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dramatically reduced (See Exton et al, 19725. Replacement of a minimal
amount of CORT in ADX rats reinstates the g]ycogeqo1yt1c effects of E
and glucagon. I ) , ' -
Recently, the effect of CBRT on adrenergic:stiﬁu1ated ‘
glycogenolysis has been fgrther charactér1zed,'1n the normal rat, the
glycogenolytic effects of £ in liver cells in vitro seem to Se mediated
mainly by stimulation of a?pha;l édreqerg1c réceptors (eg. Chan & Extbn,
1978; Sher11ne, Lynch & Glinsmann, 1972; Tolbert &\Fain,’1974). However,

in cells from ADX rats the glycogenolytic effect of alphai—adrenerg1c‘

,ét1mu1at1on is reducéd while the effect of beta-adrenergic stimulation

is enhanced .(Chan, Blackmore, Steiner & Exton, 1979). It has also been

demonsfrated that in the absence of CORT thes alpha-1 adrenergic

stimulation of hepatic g!ycogenp1yéis is shifted to a different pathway

(eg. Hernandez-Sotomayor & Garcia-Sainz, 1984; Pushpendran, Corvera &

.Garcia-Sainz, 1984). Furthermore, it has been suggested that CORT may

affect hepatic glycogenolysis in opposite ways depending on the time
following administration of €h1s steroid (Bialik & Roberts, 1985; Fleig
et al, 1984). These issues are dealt with in more detail in the

introduction and discussion for Experiments 2, 4, 5 and 6.

A )

Neural vs Hormonal Contrql of Blood §lucose

Control of BG levels can occur by local (i.e. peripheral) mechan1sms
as well as by the central nervous system (CNS). The influence by tﬁe CNS
may be by direct innervation of the adrenals, liver or pancreas o;
indirectly by contr§111ng fne release of hormones from the pituitary

gland and/or adrenal cortex (eg. ACTH and CORT). It has beén suggested

L 4
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ABSTRACT' )
,',.f’ _ v,
. This thes1s represents an initial attempt to relate changes in

glucose levels in the blogd to a change in a very basic and important
function of-the brain, 1.5. the ability to store and/or process
information. 4

This work stems from previous stud1es which indicated that
manipulation of ‘brain norepinephrine and adrerfal hormones (epinephrine
and corticosterone) could mod1fy the b111ty of rats to. 1earn and/or

.

. remember an aversively- motivated cond1t1oned response. A number of

>

?phys1o1og1ca1 processes could be affected by alterations in the release
ef adrenal hormones er brain. narepinephrine. The goal of the present
work was to assess whethier alterations in blood glucose 1eve}s‘m1ght'
account for effects on avoidance behavior caused by man1pulat1on of
_adreeal hormones and/or brain norepinephrine systems. .

‘ In a series of exper1Menss it was_demonstrated that 2ep1et1on‘of
brain norepinephrine could infliuence blood.g1ucose 1eveis,'howeven,
contrary to published views, 1t was established that central C

1

norep1neghr1ne 1s not necessary for-a stress-induced increase in blood

glucose levels.

Another series of exper1ments confirmed that adrenal .
cort1cosxerone was necessary for the blood g]ucose response to a very
low dose of ep1nephr1ne However, the role of torticosterone in the

blood glucose response to a variety of stressors was, at most,
) ‘ .



p

modulatory 1in nature. -

a—————

. On the other hand, it was clearly demonstrated that the adrenal
: - - A
»gfgulla was required for-tﬂe tncrease 1 blagd glucose levels
following several stressors, including footshock similar to that used
in our aversively-motivated, 1eern1ng paradigm. The ingrease 16 blood
glucose levels,.caused by footshock stress aﬁd by exogénOus

adm1n1strat1on of E, was blocked by alpha-Z adrenergic receptor

.antagonists (phentolam1ne and yohimbine). Taken together these data .

1ndicated that the stress-induced increase 1n b1ood g1ucose levels 1is

mediated by an act1pn of adrena] epinephrine on a1pha 2 adrenergic

LY
@

receptors. ) o - . -

14 :
" Finally, it was demonstrated that posttraining administration of

glucose (by intraperitoneal injection) could enhance retention 4

performance in an aver§1ve1y—mggj!§ted discrimination task. Removal of

. the adrenal medu]]ae;(demedu11at10n), wh1th would eliminafe the normal

A '

increase in blood g1ucose 1evels caused by the conditioning panaédgm, :

caused a def1c1t 1n acqu1sit10n of the d15cr1m1nation fresponse, A very
important f1nd1ng was that posttraining administration of g1ucose
anhanced retent1on performance in the demedul1ated rats - ~

It was concluded that the nOrmal increase in BG levels during and
Fo110w1ng training in a shock meiivated discrimination task is an
important phys1o1og1ca1 response wh1ch 1nf1uences acquisition and

retention performance.
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INTRODUCTION

A'ngrv1gw |

The central issue in this thesis concekn§ physiolgéical variables
that jnf1uendb information processing. Specifically, it is concerne&w
with the involvement of the Hypotha1apo-P1tu1tary—Adrena] (HéA} syst;;.
and brain norepinephrine kNE).systems-1nfmod;fy16§ the acqu1é1t10n and
retention of aversively-motivated behaviors.

There is abundant evidence to. indicate that hormones from the HPA
system can alter the acqu1s1t1on‘and retention- of aversive1y-mo£1vated
_'behav10fs (eg. de Qied, 1964; 1§66; Mart1néz,-Jensen & McGaugh, 1981;
Sandman, Beckwith & Kastin, 1980) aﬁd a huge literature implicates
central and peripheral adrenergic systems as 1ﬁportant modU]qtors of
learning and memory processes (eg. Anlezark, Crow & Greenw;yi 1973;
Stein, Relluzi & Wise, 1975; McGaugh, 1985;ﬂE61d, McCarty & Steinberg,
.1982). fFor example, NE hés beeﬁ shown to reverse experimenta1ly induced
amnesia when adm1n1§tereq_djredt1¥ 1nt9'the brain (Stein et al, 1975)
and NE or Epinephrine’ (E) have similar effects when injected
systemically (Mc@augh e; al, 1982)._Furthermore; hormones from the HPA
system m&y interact with adrenergic systems to é1ter behavior. Initial |
stud1e§ indicated that.the Ab111ty of rats to acqu1f§ a shuttlebbx
avoidance response is impaired by manipulation bf the HPA system in
" combination with depletion of brain NE (eg. Ogren & Fuxe, 1974; 1977;
Ogren, Archer; Fuxe & Eneroth, 1981; Roberts & Fibiger, 1977). However, -

other-evidence indicated that the awoidance deficit is observed only

S

&
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A
undernferta1n circumstances (Wendlandt & File, 1979; Bialik, Pappas &
hoberts, 1984a,b): Therefore, it is not clear from these studies exactly
what aspects bf the HPA system and brain NE systems were most intimately

-

related to the change in behavior.

Glucose as a Potential Modulator of Conditioned Behavior

A number of physiological processes could be affected by
manipulation of the HPA and/or NE systems, some of ih1cq‘cou1d
potentially influence avoidance behavior. Thé goal of t¥e present. work
was to develop a framework within wh1;h to examine the extent to which a
single physiological- mechanism, alterations in blood glucose (BG)
levels, can account for effects on avoidance behavior caused by
manipulation of the HPA and/or b}a1n NE systéms.

An important f1nd1ﬁg that d1reéted our research was that ifnsults to
the HPA and brain NE ;ystems cﬁused moreAsevere impa%rménts when testing

| was carried out in the dark rather than in tBe 1ight phase of the

animal's diurnal cycle (Bialik et al, 1984b). Rats, being nocturnal
an1ma1s; are more mefabolica11y ;%t1vendu;1ng the dark part of thé1r
cycle. Therefore, the behavioral deficit that was observed during tH;>
dark phase of the rats cycle mighé have been caused by an inability of
Bhe rats to mobflize enough stored energy (in the form of glucose, see
pages 4-8) in order to supply the bratn during a time of {ncreased
metabolic activity. Metabolic act1vity woulddfe increased due to the

phase of the diurnal cycle in which testing dccurred and the additional
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energy demands inducud by the testing procé&ure. This formulation of the
probiem suggesfs that the control of EG-]evel fs the physiological -
variable that might be most closely related to avoidance performance.
This suggestion led us fo investigate further the presumed roles of
adrenal hormones and brain NE in.controlling levels of glucose in the
blood. \
| _ Furthef investigations confirmed that, in rats, the increase in BG
following brief footshock stress was mediated by release of E from the
adrenal medulla (B1alik & Roberts, 1985). Our data also 1na1cated that
. corticosterone (CbRT) mjgﬁt function to dampen the increase in BG, gince
blbckade‘o% the footshock-induced increase in plasma CORT‘enhaﬁced-the
rise in BG fp]1o§1ng brief footshock stress (Bialik & Roberts, 1985). We
also found that lesions of central NE systems altered BG responses in
some situations. Rats that were depleted of forebrain NE (by neonatal
;treatment‘w1th 6-hydroxydopamine) showed/a more rapid increase in BG
following footshock stress than sham lesioned raés (unpublished
observations) anq animals depleted of brain NE in adulthood showed an-
altered BG’responée to chronic dexamethasone treatment compared to
intact controls.{Biaglik, Stevenson & Roberts, 1986). Furthermore, anq'
possibly moré 1;portantly, brain NE 1s involved in mobilizing glucose
from glycogen that 55 étored-in cerehral tissue (Quach, Rase & Schw&rtz,
1978; Magistretti, Morr1son;1Shoemgker"& Bioom, 1983), and CDRf can
influence this effect of NE (Roberts, éia]dk, Back, Shoemaker EA
Magistretti, in preparation). . '

Taken together, these data led us to sugbest,that.the combination

% »
-
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of impaired liberation of peripheral and cen;ra1 glycogeh stores (caused
by the lack of adrenal E and brain NE, resbéctive1y) would be expected
to result in a greater behavioral disruption than either manipulation
alone. Furthermore, manfpylation of adrenal CORT might influence the
behavioral effects of disruption of adrenergic systems by its 1nf1uencé
on the liberation of peripheral and central giycogen stores.

Recent evidence has shown that moderate alterations in zihchlating ,
glucose levels can affect the behavior of experimental animals and:
humans. Administration of g1uco§e following classical conditioning
trials eﬁﬁahces retention pe;%aé;ance In rats (Messier & wWhite, 1984;
Messier, Blackburn & White, 1984) and posttraining administration of
glucose enhances retept1on of an inhibitory avoidance response in rats
(Hall & Gold, 1985; Gold, 1986). Conversely, insulin-induced {

. hypoglycemia has been reported to impair T-maze learning in rats 1
'(Clayson, 1971), and moderate changes in BG levels have been related to V
some alterations in cogh1t1ve'funct1on1ng in diabetic patients (Holmes,
Hayford, Gorealez & Weydort, 1983).

. Our studies indicated that after several days of treatment w1Fh -
dexamethasone” (DEX), rats develop sevére hyperglycemia and are impaired
in the acquisttion of an active avoidance response. Surprisingly, both
“of these effects of QEX are attenuated by lesions of central NE system;
(Bialik et ail, 1986; Bialik et al, 1984a).
In summary; man1pu?at1on of adrenal Hormones and brain NE can J

'. affect the supply of glucose to the brain from both peripheral and )

central stores, and thése effects may have important implications for
¢

' 1} ' i
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the control of some avers1vp1y—mot1vated behaviors. The present research

project focuses on the involvement of adrenal hormones and brain NE in

<

s

the mobilization of energy stores in thé‘per1phery,5as well as
: behav1oral.consequences of changes in BG.1eve1s.
The majority of the experiments (Exper1ments 1-9) relate to the .

1nvolvement of adrenal honmones and bra1n NE in a1ter1ng BG 1evels in-

-response to various cha11enges. These experiments are expected to yield

1nformat1oh.concern1ng the supply of glucose to the brain from‘the
blood. The fina] two experiments demonstrate that manipulation of BG
levels a]ters the acqu1s1t10n and retention of an aversively-motivated -
"Y-maze" task (Experiments 10 and 11). [Studies will be reported
elsewhere wh1Cﬂ~1nvest1gate the involvement of adrena1 hormones and
bratn NE in the ntob111‘zat1orw'of glucose from glyc“oqen' stores in the
brain, as weﬁ? as poss1o1e behav1orai consequences ‘of these effects.])
The background information and rat1ona1e/?or these experiments

follow.

~ - N

r Control of Blood Glucose

\ >

The importance of glucose for a biclogical organism is indicated by

the fact that the greatest proportion of the chemical reactions in cells
are concerned with making the energy in foods into glucose so as to be

available to the various machinery of the cell (eg. See Guyton, 1976).

