population spike amplitude. Coﬂseﬁuen?ly a-

mean of 53%.of the increase in populutlon spike amplitude

was due to other extrasynuptic factors.

Therefore it is connluded that roughly 50! of the effect

of NE on the perforant path evoked firing o( the granule’

cells is. due to an enhanced excitatory synaptic activation

of the gr-n;lle cells (effect on extracellular i-:PSP measure).
The/wainin& 50% is due to other ef{ects of NE on the . .
granule cells which result either in a given extracellular
;EESP,PLQGJJAXHLL!I‘J&!H‘ rir,u-g,ot,v'netion puzem,xla,by.tr_“e e
granule cells, or in a greater current being generated by
“the same number of action potentials fired by the granule
“cells. This point will be further discussed in the next
.a’eutionA {bith regards to the results on antidromic responses.

Theée results further emph:siz; the: nesd for careful

munitor\i.ng of extracellular EPSP measures in a’ssesslng
changes in ;raljnule cell evoked responses. The pre_aent r
‘results suue:trthat a previously u?.de-onstrated increase in

the extracellular EPSP component of the perforant path

evoked responses produced by NE, accounts for roughly half
of‘ the effect of NE obsarved_‘on the population.spike .

component.,

It should be noted that if the decrease in the

: population spike nnsvet latency wa‘s causing an artefactual




increase in EPSP slope, the regression based estimate of the
percentage of population spike increase induced by NE would
be affected. The results, in that case, would overestimate
the percentage of the population spike increase that could

be accounted for' by the increase in EPSP slope. Given the -

- magnitude of the onset latency change usually observed with

superfusion .of NE, the overestimate would approximately be

cof 5-10%. 7 . : .

Effects of NE on antidromically evoked responses

209

The results of the experizents on antidromic stimulation
of ‘the granule cells showed that, in contrast to the effect
ofi GRENGAFGHTGHILY ‘seoked- EespoREs, BUPSEIISTON B¢ RE“akd
not cause an increase in the antidromic population spike
amplitude. These results suggested that the increase in
orthodromic population spike amplitude produced by NE was
not due £o voltage-dependent membrane changes ocourring at
the soma since such changes Hﬂgld also have resulted in an
increase ‘in the antidromic population spike amplitude.

In terns of neuronal changes produced by NE these
experiments help clarify the changes resulting in a distinct
increase in population spike amplitude. As mentioned in the
preceding section the increase in orthodronic population

spike amplitude could arise either from a greater current




flowing across the somz membrane as a result of a greater
number of action potentials being g!nerated orthodr ca}lly
in the granule cells or from a gre:ter current h:hsA
generated across the soma membrane by the same number of
action potenuals generated in.granule ceus.

However. the antidromic povulatlcn spike amplitude

‘represents the_current flowing across the soma. membrane as 2

result of thesSomatic invasion of attion potentisls evoked

antidromically in granule cell axons.
Thus, assuming that the ant¥Qromic stimulation' evoked a

relatively constant number of action potentials, if the -

effects of NE on the orthodromic population spike had arriaen
from a grester current being generated by the same “number of
action potentials in granule éells, the antidromic 3
population spike should have been altered in the same manner
as the orthodromic- one. The results indicated that this was
not the case, and it is suggested that the distinct increase
produced. by NE on the orﬂmdrmic population "spike aIpllI:ude
arises from a greater number of action potentials being
generated b‘y the granule cells to thve synaptic input.

The results of antidromic stimulation also show that a
commonly observed effect of NE on.the antidromic pop’ulutinn_
spike amplitude was a small decrease of shor.-t, duration. .
Thus it would appear that part of ‘the action of NE on the

granule cell evoked responses involves a decrease in
\ i S . i
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population spike amplitude arising from changes taking place
at the granule cell soma. Since the alpha agonist

Phenylephrine was also observed to produce. similar changes

A\

‘on the orthodromic population spike it is suggested that

these effects on dromic and antidromic r

represent alpha-mediated ef fects of, NE. on the granule cells.

This suggestion could be bested experimentally by examining

the effect of NE on 1o ses in the presence of

an alpha receptor antagonist or using an alpha agonist.
Alternatively, the decrease in antigromic population spike

amplitude could reflect an increase-in passive membrane

resistance produced by Ni. Such a decrease in leakage
membrane conduc‘tance may result in a decrease .in antidromic
responses, but result in.an -increase in orthodromic
responses by facilitating electrotonic conduction of
synaptic current to the axon hillock, Clearly,

intracellular studies are needed to clarify this point.

of NE effects

The résults of these experiments indicated that
following superfusion With NE, subsequently évoked ‘granule

cell.responses were increased whether or not the perforant

path was concurrently stimulated during the superfusion

period.

a1

1
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These experimentS indirectly showed that all perforant -
path inputs to the granule cells, reganﬂe:s of whether the‘y .
vere active or not (during the period of appucanon of NE,
uere probahly enhanced !'0110141% superfusion with NE Thus,
‘contiguity in time between synaptic activation and the ' . .: - |
presence oé HE hiayenot bs ressssary For thedevelament of
the effects of NE on the granule cell. evoked respc;n;e. :

" The present results confirmed similsr conelusions of

Harley et al. (1982) who showed that 10 Hz stimulation of

locus coeruleus neurons produced an increase in the $
amplitude of the population spike evoked at 10 second e
intervals during and subsequent to locus coeruleus
stimulation. In this instance, contiguity in time ‘betwesh ¥
' the ‘perforant, path evoked résponse and locus'coeruleus
stimulation was not necessary for the. development of the
effects of M. o s S
The present experiments additiondlly demonstrated: that bt 3
the effects of NE.on. the EPSP slope measure were.activity- :
independent,

In the present activity-independence experim‘enu, long-
lasting NE effects were not observed and thefefore, the
activity-independence of long-lasting NE ef fects was not.
g : assessed, Further experiments should address this question

since the demonstration of activity-deperdent long-lasting

effects would have great functional implications. -Such a




_ démonstration ould provide a model of.néurotransmitter-
; ’ oo " :
induced long-lasting associative changes in neuronal
responsiveness in mammalian CNS, pe
&~ g ; 3
Whereas application:of HE.produced increases in the

perforant path evoked responses, superfusion with 5-HT®

caused decreases in the evoked responses. It was observed

that 25 pM 5-HT ge’nera]ly produced decreases in-EPSP slope,

population spike aiplitude - and population'spike onset
"llatency which were of' ahur‘ter‘ duration than the c‘hange! -
usually observed with NE, Some.t‘imes the decrease in
" population spike amplitude was preceded by a transient ) \
* increase and on some ufcasions the decrease was followed byv {
an‘lncreape.‘,, ) N 2 B 3
A Thése Fesults.provide the first demonstration of the

effect of direct-épbldcntion of 5-HT on the perforant path
evoked field responses of ‘the granule cells, These results

are consistencv with the_.intracellular observations of Assaf

¢
i " et al. (1981) whoreported inhibition of granule cells with !
‘ iontophoresis of 5-HT.and who Suggested that 5-HT produced |

L= ‘an increase in conductance to chloride iéns. Such actions

© .. .. of 5-HT would reduce the synaptic depolarization produced by

pérforant. path stimulation by shunting’ the granule cell

|




mambrane. Such a mechanism of action would prediht that: in

/.the presence ‘of -5<HT the EPSP slope and population spike

amplitude of the perforant path evoked responses would be

reduced, as was observed in the present experlmen(:s with

superfusion ‘of . 5=HT.
The preesent observations ofdecreased evoked responses -

a ) :
. with superfusion of 5-HT appear to contradict the .

observation of ‘Absaf and Miller (1978) of increased
yopﬁlntio‘n spike amplitude following raphe stimulation.
‘They ‘suggested that this increase resulted from the
inhibipory aétion of ‘5-HT on the granule .cells: However the
observations of d‘e‘nreased‘ evoked responses with 5-HT.* B

superfusion presented here lend further, support to the

proposal of Srebro ét al. (1982) that the increase in evoked .

responses follouing raphe stimulation is non-. serotonergxc,
since in their hands thia increase was still observed
foll-owing deplabion of hippocampal seror.o_nln. .
An‘ increase in the granulg cell's popula»tia‘n spiké |
amplitud; was sometimes ob‘ser‘-yed to fc\ol.lnu the initial
decrease produced by 5-HT. ' This ‘response is similar to the
relatively- long duration (30 40 minutes) racilitation which

has been reported to rallou nn initial periad of suppressien

‘.

of unit activity in CA3 cells after superfusion nf 5-HT*

(Otmakhov & Bragin, 1982). . Thus it would appear that some

Aéf f;he ‘action of serotonin on the granule cells as on CA3

Grtimsild
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pyramidal cells may be more complex than simple inhibition. : %
) » 5 .

Noradrenergic actions in the dentate gyrus
In summary, the results presented here indicate that « TN
norepinephrine produces distinct effects- on.the responses of . .t P

granule cells to perforant path stimulation. ; The results
.

suggest that NE produces an increase in evoked synaptin‘

activation as well as an increase in evoked firing of the

. granule cells. Furthermore, thesé effects are mediated via

_question. -In this regard the present experiments provide a

beta adrenergic receptors and are acgivity-independent. _

Additionally,-it was shown that the observed incredse in

evoked firing is not due to membrane changes at the soma and 5 o
that in 24% of the cases the increase in evoked .rirlng 7 :

produced by NE is long-lasting. Finally, norepinephrine was *

also observed to sométimes p}oduce_a small decrease. in

evoked response which was'mediated via alpha receptors. It =~ 3

vas suggested that these relatively weak alpha mediated
effects are taking place at theA;oms memk;rani.

The present experiments did not attempt to OWW'—\ Seim
further the me?haniam of action of NE on the granile cells,

Clearly, intracellular stuéies are needed to resolve this

)
H

much .needed physiological and pharmacdlogical

characterization of the effects of NE in the slice




" preparation. * Given that~intracellular studies of granule:
cells‘gan be ;ore easily achieved in the slice preparation:
than in vivo, the characterization of the effects of NE
obtained here. should prove useful in desisning the
-pproprlate xntraeellulnr studies on the cellular mechanism
of action of NE.

However, nechanisms of action of NE which. have been

" demonstrated elsewhere in the CNS could account for the
observed increase in the granule cell evoked response it‘
they took-place in the dentate gyrus. my 3 e .

First, Dolphin (1982) reported that norepinephrine, or
the beta-2 agonist ulb;\r.anoi, p&tenbiated the potassium-

. evoked release of glutamate from rat cerebellum. If NE

produced such a potentiation of the synaptic rele: e_o?
’ gl’n’ﬂlﬂte from the perforant path fibers in the dentate

5;rus; then with superfusion of NE one would observe an ~ R
_ increase-in the synaptic- activation of the granule cells

following pérforant path.stimulation. Indeed this va‘s an

effect of NE observed here in the dentate gyrus.

Second, Madison I;'Ad Nicoll (1982) and -Hau and Konnerth

. (1983 reported that_ dokepluebhstns applied to nlppacaupax

pyramsdal aells “produced an 1’hcr¢a=e in evoked firing via a A

} X . decrease in the culcium-dependent potassium conductance
mediating the late hyperpolarization. This beta-mediated
effect has been referred to. by Madison and Nicoll (1982) as




a decrement in spske accommddation. If NE produced such a ~

decruent in spike accomodation in granule cells, then with

superfusion of ‘NE one would observe an increase in evoked i *

firihg following perforant path stimulation. ' In-this

report\ such-an. effect was observed in the dentate gyrus
rullwmg superfusion of NE. Similarly, since the late

hyparpolarizatiun is not ohserveu followlng antidromic

atlmulation (Thalmann & Ayala, 1982), the lack of

!

facilitatory effects of NE on the antidromic responses

observed in.this report further supports this hypothesis.

* Therefore;, it is suggested that these two beta-mediated -

effects of NE shown to occur elsewhere in the CNS .could

account for the observed beta-mediated effects of NE on the

granule cell evoked responses. Although there is no direct

sevidence that these cellular actions of NE are oc{:urrlné in -

' the dentate gyrus, they provide a‘parsimonious explanation

SSATEI L

of the effects observed. However, yet undemonstrated

. actions nf NE may instead take place in the dentate gyrus.
Hypobhetically, the effect of NE on the EPSP measure could 4 4
he caused by an-increase in the sensitivity, or in the

number, of receptors for the excitatory amino acid

neurotransnitter in the perforant path. Alteérnatively, the
ei‘tent could ‘arise from membrane changes taking place in the
dendrites of the granule cells. In turn the effect of NE on

the population spike lnpntude could be uedluted by changes




" taking place at the spike initiation segment result.ing in a

lower firing threshold for the granule cells The .
population spike increage could also be caused by factors
increasing the coupling between synaptic drive and action

potential firing. Such an_increase in coupling has been

vsugge‘sted by Mueller et al. (1981) to account for the

facilitatory effects of NE on hippocampal pyramidal cells:
With'respectto the weak alpha-nmediated effects of NE

N 3
observed on the granule cells, any of the-numerous

mechanisms of action of the suppressant effects of NE-

demonstrated elsewhere in the CNS could also.take place in.
the dentate gyrua. Such actions as a decrease in sodium sn‘d
pctassium membrane conductance .(Marshall & Engberg, 1979),
an increase in potassium conductance (North & Yoshimura,

1984), an activation of & sodium-potassium‘electrogenic pump

* (Phillis & 'Wu, 19815 Segal, 1981), an increase in chloridé

conductance (Segal; 1981) of & decrease’ {n anomalous

recufication (Langmoen. et al.