There is 1ittle doubt that the central nervous system controls the

-y
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selettion and ingestion of maéronutr1ents (fat, protein and
\carbdhydraté). Furthermore, it is likely that some of the brain nuclef |
and neurdzhem1ca1s that are 1nvolved in controlling macronutrient intake )
are also 1nv61ved in controlling the liberation of glucose from :
endégénous store; of protein, fat and carbohydrate. Although it 1s very
1ikely that the brain's contro1‘9£y§G levels will not be completely
understood without considering the organism's macronutrient intake, and
vice versa, the present thesis is limited to discussing the mobiliization
of glucose from endogenous éources. An important issue though, wh1cH
will be considered later, is the effect of withholding all food (i.e.
fasting) on the BG response to a stressor (See Experiments 3d & Be;{

Stdrage of glucose as glycogen occurs mainly 15 the liver and
muscle, with the 1iver being the dominant organ (5-8% of organ weight
can be made up of stored glycogen). When gliycogen 1s broken down into
glucose (1.e. glycogenolysis) in the. }iver it passes immediately into
the general circulation to be used by the ce135 of the body. Glucose is
released by 11ver‘(' cells but not by most other cells (including brain
cells) because:1n the 11ver:the metabolic product of glycogen, glucose-
6-phosphate, is converted to glucose by a phosphatase. Glucose-6-
phosphate cannot pass through the cell membrane while glucose can move
re1at1vé;y freely .through the ceTl membrane and into the bloodstream
(eg. Guyton, 1976). Thus, it is thought that it 1s the process of
glycogenolysis in the liver that allows the organism to quickly supply
the cells of the body with adequate jiucose to perform their various
functions (See the discussion for Experiment 3d though).

¢ -

~
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There is curréntly some debaté,chCérning fhe relative
contributfons thét adrenal hormone and direct neural stimulation of the
liver have in mediating the rapid changes in BG levels that occur
fo1[ow1ng the application of various s;reésors. However, before
discussing these issues, the basic processes ﬁnvo]ved_1n glycogen

\
storage and breakdown are described. - BN

(=
.

Gluconeogenesis and Glygéqeno]1§1; o -( 4
There are two main ways in which BG levels can be éﬁevated from
endogenous, stores. One way is through the 1iberation of glucose from
glycogen stargd in the liver, and to a lesser extent in other tissues’
'(§1ycog;néﬁysfs). The other way is throqgh the synthesis 5} g]ucosé from
metabolitgs of fat (eg. glycarol) and protein (amino acids), a proceés
called gluconeogenesis.
Gluconeogenesis. Gluconeogenesis is the name of the process
responsible for the synthesis of d1ucose from ]actaté, pyruvate,
glycerol and some amino acids. The only organs capable of carrying out
gluconeogenaésis are the 11véﬁ'§nd k1dn?y, w1thktheu11ver being the more
1mpor§ant of‘the two. Regulation of gluconeogenesis can occur d1FeC;ﬂy;
by influences on liver enzymes, or indirectly, by influences on the
availab1{1ty of substrates. The predominant action of glucocorticoids is
thought to be on the 11berat1pn of substrates (eq. fatty acids and amino
acids) from per16hera1 tissues (lymph, skin and adipose tissue) for use
by the 1iver in the process ef gluconeogenesis (eg. Loné, Katzin & Frey,.

N
1940; Munck, 1971). Presumably, the fat and protein wasting and the'“f —
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\a\\" resulting hyperglycemia seen in rats rece1v1ng chronic dexamethasone .
\\\“—"'freatment (See Experiments 7 and 8) is largely a result of the 1ncreased
catabolism of perjphera1 tissues caused by this glucocorticoid.

, V4
“Glycogenolysis. Glycocenolysis is the.process by which glycogen ¥s

broken down to y1é1d glucose mblecules. The liver is the orgdn which
possesses the greatest stores of glycogen and when glucose molecules are
\ 1iberated from glycogen in the liver they'1mmed1ate1y pass ou£ of the
cell.- This process of g1ycogeno]yg1s in-the 1iver allows the organ1sm‘to
) quickly supply the cells of'gge body with adequate glucose to perform
their various functions. Most of .the experiments discussed in ;H1s paper
are‘concerned with the rapid rise in BG cad;ed by a stimulus, and
fherefore, presumeably relate to the %e]eaée of gTucose from glycogen
stores in the liver. o
Liver (i.e. hepat1c) g1ycogenolysis is thought to be controlled by
d1bect neural innervation and by circulating hormones The hormones that
are considered to p{ay the most 1mportant roles are £, glucocorticoids
(CORT, be}ng tﬁe majof glucocorticoid ﬂh the ¥at), g]ucagon'and insulin.
Insulin promotes d1§cogen synthesis by stimulating synthetase activity
and blocking the effects of E, while Q?ﬁcagqn and E promote
glycogenolysis bj stimulating the conversion of phosphory}aae b to
phosphory1ase a (Exton, Friedman Wong, Brineaux, Corbin & Park, 1972;
F]eig, Noether-Fleig, Roeben & Ditschunett, 1984).° ‘
The effect of CORT has traditionally been thought to be perm1551ve.
That is, CORT alone has no affect on glycogeno]ys1s, however, in the

absence éf\CORT the g1ycogeno1y£1c effects of E and glucagon are ,
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dramatica11y>reduc§d (See Exton et al, 1972). Replacement of a minimal
amount of CORT in ADX rats reinstates the glycogenolytic effects of E
and glucagon. o ‘ , ‘ .
Recently, the effect of CBRT on adrenerg1c:st{mu1ated $
glycogenolysis hqs been further charactér1zed,'1n the normal rat, the
glycogenolytic ef;eéts qf E in liver cells in vitro seem to Se mediated
mainly by stimulation of a]pha;l gdreqerg1c réceptors (eg. Chan & Exton,
1978; Sherline, Lynch & Glinsmann, 1972; Tolbert &yFa1n,‘1974). However,

-

in cells from ADX rats the glycogenolytic effect of alphai—adrenerg1c
) §

,ét1mu1at1on is reduced while the effect of beta-adrenergic stimulation

is enhanced .(Chan, Blackmore, Steiner & Exton, 1979). It has also been
demonsérated that in the absence of CORT thes alpha-1 adrenergic
stimulation of hepatic g1ycogenp1yéis is shifted to a different pathway

(eg. Hernandez-Sotomayor & Garcia-Sainz, 1984; Pushpendran, Corvera &

.Garcia-Sainz, 1984). Furthermore; it has been suggested that CORT may

affect hepa;1c glycogenolysis in opposite ways depending on the time
following administration of this steroid (Bialik & Roberts, 1985; Fleig
et al, 1984). These issues are dealt with in more detail in the

introduction and discussion for Experiments 2, 4, 5 and 6.

-

Neural vs Hormonal Contrql of Blood §lucose

Control of BG levels can occur by local (i.e. peripheral) mechanisms
as well as by the central nervous system (CNS). The influence by the CNS
may be by direct innervation of the adrenals, liver or pancreas or

indirectly by controlling the release of hormones from the pituitary

', gland and/or adrenal cortex (eg. ACTH and CORT). It has beén suggested

A d
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that hepatic Héura] regulation .of BG (1.e. direct innervation of thé
1iver) is fipe-tdﬁed and rapid and therefore suitable for émergency
situations while hormonal regu1at1on'(eg. 1nnerv$t1on of the pituitary,
Bancreas and adrenal medulla) is msre stable and suitable for modifying )
| neural regu]at1oﬁ (egq. Shimazu, 1981). This hypothegis fs challenged
later. ‘m |

With respect to the.control of BG levels by thé CNS, many
1nvest1gafor5'be11evé that the ventral medial (VMH) and lateral
hypothalamus (LH) act in & reciprocal manner‘1n the reqgulation of
carbohydrate metabo]%sm (eg. Béﬁ, 1975; Sh1ma;u! 198}). The YMH is
-considered to be part of the sympatheti¢ nervous systém and .through
connections with the sp]anchnic nerve, st1mu1at10n)of this nucTeus»‘
-1ncreases BG levels and decreases liver glycogen content (Shimazu,
" Fukuda &‘Ba&, 1966), presumeably by a direct action of stimulating
phOSphoryiase a ac£1v1ty 1n the 11ve; (Shimazu, Matsushita & Ishikawa,
1978). The LH,{on the other hand, is considered part of the
parasympathetic system (Shimazu et al, 1966) and through conneét1ops
with the vagus nerve, stimulation of the LH causes an {nc}ease in
synthetase 1 activity in thé 11ver‘(§h1ma%u et al; 1978) thch increases-
'glycogen synthesis and less glucose would be ava11ab1e-for release into
the circutation. |

Recently, however, tHis reciprocal relationship between the VMH and
LH in the confrﬁaiof BG has been called into question. Atrens, Sinden,

Penicaud, Louis-Sylvestre and LeMagnen (1984) have found that there is’

no clear anatomical distinction between medial and lateral hypothalamic
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"sites from which electrical stimulation produces increases or decreases ‘ ’
~in BG levels. Furthermore, there was a fendeﬁcy to find mdre sites which
caused increases in BG 1in ventral-lateral areas of the hypotha]aﬁus thaH

in ventra]—medial‘areas. _

These authors also demonstrated that stimulation of.both the VMH &

and LH increased energy utilization, as measuredyby~oxygen consumption

and respiratory quot1ent, énd the yMH had‘the’greater effect (Atrens,
Sinden, Penicaud, Devbs & Le Magnen, 1985) This 1ncrease in metabolic

rate should also be reflected in a more rapid d1sappearance of -glucose

from the blood. The involvement of theradrenaltmedu11a in the BG

response to-electrical stimulation of the hypothalamus is addressed in
.Experiment. 6. , | .

An extension of the neural hypothesis is that, fo]10w1ng

agp11cat1on of a stressor, BG levels are pog1t1ve1y'corre1ated wiih QE
hturnover in the hypotha]amus -and that hypothalamic NE system(s)’
st1mu1ate g1ucose re}pase from the liver by activating a direct neura1
pathway (Smythe, Grunste1n, Bradghaw, Nicholson & Compton, 1984). A role
of hypothalamic NE in altering BG 1evelsh1s supported by reporp;f%hat
direct app11cat16n of NE ;nto the hypothalamus can cause 1ﬁcreases in BG
(Steffens; Damsma, van deg Gugten & Luiten, 1984; de Jong, Strubbe &
Steffens, 1977; Shimazu & Matsushita, 1979). In Experiments 8 & 9, the
involvement of central NE systems in the BG response to different
stimuli is investigated.

Evidence used to support the notion of neural, as opposed to

hormonal, contral of BG Fesponses to stress is presenged by Shimazu and

L 4
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'coworkers and Smythe and coworkeérs. Shimazu (1967; Shimazu & A;akaw;,
1968) reported that the 1ncrease in phosphorylase a act1v1ty 1n the
; 1iver fol1ow1ng stimulatian of the splanchnic nerve 4s still observed in
adrena1ectomized (ADX) rats. Inasmuch as act1vat10n of liver
phosphorylase a mediates the phys1o1og1ca1 BG response to a stressor, BG
levels should increase in response to stimulation of the VMH or
§p1anchn1c nerve in ADX rats. Howebeﬁ, ft Has been reported that the .,
“ increase id BG following VMH or §p1anchn1c st{mu1at10n ¥s altered in ADX
animals. It was reported that the BG response following VMH stimslation
was abolished by adrenal demedullation (Booth, Coons & Miller, 1969) or

ADX (Himsworth, 1970), while another éeport ElaTmeU that ADX caused only
i a slight reduction in the BG.#ésponse to‘VMH st1mg1at16n (Frohman &
. Bernard#g, 1971). As well, in ADX calves the increase in BG release from
vthé 1iver fbiiowing$1ow'freduepcy stimutatfon (1.e. 1 Cps)fwas abolished -
while the feSponse to higher frequencies was not affected (Edwards,
1972). ) ' |

Reports of the, BG response of ADX an1ma1s to’ var1ous stressors also

do not yield cons1stent resu]ts For example, 2-deoxyglucose (2-DG)
increases BG levels by .inhibiting glycolysis in.brain cells (this causes

glucose starvation in bfa1215?11s, 1.e. neurogiycopenea) and the BG -
response of rafs‘t0~1ﬁtraper1tonea1 administration of 2-DG was reported
to be unaffected by ADX (Smythe et al, 1984). Other reports, however,
claim that the responseltd intraperitoneal or 1ntraveptr1cular
administration of 2-DG was tota11y‘abo11shéd by ADX (Frohman, Muller &
Cocch¥, 1973) or'adreﬁa1 demedullation (Grannemar & Friedman, 1984).

5
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‘fu?thermore. 3-0-methylglucose caﬁsés hyperg]ycem1a’by lowering brain
glucose levels (it 1nh1b1ts the transfer of §lucose from the blood 1nto
brain tissue) and this hyperg1ycem1c effect was abolished by denervat1on
of the ‘adrenal medulla (Himsworth, 1968). |
While some investigators dq not ackﬁow1edge that these discrepant
views "exist, others do. In the djscuss1on of a recent paper, one group
of 1hvesf1gators (Tordoff‘et al, 1984) cérrectly conclude that whether
ﬁedra] or hormonal regulation of hepatic glucose release predominates
'fo11ow1ng app11§at1on of a specific’ stressor remains to be determined.
Taken together these reports tndicate that there is no clear

concensus on the med1at1ona1 role of adrenal hormones n ‘the BG
response(s) to var1ous stressors. There are a number of issues that,
whe® considered, might help to put these dﬁscrehant findings into
perspective. These 1ssués are d1;cusseq'be1ow, and include; 1) the use
of different species and sex of experimental animal; 2) the usé of
anesthef1zed Vs unanesthef1zed animals; 3)‘the«use of in vitro or in
;1tu methods for measuring liver enzymes or gluccse release from the
1iver vs_ig vivo déterm1nat1on of BG levels; 4) the use of fasted vs
non-fasted animals; 5) the type of~st1mu1us—u§ed t041ndu;e changes in BG
or liver enzymes; 6) possible time dependent effects‘of gfﬂcocort1c01ds
on 1iver enzymes; and 7) diurnal rhythms of_hepatit glucose metabolism.
Thesé_1s§uss are discussed with felevance.to the maJor‘goa1 of the first
section of the present paper, which 1§ to elucidate the phy5161ogica]
mechanisms that are involved in alter%ng éG responses to various

stressors in freely moving, conscious rats.
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Interpretation of Data Relatimg to the Control of Blood Glucose

A potént151 saurce of confusion is fhat-adrenergic.st1mu1at1on has
d?fférent;effects on hepatic enzymes involved in glycogenolysis 4n male
ahq female rats (Studer & Borle, 1982; 1983). However, the studies
discussed‘below‘weré carried out on male rats and the present
) exper1men£s used male rats. , )

The major research groups thqﬁlstudy the involvement of the CNS in
the c¢ontrol of BG use different species of “animals as éxper1menta1 ‘
suﬁjecti. Shimazu's group used rabbits as the1r,expeﬁimenta1 subject.
Lautt used cats, and others, including Smytﬁe, used rats. All of the
reievant behavioral work, which is to be d1scusséd later, was carried
out in rats.l

Lautt and coworke}s ve Used the anesthetized cat and rat to
identify the néuré] cbnnect1ons from the brain tq the liver that.are
involved ‘in altering BG levels (For reviews see Lautt, 1980; 1983).
Stimulation of the hepatic nerves in the anesthet1;ed cat increases BG
levels and this§ efféct s blocked by the alpha-adrenergic receptor
antagonist, phentolamine, but not by th? beta-adrenergic antagonist,
pronrano1ol (Lautt, 1979). Furthermore, the BG increase caused by
. surgical trauma is attenuated by hepatic denervation and by ADX, but is
_ totally blocked only by t&e combination of hepatic denervation and ADX
(Lautt & Cote, 1977). Aneother importa-t point is that these qﬁthors
found that, in fasted rats, neural input to the liver was the major i-
mediator of the hyperg1;c¢m1c response to surgical trauma (Lautt & Cote,

1977). The type of adrenergic receptor mediating this stress response

>
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was not determined. In summary, Lautt has demonstrated that, in the
anesthetized cat, stimulation of thé hepatic nerves can increase BG
levels and that thts effect 1$ blocked bx phento1am1ne Furthermore,
both\the adrena] g1and and the hepatic nerves med1ate the BG response to
surgfcal trauma in the angsthetized.cat and rat.

In"rabb1£s; Shimazu and co-workers have-identified neural
connec£1ons from the VMH to thé 1iver via.the splanchnic nerve that,.
when st1mu1a€éd, prémote ghe conversion of phosphorylase b to a.'As
. well, this gfoup»hasAdata’1nd1cat1ng'tha§ activation of a neural péthway :
"from the LH to the liver via the vagus nerve promotes synthetasé
activity. The e}fects of stimulation are blocked by alpha-adrenergic
~‘receptor antagonists and are unaltered in rabbits that have had their
adrena1s'and pancreas removed. On’th other,hénd, the effects of E on
11vef;éniymes 1nv019ed in glucose metabolism are blocked by beta- \
) réceptor'antagon1sts (Shimazu & Amakawa, 1968). In summary, Shimazu's
; Jroup ha§ very ‘convincingly dembnstfatéd that, in the anestﬁet1zed

Pt

rabbit, the VMH and the LHréan'affect l1iver enzymes independent of other
g)ucoregu1atorw hormoges ‘
In unaneésthetized rats, a rec1proCa1 re]ationship between tH and

VMH st1mulat1on on BG has not been confirmed (eg, Atrens et al, 1984).

" In fact. these. investigators found that stimulation in ventrolatera)

areas ﬁore cbns1stent1y produced increases in BG than stimulation in
ventromedial areas. An additional critical finding was that stimulation
could produce opposite etfects depending on whether the an1malAwas?

_anesthetized or not (Atrens et al, 1984; Dubuc, Leshin & Willis, 1982).
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[n Experiment 7, it was det%rmiﬁéd whether hypothalamic stimu1at1on
ﬁhcfeased BG levels 1n,awake réts in the absence of the adrenal medulla.
The-tyﬁe_of adrenergic receptor that is involved in these effects 1s
unknogq'for the rat (Lautt, 1980). | |

In awake norma1'rats{ 2 hours of 1mmqb111zat16n stress caused

‘\hypeﬁg1ycem15 which 1s‘attenuatéd by phentolaminé'and not affected by
propran6101 (Nakhopda, §61g/& Marliss, 1981). Iﬁ a strain of diabetic
rats, phentolamine did not a%fect’thg immob114zation stress:1nduced
increase in BG levels while prOprého1d1 attenuated the rise in BG'1éve1s
(Nakhooda et at, 1981). It 1s interesting that ADX éan also afféct the
relative contribution offa]phh— and beta-adrenergic stimulation to
changes in 1iver enzymes in vitro (See below).

Based on in vitro exper1ment§, 1tlhas been established that E
increases hepatic glycogenolysis mainly through stimulation of an alpha-
1 adrenergic receptof (eg. Chan & Exton, 1978; Shertine et al,'1§72;
Tolbeirt & Fain, 1974). Howe;er: 1n_ADi rats the effect of alpha-1

adrenergic stimulation is reduced while the effect of 6éta-adrénerg1c ’

stimulation is enhanced (Chan et al, 1979). Similar studies have not

been done to see if these effects on liver enzymes are ref-lected in BG -

1éve1s. Thé‘effects of alpha-adrenergic stimutation by clon1p1ﬁe and
phenylephrine, and of beta-adrenergic stimulation by 1soprotgrenoll1n
normatl, aemedﬁ11ated and ADX rats were determined in’Experiment 2. Iﬁ'
addition, the 5b111ty of alpha- and beta-adrenerg1c’b1;qkers to inhtbit
the increase in BG caused by E or footshock was determined jn gxpe?1ment

"3,
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Time of day is épother var1able—that‘tan inf luence the‘degree of
hyperglycemia observed following a specific manipulation. It has been
reported that ‘the hyperglycemic effect of intracerébroventricular 2-0G
is great;r when th{s drug is administered during the 1light period rather
than the dark perioq (Yamamoto, Nagai & Nakagawa, 1984). Furtherﬁbre,
the ability of liver cells (hepatocytes) to incorporate exogenous
glucose into glycoen in vitrd is affected by the time of day that the
cells are obtained from the rat (wWalker, 1977).

Another tssue (that may be related to the previous point) is that
one of the major effects of CORT is to promote glycogen synthesis (eg.
Hems & Whitten, 1980; Schudt, 1979; 1980). Since glycogen stores in the
- 1tver are decreased by g]ucocbrtjcoid deprivation, the altered ?G
resporse in ADX rats might be parttally due to the low level of liver
glycogen. Furthermore, acute 1ncreasesKB% decreases in CORT levels may
have very different [nfluences on BG levels than more prolonged changes
in CORT levels. The traditional effect of CORT (or any glucocorticoid) .
on hepatic g1ycogen01ysjs 1§ cons{aered to be to enhance the effect of E
and‘glucagbna Recéht]y,‘however,‘it has been reported that the synthetic
glucocorticoid, dexamethasone, can inhibit glucagon-induced
glycogenolysis in hepatocytes from rat (Fleig ét al, 1984).7As well, we
have reported that blockade of the footshock-induced increase in CORT
levels by 1njgct1on of Metopirone enhanced the BG 1ncreése observed
following footshock gtress (B1311k & Roberts, 1985). Therefore, when
manipulating CORT levels, d1fferéqt effects are expected depending on

whether the manipulatian is acute or of longer duration. The short-term
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effect of glucocorticoids seems to be to attenuate BG increases while
the long-term effect seems to be to ma1nta1q/6¢9enhance BG increases, by

eqsuf1ng sufficient glycogen content in the liver. This tssue is dealt

W

with. in Experiments 4 and 5. .
Finally, a stressor probably causes increases in BG by activating
neural connections from the brain to both the 1iver and the adrenal
medulla (eg. Lautt & Cote, 1977; Sourkes, 1983). However, the relative
contribution that each of these pathways makes to the overall BG
response may be dependent on the specific stresior employed (eg. Tordoff
et al, 1984) or the 1ntensﬁty of the stressor (See Experiments la and

1b).

Importance of Blood Glucose for Normal Information Proce§s1ng

ghe importance of normal glucoreqgulation to psychological processas
Is not generally accepted. Howgvpzz there are indications that altered -
glucoregulation may play a role in abnormal psycho-physiological states
such as drug addiction (eg. alcoholism; Zito, Vickers, Telford &
Roberts, 1984), depressive states (Rqsse]] & Johnéon, 1981; Gerber./,
Chok1, Brunswick, Reivich & Fraser, 1983; Storlien, Higson, Gleeson,
Smythe & Atrens, 1985) and impaired learning and memory {Go1ld, 1986;u°
Holmes et al, 1983). For the purposes of fhe'preseng paper my interest
in glucorégu]ation is focused on the potential relevance of

glucoregulation to normal and disturbed information precessing.

- / ;
[ will ultimately be testing the hypothesis that any manipulation,
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" not only mantpulation of adrenal hormones, that affects glucoregulation
fo}1dw1ng-fgotshock stress 1s expected tolaffect the storage of
information related to the experience of the footshock. If this is so,
storage of the information required to avo1a the environment where the
footshock was administered should be modified by manipulations of
posttraining glucose 1eve1;. Furthermore, I will hypothesize that
glucose affects the storage of information, at least in part, by acting
as é cue that {s associated with performance of the coZﬁ1t1oned response
(See page 45). Although this fs the explicit hypothesik that will guide

future work, 1t 15 possible that the effects of altered glucoregulation
on information processing is the result of increases or decreases in
general efficiency of the brain.

There is evidence in the literature that alterations in the
availability Qf the g]uédse supply to the brain might mediate some of
the effect§ of hormones on information processing. For example, Gold and
colleagues have investigated extens1ve;y the effects of £ on the

.moduiation of information storage and retr1ev§1 (eg. Gold & McGaugh,
1975; Gold & van Buskirk, 1976; McGaugh, 1985) and have recently
reported that the facilitatory effects of posttraining £ injections cn

‘\\?Etennlgz‘of a passive avoidance response can be mimicked by

posttra1n{;; 1nject1on of g1ucose (Hall & Go]d 1985; Gold, 1986).
Furthermore behav1ora11y effective /gosttra1n1ng injections of E were

found to increase BG to comparab]e levels as found following

behavioraliy-effective doses of glucose (Hall & Gold, 1986).

Another group of investigators have reported that both ADX and
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adrenal démedu]lated rats are 1mpa\%ed on a retention test of a passive
avoidance response (Borrell, de Kloet, Versteeg & Bohus, 1984b).
Posttraining administration of E restored normal retention behavior in a
dose-dependent fashion in both operated groups. An important observation
was ihat demedu]1atéd rats required higher doses of E than ADX rats in
order to reach normal retention performance. In demedullated rats it is
possible that the release of CORT (in response to the footshock of the
training session) had the opposite effect on BG tevels than E did, the
result being lower BG levels. In support of this view, these
investigators reported data showing that when ADX rats were administered
CORT 60 minutes prior to "training plus posttraining E injectfons" CORT

WA decreased the efficacy of E 1in restoring retention performance (Borrell,
de Kloet & Bohus, 1984a).

Taken together,’these data are highly suggestive that E affects
retention of a passive avoidance response by its effect of increasing BG
levels. Furthermore, CORT may modulate the effect of E on retention
performance by 1ts effect(s) on BG levels or glucose utilization in the
brain. These suggestions received support from our initial studies aimed
at determining the role of £ and CORT in the physiological BG
response(s) to a mild stressor, such as the footshock that rats
experience during avoidance cond1tﬁon1ng.

We found that femovaI of the entire adrenal gland or 3ust the
adrenal medulla completely abolished the initial (less than 20 minutes)
increase in BG observed following brief footshock stress (Bialik &

« Roberts, 1985). More importantly, it was also found that inhibition of

o L s e g
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CORT synthesis, by an acute injection of Metopirone, s1gn1f1cani1y
enhanced/the hyperg1ycem1c response to brief foobshock stress (Biaﬁik &

Roberts, 1985). These resu]ts c]ear1y indicated that the stress- 3nduced

- hyperglycemia caused by brfeﬁ footshock stress was mediated by release

of E from the adrenal medulla. Furthermore, the release of CORT from the
adrenal cortex appeared to attenuate this rise in BG. These data
indicate that CORT may cayse a reduct1on in the BG response to E, and
might also prov1de an explanat1on for why CORT reduced the eff1cacy of E
in restoring passive avoidance performance in-ADX rats (Borrell et a1,‘
19§4a). The~1nteract1ve'effects of CORT and £ on BG 1éve1§.are
investigated further 1% Experiment 5, and the effecis of changes in BG
levels on conditioned avoidance performance are stud}éd,1n Experiments
10 and 11. . -

As discussed abcove, the mechanisms that control BG fo116w1ng
various siressors are not genera!1y agreed upon. There arg arguments as
to the importance of direct neural vs hormdnal stimulation of hepatic
glycogeno1ysis for the g}ycemic response to different stressors and
agents that 1nduce hyperglycemia. Furthermore, there 1is some uncertainty
as to the importance of alpha- and beta-adrenergic receptors for the BG.
changes to various stressors. Therefore, the first 6 studies determine
the relative cantribution of adrenal hormones for the glycemic re&sponses
to var1ous!s§1mu11. A direct st#muiatory effect of £ 1s confirmed while
a modulatory role of CORT is sugéested. The effects of £ are found to be

mediated mainly by an interaction with alpha-2 adrenergl; receptors

(Experiments 2 & 3). That brain NE systems can influence the glycemic

-~
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responses to these stimuli is demonstrated in fxper1ments 8 and 9.
Finally, it is demonstrated that' manipulation of' BG levels affects the
ability of rats‘to learn, and remember, a discriminated avoidance

response, (Experiments 10 & 11).