1 1981). ‘could result in the

weak suppressant effects of NE observed.in .the dentate
gyrus. Among -these mechanisms of action, only.the increased
potassium conductance observed by North and Yoshimura (1984)
in spinal r;eurons has been shown to be mediated \}ia alpha’
receptors. : S *

As mentioned above, although these proposed m'echanis‘ms‘

could accourit for the effects of NE in the dentate gyrus,
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intracellular studies are needed to directly resolve these

questions.

nng_]a'ﬁ:jn‘ effects of NE. in ‘rhg dentate ‘gyrus .

A remarkable aspect of the effects of ”E in the dentate
gyrus is the ability to produce long-lasting physiological

changes in the granule cells.. With the demonstration in

humans. that the hippocanpal formation may be involved in cnev"

eatahli:hment of long-term memories (Scoville & Hilner,
1957), an_active area of research has been to 'try to .
identify the neuronal substrate in the hippocampal formation
for this memory process. -The primary requirement for such'a

neuronal substrate 15 ‘that the neurorsl changes’be long-

lasting in nature. With the demonstration by Bliss and Lomo’

(1973) and Bliss and Gardner-Medwin (1973) that long-lasting

changes in synaptic efficacy are produced in the dentate
gx;anule cells following hlgh-fréquency stimulation 'ol‘ ‘the
perforant path, the‘ ‘phenpmenon of long-term poténﬂtiation has
been suggested as a ﬁeur{mal substrate for. memory formation
(Swanson ef al., 1982). In fact, since its demohstration,
long-term pocehtiauon has been regarded as the only ‘type of
long-lasting ‘changé occurring.in the hippocampal formation.
Thus, ‘Tt was'readily attractive as a potential model for a™

memory substrate.
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: -Hoi{e"«_er, the"Fauent demoRsLHIELGR by Neuman and Harley'
(1983) that iontophoresis of NE produces.long-lasting
increases in: perforant path evoked responses indicated that
Jong-lasting changes in synaptic efficacy in the hipposanpal
format‘ian'could also be produced by other ph}siological
means. Harley et al (1982) have confirmed these results
and shown that NE released physiologically by locus
coeruleus stinulation also produces long-lasting changes in
granule cell responses. _The present report further confirms
.the genuine' long-lasting errects"of NE and extends them by
ishDHing that superfusion of NE also, produces long-lasting
changes in synaptic efficacy in the in vitro slice
prepgratinn. Furthermore, the present resulhs indicate that
the long-lasting effects of NE are mostly seen on the evoked
firing of the granule cells. However, cccasiunally they are
also observed on the evoked synaptic activation‘

Therefore, because of its ability to produce long-
lasting changes in synaptic erﬂcacy, NE-induced long-

) lasblng potentiation (Neuman & Harley; 1983) satisfies the
primary requirement of- a neuronal model of memory formation.
Thus, NE-induced long-lasting potentiation provides an
alternate neuronal -model of memory ror;mation to longsterm—
potentiation.

Indeed, ‘NE-induced 1nné-lasting potentiation closely

resembles. conceptually. the heterosynaptic facilitation




produced: by serotonin in }xplys_ia which is thought to be the

" neuronal correlate of classical conditioning in that
preparation (Carew; Hawkins & Kandel, 1983; Hawkins, Abrams,

. Carew & Kandel, 1983; Walters & Byrne, 1983). Thus, NE-
“induced long-lasting potentiation may represent a mammalian
CNS analo‘gue which has evolved from an evolutionarily early
rionoamine. action.

However ai the present time, farther ekperiments are "
needed at- the physiological and behavioral level to test
these hypotheses. It should be noted that the long-lasting
changes taking plaée during NE-induced long=Yasting
potentiation and those occurring during freéquency-induced
long-term potentiation may be related. Bliss et al. (1983)
reported that long-term potentiation of the ext‘racellular»
EPSP of the dentate granule cells is r?'gduced by 50% in rats
depleted of NEWith-reserpine or 6-OHDA._ Such results
suggest 'a relationship between NE a‘nd long-term
potentiation. . “ ¥ : N

Although NE-induced long-lasting effects have been
reported mostly in the dentate. gyrus, others have recently
observed similar chang'ea@n other regions. Armstrong-James
and Fox (1983) reported that some x;eq.:ens of ‘the deep layers
"of rat primary somatosensory cortex responded to low levels,
of fontophoresis of NE with an increase in spontaneous

firing rate which lasted for up to one hour.

.

»
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More recently, Anwyl & Rowan (1984) noted that bath
application of isoproterencl produced increases in the
po,pulu'uon spike amplitude of CA1 pyramidal ce.us in vitro
which lasted up to 2 hours. In contrast, other
investigators.who have applied NE to CA1l ceils and have =
observed facilitatory effects do not report long-lasting
effects (Mueller et al., 1981; Madison &'Mctzll, 1982; Haas
& Konnerth, 1983). Since’ Anwyl & Rowan' (1984) observed
longilasting changes with a beta ranep'r.or agonist, the long-
lasting etrects not observed by others may have been .ﬁaukei
or prevented by ‘the alpha-madnted effects which are nlaa 4
produeea by NE on CA1 cells. )

Finally in the cerebellum, Michael et al. (1983)
observed that the=facilitation of GABA inhibitory responses
produced by NE released by xo;mophorene"auy applied
amphetamine can last for 60 minutes. This last report
indicates that NE can facilitate inhibitory responses as

well as excitatory ones for long periods.

nnnnun:mmmn_m_m_nmm
‘s mentioned above in the Introduction it is gemerally

tﬁbugh‘t .that there are four major excitatory inputs to the

'dentate gyrus: perforant path, associational fibers,

commissural fibers and septal projections. Whether the
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hypothalamic afferents are excitatory or inhibitory remains
controversial. X P
Based -on electrophysiological experiments in awake N .
freely-moving rats, Winson (1980) ‘had suggested. that the two i
brain stem afferents to t_nc dentate gyrus exert modulatory

influences on the granule cells excitability. Thus, by

their actlo_n on the granule cells it was suggested that

raphe and _lacl'u coeruleus n'uu‘le.ivmoqulate‘the ‘transmission

through the dentate gyrus which.arises from activation of
other inputs to the granule cells. ‘Such a mechanism was
" suggested to account for the variations in neuronal
transmission observed in the dentate gyrus during different

behavioral states (Winson & Abzug, 1978; Winson, 1980).

However in the light of recent' evidence this suggestion

needs reformulating: First, it was assumed that locus

i S

coeruleus and raphe influences on the granule cells were
tonic in nature (Winson, 1980). But recent evidence
indicates that locus coéruleus neurons a.re.also activated
phasically (Foote et al., 1980; Aston-Jones & Bloom, 1981b).
Thus the influences of locus coeruleus on the dentate gyrus

have to be considered not only in terms of tonic influences |

‘according to behavioral state, but also in terms of phasic
influences arising from arousing sensory stimuli in the

¢ .
environment:

\ Second, it was assumed that both the serotonergic input




from raphe and the noradrenergic input rrom.loz_:us coeruleus
were inhibitory in nature (H_inson, 1980). However the
present results and those of others'(Assa et al., 1979;
Harley et al., 1982; Neumar & Harley,_1983) i;ldicate that
the noradre‘nergic input from locus coeruleus is facilitatory
in nature. Thus the modulatory action of the locus
coeruleus on the granule cells results in iricreased neuronal
transmission in the dentate gyrus.  In contrast the action
of the serotonergic input from raphe nuclei causes a
decrease in neuronal transmission in the dentate area.

In reformulating Winson's hypothesis (1980) of a
modulatory function of -the brdin stem afferents on meuronal
transmission through the dentate gyrus, thes‘e factors must
be taken into account. hus, the influence of the raphe
nuclei results—in a decrement in neuronal transmission while
that of the locus coeruleus produces an increment in
transmission. This modulatory influence not only occurs
during the tonic activation of thesé nuclei but also as .a
function of their phasic activity.

& The'eiperimental evidence of Winson & Abzug (1978) of an
increased population spike amplitude during slow-wave sleep
does not appear consistent with the proposal since the nglc
activity of the locus coeruleus is low in this behavioral
state (Aston-Jones & Bloom, 1987a). Yet the extracellular

EPSP increase observed during the still-alert state (Winson




& Abzug, 1978) is consistent with the hypothesis, since-the
locus coeruleus-is more active in this hel}:viural state
(Aston-Jones & Bloom, 1981a). = W

As noted above, the_se changes in -evgi::e;_d responses during
different behavioral states.represent changes arising. from
changes in tonic acrlivity. Recent evidence suggests that a
. more functionally lmporé-nt modulatory role for the locus
coerulleus may arise Tr“om its phasic activity (Aaton-lénes &
Bloom, 1981b). Therefore, 'a more approprute‘tesb of the
hypothesis would involve monitoring the perf‘orlnt path
evoked respohses in-8uwake aninals during the presentation of
arousing sensory stimuli v»hicn produce phasic activation of
the locus coeruleus. . ' g B .

The observation that NE prodices long-lasting effects on
the granule cells further ;u‘ueauruxat a transienf,‘ phasic
lctlv:;i‘on of the locus coeruleus could produce long-lasting
changes in neuronal transmission through the dentate gyrus.
Thus, the phasic modulatory influence of the locus coeruleus
on neuronal transmission might be considered to be long-

lasting in nature in some circumstances.

It should be emphasized that these functional inferences'

are based on experimental work on perforant path evoked
transmission in the dentate gyrus. Before generalizing to
other inputs, further experiments are needed to test whether

NE and 5-HT also affect the responses evoked from activation




of cmi:surnl, associational, septal and hypothalamic
~afferents. It should also be assessed whether NE and 5-HT
modulate the action of other intrimsic meurotransmitters
(GABA, substance P, etc...) in the dentate gyrus.
/asiother aspect of the action of NE which requires
further characterization in order to assess its rhnet_xonaiv
'mpucaunns are the long-lasting effects of NE,~ A )
ehlrlcterizatioﬂ of ‘the factors nacessary ror the reuahle
aatablishmen(: of long-lasting effects is_particularly’
needed. More specifically it would be very 1nrnrmanve to
determine if the long-lasting changes produce_d by NE are
associative; “or activity-dependent, in AR, )
Noradrenergic contribution to hippocampal function ”
S K
Winson and Abzug (1978) have suggested that the
physiological function of the dentate gyrus 1s to provide a
" gating profess regulating the flow of. informatiod throbgh
the hippocanpal‘ formation. Thus depending on its "state of
activation" the gating of the déntate gyrus HO;I.ﬂ vary from
being ‘Gpen and allowtng unrestricted transmission of
1nro?uation thraugh to CA3 neurons, to being ‘closed and
:everely resbrlctlng the flow of lnformation to tha CA3
area. In'this reapact,»tha praposed auuon of the

¥ norldrenerzie 1nput to the dentate gyrus would be- to
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modulate heuronal ‘transmission through. it and thus in
‘conjunction with other modulatory influences’to adjust such
a gating .process. ~Since NE was found to e'nhari‘ce.'evoked
responses, it is suggested that it would enhance the flow of

infornation through the dentate to CA3 and thus adjust the

| gating process to a.more open setting.

In terms of hippocampal behavioral function, as
nentioned above, 0'Keefe snd Nadel (1978; 1979) have 4
suééested that the hippocampal formation is involved in
_spatial/cognitive mapping. . Thus if one transposes’ from
‘phy"’:iolbgical function to behavioral function, it suggests
tha.t th‘l".: noradrenergic input toa the dentsté gyrus modulates
the flow or processing-of spatial ‘information through the
“dentate area. In this manner activation of the
moradrenergic input would allow enhanced‘ transmission or
pruceuinz of spatial 1nrwrma;:iun. Thus if the

nuradrenerglc input to the dentate gyrus is to have

‘Aignificant behavioral impIications, one would predict that
behaviorai tasks requiring spatial/cognitive mapping would
be facilitated with activation of the noradrenergic input or
inpai¥ed with removal of it. o e &«
If the long- lasting erreccs of NE in the dentate gyrus
contribute to 1eng-1a=ung chaiges in hippocampal function,
one would predict that some behavioral tasks involving long-

lasu‘hg changes h) spatial/cognitive mapping would' be
4

u
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enhanced by activation,of the noradrenergic input or
impaired by its removal. |

Although these ‘behavioral inferences are speculative

“they are. also’ experinentally testable. Behavioral tasks

involving spatial/cognitive mapping strategies are well

“documented (Seifert, 1983) as are nor‘adrenergic stimulanon

ahd depletion, techniques: (Amaral & Sinnamon, 1977; Foote et
all, 1983). S :

The proposed function of the noradrenergic input in the
dentate gyrus is Similar to the function of the central
noradrenergic :ysbem proposed earlier by Kety (1970) .
Additionally, the suggesbed 1nvolvemenh of NE in long-
lascins changés ‘in hipponampal function is also similarly

related to recent reports of the involvement of NE in

" neuronal p1ast1cf\;y 1if these. reports NE appears to play.a

,permissive role in the estabu:hment of relatively permanent

changes in neuronal [unction (Kasamatsu, 1983; Keller &

“smith, 1983; 0'Shea et al., 1983; Watson & M¢Elligott,

1983). With respect to Kety's proposal, it was suggested
that synaptic rele‘ase of NE in temporal conttgulty with

dctivation of specific pathways would result in enhancement

of synaptic. transmissién in chose specu‘lc -pathways (Kety,

1970 Althaugh}nltially this was suggested as a 5
physiological mechanism to acgount for, reinforcement in

learning paradigms, subsequent wowk indicated instances of




" changes. =

"intact learning in NE-depletéd animals (Mason; 1981).

However it i§ now apparent that there may be more than
one c#1ular mechanisn underlying learning. So far at least
three different cellular mechanisms have been demonstrated
as taking place during learning in ¢lassical conditioning
paradigms (Hawkins e_c'al., 4983; Woody, Swartz & Gruen,
1978; Alkon, 1983). Thus:different learning situations may

involve different cellular mechanisms, some of which may not

. involve NE at all. On the other hand it appears that some

but not all of the effects of NE are related to long-lasting
changes in synaptic transmission. As mentioned above, long-
lasting -effects have been observed in roughly 25-60% of the
cases in the dentate gyrus. ‘Thus some of the sffects of NE

may be related to learning and/or long-lasting functional

\

In trying to establVsh the behavioral and physiological
relevance of the action of the central noradrenergic system,
the hippocampal formation provides a_model system from which
general functional principles may be. extracted. Ab the
cellular level, its physiology S RS LOR HaVE been’
intensively investigated and provide the background
knowledge necssary for further investigations into the
cellulan and molecular mechanism of action of NE. At the
neuronal systems level, its major inputs and outputs have

been described and can be selectively manipulated.
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Therefore the effects of NE could alsc be evaliated on these
processes.’ Finally at the behavioral level, tasks involving’
spatial/cognitive mapping which require an_intact ;
hippocampal formation have been described. Hence, the
effects of NE could also be evaluated at the behavioral
level. Furthermore, behaviorally, the hippocal‘npal formation
appears  to-be invblved in memory processes, thus it offers a

unique opportunity to evaluate the contributions of NE to

. neuronal plasticity in a manner that could be directly

relevant behaviorally. Therefore the hippocampus offers the
opportunity to investigate and characterize the effects of

NE in terms of molecular, cellular and behavioral actions.

The opportunity to relate molecular to behavioral actions

and vice versa will certainly prove to be beneficial in

establishing the function.of the central noradrenergic -

‘system.

il 4
Conceptually, tr’xe oh:‘:erved facilitation by NE of '
excitatory evoked responses in. the dentate gyrus is similar
to the concept of increases in ugﬁal-to-noisa ratio of
‘conventional afferent synaptic inputs which was proposed for.

the central action of NE by Woodward et al. (1979). However
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in the dentate gyrus, NE has only been shown to enhance
evoked excitatory responses. As mentioned above; in the

increase in signal-to-noise ratio paradigm, NE usually

~  produces a decrement in.spontaneous activity (Woodward et

al., 1979), and increases in inhibitory evoked responses °

.:have been shown in #fie cerebellum (Freedman et al., 1977)

and somatosensory cortex (Waterhouse & Woodward, 1980). But

in_the dentate gyrus, neither the effects of NE on the

spontaneous activity of granule cells nor its influence on

inhibitory evoked resppnses have been systematically

evaluated.
- However, enhancement by NE of excitatory evoked

responses similar to that produced in the dentate gyrus has

‘been described in many other CNS areas. These include the

-Berebellum (Moises et.al., 1979), somatosensory cortex ¥

tatefhouse & Woodiard, 1980), visual cortex (Kasamatsu &
Heggelund, 1982), latéral geniculate nucleus of the thalamus
(Nakai & Taksor:{', 1974; Rogawski & Aghajanian, 1980a),
superior colliculus (Kayama & Sato, 1982), facial motor
nucleus tMoCall & Aghajanian, .1979), dorsal horn of the
spinal cord (Hodge et al., 1981) and lumbar motor neurons
{Whi'te & Neiman, 1980; 1983), ’

Thus the results obtained so far in the dentate gyrus
are consistent with the concept of Woodward et al. (1979).

However, the effects of NE on spontaneous and inhibitory.
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evoked activity in.the dentate gyrusremain to be
determined.
Another difference between the enhancement of excitatory

. evoked responses produced by NE'in the dentate gyrus and

“élsewhere ‘concerns the adrenergic receptor type mediating
thesé effects. In. the visual cortex (Haterhouse et al.;

1983), somatosensoryécrtex (Waterhouse et al., 1981),

thalamus (Rogavski & Aghajanian, 1982), faclal motor.nucleus
(McCall & Aghajanian, 1979) and on lumbar motor néurons »
(Fung & Barnes, "1981; White & Neuman, 1983) the facilitation
"of. excitatory evoked responses by NE is mediated via an
alpha adrenergic receptor. However in the dentate gyrus the
enhancement of excitatory responses was noted in .the. present
report to be mediated via a beta receptor. In this respsct
the bets-mediated effects of NE in the dentate gyrus are mot
* unique since simildr beta-mediated effects have also. been

reported on hippocampal pyramidal cells (Mieller et all,

19815 Madison & Nicell, 1382; Heas & Konmerth, 1983). Thus
it would appear. that, pharmscologically, the énhargement of
-+ . excitatory evoked responses produced by NE in the cns oan be
mediated via two adranerglc receptor types, alpha and beta.
Houever, so far, the beta-nediated sffects on excitatory
responses have been observed only in the hippocanal

formation.

X Lastly, another functional difference in'the action of

i i i



NE in the dentate "gyrus is the relatively weak suppresssjit
effect of NE. Although it was initially reported that the

- effects of NEon unit activity in the dentate gyrus we

suppresfmt innature (Stefanis, 1964; Segal & Bloom, v
1976a)’, more detailed investigation indicated that mostly..
- facilitatory effects are produced by NE on population field
‘ responses (Neunan, & Harléy, 1983; Harley et al., 1982;
present report): Since ‘the difference in results could be
. explained by the difference in neuronal response recor‘ded, a
-confirmation of the facilitatory effects of NE on single
granule cell responses: is needed.- ’
However, in the meantifie, the present results and those
of Neuman and Harley (1983) and Harley et ali (1982).
strongly suggest that thefinction of the noradrenergic

input to the dentate gyrus is to facilitate the neuronal

_ responsivity .of the granule cells to excitatory inputs. As .

mentioned above these facilitatory effects ‘are not unique to

the dentate gyrus, bit they are in contrast to the

inhibitory effects of NE- produced elsewhere (see Van Dongen,

1981; Foote et al. ,‘ 1983 for recent reviews). In fact the
relatively weak alpha-mediated suppressant effects reported

here for the dentate gyrus are in contrast to the relatively

strong alpha-mediated suppressant effects 'in the CA1 region '

of the hippocampal formation (Mueller et al., 1981).. These

results suggest that noradrenergic function may vary from
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regioh to region’in -the CNS and that it may - also vary within
subdivisions of a given CNS region.

ons for furl:hér_res arch

Further research ‘on‘noradrenergic function-in the
dentate gyrus-and the hippocampal formation is required ay
three levels:. the cellular level, the neuronal systems level
and che behavioral level, - 3 ]

‘At the cellular level, an 1nvestlgation 01' the effect. of

NE'on single granile cell responses recorded intra- or

extracellularly would be welcomed. Since intracelivlar.
responses. [rom the . relatively small-granule cells are more
“easily recorded in the slice prepiration, the present report
provides information which will be Wélpful for such
investigations. B e . .

A questioh which should be addressed in intracellular

experiments relates to the ‘mechanism of action of NE, In

- Such'preparations the hypothesis of a ‘decrement in spike

acconodation could ‘be tested with intracellular depolarizing

“currents or extracellular iontophoresis of glutamate during

superfusion of NE. The question of the mechanism of action
of NE effects on synaptic ‘activation, however, requires. a
«different experimental.preparation. ~An investigation of the

release of pre-loaded fritiated-glutamate from perforant




path fibers, before and after application of NE, vould
answer: that . question.

Other questions about the cellular mechanism of action ;
of NE also require attention. . A further pharmacological ) sl
chiaracterization of the beta-mediated effects of NE in terms - x

wil " of beta-1 and beta-2 adrenergic receptor subtypes using more

selective agonists ‘and ‘antagonists’ would be helpfil. Such

characterization would further specify the méchanisi of
action of NE and would allow more specific and selective
control of the conditions producing the éffects of NE. o
4y 2 Additionally in the in"vitro sliss, the effect of T
. sxnaptically released NE could be investigated- using
amphetamine or tyramine, agents which produce pre-synaptic

release of NE (Goodman Gilman et 'al., 1980). 'In this manner

more physiological conditions would be approximated than . —

\ " with bath superfusion of NE. e

The h\ducheml’cal mediation of the cellular mechanism of *
a.cuén of NE also needs to be determined. Since other beta Sy
receptormediated effects of NE elsewhere in the CNS havé
been suggested to be mediated via the :ynk_’ﬁesiS of CAMP,
(sSiggins, Hoffer & Bloond, 1971 Hueller et él;, 1981).,  this - oy 4
possibility should also be evaluated in the granule ‘cells.. )
In the slice przparatioh,vintracellular injection of cAMP-or

its derivatives-as well .as factors influencing its synthesis

51 . and metabolism could be achieved. In this manner the effect




£ % o ’ ; : 236
: re—

of cAMP on graqule cell evoked responses could be evaluated n
and compared with those of NE.
Finelly H‘. would be 1ntormative to determine the

»mschal’u:m fcr biochemical mediaticn of the long-lasting '

< effects of -NE, Notably, the difference at the cellular g
level between errecgé which recover within 20 minutes and

those which are long-lasting should be determined.

At the neironal systens level, the effects of NE on the
other afferent inputs to the granule cells should be
evaluated. The effects, should be assessed on inhibitory as’
well as excitatory inputs. This could be tested on unit
responses With iontophoresis of the putative )
neurotransmitters in vitro or in vivo. Alternatively, the,
effects of NE could be assessed on the action of the
electrically stimulated afferents on granule cells in‘vivo.

A systematic evaluation of the contributing factors to~

5 cv
-the establishment of long-lasting effects 13 also needed.
It shouldvbe assessed hheth‘er’- the lnn.g-lasting' effects are

b " produced directly by NE or represent effects of NE of

shorter duration which are facilitated by some other factor.

As mentioned above, the lower incidence of long-lasting

effects in-vitro may be due to the absence of svu\!h

facilitating factors in the slice preparation. In this

respect, it was suggested that the involvement of

vasopressin be assessed.
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Also with respect to the long-lasting effects of NE, it

should be evaluated whether these e[fects are activity-

dependent, or associative, in nature. ‘As mentianed above

this question has lmportant functional implications in terms

of memory or learning models. Although the shorter duration
effects of NE have been reported here to. b achivity-
independent, the possibility remains that the 1ong ~lasting
ones are activity-dependent.

Findlly, at the neuronal systems level, the effects of
NE should be evaluated in the other regions of the
hippocampal formation. In this respect the effects of NE in et

the subicular complex and entorhindl area need to be

- determined. Additionally, in Ammon's horn, #he effects of

locus coeruleus stimulation should be .evaluated on the
pyramidal cell evoked responses. Although in vitro bath
superfusion of NE was shown to produce ‘alpha- and beta-
mediatied sippressant and facilitatory effects respestively,
1t should be assessed whether these effects are also , -

prodiced in vivo uith synaptic release of NE and what

‘triggers one effect versus the other.