EXPERIMENT 1

Experiment 1 determined the contribution of édrena]\hormoﬁes to the
hyperglycemic response caused by Z2-0G. This drug stimulates an increase
in BG levels through 1t§ effect of inhibiting g]ycoiysis in b%a1n cells.
The brain responds by s1gna1l1n; the body to increase the release of
glucose from the 1iver. Smythe et al (1984) reported that 2-DG increased
BG levels in ADX rats, and therefore the signal from the brain to the
- liver was by direct neural communication and not due to the relaase of
adrenal hormones. However, these 1nvgst1gators did not directly compare
the glycemic regponse to 2-0G in ADX vs sham -operated rats. This dgsue
i3 re-investigated 1in Exper1ment la and 1b.~

It h;s\recent1y been suggested that the two major éﬁrenal hormones,
E and’CORT, méy mediate opposite effects on the glycemic response to ‘
brief footshock stress (Biatik & Roberts, 1985). Therefore; the
respective ro]e; of E and.CORT in med1§t1ng hyperglngmia Qgre
investigated by comparing the BE respefises to 27DG in rats that were -
depleted of endogenous E and COﬁT (ADX), depleted of only E (DEMED) 6r

~a

Teft intact (SHAM).
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" Experiment la-

LI

Method S
Subjects. Subjects were 18 male Wistar rats weighing 200-225 grams

on delivery ¢(Woodlyn Farms, Gue?ph, Ontar{o). Rats were ma1hta5ned on a
reversed 12-hr light/dark cycle (lights on at 1800 hr). After at least
two weeks of acc11mat1zat1pn‘to the animal quarters, rats were rangomly
aésigned to one of three groups. Groups were designated according to
~treatment as adrenalectomized (ADX), adrenal demedullated (DEMED) and
sham'operétéd (SHAM) . Five days fol]owiqd the completion of the BG
tests, 2-DG 1nduced chandes in plasma CQéT 1gve1s (serum was collected
30 minytes following injection of Z—bG) were determined. in 4 rats from

each of the,op;ﬂated groups.

Surgical Procedures. Adréna]ectom1es‘and aprenaf demedullations

were performed using the dorsal approach. Briefly, an 1ncisf6n was made
in the skin on the dorsal-surface and the abdom1na1_ﬁa11 was cut .
inferior to the lowest rib. For adrenalectomtes, the adrenal capsule was
clamped, and the adrenal gland and some surrounding tissue were removed.
For adrenal demedullations, the ‘adrenal capsule waé c1amped,‘an incision
was made in the adrenal rortex and the medulla was extracted. The
abdom%na1‘wa11 and fascia were sutured, aﬁd-the skin incision was closed

with wound clips. Both adrenals were located and clamped but not removed

in the sham operated animals. A1l rats were allowed 7 days to recover

from surgery.

Oruq Injections? 2-deoxy-D-giuccse (Sigma) was administered in a
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saline vehicle at a dose of 500 mg/kg 1p.

& , . .
Blood Glucose. Blood glucose was measured from approximately 100 ul

of bgood collected from a smaH] Incision made in the tail. The values -
were, determ1n§d using Dextrostix (Miles Laboratories Ltd., Ames

Division, Rexdale,/gﬁtar1o) which were read using a;g1ucometer (Mi1es
Laboratortes). Baseline BG va]ues~were'deterh1ned'1mmed1ate1y prior to

the administration. of 2-0G. Subsequent determinations Qere made Ls,.BO,.

45, 60 and 120 minutes later. L S

'Plasma Corticosterohe. Four untreated and a;Z-DG 1nJected rats (30

3

min. post injection) were decapitated for the CORT assay. Approx1matéiy -
*/§?m1 of trunk blood was co]iected into 1céAcoo1ed,'heparin-rinsed grass
+ centrifuge tubgs. THe blood was immediately centrifuged in a tab1e-t5p
centr1nge (International Equipment, Mode) CL). TH{S procedure y1gi¢ed
approximately 1.0 m1 of serum {or plasma) which was then pipetted into
1.5 ml ﬁ]ast1c tubes with caps. The samples were 1mméd1ate]y placed in a
freezer until assayed for tdta] (1.e. bound plus free) plasma COéT_
" concentration by a modification of the fluorescence method of Givner and
Rdchefort (1965). The iso-octane step was eliminated, chloroform

replaced by methylene chioride, and 0.2 ml of plasma was analyzed in

duplicate for each sample.

Results - ’ ‘ !

Blood Glucose. Figure la shows that both ADX and demedullation

-

- attenuated the increase in BG caused by administration of 2-DG. Analysis

of ‘Variance perfbrmed on these data revealed a significant interaction
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between surdery and time of BG determination (F(f0:65)=26.87, p<9;001].
_Post-hoc analyses with the Newman-Keul's test revealed that the BG
levels among -groups did not'd1ffér at 15‘m1nutes post:1njection, but at
each time point from 30 to 120 minutes following the injection of 2-06
both ADX and demedullated rats had BG levels lower than those of sham
operated rats.

lasma Cort1c9§£erone. Plasma CORT levels in samples collected 30

——

minutes following 2-0G (500 mg/kg ip) were lower in ADX rats (X=8.0 #

0.8 ug/d1) than in demedullated (X=54.0 + 6.4) and sham operated rats

(X=87.6 + 7.8). /r

Discussion
. ’\

Removal of the ent1}e adrenal gland or Just the adrenaT medulla was
found to attenuate the increase in BG observed following injection of 2-
DG. 'However, these animals did show an 1n1t1?1 rise én BG 1eyels'that
was equivaient to sham operated coﬁtro]s at 15 minutes post-1nject16%.
A1thou§ﬁ‘Smythe gt al (1984) d;d nop compare the BG response to 2-DG 1ﬁ
ADX and SHAM rats, they'd1d report that ADX attenuated the hyperg]ycem1é
response to 2-DG in a letter to Lancet that was published at a later
‘date (Grunstein, Smythe & Storlien, 1985).

The present data indicate that Whﬁ1e the largest part of the BG

increase following administration of 2-DG is mediated by adrenal E,

N~

there is still an early component of the BG response that is independent

of adrenal hormones. Th1S‘ear1y component “may be mediated by direct

neural input to the liver as suggested by Shimazu (1981). The suggestion
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of.direct neural stimulation of‘bG fe]eaée from the liver 15 supported .
.by‘stud1és ut111£1ng-a different stressor and a q{ffgrent species. The
hyperglycemic reshonse to surgi;a];&rauma in cats has been shown to Se
attenuated by either ADX or hepatic denervation, but tha/%esponsg was
eliminated only in animals receiving both ADX and hepatic denervation
(Lautt & Cote, 1977). __— |

| The intensity of stress-caused by 500 mg/kg of 2-0G or 5ufg1ca1
trauma would dpbear to be orders of ma§n1tude greater than what }ould be
experienced *n a behavioral situation. We have already shown that
depletion of adrenal E alone completely eliminates the 1;Erease in BG
1eye1s caused by behaviorally-relevant fogtshock stress (Bialik &
Roberts, 1985). The next experiment investigated the BG response of E-

depleted rats to a lower dose of 2-DG.
Experiment 1b

The dose of 2-DG that was ‘used. in the first experiment was an
extremely high dose and was used only in order to make a direct .
comparison’ to the data reported by Smythe-et al (1984). The.my?p

EA, 20

experiment determined the effect of surgically removing or~dehervat1ng

s

the adrenal medulla on the BG response to a lower dose of 2-0G.

Y

Method

e ————
LS

o Subjects. Subjects were 19 male Wistar rats ;eigh1ng 200-225 grams

on delivery (Char1és River Farms, St. Cénstant. Quebec). Rats were
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A

,ma+ﬁta1ned as described for Experiment 1.

Surgicatl Procedure§. Demedullation and sham operat1ons were

performed as descr1bed 1n Experiment 1. Denervation of the adrenal gland
was accomplished by surgically removing the adrena1 gland and then
replaq\ng it in the fatty tissue from where it was taken. The gland was ’
sutured to this tissue to promoteﬂrevascu1ar1zat1on This procedure
usually 1eads to deteriorat1on of the adrena1 medulla but not the
adrenal cortex (See Bennett, L1ang & McGaugh, 1Izgg;’uang, Juler &
McGadgh, 1986). To'ensure that the adrenal gortex was functional,
animals were exposq} to footshock stress pribf to be1ng sacrificed and
blood was collected and analysed for CORT levels.

Dryg I jg tions. An injection of 125 mg/kg ip of 2-0G was given
immediately following the determination of basetline BG 1evels

Determinations of BG were made again.20, 40,. 60 and 120 minutes later.

L

1
*

Results and Discussion

Plasma CORT levels were found to‘bgr1ngreased fo]16w1ng footshock &
fn both DEMED (X=29.2 + 3.6 -ug/d1) and DEN (X=31.1 + 8.1 ug/dl) rats,
compareq to non-sho;ked,;1ntact rats (1474 + 3.1 ug/dl1). Although the
adrenal cortex was=funct16na1’1n the DEMED and DEN rats, CORT levels in
these grouas were lower than in SHAM operated rats (X=47.5 + 3.3 ug/dt),
indicating that the qdrenal cortex probably was slightly damaged during
the operations.

Analysis of Var1$nce performed on the BG data indicated a

significant interaction between Surgery and Time of BG determination
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[F(6,48)=2.94, p<0.05]. Further‘anai;§es, using the Newman-Keul's = *
procedure, indicated ihat on1y—the SHAM operated group showed aﬁ
1ncfégse in BG levels and?that the DEMED and DEN groups had
s1gn1f1canffy lower BG levels at each time point tested {See Figure 1b).

In conclusion, tﬁe first two experiments indicate that the

increase in BG levels: caused by 2-DG is mediated mainly by the release
(ofvE from the adrenal medulla. In fact, it is only Qhen very high

_doses of this drug are used that there is a non-adrenal component to

tHe™8G response.

EXPERIMENT 2

In the first experiments, the largest proportion of the BG

response to 2-DG was accounted for by the release of a substance from

the adrenal medulla. Previously, it was shown that demedullation

abolished the rise in BG caused by brief footshock stress (Bialik &
Roberts, 1985).‘In vitro data have indicated that E increases hepatic
glycdgeno1ysis ma1n1y through stimulation of‘an a1pha-1’adrenerg1c
receptor (Chan & Exton, 1978; Sheriine et al, 1972; Tglbert & Fain,
1974). Furthermore, in tissue from ADX rats the glycogenolytic effect
caused by a1pha?1 adrenergic st1mu1a§1on was found to be reduced while
beta—adrener§1c stimulation of glycogenolysis was facilitated (Chan et

al, 1979). Similar stud1e§Ahave not been done to determine if the

effects'o? ADX onladrenerg16-st1mu1at1on of liver enzymes are

reflected in BG levels. In fact, it is not clear which adrenergic

: receptor mediates the 1ncreasé in BG levels

-
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observed following injection of E.

In the next two experiments an attempt was made to determine which
adrenergic receptor(s) is involved in the BG increase induced bW E. In
Experiment 2, it was determined whetper the 1p;rease in BG Tevels caused
by E &ou]d be mimicked by injection of a]pha-.and/or beta-adrenergit
receptor agonists. The adrenergic agonists that were used are thought to '
be specific to a certain class of receptors (See_Szabadi,.Bradshaw & ‘ ™
Nahorski, 1985). Phenylephrine {PHENYL) was used to stimulate alpha-1
receptors, clonidine (CLON) for aipha-2 receptoré, and isoproterenol
(ISO) for beta receptors. The BG response to these adrené:;?z\agon1sts,
and to E, were deterﬁ1ned in {ntact and ADX rats. Fqéthe;more, DEMED
rats were used in somé‘caseS'in order to rule out the possibility of a

non-specific release of E from the adrenal medulla accounting for any

observed‘d1fferences in responses between ADX and intact rats.

Method
subjects. Subjects were 66 male Wistar rats‘we1ghing 200-225 .grams
on delivery (Charles River Farms, Stl.Constaht; Quebec). Rats were |
—maintained as described for Experiment 1. Groups were des1gnated
according to treatment as ADX, DEMED, or SHAM operated. Six rats from
each of the operateﬁ groﬁps received one of the fdur drug treatments
({.e. £, CLON, ISO cr both CLON & ISO). Each group of six rats received
all of the doses of the drug, except that only the- lowest dose was ugzd
when CLON and ISO were administered together.  Furthermore, a complete

dose response curve was obtained for PHENYL in intact and ADX rats.

—
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Surqical Procedures. Operations (i.e. ADX, DEMED, SHAM) were

. 4
performed as described in Experiment 1. Animals were allowed one week to

recover from surgery prior to testing.

Drug Injections. A1l drugs were 1hjected intraperitoneally aﬁd the

doses were»as’fol1ows; CLON - 0.01, 0.05, 0.1 and’0.5 mg/kg; ISO - 0.01,
0.05, 0.1 and 0.5 mgskg; E - 0.01, 0.05, 0.1 and 0.5 mg/kg. For the
Epmbined treatment with CLON and ISO the 0.01 dose was used. Due to the
lack of an effect at all but tine highest dose df PHENYL, an additional
‘higher dose was used. Therefore, the dose§ of PHENYL‘that were tested
were 0.05, 0.1, 0.5 and 1.0 mé/kg-1p; At least three days were allowed
betweeﬁ each drug testing déy.