At the behavioral level, the most pressing questions
concern the contribution of the observed physiological
effects of NE to hippocampal function. It was suggested
above, that on physiological grounds the function of the

noradrenergic input to the dentate gyrus was to modulate the

S
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flow of information through the dentate gyrus and

y through the h 1 formation. - Thus it

would appear that in this fashion the noradrenergic input

could modulate hippocampal function. It is possible to-test
this suggestion by evaluating the effects of electrical
stirulation of the locus' coeruleus on the performance of
r_at: on behavioral tasks known to require sputla‘l’/cagnitive.
mapping stategies. Alsn; hippocampal depletion of NE with
6-OHDA or DSP-H injections, or pharnacological antagonism

shou%d,,inter!’ere with any effects of NE on such performance.

- j‘ - f’inally, the contribution of tr:e long-lasting effects of

NE. ‘to‘hippn‘canpll function needs to be determined. It was
suggested above that Af these long-lasting effects are
behaviorally relevant then activation :s! the noradrenergic
input during the performance of tasks requiring
spatial/cognitive mapping should result, in the proper

circumstances, in long-lasting changes in behavioral -

- performance. Again in this conteéxt, locus coeruleus

stimulation during the p'ervfdrnaixce of hlppocalpal;relabed_
tasks could test this hypothesis.- Furthermore, as with 2
other instances in which NE has been shoun .to be necesgary
for neuronal plasticity, it symulﬂ be assessed whe ther .

hippocampal NE-depletion prevents the 1anrn1ng'6[ tasks H

involving spatial/cognitive mapping stategies. 5 L
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FIGURE A-1, Perfusion chamber top vlel;. Dravin; of the
chamhev; showing the chamber 1id and the three recording
chanbers. Note that the inner resting stage and the outer
square frame are represented separately. Re‘hr to Figure A-

3 for a view of the assembled recording chamber.
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FIGURE A-2. Perfusion chamber side view. Drawing of the

chamber without the assembled recording chamber.
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FIGURE A-3. Recording chamber side vienf: Brutnglt[hrough
the assembled recor_'dinl ci,uber 11.; thf‘ chamber 1id. 'Aiso a
top view of the inner reséing stagé "a'“i\; the onui-‘aqucrz
frame sh‘owing the n‘ylon netting between uhich the. huvln_,' H

_ slice lies. ’ o
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FIGURE B-1." Temperature controller circuit paFt one. First
part of the circuit diagram of the DC proportional
t‘.empel"ature controiler used for ‘the water chamber.
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i Screen #0 ) .
J 0 (. Program called TI~PET to eollect' an,nyze"n%ld )
potentials. It is a hybrid of 8086 FORTH ‘configured )

for 64K memory with 32 BUFFERS; it contains a full )

SCREEN EDITOR s well as an 8086 ASSEMBLER, TI-PET )|
uses. machine language: subroutines to digitize the )
|

field potentials and thé baseline measurements. It )

perfor‘ms on-line analysis.of ‘iser set parameters.on )

SCREEN. format as well as sending them to the parallel‘ )

¢

(,

4

Cthe digitzed WAVEFORM and it storss the KESULTS in )
¢

C printer. It does a D/A conversion of WAVEFORM at a ()

( frequency compatible for a pen/recorder.. ‘This vers: on)
( can only READ&PLACE i memory 3 SCREENS from disk at )|

12 ( one time and then PRINT-OUT the RESULIS. Techr;xcal )V \‘
- 13 C notes: A/D range -10.to +10 Volts; D/A’ range.-2.5 to >“\

14 ( +2.5 Volts, |

15 " g

Screen #1 ‘ .

A £ <o |
0 ( SET COUNTER 5 FOR A/D' FREQUENCY ) HEX Pase
C } 1 O VARIABLE WAVEFORM 202 ALLOT WAVEFORM 2+ WAVEFORM | i

: "2 (5653) CODE SET*COUNTER%S ‘
g B [ 3 AL, # 17 MOV . ( SET DATA POINTER T0 MASTER )

| i " W 1E, AL’ 'OUT  ( HODE REGISTER ) ] [

5 AL, # BO® MOV ( SET MASTER MODE: BCD,F1/1,8-BIT, )




61C, AL - oOUT - ( REST 0), Z
TAL, #81, MOY <l

-8-1C-, AL our ) ’ . .

9 AL, #05. n"owi ( SET, DATA-POINTER; o COUNTER ).’
101E L f‘)ur. « nonz REGISTER"S5 )

1AL, 431 MOV SET COUNTER 5: F1 FALLING EDGE, )
12-1C 4 AL "‘ouré « nuonn)snou LOAD, COUNT BCD DOWN )
§AL, # 1B MOV ( REPETITIVELY, ACTIVE HIGH 0, ) "
¥ e, jouT ¢ NOGATING ) ' -,

TP . : 5
Screen #2 ' . I ¥

0 ( SET COUNTER 5 CONT'D.) ey .

1AL, #75 MoV ¢ SET couumz 5 LOAD T0 75 )

21, AL our

3AL, #00 MOV .
omic AL our

5 AL, # 70 MOV.  ( LOAD & ARM COUNTER 5 )

61, AL our. X /)

7 NEXT. g

8 -=> . ) Y °

9 T

10 Py ’

1 B ) ‘ G

12 5 t oo,




H
;
4
y
|

Spseipereis

13 .
AU . =
15

; Screen #3 <™ @

D ( A/D ROI.ITII‘E LOOK FOR TIIGGER )

CODE A/D*ROUTINE - A

2 AL, #790 . KOV - ( SET MIX To CHANNEL 0 )

3.2, & ot ; -

BOAL, #0C MOV ( ENABLE EXTERNAL TRIGGER )°

5 10, AL OUT ! \ .

6 AL, 10 M ( READ'STATUS )\ :

7 AL, # 80 AND.. “( MASK OUT DONE
. 8AL, #00 GNP ('LOOPTO READ STATUS UNLESS DONE )

9 58A6 i :

T10DX,.# 0400 KOV ( TRESHOLD TRIGGER: 1/2 OF — RANGE )

" oA, 12 IN - ( READ LO BYIE )

12 oL, AL MV (& STORE-IT) , - :

13 ==

" .

15 S ’ »
' Screen #4 ) o . Y

0 ( A/D ROUTINE DIGITIZE AND TEST TRIGGER )
1AL, 4 IN ' ( READ HI BYEE.) . \




:ia A[, # 08 _-Ann

3 cH,'AL " wov

. 4 DX, €X cHp
& 5 506 KB
< 6 AL, # 04 Mov

’ 7 10, AL 0T
( 8 cx,. # 0100 MOV

"9 BX, # 5653 MOV

10 AL,*# 01 MOV

IRTIRTINV TR 7

- 12 AL, # 0C . MOV
13 10, AL our

1% AL, 10 ™

: 5 AL, # 80  AND

Screen # 5 .

0 "( A/D ROUTINE DIGITIZE & STORE IN HAVEFORH‘ )

1 AL, # 00  CNP

2584 a2
3.4L, 12 ™
W O[BK], AL MOV
5 BX Come
6 AL, 14 b
7

8

[BX), AL MOV

. ( SET ADDRESS 1 OF WAVEFORM )

AL # 08 ADD

. R
s e i
( ADJUST HI BYTE BOTTOM=00 )
(& STORE I7 ), < m (W
( IF BELOW THRESHOLD LOOP BACK )
(10 READ STATUS )
( DISABLE EXTERNAL TRIGGER ) )
Lo

( SET W/D LENGTH )

( SET MUX TO CHANNEL 1) : i

( ENABLE EXTERNAL TlIGGEi Y . - i I 7

( READ STATUS )’ @
( HASK OUT DONE. ) ==>

( LOOP BACK TO READ STATUS )

( UNLESS DOKE )

( READ Lo_BYTE )

( & STORE- IT IN WAVEFOR )

( INCRENENT WAVEFORN POINTER. )
( READ HI BYIE )’ )
( ADJUST HI BYTE BOTTOM=0 )
(& STORE IT IN WAVEFORM )

i T




. " - ) &\ < s : - vL ) . :
S : - L
. + . i 4. : .
& § . y ¢ > ¥
9 BX . ING | - ( INCREMENT WAVEFORM POINTER )
- 10cx "DEC | ( DECREMENT & IF NOT END OF )
11 5804 JNL . ( CONVERSION, Lﬂor TO nm STATUS ) ) 8
' f2 AL, # 01 MOV ' DISABLE EXTERNAL TRIGGER ) 3
13:10 , AL ot - . ; -~
14, NEXT o ; '
15 == . ! i S
% ; N ;
R Screenos T - O _;‘7,,, 2 .
. * 0 C SET COUNTER 4 FOR D/# FREQUENCY ) LR I ’
1 : SETXCOUNTER® ( SET _COUNTER i FOR 34 Hz ouTPuT ) ;
' "2 171E per ¢ SET POIVTER 10 HAsu’ic WobEy s -
3 E0 1C PGI ( SET MASTER: BIN, 8-BITS, 1MHz/096 )/' T
5 01 1cC PCl PR
5 04 1E PCI ( SET POINTER TO COUNTER:4 MODE ) G h
: 6° 3171C PCI ( SET COUNTER 4: NO GATING, RELOKD FROM LOAD ). +% : - ]
7. 1E1C PCI ¢ COUNT BCD, DOWN, REPETITIVELY, ACTIVE HIGH ) 4
8 .07 1C ‘BCI ¢ SET COUNTER 4 LOAD.TO 7°) - ) i
) ' 9. 00 1C ‘PCl e ) ) i
; .10 68 1E PCI ( LOAD & ARM COUNTER 4 ) ; T
5 e - o3 g
. 12 ) ‘ ’ .
1 ‘ [ x g '
i % d
e fg heE s o B O
i 5 :




Screen # 7 °

O (-D/A ROUTINE CONVERT WAVEFORH ).

STATUS . ( test STATUS REGISTERS “for OUTHZ1 )

2 1E P 10 AND  ;

== . o
3: OUT‘PORT“I ( addr === . 1 D/A of WORD at addr ) -
4

(.2's complement HI byte, out HI, out Lo on #)

DUP 1+ CE 08 - FO PCI C@F1 PCI H
ARHWWNTEk"& ( LOAD & ARM COUNTER 4 ) 68 1E PEI

-D/A ( out most - value ).F8 FO PCI 00 F1 PCI ;

5

6

7 .

8 v +D/A"  out most + value ) 07 FO PCI FF F1 PCI ; B
9 2D/A *. ( D/A conversion of WAVEFORM at 34 Hz 3

0

( on' D/A port 1)
LR SET#COUNTER®A WAVEFORM @ DUP 202 + -D/A SWAP

12 DO BEGIN STATUS UNT‘ILv ARM*COUNTER®4 I OUT*PORT*1
13 2-+LOOP =D/A 80 O DO-NOOP LOOP +D/A ;
a . L

5 el o to ; N

Screen #8 L . . |

3 o ,© 0 ( VARIRBLES & CONVERT )

P ;v VARIABLE ; P,

‘ 2.0 V SCRBUFFER 0 ¥ FIELDPOT O V 1EPSP O V SAVED

4 30V LATADD 0V, ONSETSPIKE O V PEAKSPIKE 0 V POINT .
CU S B0 v GOPSPIKE 0 ¥ HeHAX 0 v PPGINT O V GAIN O V LATADDR

€ 4 o

®



.92

5 0"V AMPMINI 0 V VOLTBAEE 2_ALLOT .0°V 1POINT .

6.0 V 2POINT O V 3POINT DECIMAL ik

7 i CONVERT ( conversion of amplitude value to anlts )
8 20000 M* 4095 M/ SWAP DROP 1‘900 M¥ GAIN € M/MOD ROT‘
"9 DROP 10006000. GAIN,G M/ﬁbn ROT DROP DMINUS D+ ;

10- HEX . ' 30 & ) s
R : L :
13

W e ) : -

15 : L 3 C

E < . . ‘

Sereen # 9 i

0 ( USER SET PARAMETERS ) ‘ ) .

1 i GETNUMBER ( EXPECTs a' string from keyboard & converts )

2 - ( it to a signed double number & leaves ) '

3 ( it on the stack ) 'f °

4 S0°@ 50 EXPECT O IN | HERE 20 WORD NUMBER ; i

5': .2USER ( instFuctions to user to set parameters ), 4

6 ' .vEnter latencies at which to measure the field " .