-~

Blood Glucose. Determinations of BG were made as des;r1bed for

Experiment 1. Levels were determined before drug injections and again

20, 40, 60 and 120 minutes later. ' | :

Plasma Corticosterone. Plasma CORT was determined as described for
Experiment 1. Following completion of the BG experiments, rats Wwere
sacrificed and blood collected 20 minutes following administration of

the 0.1 mg/kg dose of E, CLON and 1SO, and the 0.5 mg/kg dose of PHENYL. . ,

Results and Discussion

Plasma Corticosterone. Each of the adrenergic agonists caused an

increase in CORT'levels in SHAM and DEMED rats but not in ADX rats (See
Figure 2a). It should also be noted that DEMED rats had lower CORT
levels than SHAM rats, which probably indicates that the adrenal cortex

was slightly damaged during removal of the 4ddrenal medulla.
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The {interesting F1661ng’here is that each of the adrenergic
agdﬁ1sts gaused an 1ncreasé in CORT levels that was rodgh1y equivalent
to the increase that we observe following footshock stress (See Figure'
2b). At least in the case of CLON, the stimulation of CORT secretion is
{ndependent of the normal hormonal control by adrenocort1cotrop1n (ACTH)
from the anterior pituitary gland, since CLON reduces ACTH levels in the
blood while 1nCreas;ng CORT levels (Smythe, Bradshaw, Gleeson, Grunstein
& N1ého1son, 1985). | ; |

Blood Glucose. In general the results indicated that the SHAM group -
showed the lérgest increase in BG levels, the DEMED group the;seﬁond
lapgest and the ADX group had the lowest levels fo11o;1ng injection of
each drug. Based on published in vitro da;a using specific adrenergic
agonists it was expected tﬁat the hyperglycemia caused by 1SO would be
greater-in ADX than SHAM and DEMED rats and hyperglycemia caused by E,
CLON and/or PHENYL would be attenuated 1n'ADX ﬁais comszred to SHAMVand
DEMED rats. | .- |

Clonidine. Aﬁa1ys1s of Variance performed on the datavjnd1cated-a
sign1f1caqt main effect of Dose of CLON {F(3,45)=35.62, p<0.001]3
Surgery [F(2,15)=18.05, p<0.001), Time of BG determination
[F(4,60)=28.54, p<0.001), as weil as a significant interaction betwéen
Surgery and Dose of CLON ([F(6,45)=3.64, p<0.005). In Figure 2d, it can
be seen that CLON caused a rapid and large ircrease in BG levels and
that levels were still elevated 2 hours following the injection. Further
.analyses using the Newmon-Keu]'s\prgFedure indicated that the higher the

dose of CLON the greatar the BG response (See Figure 2d), and that SHAM
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rats had higher BG levels than DEMED rats and both groups had higher
levels than ADX rats (See Figure 2d). Analysis of the interaction effect
indicated that only the SHAM rats had a §mooth dose-response curve
while ADX rats respbndgd similarly to.the highest two doses, and DEMED
rats responded similarly to the middle two doses (See Figure 2c).
Furthermore, there wera no‘d1fferences among groups at the 0.01 mg, kg
dose, while ADX rats had significantly iower BG levels than SHAM rats at
éach of the other doses, Pnd DEMED rats had significantly lower BG
levels than the SHAM group at the 0.10 and 0.50 mg/kg doses. The ADX and
DEMED groups did not differ at the 0.10 dose.

_ The important points to notice fin f1gure 2c are 1) the 8G response
in ADX rat; reached‘asymptote at the O:l mg/kg dose and 2) ADX rats had
1owé} BG levels than the other groups of rats only at the higher doses,
at the lowest dose there was no difference among groups in the BG
response to CLON. Both of éhese f1nd1ng§ might be a reflection of the
Tower level 6f stored giycogen in the liver of these rats, réther than
to an effect of CORT on édrenergic stimulation of glucose release from

“the liver. At low doses when the glycogen supply is not taxed, ADX does
ﬁot 1Bf1uence the-g1ycem1c response to CLON, Tﬁe max1mum“}ncrease in BG
occurs at 0.1 mg/kg and even with a dose thaﬁ'1s 5 times higher no
.additional increase is observedl Therefore, it seems likely that th

e response

“1imited supply of stored glycogen imposed a ce111né’on the d
curve to CLON in ADX rats. '
In summary, the B8G Increase fo?lowing injection of CLON was greatly . -

reduced in AOX rats. However, the BG differences that were obéerved
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between the ADX group and the DEMED aﬁd SHAM groups may be.explained
entirely by the reduced supply of glycogen stored in the liver of these
- animals. Furthermore, that all groups showed similar increases in BG
levels at the- lowest dose of CLON supports the notion that depletion of
CORT does not affect increases ?%)BG levels caused by alpha-2 adrenergic
stimuiation when glycogen stores in the liver are not taxed.

Phenylephrine. The lowest two doses of PHENYL that were tested

(0.05 and 0.1 mg/kg) did not cause a significant change in BG 1eveis.1n
intact rat~, therefore the dose of 1.0 mg/kg was also tested. Analysis
of vVariance carried out on these data indicated a sign1f1caht 3-way
interaction effect, Surgery x Dose x Time of BG determination.
[F{6,105)=2.43, p<O.Q§]. It;can be seen in Figure 2e, that only the’O.S\
and 1.0 mg/kg doses of PHENMYL caused ;;gn1f1cant increases in.BG levels
tn intact rats while no dose of PHENYL caused a significant increase in
8G levels in ADX rats. o ”

In summary, even when high doses af PHENYL were used to stimulate
atpha-1 adrenergic recepters;uonfy a relatively smatl jncrease in BG
levels were observed. This increase was eliminated by ADX, as would be
ﬁ%eq1cted by in vitro data showing that alpha-1 stimulation of glu£05é
| release from the 11ver ;s éreat1y~atténuated in ADX rats (eg.'Chan et
a1,~1979; Hernandez-Sotomayer & Garcia—sé%ﬁz, 1984; Pushpendran et al,
| 1?84);'- . Y ‘ | o ‘

. Isoproterengl. Analysis of Variance performed on the data indicated
main gg}ects due to Surgery [F(2,55)=3.41, p<0.05] and Time of BG

determination- (F(3,165)=41.96, p<0.R011. as well as a significant
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interaction between Surgery and Time of BG determination (F(6,165)=3.37,
p<0.00%]. Further analyses with the Newman-Keul's procedure indicated
that Kbx rats had lower BG 1eve1s than SHAM operated rats (See Figure
2f). Analysis of the Time main effect 1nd1cated that BG 1eve1s were
significantly elevated at 20, 40 and 60 m1nutes fo110w1ng
administration. In Figure 2f, it can be seen that the increase in BG
caused by 1S0 was smaller and of shorfer duration than that caused by

CLON (Figure 2c).

-9
\
AY

¢« Analysis of the Surgery by Time interaction effact indicated that
both ADX and DEMED groups had lower BG levels than the SHAM group 60
minutes following the injection of IS0, while levels were not
significantly different at other time periods (See Figure 2f).

One of the most important findings here is that there was not a
significant effect of the dose of ISO that was used. A dose of 0.01
mg/kg raised BG.1evels to the same level as a dose of 0.5 mg/k§. The
reason for this may be that IS0 d1reét1y’st1muiated 1nsJ11n release from
the pancreas (See Halter, Beard & Porte, 1984), which Qou1d counteract
the increase in BG levels caused by d1rect st1mulat1on of hepatic
glucose release by I1S0. These two opposing effects of IS0 would be
intensified at :sgher dose levels, but the ﬁg&\gffect on BG Tevgls wou 1d
be similar. The differences in the magnitude and time course of the BG
resﬁonses to ISO and CLON are probably largely due to the effect of ISO
to stimulate insulin release and of CLON to inhibit insulin release (See

/

Halter et al, 1984; Metz, Halter & Robertgom, 1978). PP

In summary, there was no- indication that the effect of 18 on BG

te
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levels was enhanced in ADX rats, as was predicted on the basis of in
vitro‘stud1és. Therefore, the global BG response to beta-adrenergic
st{mulat1on does not reflect the effects of béta—adrenergié stimu1at+o:i
of 1iver enzymes involved in glycogenolysis or gluconeogenesis. This may

“be due to beta-adrenergic stimulation of insulin release which dominates
BG }eve1s under conditions of 1ncrgased beta-adrenergic stimulation.

| Clonidine plus Isoproterenol. Analysis of Variance performed on the
data indicated only a main gffect of time (F(3,54)=32.73, p<0.001]). It
can be-seen’1n Figure 2h, that the low doses of these two drugs produced
a 1;fge increase in BG 1eve1s'by 20 minutes and levels had still not
returned near baseline at 2 hours. ?urthermore this efféct appears to
be a simple sum%at1on of the effects of the two drugs. There were no
s1gn1f1cant effects due to surg1ca1 treatment.

. ggineghrin In Figure 21, it can be seen that E increased.BG
1eVe1s by 20-minutes following injection, and levels were still eievated
at 2 hours. In F1gure 21, 1t can be seen that there was a significant

. effect of the dose of £ that was adm1n1stered [Ff3 180)=82.74, p<0 001].
Further analyses using the Newman-Keul's procedure, indicated that the
increase in BG caused g; the 0.01 and 0.05 doses were not 91ffeﬁént'
while the’ 0.1 and 0.5 mg/kg doses produced successively®greater |
increases (See Figure 21). The main effecﬁ-of surgery was also
significant [F(2,60)-14.75,‘p<0.001]. Further aﬁa1yses using the Newman-

.Keul's test indicated that ADX rats had significantly lower BG levels
following the injection of E than either DEMED or SHAM rats, while the

latter two #roups did not differ, {Seé Figure 21).
. L4
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There was a1§o a significant interaction between the dose of E and .
surgery (F(6,60)=2.38, b<0.05]. Analysis of this interaction effect
indicated that ADX rats had lower BG 1eve1§ than SHAM and DEMED rqis--
only at ;He 0.01 and 0.5 mg/kg doses (Sge Figure 21).
The most important f1nd1ng‘wés that ADX ei1m1na§ed the increase in
BG caused by 0.01 mg/kg (ip) E. At this low dose the Peduced glycogen
content in the tiver of ADX rats would not.be taxed. Thé?efore, this

effect would be consdgtent with a reduced stimulation by £ of glucose

release from glycogen stores in the liver., Furthermore, ADX abolished

[

uthe increase in BG caused by the spe¢ific alpha-1 adrenergic agonist
PHENYL. Taken together, these data 1:§*cate that at low doses (i.e. 0.01
mg/kg ip) E stimulates BG increases by an éct1on on alpha-1 receptors
and this effect is absent in ADX rats. At higher doses, E probably acts
at alpha-zhand/or ?eta receptoré to increase BG levels, ;Bd ADX nas
1ittle or no effect on the BG response. At the highe¥t dose b% E.(1.e.
0.5 mg/kg 1p), very large increases in BG levels are obtained in intact

”rats, while ADX.rats demonstrate much lower BG levels. This Tatter

effect is probpbly due, at least 1nhpart, to the reduced hedat1c

glycogen stores of ADX rats.

General Discussion.for Experiment 2
The data from this experimeht clearly show that CLON was the most
effective agent for increasing BG levels. Furthermore, BG levels wére

st111 markedly increased two hours following injection of this drug. It
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. .
is not known if the effect of CLON is direcfly on the liver, since it is
known that CLON lowers blood levels of insulin (Smythe et al, 1985),
presumeably by a direct effect of inhibiting the release of this peptide
from the pancreas (Metz et a{, 1978}. On the other hand, ISO is thought
tq stimulate the release of insulin (Halter et al, 1984), which probably
ac;ounf;’for the short hurat1on of the increase in BG levels that is
\‘paused by this drug. Furthermore, the 1ack of a.dose response
relationship for ISO on BG levels is probably due to the fact that the
higher the dose‘the greater is the stimulation of glucose retease from
the liver and the greater is the release of insulin from the pancreas.
THe effect of PHENYL on BG levels in intact rats ras not predicted
by the effects of this drug on hepatic glucose release. In vitro work
done on dispersed 1iver cells 1nd1cafed that the release of glucose from
these cells following treatment with E was mediated mainly through —
alpha-1 adrenergic receptors (Chan & Exton, 1978; Sherline et al, 1972;
" Tobert & Fain, 1974). However, int g:}resent studies, the effect oﬁ E -
was most closely mimicked by’ the compination of CLON and ISO (See Figure
2K), with PHENYL being much less potent.

The in vitro data did however, predict the effects of ADX oh the BG
increase caused by stimulation oﬁ alpha-1 receptors by PHENYL. In vitro
work indicated, that CORT was nece;sary for alpha-1 stimulation of v
hepatic glucose reléase and the present results indicate that the
1ﬁcrease in BG 1éve]s induced by PHENYL was ab611shed 1n.ADX rats.

Furthermore, the increase in BG levels caused by a low dose of E was

abolished by ADX. Taken together, these data indicate that a low dose of

R
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E stimulates a rise in BG levels mainly- through an alpha-1 adrenergic

-receptor in the liver, whereas higher doses o; E‘acf predominantly on

aipha-Z— and/or beta-adrenergic recéptors to stimulate large increases |
in BG levels.