7 . potential's parameters " CR ." in microseconds "

8 . ." and it will be rounded to multiples of 75 usec. " CR *

9 ." Terminate each entry with <CR>. " CR.;

0: .VEPSP (“ask for EPSP time window )

1.1 'Choos‘e EPSP SLOPE interval: " CR ." [ Population "




284

122 " spike onsét latency ] - XXXXX ‘USec [post;stim.l»? "
3 CR.; o s
14 : ROUNDTSUSEC 26 + 4B /.4B-® DUP i ." usec. " ;
15 > P : i
Sereen # 10 " sB8 ™ RS
. : 4
0 ( USER SET PARAMETERS CONT'D ) " %

't .?0NSET ( ask for ONSET LATENCY time window )

(2. " 2. Choose POPULATEN SPIKE ONSET LATENCY interval: 1

3. " CR ." Between 975 usec & xxxxx usec ? "'CR ; d

Yo .7_i>mx ( askTor PEAK LATENCY time window )

5 . ." 3. Choose POPULATION .SPIKE.PEAK LATENCY interval: " 3

6. CR ." Between ONSET LATENCY and ‘xxxxx usec ? " CR ; :

T : .7GAIN ( ask for amplifier GAIN ) e j
" 4. What is the amplifier gain ? " CR ; . 2

9.t +D->S ( convert signed double length to signed. single )

10 1 ﬁ/, SWAP DROP ; . % oy :

11 : SETEPSP ( set EPSP SLOPE paraneter ) )

12 ' .7EPSP GETNUMBER +5->S ROUNDSUSEC 1POINT I CR ;

13 : SETONSET ( sett) ONSET LATENCY parameter )

14 .?70NSET GETNUMBER +D->S ROUND7SUSEC 2POINT ! CR ;
15 => . ‘ !

Screen # 11

0 ( USER SéT PARAMETERS CONT'D ): :




= a5
1t SETPEAK ( ‘set PEAK LATENCY parameter )
2 ' .7PEAK GETNUMBER +D->S ROUNDTSUSEC 3POINT I CR ; i
3 : SETGAIN ( sét amplifier GAIN.) . |
y *7GAIN GETHUMBER +D->S GAIN | CR- L EHEE
5 :wmunmmzs ( ask user to set PARAMETERS ) |
6 CR .7USER SETEPSP SETONSET SETPEAK SETGAIN ; P
T ’
N H
g !
) i
9 = . ,. .
, 10 B ©
~ . v
. ¥ . 1
g L 3
13 . |
> i
i =
15 -=>
Screen # 12 vy .

0 ( SET BUFFERS )

1 ssrsuxrms 4 store POTENTIAL # & initialize BUFFERS ) . |
EMPTY-BUFFERS EB8O USE | FB7C PREV | EFAO EB60 D0/ - I
SCRBUFFER € I 1,1-SCRBUFFER +1 84 +LOOP ; i

2

3

L .

5 : o .
6 ’ 4 i ¥

7




A.

8 . .

S e, f2 % e
10 . e - " d v
12 Dt R =

13 d 5

i o o B 8 o

157 :

Screen # 13 A IR [
0 ( CREATE DATA & FILL BUFFER ) ° .

10V DATA 400.ALLOT ( create nssums BUFFER ).

2 'DATA'2+ DATA 1 i ’

3 : FILLBUFFER ( transfer from DATA'to BUFFERS ), . i
K (preserve S$TATUS CELL & trailing blanks )

5 80 DO IS0 *%DATA @+ 84 ¥USE @ 2+ :

6 + 80 CMOVE LOOP ; ' ‘

7 i SET ( set DATA pointers to TOP, fill excess )

8  ( memory With 0's ) TPARAMETERS. 1 FIELDPOT-! DATA @ 400
9 + DUP 6 - 1EPSP I DUP B - ONSETSPIKE | DUP A - PEAKSPIKE
10 1 OE'- POPSPIKE | 8000 SCRBUFFER | O DATA @ CI O DATA €
11 1s CUDATA € DUP 3FE +'0 SWAP CI 3FF.4 O SWAP CI ;
12 o R e &
3o : .
1

b
P




15 ==> ’ ; N

Screen # 14 P i
(CONVERT USER SET LATENCIES)

o

: LAT->ADDR  ( convert latencies to-WAVEFORM addresses )

4B/ 1-.2 * VAVEFORM € &'

: CONVERT.LATENCIES " { ‘convert EPSP, ONSET & PEAK )

('latencies ) 1POINT € LAT->ADDR 1ROINT I

20INT € LAT->ADDR 2POINT !

3POINT @ LAT->ADDR 3POINT o

: ADDR-LAT (convert WAVEFORM addresses to 1atenc1e= y
WAVEFORM € - 2 [oAs B %G i

: POPMAX ( find & store max-emplitude & its latency )

S w @ N ooewm oW oN

1 ( between 975 usec and’ user set 2POINT )
11 3CF LAT->ADDR DUP. LATADD ! DUP POINT r bU.F € AMPMAX 1 -

2 2POINT € 2+ SWAP DOLATADD @ € POINT € 2+ DUP POINT | 8

13 < IF POINT € DUP LATADD | 6 AMPHAX | ENDIF 2 +LOOP
i LATADD @ ADDR->LAT ONSETSPIKE € | ; * R
15 -=> ’ )

Screen # 15

0, ( DOUELE-LENGTH 'OPERATIONS )

: ZSWAP R ROT ROT R>.ROT ROT '} "

~

: ERDT >R 3R ZSHAP R> R> 2SWAP ;

3

: 2DROP DROP' DROP. ;




4 : D¥10° ( Multiply a d?ble—length by*.10,  doublé-length )

( product *)- 2DUP-09 0 DO .2DUP 2ROT -D+ 2SWAP LOOP 2DROP ;
% o

5 3
6 : MD¥ (41wl ——- 42 : d1%u1=d2; d2max = +2147483648 ) §
7 ->R 2DUP R> DUP CASE'. i ; . ;
8 0 OF DROP 2DROF 2DROP 0. ENDOF e _Eg ;
9. 1 OF DROP 2DROP + ENDOF 3 i
0 >R 1 DO. 2DUP 2ROT D+ 2SWAP LOOP 2DRO‘P R> ENDC.AsE. H X ’;
11 D* (dl ud2 ---.d3: di%ud2=d3; d3max.= +2147483648 ;‘ |
2 >R >R 2DUP K> HD"IJ PICK 'l PICK R> MD¥ D*10 . \\
13 D+ ROT DROP ROT DROP ; ! B R B
w : s i ' <
15 -=> g _ !
- ; |

Screen # 16
0" ( MEASURE EPSP SLORE )
1 : EPSPSLOPE ('meIurebEPSP SLOPE between POPMAX & user )

ore it; SLOPE is in microvolts/second.-)

2 ( set iPOINT &

3 ( 7277 keep, d-length: use M/MOD 2722 ) ( YES ) g
Ul (7272 keep signed:'use'M/ 2272) (M0)

5 AMPMAX @ CONVERT 1POINT € & CONVERT D-.3E8 MD*

6  .ONSETSPIKE € @ 1POINT € ADDR-DLAT = |

7 H/HOD ROT DROP 1EPSP € 21 ; -
8 -=> %

9 . ® N R

10 )




sy e L # L

12

i o
15 B : §

Screen # 17

0 ( MEASURE PEAK & SPIKE AHPLITUDE )

1 & POPMINI ( find ‘the value & latency of the minimum )

2 (betueen POPMAX. & 3POINT & store them:) -
3 - LATADD @ DUP LATADDR | DUP PPOINT' | AMPMAX @ AMPHINI I
4 3POINT € 2+ SWAP DO

5 LATADDR'@ @ PPOINT & 2+ DUP FPOINT I @ 5, IF

6 PPOINT @ DUP LATADDR'I € AMPNINI | ENDIF 2 +LOOP

.7 LATADDR @ ADDR->LAT PEAKSPIKE € | ;

8': SPIKEAMP ( Find population spike amplitude in uvolts )
9 ( store 1t ) V .
10 AMPMAX € CONVERT AMPMINI € CONVERT DHINUS D+ POPSPIKE
viooeaiy ’
12 - R R £

13 i :

14 - v -

15

Screen # 18

289




|

0 ¢ RESET Pomi‘sns, PRINT RESULTS )

1 : RESET -( Advance DATA polncers ) 2
~1 FIELDPOT +I -0C 1EPSP #! -0C ONSETSPIKE +1

-0C PEAKSPIKE +1 -0C POPSPIKE +1 0 SAVED I ;

©: HEADING ( heading for PRINT-OUT of results) '

" FIELD" 7 SPACES ." ;ispn F SPACES

2

3

4

5 pR 4 SPACES
6. . poe® PUPULATIDﬁ SPIKE" C.R 2 SPACES ." 'POTEIIT.IAL“ 5
1 Sl"ACES o SILOPE" 4 .SPAFES ." ONSET LATENCY" SPACE
8 -~ " PEAK LATENCY" 2 SPACES ." AMPLITUDE" CR , ’
9 :'RESULTS ( print RESULTS )

10" 3 SPACES FIELDPOT € 5 .R 7 SPACES 1EPSP € 28 6

n SPACES OHSETSPIKE €€ 6 .R 8 SPACES PEAKSPIKE ee 6

6

12 7 SPACES POPSPIKE € 2€ 6 D.R CR

13 -=> \
1" Z
15 ) 2 g -

Screen #- 19

0 ( A/D FOR BASELINE )

10 VARIABLE BASELVIIIE'A/D 66 ALLOT ( Create array to )

2 E‘ASELIHE’A/D 2+ BASELINE'A/D ¢ atara BASELINE.values ) -~
3 COpE A/chonvsnsxou " addr n -e- )

4 ( Expects. deatlnation address & langth of A/D on stack )

5 ( will perform A/D at rate set by external trigger )
6cx - POP ' ( set A/D length )

PR

b e




'\ 4 - 2 . .
78X PP ( set destination address ) j
8 AL, #:01 MOV " ( set MUX to 1) T
912, AL - OUT . : ‘
10 AL; # 0C MOV _ ('ena‘hle external trigger )- |
11107, AL' ODT S Samme Cf
12 AL, 10 IN - ( read STATUS )
13 ALS#°80 AND ( mask our.,none,h‘ig )
W ass ‘ :
‘ 15 2
| !
| Screen # 20 . .
0 ( BASELINE A/Dj ROUTINE CONT'D ) . /
| 1AL, #00 CcHP_  ( loop to read STATUS ) ° . L
|2 685D Jz ( unless DONE )
- s ;
S\ 3 AL, 12 IN ( read LO byte ) R
| 8 [BX], AL MOV ( store it in ARRAY )
'»‘ 58X INC . ( increment ARRAY pointer ) .
| 6AL, 18 IN  ( read HI byte )
;1 AL, # 08 ABD ° ( adjust HI byte, bottom=0 )
'8 [BXI, AL MOV  ( store 1t in ARRAY ) .
198X INC |, ( increment ARRAY plolnb_gr )
10 cx DEC  ( decrement A/D counter ) .
) ‘11'6850 JNZ  ( jump to read STATUS unless counter=0 )
12 AL, # 04 MOV’ ( disable EXTERNAL TRIGGER ) )
Y310, aw ! o :*

ouT

B




.
e i

>
- 14 NEXT .
15 o P

]
!
|

0 ( BASELINE & DOIT command ) ;
g BASELINE ( average 50 consecutive points & atore ¥

2

( converted voltage HELRL b
" 0. VOLTBASE 21 SET#*COUNTER*5 BASELINE’A/D € 32 - g N
] A/D'CON\]ERSION BASELINE*A/D @ DUP 68 + SWAP 24 50

2

3

y,

5 I 8 CONVERT VOLTBASE Zé'Do VOLTBASE 2I-‘2 +LooP
6 VOLTBASE 2€ 32 M/ S-’)D VOLTBASE 21 D‘RDP H
7

s boiT" ( _engble BASELINE A/D, analysis’ of field )

Q B ¢ potentia']. PRINT-OUT Df RESULTS and D/A ) * )

Y e % vB'ASELI“E SET*COUNTER#*5 A/D*RDUT;HE POPMAX .EFSPSLOPE o
POPMINI SPIKEAMP PRINTER RESULTS CONSOLE RESULTS' )
\ *RESET D/A ; . o s

13 5
" . iU 1 '
d 15 - : g
N
Screen # 22 § . F g

i

0. ( RESET pointers following disk storage & )
1 ( PRINT PARAMETERS ) .

R 4y ol A
‘2 :+ ?ENDBUFFER ( t_e!b for end of data-buffer )

S
YT v o e o




-DATA Q‘A{- POPSPIKE ‘@ = ;

3
4 : RESETBLOCKS ( RESET pointers to start of DATA 3 '
-5 DATA €.400 +:DUP 6 1EPSP | DUP 8 - ONSETSPIKE I
6 _DUP.A’- PEAKSPIKE | OF - POPSPIKE | "o DATA 6 e
7 7 o DATA € 1% Cl ; ) Lk
8 : .GAIN ( print user set GAIN ). . .
9 . AMPLIFIER GAIN IS " GAIN € . CR'CR -
10 : .EPSP ( print user set EPSP latency. ) !
11 ‘." EPSR SLOPE IS MEASURED BETWEEN " 1POINT € U.. | ' -
12 S uSEC AND POPULATION " CR ." SPIKE ONSET LATENCY .,
13+ CR CR ; 8 ., i
T e ,
\ 15
< Sereen-t 23 ¥ P B
0 ( PRINT PARAMETERS CONT'D ) i ;
1 : .ONSET ( print user set ONéET latency ) .
L) ." POPULATION SPIKE ONSEY IS MEASURED WITHIN.THE "
3 % INTERVAL ® CR % '975 TO " 2POINT € U. v uSECY
4 CR CR.; .. Lo '
5 ¢ PEAK ( print user set p;m( latency?) ¢
6 . POPULATION SPIKE. PEAK TS, MEASURED WITHIN THE !’
7 " INTERVAL " CR ." OF ONSET LATENCY TO " 3POINT €
8 U. ." uSEC " CR CR ; '
- 9

.PARAMETERS ( print user set PARAMETERS )




10

1
12
13

i

" CR ." USER DEFINED PARAMETERS " CR

t
ol .m CR
.GAIN .EPSP .ONSET .PEAK Z

i WeR .-

T

15

v

Screen #.24

0
1

2
3
3

5
6
T
]
9
10
1
12
13

14
‘as

( LE CREMAGE ) ) .
: LETSGO ( run PROGRAM until a key fs depressed )
~ DECIMAL SET SETBUFFERS PRINTER .PARAMETERS HEADING :

CDNSOL‘;{ HEADING CONVERT_.LATENCIES EEGIN DOIT ?ENDBUFFER
IF FILLBUFFER FLUSH RESETBLOCKS SETBUFFERS 1 SAVED |
ENDIR ‘%TERHINALA»UHT-IL
SAVED @ IF PRINTER ." LAST SCREEN WAS #" SCRBUFFER
€ 8009~ 8/ . ." AND IT WAS FULL " CRICONSOLE_
ELSE 1EPSP € 4 + DATA € 2+ DO BT I CI LOOP -
FILLBUFF‘E_R FLUSH PRINTER ." LAST SCREEN WAS ﬂ."
SCRBUFFER @ 8001 - 8 / . CR CONSOLE DECIMAL. ENDIF ;

-=>




Screen + 25
o L~
0 ( VARIABLES FOR RESHLTS ANALYSIS )

0°VARIABLE. MEMPOINTER O VARIABLE FPOT

2.0 VARIABLE SCR1 0 VARIABLE SCR# , o e

30 VARIABLE 1FIELDPOT - e

4 0 VARIABLE BUFPOINTER o l

5 : .1ST C-print 1st SCREEN & 1st FIELD POTENTIAL # -in )

6 ( memory ) CR ." 1st SCREEN IN MEHORY IS #" SCR1-€ . CR

7. - o 1st FIELD POTENTIAL IN MEWORY IS #v - . '

8 IFIELDPOT @ . CR ;fi_ :

9 : BLOCKO ¢ move 13t BUEFER of SCREEN irte memory )

10 SCR# @ 8 * BLOCK 2# HEHFG‘ﬁITER e 2+

1 3FE - TE CMOVE ; 5, %

12 7em> & 3 : . ’

13

. . 5

1" .

s . / T
i L )
Screen ¥ 26 B :
O ( READ & MOVE DATA IN RAM ) ¢

% BLOCK1-6-( mo‘}e‘ BUFFERS 1-6 of SCREEN into memory ')
71 DO SCR! @ 8 ® I + BLOCK MEMPOINTER e

2+ 8 1- 80 % - 80 CMOVE LOOP ;
( move BUFFER 7/1‘ SCREEN 1nco\memory )
EMPOINTER € )

: BLOCKT
SCR# '@ 8'* 7 + BLOCK/M

UL E WooN




. ~
: 2
' 3 7E - TE.CMOVE ; ) :
7 & SETUSE ( set USE & PREV to point to lower BUFFER )
' 8 EBBO' USE | FBTC PREV 1 ; * e
' 9 READAPLACE ( m1' n2 --- : READ from disk, SCREEN n1) {
) "0 (.to SCREEN n2 & PLACE in memory from FCOO down ) ?
’ 2 " 417 FCO0 MEMPOINTER 1 T+ SWAP DUP DUP SCR1 | 55 %1+ {
ol S 2 TFIELDPOT I .1ST DO I scad, 1 SETUSE biocko , "
L ¥, 13 © BLOCK1-6 BLOCK7 -3FC MEMPOINTER +1°LOOP ; : N
] : i, - = - ]

Screen # 27 )
.0 ( PRINT-OUT DATA FROM MEMORY ) .
1 .RESULTS ( PRINT DATA placed iﬁ memory by READ&PMCE )

13 pa § 0 .

. 2 3 SPACES FIELDPOT € 5 .R i
- . T3 z\sucx-:s FCOC FPOT € 0C * - 4 - 26 6 D.R :
H y 6 'SPACES FCOC FPOT € 0C * - 6 - € 6 .R ]
. 5 |8 spACES Fcoc FPOT € 0C %~ 8 - € 6 iR .
: ) 6 T SPACES FCOC FPOT € oc #>°0C - 266 D.RCR ; i 41
o 3 7 : PRINT-OUT ( n1 n2 “=—- : print DATA from FIELD ) o
f - B 8 #  ( POTENTIAL # n1, to FIELD POTENTIAL # n2 ) .‘
;.gh 9 1+ SWAP DUP FPOT 1 PRINTER HEADING DO I FIELDPOT 1. """ ]‘
T [ . RESULTS 1 FPOT +1 LOOP ." THE END " CR CONSOLE ; t
i - 11 DECIMAL ;S 2 |
i Sz SRR . 2 X }
|
|




14
15 |

Screen # 28:

+

13

0 ( Utility. to reset bootup literals and rewrite )
1 ( TI-PET.CMD. May be used .to-add név( compiled furnctions )

2 ( 'to the load ‘file.. Requires a rlummy' FORTH. CHD on-the )

3 ( disk, because SAVE rewrites FORTH.,CMD. After. the disk )-
u ( storage REN TI-PET. Bim =FORTH. CMD. ) .

5 ( To execute type: 28 LOAD <RETURN> ) «

6 FORTH DECIMAL

7 LATEST 12 +ORIGIN I ¢ top NFA )

9 HERE 30 +ORIGIN 1 ( DP )

10 VOC-LINK @ 32 +ORIGIN | ( VOC-LINK )
11 SAVE

12 48 - A

1
15

Screen # 30
0 ( ANALYZE-is a program which moves data from DISK.to )y
1 ( RAM. DATA is stored from. 1FCOO down.[seg 0000, off )
2" ( FC001 starting with SCREEN #0 & possibly p'to.)

"8 HERE 28 +ORIGIN | ( FENCE ) e EE g .

297

TR 2

g




e g

( SCREEN #63. CONTROL averages. for a control period °)
4 ( and measures the 95% confidence interval. %CONTROL )
5 ( measures the means of blocks of 3 data points.and )

6 (. expresses them as % of control. ANALYZE is a.)

7 ( modified version of 8086 FORTH configured t‘cr 128K )

"8 ( of memory. ) -->
9 5 i o e

-

10

1 ‘ o .

12 ‘

13 - ) ) )

14 s 3
15 )

Screen # 31

o

VARIABLES ‘& CONSTANTS ) HEX

o

VARIABLE MEMPOINTER O VARIABLE FPOT

n
°

VARTABLE SCR1 0 VARIABLE SCR#

VARIABLE 1FIELDPOT 0 VARIA.BLE BUFPOINTER
VARIAsLE FIELDPOT

VARIABLE LENGTH O VARIABLE CTRLONSET, .2 ALLOT :
VARIABLE CTRLPOP 2 ALLOT 0 VARIABLE‘CTRLEPSP 2 ALLOT
VARIABLE 1CTRL O VARIABLE 2CTRL O VARIABLE POPCOUNT

VARIABLE POPPOINT O VARIABLE HEANOIIS_E\T

‘o © o o 6 o o

VARIABLE MEANEPSP .2 ,ALLQT 0 VARIABLE ﬁEANPOP 2 ALLOT




NESIR. CUr oV oo g e

i

"0 ( READ & MOVE DATA in RAH )

15

10 0 VARIABLE T
s

Sereen #.32°

: .1ST (.print Ist SCREEN & 1st FIELD POTENTIAL ¢ in\)”

1
2 ( memory ) CR ." 1st SCREEN IN MEMORY IS #" SCR1 € . CR. .

3 % 1st FIELD POTENTIAL IN MEMORY IS #" i

4 1FIELDPOT € . CR ; )

5.: READ&PLACE ( n1 IIZ. --- °: READ from disk, SCREEN nl.)

6 ( ‘to SCREEN n2 & PLACE in memory from 1FCO0 down ) . 3
7 FB04 MEMPOINTER ! 1+ SWAP DUP DUP SCR1 ! 55 %1, . L3
8 llu-'xumznr 1 .1ST DO 1000 I BLOCK 2+ 0000 MEMPOINTER € b
9 3FCCHOVEL -3FC MEMPOINTER +1 LOOP ;.

10 P e >

1 -=> By 48 i




~

~

Screen # 33
0 ( print RESULTS, & HEADING )

1 : .RESULTS ( PRINT DATA placed in memory by READ&PLACE )

3-SPACES FIELDPOT 6 5 .R

7 SPACES 0000 FCOC FPOT
0000 FCOC FPOT

© 8 SPACES 0000 FCOC FPOT

2
3
y

S * 6 SPACES 0_000 FCOC FPOT
s
7

7 SPACES 0000,FCOC FPOT
8 0000 FCOC FPOT

goc-x-2 2oL
€0C % -4 - 6L 6 D.R

€0C *-6 - 6L6.R

eo0c % -8 6L 6 R
eoc % 0A - eL

€0C % - 0C - 6L 6 D.R CR ;

9 : HEADING ( heading for PRINT-OUT of rbsults )

10 CR 4 SPACES .'; FIELD" 7 SPACES ." EPSP" F SPACES
¥ " POPULATION SPIKE" CR .2 SPACES -. " ﬂ}iENTIAP" L
12 SPACES ." SLOPE" 4 SPACES ." ONSET LATENCY" SPACE
13 ." PEAK LATENCY" 2 SPACES ." AMPLITUDE"™ CR ;
BRTRY i '

15

Screen # 34 o .

i
0 ( PRINT-OUT of DATA from-memory &. printer’control )

1 ( commands )

2 : PRINT-OUT ( n1 b2 %i- .

3 ( POTENTIAL #n1 to FIELD POTENTIAL- #n2 )
4 1+ SWAP DUP FPOT | PRINTER HEADING DO I FIELDPOT.|
5 +RESULTS 1 FPOT +! LOOP ." THE END " CR CONSOLE- ;

. > y:

e i T ot

’

i print DATA from FIELD')




£

.

i k

HOR80 (. 80 characters ‘per line ) 12 EMIT ;' - :

1710 dinch ) 1B EMIT ." 17 ;

6+ D->S (-32-bit number into 16:bit ) DROP

7 i HOR132 ( 132 characters per line ) OF EMIT ; -
iy y

9 : LFSHORT ( line-feed =

0 :.LFRET ( Line-feed = ‘1/6/indh ) 1B BMIT ;" 2" ;
11 - . ” ! o L
12 - R e
(3 E

1w

15 .