In conclusion, the effect of adrenergic agonists on BG levels in
intact rats could not be predicted by the action of these drugs on
hepatic glucose release. On the other hand, the BG response of ADX rats
to low doses of E and to PHENYL was predicted by the effects of E and

adrenergic agonists on hepatic BG release.
EXPERIMENT 3

In the next series of experiments the effects of alpha- and beta;
adrenergic receptor blockade on the glycemic responses caused by E and
footshock stress were determined. Yohimbine (YOH) was used to block
aléha-Z adrenefg1c receptors, phenoxybenzamine (PHENOXY) for alpha-1
receptdrs, phentolamine (PHENT) for both alpha-1 and aipha-2 receptors,
and propranolol (PROP) for beta-adrenergic receptors. It has been
reported thgt 2 hours of }nnnb111zat10n stress causes hyperglycemia
which. is atﬁenuated by phentolamine and not affected by prOprano1;1
(Nakhooda et al, 1981). Furthermore, we have previously shown that
release of adrenal E c;n account for the BG response to brief fooéshock
stress and it is believed that E stimulates glucose release from thel

Tiver mainly by stimulation of alpha-1 édrenerg1c receptors (eg. Chan &

Exton, 1978). However, in Eiper1ment 2 it was found that stimulation of
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alpha-2 adrenergic receptors with CLON (or CLON plus ISO) most closely
mimicked the BG response observed following E administration. Therefore,
it was expected that only blockade of alpha-2 adrenergic receptors would

attenuate the BG increase caused by E and footshock.

Experiment 3a
- LY ‘
Experiment 3a investigated whether alpha- or beta-adrenergic
receptors mediated the increase in BG caused by injection of E and by
brief footshock stress.
A

Method

Squects. Subjects were 32 male Wistar rats weighing 200;225 grams
on delivery (Charles River fFarms, St. Constant, Quebec). Rats were
maintained as described 1n prev;ous experiments.

Procedure. The experiment was run in two separate phases. Each
agent used to produce hyperglycemia constituted one phase of the
experiment. In the first phase animals were adm1ﬁ?§tered E (0.1 mg/kg
ip) and in the second Dhage they received footshock stress. In the first
phase rats were divided into four groubs (eight rats each) which were
designated according to adrenerg1c;antagon1st adﬁ1nistrat1oh as saline
(SAL), PHENT, PROP and PHENT+PROP. In the second phase thé groups of -
_eight rats received d1?ferent antagonisf treatments, such that no group
of eight rats received the same antagonist treatment more than once. The

dose of PHENT and PROP was 1.0 mg/kg ip.
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Phage One: Epinephrine. Baseline BG determinations were made 30
minutes following 1ﬁject1on of the adrenergic-antagonist(s). Immediately
following the baseline BG determination, E was administered (0.1 mg/kg
ip) and BG vé]ues were determined again 20, 40, 60, and 120 minutes
later.

Phase Two: Footshock stress. For the administration of footshocks,
.rats were placed in a shock box that was enclosed in a sound-attenuating
. wooden .chamber. Air circulation was provided by exhaust fans which also
emitted 65-db (SPL) background noise. The bpxes were made of black
plexiglass (measuring 82 x 35 x 15 cm) with a grid floor made of séeel
bars (2 mm in diameter). Tﬁe grids were connected by neon bulbs to
permit scrambling of the shock. An AC e]ectrjc current (0.5 mA) was
delivered through the grid floor. Animals received one shock every 20
, seconds for 5 minutes. A microprocessor controlled the presentation df
the shocks. Determinations of BG were made immediately prior to the
presentation of -the footshocks and again 20, 40 60 and 120 minutes

later.

Results and Discussion

Epinephrine. Analysis of Variance performed on the éG data
indicated a main effe&t'due to adrenergic antagonict treatment
[F(3,24)=8.16, p<0.001]). Animals treated with PROP had BG levels 97% of
VEH-treated controls, while the PHENT and PHENT+PROP groups had BG
levels which were only 39% and 30% of controls, respectively (See Figure

© 3a).
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The interactioh effect between adrenergic aqtagon1st treatment and
time of BG determination was also statistically significant
(F(9,72)=2.52, p<0.05}. It can be seen in Figure 3b that the PHENT-
treated groups had much Tower BG levels than the VEH- and PROP-treated
groups 20, 40 and 60 minutes following injection of E (p<0.05, Newman-
Keul's), while there were no differences among groups at 2 hours.

Clearly, these data indicate that £ increases BG levels largely by
stimulating alpha-adrenergic receptors. On the other hand, bg}a-
adrenergic receptors appear not to be involved in the BG response to E.

Footshock. A priori t-tests indicated fhat»BG levels were

+  significantly higher in rats treated wiéh VEH or PROP than in-rats
administered PHENT or PHENT+PROP (See Figure 3c).‘In fact, BG Tevels
were not increased in either of the PHENT-treated groups. These data
indicate that the footshock-induced increase in BG levels is mediated by
st1mu1at+on of alpha-adrenergic receptors.

Previously, we had shown that the same amount of foqtshock that was
administered here caused an increase in BGlleve1s that was mediated by
release of £ from the adrenal medulla (Bialik & Roberts, 1985; See

Figure A). Now we have shown that blockade of alpha-adrenergic receptors

" largely attenuates the BG response to both E and footshock stress.
Therefore, the 1ncreése in BG caused by the amount of footshock

administered in the present studies is mainly the result of stimulation

of a1pha-adrenefg1c receptors by £ which is released from the adrenal

v

medulila.
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Experiment 3b

Since the results from the previous experiment 1nd1cated'that
a1phé-adrenerg1c receptofs were responsible for the increase in BG
following adm1n1§tfat10n of £, the next experiment determined whether it
was the blockade of alpha-1 or alpha-2 receptors thaé was respons1b1é
for this effect. YOH and PHENOXY were used to block alpha-2 and alpha-!

receptors, respectively.

Method

Subjects. Subjecés were 36 male Wistar rats previously used 3 weeks
before in a pilot experiment for the "Y-maze" task that was used in
" Experiment 10 {(no drug treatment was given at that time). Rats were
maintained as described in previous experiments and weighed 300-350
grams at the time of tﬁ: experiment.

Procedure. The experiment was run in two identical replications,
except that a different adrenergic antagonist was used in each
replication. £Each replication consisted of 9 rats prétreated with a
vehicle 1nje£¥1;; and 9 rats given YOH or PHENOXY. A1l rats were
injected with £ (0.10 mgkg ip) 30 minutes following the pretreatment.
Levels of BG were determined ag the time of the E injection and again

20, 40, 60 and 120 minutes later.
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Results gnd Discussdion

' Ana]ys1s‘of Variance carried out on thege data did not indicate any
significant effects‘due to YOH [F(1,16)=4.05, p>0.05]) or PHENOXY
pretreatment [F(1,16)-}.23, p>0.05). However, there was a tendency for

YOH to reduce and PHENOXY to enhance the increase in BG caused by E.

Experiment 3c
¢

The previous experiment did not adequately answer the question of
C::;hether alpha-1 or alpha-2 (or both) receptor btockade was responsible
for the effect of PHENT in attenuating the increase in BG caused by-E in
Experiment 3a. Therefore, in th next experiment highér doses of the
receptor antagonists were used to attempt to block thre BG response to E.
" A1 groups were administered E following treatment wi*h d1ffereﬁt
adrenergic receptor blockers. Treatment groups were aimed at blocking

beta receptors (PROP), alpha receptors (PHENT); only alpha-1 receptors

(PHENOXY) or only alpha-2 receptors (YOH).

Method
Subjects. Subjects were 30 male Wistar rats weighing 200-250 grams

on de1ivery (Charles River Farms, St. Constant, Quebec). Rats were
maintained as described inm previous experiments.
'Prggggg e. A1l rats were injected with E (0.10 mg/kg ip) 30 minutes

following administration of one of the 5 adrener§1c antagon1s£
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treatments. Levels of BG were determined at the time of the € tnjection

and agatn 20, 40, 60 and 120 minutes later,

Results and Discussion

>

Analysis of Variance performed on the.data indicated a significant
interaction between Drug Pretreatment and Time of B8G deterwlpat1on
{F(12,75)=8.09, p<0.001]. Inspection of Figure 3e reveals that both
drugs that blocked alpha-2 receptors (PHENT and YOH) s1gn1£jcant1y
attenuated the BG increase caused by E, while blockade of beia receptors
(PREP) had no effect and blockade of alpha-1 receptors (PHENOXY)
.significantly enhanced the BG increase.

In conclusion, it is clear that in vitro data, which indicate that
the E-induced release of glucose from the ltver is predominantly
mediated by alpha-1 receptors, can not be used to predict the BG _
résponse to adrenergic agonists. Furthermore, it has been shown that the
BG response to £ in intact rats is med1atéd predomina;t1y by alpha-2
"adrenergic receptors. It is not oby1ous in which organ these alpha-2
redeptors are located, but it 1S most 15ke1y that £he effect is a
combination of §t1muldt1on of hepatic glucose release and an inhibition
of insulin.release from the pancreas. )

In addition, the effect of the alpha-1 adrenergic b1ock1ng_§gent,\
PHENOXY, of gréitiy'potent1at1ng,(162%'at 40 minutes) the E-1nduced
increase in BG levels was surprising given the extensive publication of

in vitro data indicating that ¢t stimuilated glucose release from the

1iver by interacting with the alpha-1 adrenergic receptor. Since
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systemic injections of PHENOXY would block both central and peripheral
alpha-1 adrenergic receptors, it must be considered whether the effect
of PHENOXY reported here was mediated by an effect on alpha-1 receptors

in the brain (Sée Experiment 9).
) Experiment 3d

Our previous data {Bfalik & Roberts, 1985) indicated.that release
of & from the adrenél medulla was re%pons1ble for the increase 1p BG
obé;;@ed following brief footshock stress. However, 1t -has been reported

_that there is a direct neural component from the hypothalamus to the 4
Tiver that is responsible for 1hcreasg§ in BG under some ci;cumstances.
Fof example, following injectton of 2-DG there is still an early
increase in BG that 1s observed in ADX or adrenal demedullated rafs
(Grunstein et al, 1985; Experiment 1).

It has been reported that the increase in BG caused by surgical
trauma is attenuated by hepatic denervation and by ADX, but 1§ totally

. abolished only by the combination of hepatic denervation and ADX (Lautt
& Cote, 1977). An additional finding, which may be important, is that
these authors found that neural innervation of the liver mediated a]host
the entire hyperglycemic response to surgical trauma in 24 hr fasted
rats (Lautt & Cote, 1977). If this is also the case for footshock-
. .

stress, then we have a way of differentially studying neural and

hormonal mediation of stress-induced BG responses.

The next experiment investigated the effect of depleting adrenal E
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on footshock-induced hyperglycemia in 24-hr food-deorived rats. [t was
expected that hyperglycemia would be observed in E-depleted rats,

although the increase in BG would be smaller than in intact rats.

Method

Subjects. Subjects were the 19 rats from Expe%1ment 1b which were
used to determfne 2-DG induced hyperglycemia. These rats had received
DEMED, DEN or SHAM operations approximately one month previously. More
than two weeks was allowed between the completion of Experiment 1b and
thé beginning of testing.

Progedure. Rats were food debr1ved for 24 hours prior to testing.
vFootshock was administered and BG levels determined as descrﬁbedyfor

.

Experiment 3a. .

.

Results and Discussion
The footshock-induced tncrease in BG levels in 24 hr food-deprived,
intact rats (See Figure 3f) was similar to that observed in rnn-deprived

rats (i.e. food removed 2 hr prior to testing) (See Figure A). This is

»*surprising since it is thought that rats fasted for 24 hr have very low

levels of glycogen stgred in their livers, therefore this increase in BG
levels would be due to increased gluconeogenesis (eg. Arneric, Chow,
Bhatnagar, Webb, Fischedr & Long, 1984). Gluconeogenesis is generally
thoug?t to be a slower process than giycogenolysds, sinéé the latter
requ1res the liberation of substrates from "r1phera1't1ssue, the

transport of these substances to the liver, the conversion to glucose im

Py




Blalik, R.J. | S, . 47

bt
-
"

- the 11ver and then the release into the circu1ation whereas
g]ycogenolys1s on]y requ1res the' conv;rsfon of liver glycogen to g1ucose
and the subsequent re1egse of the glucose (See page 6). LN

- » Furthermore, it was expected that the footshock-induced 1ncreése‘tn
- BG would not be totally abolished by DEMED or DEN, as weuld be predicted -
by Lautt's cata 1ﬁ anesthetiiéd rats following 24 hburs of fooq

deprivation. However, it is clear from Figure 3f that both DEMED and DEN

combletel; abolished the increase in BG .caused by éootshock stres§ in 24
“hour food-deprived rats. ° . 5

It can be concluded that the release of € from the adrenal gland
can account for the entire increase in BG levels opserved’f0110w1n§
brfef footshock stress. Furtﬁermore, it appears that £ can account'for
footshock-induced hyperglycemia regard1ess whether the increase in BG
levels is due mainly to 1ncreased glycogenolysis (1.e. 1n noR- depr1ved

qr. 2 hr food-deprived rats) or-to increased gluconeogenesis (1.e. in 24

hr foodfdebr1ved rats). . N Coa
. . A
' \\\/4 ‘Experiment. 3e

The previous experiment demonstrated that adrenal E mediated the
1ncrea;é in 8G caused'bf footshock stress in 24 hour food-deprived rats.
The next axperiment getermined 1f adrenal demedullation could also
i e1\m1nate’the BG response toﬂa low dose of 2-DG in 24-hour food-@ebr1ved

P

ratv ,

SR 1 o
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Method -

Subjects. Subjects were 18 rats that had been tested two weéks

earlter in a "Y-maze" task in Experiment 10, Th&y had received saline or

-

g1ucose injections at that time.