Screen'# 35 =

0 ( double-length 5lohal & print.CONTROL DATA )

1
2
3
y
5
6

‘7
8
9
o

1

o
12°

v

: 26L ( seg .off

. 5
2DUP- 2+ 6L ROT.ROT 6L ;

O

. .
.. f( fetch~long" double-length numbér [32-bits] )

i 2 ( d seg . of"f —— )

( stope-long double Iength number [32-bits] )

200P" 5 ROLL_ROT.ROT 24 - ;

I
|

o3 PRI}ITCOHIRDL ( print-means for CONTROL period )

PRINTER HOR132 CR
- 2CTHL @ . 3'SPACES

SPAGES .7 MEAN ONSET - " CTRLONSET 26 D. 3 SPACES .
. . .
=" CTRLPOP 2@ D.. CR HORBO EONSOLE;

.M MEAN POP. SPIKE

W POTENTIAL " 1CTRL e .. TO LI

o HEAN EPSP = CTRLEPSP 28 D. 3

(’ £

¥
1
4
|
i
i
i




13

1% ==> - :
: . s P
15 4
- H
~ = A
. Screen # 36 i
0 ( SET & SUM_CONTROL means ) {
: -,1 : SETCONTROL ( set VARIABLES for SUHCDNTROL ) ; I
b g 0. CTRLEPSP 21 0, CTRLONSET 21 0. CTRLPOP 21 g o
3 DUP 2CTRL ‘l \FIELD‘POT @ - 1+ 0C * MINUS FCOO + SWAP
’ 4 DUP 1CTRL .1 {FIELDPOT .- 1+ OC . MINUS FCOO + 2CTRL €
5 ¢ 1CTRL € - 1+ 3 / LENGTH I ; C
4 —
6 o '
T : SUMCONTROL ( sum centrol 'p‘e‘rlod ‘means ) DO M |
8 0 I8+ 26L01I% -IZEL D+ 0 I 10 - 26L D+ 3 M/MOD
9 ROT DROP_CTRLEPSP 2€ D+ CTRLF:PSP 21 ’
10 0I6+€0IG6-6L+0T12-8L+3/85D
1 CTRLDIISET ZQ D+ CTRLONSET 21° - S
b 12 7 OIZELDIDC-ZGLINOIW-ZQLDfZH/HODROT -
3 DROP CTRLPOP 26 D+ CTRLPDP 21 -24 %LOOP H
o, v -‘ i . P oo 3 .
FLE= ik o o
8 . .
! . Screen # 37" »
0 ( AVERAGE control means 3 {HEADING & SET for $CONTROL ) !
1 :_AVEHAGECOHTRbL [4 nverq;fs-meaﬁs‘or control period )




" '3 MEANEPSP ‘21 DROP O T €6 + 6L O T 66 - 6L + 0T €'12 =

.o . <
o ‘
' 303
.
2 . CIRLEPSP 2@ LENGTH @ M/MOD CTRLEPSP 2! DROP Y .
3 CTRLONSET 26 LENGTH @ M/HOD CTRLONSET 21 DROP  ° ;
¥+ CTRLPOP 26 LENGTH € M/MOD CTRLPOP 21 DROP
. 4 S,

: SHEADING ( print heading )
30 DO 3 SPACES " FIELD" 3 SPACES 3 0 DO
.1 % CONTROL" SPACE LOOP. . *1 LOOP'CR 3 0,00 SPACE -
© W POTENTIALY 4 SPACES ." EPSP 6 smag " ONSETY.

S w @ e w

1 5 SPACES .™ SPIKE ! .U #1 LOOP CR ;

117t SETACONTROL (. set variablés for -sinming for $CONTROL )

12 0 POPCOUNT | O MEANONSET 1 0. MEANEPSP 21” 0. MEANPOP 21
N « b - v

13+ 1FIELDPOT € - 1+ OC ‘* MINUS FCOO '+ SWAP DUP POPPOINT 1

14 IFIELDPOT € - 1+ 0C *- MINUS FCOO '+ ;
15> ) § . - 2
Screen # 38

0 ( Means as % of control )
1 :-MEANBLOCK3 ( calculate means for plocks of 3.)
2 0T83+729L0T8!9-28L])+0TD 10 - 26L D+ 3 H/MOD

4 6L +3/ MEANONSET I 6T@2€LOT@_0C—29LD+ 0Té@
5 . 18 - 26L D+‘3 M/ZMOD MEANPOP 21 DROP 1 POPCOUNT +1 HE

6

MEANSCONTROL ( calculate & print means as % of conbrol )

-4 e ;
8 SPACE POPPOINT € 4 ,R ." -" PORPOINT € 2+ 4 .R




9 . 4 SPACES MEANEPSP 26 D->S 2710 M* CTRLEPSP 26 D->S

10 W 5 .R DROP 5 SPACES MEANONSET € 2710 M CTRLONSET
1 2 D> 5 .R DROP 5 SPACES MEANPOP 26 D->S 2710 e
12 <" CTALPOP 26 D->S M/ 5 .R DROP 2 SPACES ." #% 3 POPPOINT
13 41 /POPCOUNT 6.3 oD IF ELSE CK.ENDIF '3 - ]
Wae> . 2y %
15 f

% ”’ 5
Sereen f 39

0 ( SCONTROL & t—table p<0.05 two-tailed )-
" 1"t SCONTROL (~ AT ri2~ fCONTROL : from FIELD POTENTIAL )
2 1 n1 to n2 caloulate means of blocks of 3 as % of )
3 ( control period ) DECINAL PRINTER HOR132 .
A SETSCONTROL SHEADING DO IT. ! MEANBLOCK3 MEANSCONTROL
5 .24 4L0OP " CR HORBO CONSOLE ; T
6 DECIMAL O VARLABLE T.975 4OH ALLOT
71270 1,975 2+ 1 430 T.9T5 4 % | 318 T.915°6 + |
8278 10758 + -1 257 T.9T5 10+ 1 205 T.OT5 12 1
9236 T,975 14 + 1231 T.975 16 + 1 226 T.9T5 T
10 223 T.975 20 + 1 220 1,975 22 + 1| 218 T.975 2k + |
11216 1.975 26 + 1214 T.075 28 + 1 213 T.§75-30 + |
12212 1.975 32 + 1211 T.975 34 + 1 210, T.975 36 + 1
13'209 1.975 38 + 1209 T.975 40 & 1 208 T.975 42 +.1
14207 1,975 4 + 1207 T.975 46 + 1 196 T.975 402 + 1
15 -=> . s {

i
i




Scr;een # 40
0 ( t-table cont'd-) -
. 1 :T1 544800 206 T.975 I+ 1 Z'4LOOP ; oy
2 : 72 60 54 D0 205 T.975 1+ 1.2 4LOOP ; ]
©'3 57370 60 DO 204 T.975 I+ 1 2 $LOOP ;
i s 748070 DO 203.T.975 I+ 12 +LOOF ;
(5.1 7590 80 D0 202 T.47S L+ 1 2sL00P ;
6°: T6 120°90 D0 201°1.975 1+ 12 +LOOP ; |
T :.T7 140 120 D0 200 T.975 I + 1 2.+LOOP ,.
L 8:T8200140 00199 T.975 Ia 2 wloOPy — . .. o
9 :'79 32020000198 T.975 T'e 't 2 +L0OP ; "l oot
10 & TI0 802 320 DO 197 T.975.1 + { 274i00P ; . : 4
-11 T1 T2 T3 T4 15 T6 T7 T8 T9‘ T10 s ¥

12 ( t-table, two-tailed, p<0.05 )
13 ("Far‘ nd.forts T.OT5 n 201 MIN2 248 ) 2 s
1 ( . Leaves:” t value x 100 ) i ¢
15 ==3 ' 3

Sereen # 41 5% ;
0 ( SQUARE RODT for large numbers ) DECIMAL
10 VARIABLE R1 0 VARIABLE R2 O VARIABLE ‘RCC‘)UHT

: e /TEST(X/!Z,DOES! ) !

3., 2DUP R1 @ U/ +R2 | DROP R1 € R2 € = RCOUNT €10 =
L} SWAP IF DROP O ELSE IF O ELSE 1 ENDIF ENDIF ; .




:
i
!
{
i
i

 YSET' ( IF NOT, SET Y= [Y+2)/2 ) - .
R1 6 T USR2 @ 1 UK Ds2 U/ R I DROP 1 RCOUNT +1i;

: >SQUAREROOT (.4 >sdunnzno.m: leaves the square root of )

( the double.number d on the stack, last digit )

9 ( unrounded ) 30000 R1 I 0 RCOUNT. 1, EGIN /TEST WHILE

0o YSET REPEAT DROP DROP R1 € ; )

11 : ¢SQUAREROOT, ( d <SQUAREROOT: 51:&15 the square root )

12 (of d'tq.2:decimals and rounds to integer format, )

13 ( 64000>d ) D->S mgoo % 3000811 0 ncvomrr 1 BEGIN

1, /TEST WHILE YSET REPEAT DROP DROP R1 €100 /M0D

15 USWAP 50 > IF 1+ ENDIF ;.--> s seca '

“Sereen.d 42
.0 ( 95% confidence int@Fvar.) HEX
1 0 VARIABLE SUMEPSP 2 ALLOT -0 VARIABLE SUMONSET 2 ALLOT '
2 0 VARIABLE SUMPOP 2 A.LLD:I'_O ¥ARIABLE SDEPSP

30 VARiABLE SDONSET O'.VARIABLE‘SDPDP

4o VARI‘ABLE EPSP-95% 2 ALLU‘T: 0 VARIABLE EPSP+§5‘ 2 M.LO'_['
5 O- VARIABLE ONSET-95% 2 ALLOT D» VARIABLE ONSET+95% 2 ALLOT
6 O VARIABLE PD’P-9'5$ 2 ALLOT. 0 ‘VARIA‘BLE POP+95% 2 ALLOT

7 ’ et

L ¥ .
9 : SETSUMSQUARES ( set variables for sum of squares ) p
10 0. SUMEPSP-21 0. SUMONSET 21 0. SUHPDP‘ZI

1 2CTRL € 1FIELDPOT @ - 1+ OC ¥ MINUS FCOO +




-

12 1CTRL € 1FIELDPOT !‘- 1+ 0C # MINUS FCOO +; -

13 -
14 %
15 g
2 ) ]
Screen # 43

0.( Calnulate sums of squares & stand-rd d.vi-tian: )
= SUMSQUARES ( sum of squares of means of hlocks cf 3 )
DO OIS %28L 014 - 26L DG.U I‘10 = 26L D+ 3 M/MOD ROT

DROP CTRLEPSP 28 D~ D->S- DUP M* SUMEPSP 26 D+ SIJHE‘P.'QP 21
0-I 6+ 6-0 I ﬂl—ilro 0—I-12 - 8L -3-/-S—>D CTRLONSET

307

- 28 D- D->S DUP 'M* SUMONSET 26 D+ SUMONSET 2! 0.I 26L "

2

3

I

5

6 0 IOC -26L D+0 T 18.- 26L D+ 3 'M/MOD:ROT DROP .CTRLPOP
7 28 D- D->S DUP M® SUMPOP 2€ D+ SUMPOP 21 -28 +LOOP ;

8 : SQUAREROOT ( <SQUARERDOT < 64000 < “>SQUAREROOT ) e
9 2DUP FAOO. D> IF >SQUAREROOT ELSE <souAa:lbor_

0

1 ENDIF ;

1

: STANDARDDEVIATION ( Trivia: What does this do ?.)

12 SUMEPSP 2€ LENGTH € M/MOD ROT DROP SQUAREROOT SDEPSP I

13 SUMONSET 2¢ LENGTH € M/MOD ROT DROP SQUAREROOT SDONSET 1
14 SUMPOP 26 LENGTH- @ W/MOD ROT DROP SQUAREROOT SDFOP 1’ ;
oS ; e

Screen # 44 - L P Al

0 ( Caloulate 95% confidence interval ) DECINAL




08 -

1: 9S3INTERVAL ( Mean +/- T.975[s.d.] ) -

2 CTRLEPSP 2@ T.975 LENGTE & 1- 201 KIN 2 ® + @° -
3 SDEPSP € M* 100 M/ S->D ROT DROP 2DUP CTRLEPSP
4 28 D+ EPSP+95% 21 D- EPSP-95% 21 2
5 CTRLONSET 26 T.975 LENGTH € 1- 201 MIN 2 * + € -
. ', 6 ' SDONSET @ M* 100 M/ S->D ROT DROP 2DUP CTRLONSET
: 7 268 D+ ONSET+95% 21 D- ONSET-95% 21 R ;
) 8 CTRLPOP 2€ T.975 LENGTH € 1- 201 MINZ W 4@l e
9 SDPOP @ M¥* .100' M/ $->D ROT DROP 2DUP CTRLPOP
10 26 D+ POP+95% 21 D- POP-95% 21 ; ! |
11HEX - F R i T .
12
13 . -
W 5 :
15
ﬁcen i85 5 : ) xS
0 ( Print 95% confidence 1nte‘rv|1 ) i S
3 1: .95%EPSP ( Print confidence interval for EPSP )
; .M. 95% CONFIDENCE INTERVAL FOR EPSP: " EPSP-95% b
26D. ." - W EPSP495% 26 D. ." WOLTS; AS SCONTROL: "
B EéS'P-95$ 26 D->S 2710 MF CTRLEPSP 26 D->S M/ . DROP .

2
3

n

5 in - w EPSP495% 26 D->S 2710 M* CTRLEPSP 26 D=>S-.
6 M/ , DROP " %."m CR ;

: =




$
D ow
i
8 : .95%ONSET ( Print confidence interval for ONSET ) .
T .7 95% CQNFIDENCE INTERVAL FOR ONSET: " ONSET-95%~ 2

10 26 D. .% - " ONSET+95% 26 D. ." uSEC; AS, SCONTROL: ¥

11 ° ONSET-95% 26 D-S 2710 M* CTRLONSET 26 D->S M/ . DROP
° 12 o ONSET+95% 2@ D->S 2710 M¥ CTRLONSET 28 D->S o

13 . M/ . DROP .n 5OQR ) {

b 08 : ) ) ; N ' o ;
B ' . ) b y ] ER
s;reenv\ i U o e ;
0 ( Command for 95% confidence interval )

T 1 r .95%P0P (Print confidence interval for pop. spike )
. 2. ." 958 CONFIDENCE INTERVAL FOR POPULATION SBIKE: * ’
'3 . POP-95% 26 D. ." - ™ POP+95% 26 D. ." uVOLTS; AS * )
3 ." SCONTROL: " POP-95% 26 D->S 2710 M* CTRLPOP - ~ |
5 26°D-3S M/ . DROP ." - " POP495% 28 D->S 2710 - ;
6 M* CTRLPOP 26 D->S M/-.. DROP ."™ $.% CR ; .
: 7 - .- ) i 2
. ‘8. : 95%CONFIDENCEINTERVAL ( Must be done.after ) g
£ .( AVERAGECONTROL; measures & prints the ).~ S
DAL [ ( 95% confidence interval of ‘control period )
i /11" SETSUMSQUARES SUMSQUARES STANDARDDEVIATION 95%INTERVAL
5 .12 PRINTER HOR132 ,954EPSP .95%ONSET,.95%P0P HORBD CONSOLE ;
13 B &3 R B
¢ I [ g =E : ’ o A




Ao 5 o rd

" Screen #48 ¢ E " 3 : -

15" 7
Screen # AT
0 ( La: fin caline de bine )

1: CONTROL ( n1. n2 CONTROL : Averages blocks of 3 means )

2. ( and prints its 95% -confidence intgrval for )
3 ( control period FIELD POTENTIAL ni to n2.)
4. SETCONTROL SUMCONTROL AVERAGECONTROL PRINTCONTEOL -
5 _95%CONFIDENCEINTERVAL ;
. 6‘ i .
= Q .
g i ‘ ;
I . .
"0 B s .
0 L N _
12
13 .
1% : : ° -
5 N z o L

‘. .0 ¢ sims of équsrea & standard deviations pop. spike )

P 1 SUHSQUAHESPOF( sum of squares of means of blocks of 3 )~
2 "'* ( fof pop. spike only) DO O I 26L ;
370 I0C-26L D+ 0 I 18 - 26L D+ 3 H/MOD ROT DROP CTRLPOP.

1 -




e

2
6

26 D- D->S DUP M¥ SUMPOP 2€ D+ SUMPOP 2! -24 +LOOP ;
STA.HDABDDEV!ATIBIPOP ( For pop. spike only )
SUMPOP 26 LENGTH € H/HOD.ROT DROP SQUAREROOT SDPOP [

T ==>

g:

10
1
12
13

3 I |

Screen # 49

(

95% confidence interval for pop. spike ) DECINAL
95SINTERVALPOP ( Mean +/« T.975[s.d.] for pop. spike )
( only ) CTRLPOP 26 T.975 LENGTH € 1- 201 MIN 2 % 4 €

SDPOP @ M® 100 M/ S-5D ROT DROP 2DUP CTRLPOP

© 28 D+ POP+95% 21 D- POP-95% 21 ;
95%CONFIDENCEINTERVALPOP ( Caleulate & print ‘95% ).

( confide‘nng interval for pop. spike only ).
' VIATIONPOP

+ SETSUMSQUARES UARESPOP ST

953INTERVALPOP PRINTER HOR132'.953POP HORBO CONSOLE';

SETCONTROL SUMCONTROL AVERAGECONTROL PRINTCONTROL

e

: CONTROLPOP ( Same as CONTROL but for pop. spike only ) -

SO>S SRR




1 95%CONFIDENCEINTERVALPOP ;-
12 fu® 7 ' o E
2 § . 3

13 ==>

ay
15

Screen # 50
0 ( Means as % of control for pop. spike only ) HFJ ’ -
1 : MEANBLOCK3POP ( Calculate means for_ blocks of 3 for )

2 ( pop. spike only ) "
3 0T @26L0 TEOC-26LDs0OTE .
s 18 - 26L-D+ 3 M/MOD MEANPOP 21 DROP 1 POPCOUNT +;
i 5 2 1 o
6 : MEANSCONTROLPOP ( Caleulate [ print means as % of ) -
T ( control for pop. spike only ) *
8 SPACE POPPOINT € 4 . .n -% POPPOINT € 2+ & .R
3 4 SPACES 7
10 0 5 .R 5 SPACES
-1 0 5 .R 5 SPACES MEANPOP 2€ D=3S 2710 M¥
12 CTRLPOP 26 D->S M/ 5 .R DROP 2 SPACES " *"_3 POPPOINT
C 13 +1 POPCOUNT @ 3-MOD IF ELSE CR ENDIF ;
AU ‘ r
5o, 2 ’ |
- i
Screen # 51 ) g’ ‘.

T A




- "0 ¢ fconTROL for"pop. spike only ) . Tg g =
1:, SCONTROLPOP ( Same as SCONTROL but for pop. spike only )
2 DECIMAL PRINTER HOR132 1
3 - SETSCONTROL SHEADING DO T T'1 MEANBLOCK3POP . = = 1 .
4 MEANSCONTROLPOP -2 +LOOP. CR HOR8O CONSOLE ; ) s

. 5 DECIMAL




}OﬁB




















































	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Notice
	0006_Title Page
	0007_Abstract
	0008_Abstract iii
	0009_Acknowledgements
	0010_Acknowledgements v
	0011_Table of Contents
	0012_Table of Contents vii
	0013_Table of Contents viii
	0014_Table of Contents ix
	0015_Table of Contents x
	0016_List of Tables
	0017_List of Tables xii
	0018_List of Tables xiii
	0019_List of Tables xiv
	0020_List of Figures
	0021_List of Figures xvi
	0022_List of Figures xvii
	0023_List of Figures xviii
	0024_List of Abbreviations
	0025_List of Abbreviations xx
	0026_Chapter 1 - Page 1
	0027_Page 2
	0028_Page 3
	0029_Page 4
	0030_Page 5
	0031_Page 6
	0032_Page 7
	0033_Page 8
	0034_Page 9
	0035_Page 10
	0036_Page 11
	0037_Page 12
	0038_Page 13
	0039_Page 14
	0040_Page 15
	0041_Page 16
	0042_Page 17
	0043_Page 18
	0044_Page 19
	0045_Page 20
	0046_Page 21
	0047_Page 22
	0048_Page 23
	0049_Page 24
	0050_Page 25
	0051_Page 26
	0052_Page 27
	0053_Page 28
	0054_Page 29
	0055_Page 30
	0056_Page 31
	0057_Page 32
	0058_Page 33
	0059_Page 34
	0060_Page 35
	0061_Page 36
	0062_Page 37
	0063_Page 38
	0064_Page 39
	0065_Page 40
	0066_Page 41
	0067_Page 42
	0068_Page 43
	0069_Page 44
	0070_Page 45
	0071_Page 46
	0072_Page 47
	0073_Page 48
	0074_Page 49
	0075_Page 50
	0076_Page 51
	0077_Page 52
	0078_Page 53
	0079_Page 54
	0080_Page 55
	0081_Page 56
	0082_Page 57
	0083_Page 58
	0084_Page 59
	0085_Page 60
	0086_Page 61
	0087_Page 62
	0088_Page 63
	0089_Page 64
	0090_Page 65
	0091_Page 66
	0092_Page 67
	0093_Page 68
	0094_Page 69
	0095_Page 70
	0096_Page 71
	0097_Page 72
	0098_Page 73
	0099_Page 74
	0100_Page 75
	0101_Page 76
	0102_Page 77
	0103_Page 78
	0104_Page 79
	0105_Page 80
	0106_Page 81
	0107_Page 82
	0108_Chapter 2 - Page 83
	0109_Page 84
	0110_Page 85
	0111_Page 86
	0112_Page 87
	0113_Page 88
	0114_Page 89
	0115_Page 90
	0116_Page 91
	0117_Page 92
	0118_Page 93
	0119_Page 94
	0120_Page 95
	0121_Page 96
	0122_Page 97
	0123_Page 98
	0124_Page 99
	0125_Page 100
	0126_Page 101
	0127_Page 102
	0128_Page 103
	0129_Page 104
	0130_Page 105
	0131_Page 106
	0132_Page 107
	0133_Page 108
	0134_Page 109
	0135_Page 110
	0136_Page 111
	0137_Page 112
	0138_Chapter 3 - Page 113
	0139_Page 114
	0140_Page 115
	0141_Page 116
	0142_Page 117
	0143_Page 118
	0144_Page 119
	0145_Page 120
	0146_Page 121
	0147_Page 122
	0148_Page 123
	0149_Page 124
	0150_Page 125
	0151_Page 126
	0152_Page 127
	0153_Page 128
	0154_Page 129
	0155_Page 130
	0156_Page 131
	0157_Page 132
	0158_Page 133
	0159_Page 134
	0160_Page 135
	0161_Page 136
	0162_Page 137
	0163_Page 138
	0164_Page 139
	0165_Page 140
	0166_Page 141
	0167_Page 142
	0168_Page 143
	0169_Page 144
	0170_Page 145
	0171_Page 146
	0172_Page 147
	0173_Page 148
	0174_Page 149
	0175_Page 150
	0176_Page 151
	0177_Page 152
	0178_Page 153
	0179_Page 154
	0180_Page 155
	0181_Page 156
	0182_Page 157
	0183_Page 158
	0184_Page 159
	0185_Page 160
	0186_Page 161
	0187_Page 162
	0188_Page 163
	0189_Page 164
	0190_Page 165
	0191_Page 166
	0192_Page 167
	0193_Page 168
	0194_Page 169
	0195_Page 170
	0196_Page 171
	0197_Page 172
	0198_Page 173
	0199_Page 174
	0200_Page 175
	0201_Page 176
	0202_Page 177
	0203_Page 178
	0204_Page 179
	0205_Page 180
	0206_Page 181
	0207_Page 182
	0208_Page 183
	0209_Page 184
	0210_Page 185
	0211_Page 186
	0212_Page 187
	0213_Page 188
	0214_Page 189
	0215_Page 190
	0216_Page 191
	0217_Page 192
	0218_Page 193
	0219_Page 194
	0220_Page 195
	0221_Page 196
	0222_Page 197
	0223_Page 198
	0224_Page 199
	0225_Page 200
	0226_Page 201
	0227_Page 202
	0228_Page 203
	0229_Page 204
	0230_Page 205
	0231_Page 206
	0232_Page 207
	0233_Page 208
	0234_Page 209
	0235_Page 210
	0236_Page 211
	0237_Page 212
	0238_Page 213
	0239_Page 214
	0240_Page 215
	0241_Page 216
	0242_Page 217
	0243_Page 218
	0244_Page 219
	0245_Page 220
	0246_Page 221
	0247_Page 222
	0248_Page 223
	0249_Page 224
	0250_Page 225
	0251_Page 226
	0252_Page 227
	0253_Page 228
	0254_Page 229
	0255_Page 230
	0256_Page 231
	0257_Page 232
	0258_Page 233
	0259_Page 234
	0260_Page 235
	0261_Page 236
	0262_Page 237
	0263_Page 238
	0264_Literature Cited
	0265_Page 240
	0266_Page 241
	0267_Page 242
	0268_Page 243
	0269_Page 244
	0270_Page 245
	0271_Page 246
	0272_Page 247
	0273_Page 248
	0274_Page 249
	0275_Page 250
	0276_Page 251
	0277_Page 252
	0278_Page 253
	0279_Page 254
	0280_Page 255
	0281_Page 256
	0282_Page 257
	0283_Page 258
	0284_Page 259
	0285_Page 260
	0286_Page 261
	0287_Appendix A
	0288_Page 263
	0289_Page 264
	0290_Page 265
	0291_Page 266
	0292_Page 267
	0293_Page 268
	0294_Page 269
	0295_Page 270
	0296_Appendix B
	0297_Page 272
	0298_Page 273
	0299_Page 274
	0300_Page 275
	0301_Appendix C
	0302_Page 277
	0303_Page 278
	0304_Page 279
	0305_Page 280
	0306_Page 281
	0307_Page 282
	0308_Page 283
	0309_Page 284
	0310_Page 285
	0311_Page 286
	0312_Page 287
	0313_Page 288
	0314_Page 289
	0315_Page 290
	0316_Page 291
	0317_Page 292
	0318_Page 293
	0319_Page 294
	0320_Page 295
	0321_Page 296
	0322_Page 297
	0323_Page 298
	0324_Page 299
	0325_Page 300
	0326_Page 301
	0327_Page 302
	0328_Page 303
	0329_Page 304
	0330_Page 305
	0331_Page 306
	0332_Page 307
	0333_Page 308
	0334_Page 309
	0335_Page 310
	0336_Page 311
	0337_Page 312
	0338_Page 313
	0339_Page 314
	0340_Page 315
	0341_Page 316
	0342_Page 317
	0343_Page 318
	0344_Page 319
	0345_Page 320
	0346_Page 321
	0347_Page 322
	0348_Page 323
	0349_Page 324
	0350_Page 325
	0351_Page 326
	0352_Blank Page
	0353_Blank Page
	0354_Inside Back Cover
	0355_Back Cover