Surgical Procedures. Ad?enal demedullations and sham operations ‘

4

were carried out as described in previous experiments. Rats were tested

approximately 10 days|fol OJ;Eb-surgery. . ~

Orug Injections. rats were food deprived,for 24 hours prior to
( 7 g :

the injection of'Z-DG,;A11 rats receiiéd\Q\fingké injection of 125 mg/kg

ip 2-DG immediately following the determination of baseline BG levels.

BG 1evé]s were determined again 20, 40, 60 and 120 minutes later.

Results and Discussion

~

- Analysis of Variance performed onsthe data indicated a significant
Surgery x Time interaction (F(3,48)=34.33, p<0.001]. Inspection of
Ffgore 3g shows that BG levels of the DEMED and SHAM groyps were not

different’ at 20 minutes, but that levels Qere significantly lower in-

.DEMEd rats at 40, 60 and 120 minutes. I{‘is clear that the largest part

»

- of the BG increase caused by 2-DG 1s duerto iﬁé release of £ from the

adrena] gland. However, unlike for’foobshock stress, there was a small
but significant increase at 20 minutes. This initial increase may have
been mediated by direct neural”inpérv6t1on of the liver as suggested by
Lautt (See above). On tﬁé other .hand, the role of another hormone (such

as g1ucagon’ in med1a;1n9‘th+s tnit1a) rise in BG can not be ruled out.

. f
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General Discussion for Experiment 3
g )

In summary, it i5 very clear tnat the release Pf adrenal £ can
account for the increase in BG following a behév%ora11y—re1evant
stressor (i.e. footshock) as we]1‘as most of the increase in BG
following 1qqect10n of 2-DG in noq—fasteq rats. Simiiar results were
obtained in 24 hour fasted rats. Furthermore, the data indicated that E
stimulated alpha-2 adrenergic receptors to cause the increase in BG
folluwing fGotshock stress in non-fasted rats. It 1s expected that
similar effects would be observed in 24-hour fasted rats, but this is
not knowp. There 1§ evidence that the E-stimulated increas2 in BG in
non-fasted rats is due to enhanced g1ycogeno1ysi§, whereag the rise in
BG in fasted rats is due&to enhanced gluconeogenesis (Arnegic et al,
i984)§ Inasmuch as these two processes are med1ated.by'd1ffereﬁt
adrenergic receptors, the incredse in BG following E administration
would be altered d1f?ereﬁt1y'by alpha- and beta-adrenergic receptors.

[t 1s alsc not known which recéﬁto}s {adrénerg1c or non-adrenergic)
mediate the non-adrenal component of the BG increase observed following
high dogés of 2-0G (Experiment la) or a low dose of 2-DG in fasted rats
(Experiment 3e). [Ihere is some evﬁdence in rabbits that different
adrenergic receptors mediate ﬁorﬁbna1 vs direct neural stimulation of
giucose release from the 1iver (Shimazu & Amakawa, 1968).] Preliminary
data in ou} lab (SmypEE{ Roberts & Bial%k, in preparation) indicate that

adrener§1c,receptor biockade does not influence the non-adrenal

_component of the BG increase following a high dose of 2-DG. Given that

.
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§ympathet1b innervation of the Tiver is thought to be mainly adrenergic,
oﬁr pre?imﬁnary ev15§nce indicates that the non-adrenal component of the .
BG increase observed following adm1n1str;t1oh of 2-DG \5 not mediated by
direct innervation of this gJand..There is sther evidence to support

this view. Vagotomy combined with cpeliac gang11one8tomy, a surgical
procedure that“would eliminate the neural connections from the brain to
the 1iver but not the adrenal gland (eg.-See Mayer, 1980, pg. 58), had

no effect on the increase in BG levels following 200 mg/kg 2-DG
(Granneman & Friedman, 1984).

It is un11ke]y that neural connections from the brain to the liver
play a sfgn1F1cant role in tﬁe BG responses to, footshock étress or 2-0G
adm1n1strat1on._fhe non-adrenal component to the 2-DG induced (;
hyperglycemia may be mediated by another hormone, and glucagdn from_the
Danéreas would be the logical first choice to 1nvest{gate a§ the
mediator of this non-adrenal, non-neural effect.

In conc1us1on,'the increase in BG levels following brief footshock
stress or Z-bG adm1n1strat1oﬁ is mediated by an action of adrenal E on
" alpha-2 adrenergic receptors. Qirect neural input to the liver plays, at
most, @ minimal role in the BG response to these stressors.

¢

EXPERIMENT 4

Recently, Munck, Guyre and Holbrook (1984) have developed the
hypothesis that one function of CORT, when it is released in response to

stress, is to dampen acute responses to stress. That is, CORT 15

;.
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hjbothes1zed to function to restore homeostasis in ﬁany systems’
following pertﬁrbations caused by stress. One situation that is relevant
to the present topic, is the role of CORT in altering the BG response
observed following various stressors. ‘ ,

It‘ha§ been suggested that the hyperglycemic response to stress
might function to prdtect the bré1n from some physiological effect(s)
fhat occurred as a Cgnsequence of the stress. ?or example, Baum and
Porte (1980) have reported“ g;\at animals which are p;‘evented from
developing hyperglycemia during hypoxia had more severe damage to braim
tissue than animals which showed a normal hyperglycemic response to th1s‘
stressoft Recently, Sapolsky (1985; 1986) found that acute
administration of a h1§h dose of CORT,exacerbatedlthe damage caused by a
number: of neurotoxic substances (Sapolsky, 1985; 1986).

On the other hand, an exaggerated hyﬁerg]ycem1c response to stress
may also produce adverse effects, both morphoiogically (eg. Pulsinelli,
IWa1dman, Rawlinson & Plum, 1982; Johansen & Diemer, 1986) and
behav1o}a11y (eg.‘Go1d, 1986; Hall & Go1a, 1986); Furthermore, we have
previously reported that 1nh1b1£1on of the stress-induced release of
CORT potentiates the BG increase caused by footshock stress (Bialik &
Roberts, 1985) and causes a deficit in acqgisit1on of an active
avoidance response (Bialik, Roberts & Papﬁgs, 1984a). In the next twe ~
experiments, the effect of CORT on the stress-induced 1nErease in BG was
investigated furfher. | _ /

As mentioned above, inhibition of the stress-induced release of '

CORT, by injection of Metopirone (MET), causes an enhancement of the BG




Blalik, R.J. ‘ 52

{ncrease normally ob§efved foi1ow1ng brief fodtshock stress (Bifalik &
Roberts, 1985). In the next experiment, the specificity of this effect
was investigated. First, it was determined whether the stress-induced
release of E and CORT.are necessary for Metop1r6ne to'have its effect.

~That is, would Metopirone aqgmeﬁﬁ*the hyperglycemic response to an

~"..thec£10n of E? The 1njett1dn of £ should not be stressful, yet both E

and CORT levels in the blood would be increased (See Experiment 2).
Second, 1t was determined if Metopirone would aiter BG levels observed
following exogenous administration of glucose, and therefore rule out an

interaction between CORT and E on specific glucoregulatory mechanisms.

Method

Subjects. The subjects were 48 male Wistar rats weighing 200-250
grams on delivery (Charles River Farms, St. Constant, Quebec). Rats were
maintained as described forqthe previous experiments. An additional i;\/
rats were used for the CORT determinations. These rats had been tested ;
in a "Y-maze" avoidance task (Experiment IQ) three weeks previously.

Procedure. Rats were randomly assigned to one of 6 groubs with 8
rats per g}oup. Groups'were designated acéording to treatment as
Metopirone plus Epinephrine (MET+E), vehicle plus E (VEH+E), MET plus
g1ucose4lMET+GLUC), VEH+GLUC, MET plus saline (MET+SAL) and VEH+SAL.

Drug Injections. Administration of MET occurred 1 hr prior to the
injection of f (0.05-mg/kg), GLUC (1086 mg/kg) or SAL. Metopirone was
dissolved in a vehicie of 40% propylene glycol and 60% saline and 1

ml/kg was injected ip at a concentration of 50 mg/m}. The other drugs

%
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were prepared in a vehicle of saline and 1 ml/kg was injected ip at the
concentrations reported above.

Blood Glucose. Levels of BG were determined prior to Metopirone
injection and agatn at the time of E or GLUC administration and 20, 40,.
60 and 120 minutes later. "

Plasma Corticosterone. Due to the high probability of non-specific

fluorescent materials in the b1ood'fo11ow1ng Metopirone treatment, a
radioimmunoassay was used to determine plasma CORT levels iRIA kit from
Otagnostics, Montreal, Quebec). Rats were randomly assigned to one of 6
g%oups with 5 rats per group. Three of the groups were pretreated with
MET. and three with VEH and 90 minutes later one MET and one VEH group
received either £ (0.05 mg/kg), GLUC (500 mg/kg) or VEH. For each rat,
CORT detefm1nat1qns were carried out bn.ZOO ul of blood collected prior
to drug pretreatment (MET or VEY), prior to drug injections (E, GLUC or
VEH), and again 30 and 66 minutes later. Blood samples were collected in
0.5 m p]ést1c tubes ;h1ch were frozen until they were analyzed.

Results and Discussion

Blood Glucose. Analysis of Variance. performed on the déta indicated
main effects due to drug pretreatment (i.e. MET or VéH) [F(1,42)=4.43,
. p<0.001] and drug administration (.e. E, GLUC or VEH) [F(2,42)=38.84,
p<0.001], as well as a significant pretreatment x drug x time
interaction' [F(6,126)=2.46, p<0.01].

Overall, MET-treated rats had BG levels 1856% that of VEH-injected

controls (X=12.3 + 2.7 vs 6.7 + 1.7). Rats g1ven'E (X=26.1 + 3.3 mg/d1)
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had BG levels significantly higher than rats given GLUC (X=2.1 + 2.0
mg/d15 or VEH (X=0.2 + 1.3 mg/d1) (as determined by the Newman-Keul's
procedure].

Further anaiyses performed on the interaction effect, using the
Newman-Keul's test, revealed that compared to VEH-pretreaﬁed rats MET-
pretreated rats had higher BG levels following E at 20 and 40 minutes
and had higher BG levels following GLUC at 20 minutes (See Figure 4a).
Levels of BG were not changed by VEH injections in MET- or VEH-
pretreated rats. However, pretreatment with MET did cause a significant
1ncrease‘1nlBG levels 90 minutes later (1.e. at the time of baseline
determinations for £, GLUC or VEH injections). The incredase in BG levels
caused by Met alone was significantly higher than.that caused be VEH
pretreatment (X=13.1 + 2.8 vs X=2.5 + 1.9 mg/d1) [t(23)=4.30, p<0.005].

The results from this experiment demonstrate that MET itself can
cause a small but reliablie increase in BG levels. Furthermore,
pretreatment of rats with this drug exacerbates the increase in BG
caused by E or an injection of GLUC. Therefore, MET might be acting by
slowing the clearance of the injected glucose feom the blood and/or
itself stimu1at{eg increases in BG levels. It has been reported that a
high dose of MET (200 mg/kg) 1ncrea§es plasma glycerol levels (Ohno &
Kuroshima, 1986). Since glycerol is a substrate for gluconeogenesis in -
the liver, this might account, in part, for the enhanced BG increase
observed following footshock stress and E or glucose injections.

In conclusion, MET potentiates the increase in BG levels caused by

footshock stress and injection of E, and this effect is 1ndebendent of
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alterations of the actions of E on specific glucoregulatory mechanisms.
This effect may be related to the action of MET to increase plasma
levels of g{;cerol, which 1s a substrate for gluconeogenesis in the
1ver. |

Plasma Corticosterone. Analysis of Variance performed on the data

indicated that there was no overall effect of pretreatment with
Metopirone on plasma CORT levels [F(1,24)=1.31, n.s.]. However, there
was a significant interaction effect, Pretreatment x Drug x Time of BG
determination [F(6,72)-2.d§, p<0.05]. Further analysis using the Newman-
Keul's procedure revealed that £ increased plasma CORT levels in VEH but
not MET pretreated rqté (See Figure 4b). A significant increase in CORT
levels following £ administration was observed at 60 minutes but not at
30 minutes. Folowing GLUC administration CORT levels were elevated above
baseline at 30 minutes but not at 60 minutes, but this effect failed to
reach significance (See Figure 4b). ’

The result with £ (0.05 ﬁa/kg ip) 1s consistent with the increase
in CORT l2vels observed following administration of E (0.10 mg/kg ip) in
Experiment 2 (See Figure 2b). The tendency for GLUC (500 mg/kg ip) to
increase CORT levels was surpr1siﬁg given the abundent data indicating
that CORT level, are usually high prier to the rats first meal at fhe
beginning of the da#k period and levels decline rapidly following the
meai-(and subsequent increase in BG levels; See Dallman, 1984 for a
d1scussion 6f this issoe as it relates to fegding behavior). The act of
eating as wel1‘as‘the route of administration of‘the glucose are

-

probably crucial factors *influencing CORT 1eve1s.fo1low1ng the exogenous
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administration of glucose. Further studies should be'cqrr}ed out to
determine what effect exogenous administration of glucoge has on plasma
CORT levels, as this 1s a critical issue for those interested in
attributing the behavioral effects of glucose administration to a direEt

action in the CNS.

EXPERIMENT 5

The purpose of this experiment was to determine if CORT inhibited
the BG increase caused by E. The experiment 1nvo]ved'adm1n1ster1ng E
alone or in combination with CORT to ADX rats. There are several points
which shouid be discussed first, however. ‘ y
| Administration of £ to ADX rats has been reported to cause only a
slight rise in BG levels {Schaeffer, Chenoweth & Ounn, 1969).
Administration of a g]uéocort1c01d 15 or 30 minutes prior to 1njett1on
dfid not affect the BG response of ADX rats to £. Injection of the
glucocorf1c01d for three days prior to the administration of E did
re1nstate‘the‘norma1 hyperglycemic response to £ {in ADX rats. Thus,
these authors concluded tnat‘CORT was necessary for £ to activate
-hepatic glycogenolytic enzymes. ' ) Z

A major problem with the study of Schaeffer et al {(1969) {1s that
the authors reported that at 3 weekS»postsurgery‘ADX fats had similar
11ver.glycogen levels to controls, It is well established that
'glucocort1co1q depletion causes a decrease in liver glycogen levels

(Long et al; 1940; Hems & Whitton, 1980). Furthermore, one of the most.
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predominant effects of glucocorticoids is to promote glycogen synthesis
! (Long et al, 1940, Fle1§ et al, 1984). Therefore, the reduced BG
increase tn ADX rats fo11od1ng £ administration may be due in part to
the lower levels of liver glycogen rather than to ah effect of
glucocortico1ds on hepatic enzymes involved in glycogen metabolism.
[This effect of glucocorticoids is often referred to as a "permissive
effect", which might be a catch-all term used to describe a variety of

poorly understood effects attributed to glucocorticoids (Baxter, 1976).]

In the preceeding paragraph, data were cited indicating that
longterm treatment with glucocorticoids leads to énhanced BG responses
to €. Likewise, treatment of hepatocytes with dexamethasone for greater
than 2 hours was required in order to demonstrate an enhancement of '
gluconeogenisis (Stumpo & Kletzien, 1981). OQ the other hand, several
short-term effects of glucocorticoids have the oppgsite effect on BG
levels. G1u2;cort1coids enhance insulin's effect of stimulating glycogen
synthesis (Schudt, 1979, 1980) and acute treatment of hepatocytes with
glucocorticoids was found to inhibit glucagon-stimulated glycogenolysis y,
(Fleig et al, 1984). These short-term effects of glucocorticoids might
translate into an initial effect of inhibiting a BG rise in response to
a st1mu1u;. Indeed, in our study, inhibition of CORT synthesis enhanced

» the initial hyperg]y&em1c response to brief footshock stress (Bialik &
Roberts, 1985). Furthermore, in the previous expef1ment it was found
that inhibition pf CORT synthegis also potentiated the increase in BG
levels observed following £ or GLUC treatment. Therefore, acute

manipulation of glucocorticoid 1e2ji§)appears to have-very different
. ~
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effecés on glucose metabolism than do more prolonged treatments.

The working hypothesis that was tested in the next series of
expe;;ments is that the predominant short-term‘effeét of CORT on BG
levels is to dampen the rise in BG levels caused by 1nJect1oﬁ of E. The
preparation that was used was the ADX rat. In this preparation, the rat‘
would not be able to release adrenal hormones, thefefore, circulating
levels of £ and CORT could be directly controlled by systemic
administration. However, it §ﬁou1d be kept in mind that these rats would
have reduced glycogen levels in the liver and show attenuated increases
in BG levels in response to adrenergic agonists, including £ (See
Experiment 2). Animals were treated with £, CORT or both E and CORT, and
the BG response to these harmones was q9n1tored. It was expected that E
would ratse BG levels more when it was adm1nffteréd alone than when it
was administered with CORT.

We are ultimately interested in the behavioral consequences of
CORT-E interactions. Behavioral daia were discussed above (See pages 15-
16) which. led to the hypothesis that E enhahces passive avoidance
performance by increasing BG 1éve1s. Furthermore, CORTA%S hypothesized
to reduce the potency of E on passive avoidanﬁe performancé by
attenuating the Increase in blood glucose caused by E. in order to make
direct compaf1sons with this behavioral @ork, the present study used tpe
same doses and temporal para@g&srs of drug administration that were used

in the behavioral studies. That 151 CORT (0.3 mg/kg sc) was administered
60 minutes prior to £ (0.5 and 0.05 mg/kg sc).
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Experiment 5a
Since this series of experiments involves subcutaneous (sc)
administration of £ and all our previous work involved ip injections,
the first experiment in this series compared the BG response to £ when

ft was adminstered ip or sc.

Method
Subjects. Subjects were 9 unoperated rats that had previocusly been

used in Experiment 4 two weeks previously. The rats had received VEH
pretreatment and GLUC or VEH 1njeét10ns, so that none of the rats had
received £ before the present experiﬁent.

Procedure. At 1}00 hr, rats were injected with £ (0.5 mg/kg) by the
ip (n=4) or sc route (n=5). Baseline BG determinations were made
immediately prior to E administration and again 1/2, 1, 2, 3 and 4 hours

later.

Results and Discussion

Analysis of Variance performed on the data revealed a.sign1f1cant
Route of administration x Time of BG deterwinat1on 1nter;ct1on;
{F(4,28)=36.56, p<0.001}. Further&nalyses using the Newman-Keul's
procedure revealed that BG levels were significantly higher in the ip
group compared to the sc group at 1/2 hr, but that the sc’ group had
significantly higher BG )eve]s at 2, 3 and 4 hr (See Figure 5a). Thesg

data clearly show that the route of administration is a major factor
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determining the BG response to E.

Given the exteﬁt of the different BG réspdnses observed following E
by these two routes of administration, the route by wirich E is
administered woufd be expected to be an important féctor determining ﬁhe'
behavioral effects of this hormone. If the rapid onset, short lasting
increase in BG is the main_determinant of the behavioral efFectﬂthen ip
injections would be more effective than sc injections, but if the

duration of the increase in BG 1s the important factor then sc

injections would be more effective. -
5 - Experiment 5b

The next experiment investigated the effect of CORT pretreatment on -
the hypergiycemtc response following sc 1n3eét1ons of E. The rationale
for this experiment was oﬁtlined in detail above.

Method ,

Subjects. Subjects were 20 ma1é Wistar rats, we1gh1ng(200-225;grams
on delivery (Charles R1ver Farms, Sf. Constant, Quebec). Rats were - -
individually housed and maintained on a réversed 12-hr light/dark cycle.
Groups were designated according to treatment as f injected or £ and
CORT fnjected (£+CORT). '

Surgical Procedures. Adrenalectomies were petformed as described in

txperiment 1. { X

Hormone Administration. E (0.05 or 0.50 mg/kg $¢) was administered
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to induce an 1ncrease in BG 1n all rats Half of the‘rats rece1ved
véhicle 1nject1ons 60 minutes before E was administered, wh11e the other,
half received CORT (0.3 mg/kg sc)

Blogd Glucose. Baseline BG determinations were made prior to the
administration of CORT or VEH, prior to the administration of E,,and
again 40, 80 and 120 minutes later.

‘Plasma Corticosterone. Plasma CORT was determined as described

previously. Three days or more follpwing completion of -testing in
Experiment 5c (See below) all rats were decapitated and trunk blood

~

~
collected 1n order to determine baseline CORT levets. ~—=- -

" Results and Discussion

Plasma Corticosterone. One rat had high CORT levels and its data

were discarded. The mean baseline plasma CORT levels for the 19

remaining ADX rats was 3.8 + 0.5 ug/100 ml.

Blood Glucpse. It was expected that BG 1eve1s'wqu1d be jncreased by
injection of E, and the magnitude of the E-induced increase in BG levels
would be reduced in animais given CéRT and E compared to rats given only
E.’Ana1ys1s of Variance performed on the data indicated main effects of
Dose of & [#(1.16)*31.43, p<0.001} and Time of BG determ1nat{on
[F(2,32)=23.03, p<02001] but no effect due to CORT pretreatment
{F(1,16)=1.08, n.s.] and no significant interactions amoﬁg the
. variables. It 1s clear froﬁ Figure 5b that the 0.50 mg/kg dose of E
caused a greater increase in BG levels than ghe 0.05 mg/kg dose and

furthermore, CORT pretreatment did not influence the effect of either
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dose ofrE. '

. Since-the exﬁected'effect of CORT pretreatmenf\on BG levels
fol]ow1ng sC {njections of £ was not observed the next exper1ment
determined if CORT pretreatment wodTﬁ‘affect the B8G' response to ip
1nject1ons of E.AThe‘BG reSponSe to 1p injections of E has a much
shorter latency ana'durat1on than the BG réspon;e #o sc injections (See

U,

Figure 5a)."
. Exper1ment'5c_

Method - # |
i Sug]gg;;t One weék fo11ow1ng the gomp]et1oﬁ af thf:prev1oqs
experimeﬁt 14 of the rats were réndomly divided into two gr%fps.~Groups
were designated according to treatment as CORT or CORT+E.
--Procedure. CORT (300 ug/kg sc)'was administered 60 Wwinutes prior to
the‘&dm1n1strat10n of £ (0.05 mg/kg ip). Base11nejBG determinations were

%
made prior to £ administration and again 30 and 60 maaytef later.

Results and Discussion

Analysis of Variance performed on the data 1ndjcatéd only a main
effect due to Time of BG cetermgnation [F(1,12)=5.40, p<0.05]. In'Figure
5¢, 1£ can be seen that 0.05 ég}kg of E administered by the ip route
caused an increase in BG levels tha: peaked at 36 minutes and was
approaching baseline levels at 60 miwtes. Again, ip injection of £ had
an effect on BG Heve]s that occurred with a shorter 1atquy and had'g

shorter duration than was observed following. the same dose administered
) 4
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subcutaneously (Compare with Figure 5b). Pretreatment with CORT did not

- affeEt the increase in BG levels caused by ip adm1nistrafion of E.

General Discusion for Experiment 5 ‘
Fig

-

) -

It 15 clear from the present experiment that short-term
sgretreatment of ADX rats with a behaviorally-relevant dose of. CORT (See
” BOrre21 et al, 1984a b) does not influence the BG response to injections
of E. Therefore, if the effect of CORT to reduce the efficacy of E in
enhanc1ng retent1on of a passive avoidance response (Borrell %ﬁ al,
1984a ,0) is due to an a]teratio glucose supply to t@eaﬁfﬁﬁn, this
effect must ocqur at a step bey:;:(2§a§ges in-8G 1evels. That 1s, since
CORT did not alter the'éG‘;esponse to E, CORT‘must 1nf1uenee“é1ther he
entry'of‘g1ugose into the brain, the uptake of glucose into ce{]s in the

. . 4
brain, and/or the utilization of glucose by cells in the brain. There is

ev1dence’to indicate that CORT can alter the blood- bra1n~barr1e¥ (Long &

[N

’“' HbIAGAy, 1985) and inhibit glucose uptake 1nto bra1n cells (See

~ Sapolsky, 1985; 1986). Further studies are warranted to 1nvestjgate

these issues.

N . ' ‘ v v

Frpm a behavioral perspective, the questfon of -whether CORT
attenuates the effect of E on behavior by blocking a metabolic effect of
glucose on the'brain may be addreéssed in the following mamner. It 1s

N - “ :
known .that exogenous administration of glucose can factlitate retention

) performance in a passive avoidance task (HalT & Go]d 1985; Gold, 1986) -

as well s 1n a Y- maze" task (See.Experiments 10 and 11). The dose :

¢ .

&
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response curve for glucose in the "Y-maze" tasx~can be déterm1ned in ADX
rats foliowing injection of CORT~(same dose as in Borrell.et al, £§84a)
or VEH. These résu]ts can be compared to the effects of'éORT on the
dose-response curve for mangse and beta-hydroxybﬁty e, two substances
that can be used by the brain for fuel but whose uptake into brain cells
is not influenced by CORT. If CORT blocks a metabolic effect of glucose
on the brain to caﬁse 1ts behavioral effects, theﬁ CORT administration
would dttehuate the effect of glucose while not altering the effects of
other metébcl1c fuels.

From a phystological perspective the question of whether CORT can,
uzZer some circumstances, attenuate the BG increase caused by stress or
E adminisgration {s notﬂstra1ghtforward. In the present experiment,
there are a number of possible reasons for obtaining negative results.
Several potential]y 1mportan€ variables might be the usé of ADX rats and
the dogé, route, and time of CORT administration. As discussed abové, 5

ADX rats have depleted glycogen stores in the 11vér-and have 1qpaired BG

responses to adrenergic agonists. Perhaps, it you1d have been Better to
. use ADX rats maintained on low dose glucoqort1c01d treatment. These rats
woﬁ]d have higher levels of liver glycogen and should not be impaired in
their BG responses to adrenergic agonists.

. Furthermore, CORT was injected one hour prior to £ administration

e ; "‘I"’ .
o (1984a,b) . However, in terms of”the physiological responsé of an

: /}\\‘~:: o?der to make d1rec§ comparisons to the behavioral work of Borrell et

‘4 -
ad%ma] to a stressor, the CORT and E would be released in much closer

temporal proximity. Another point is that sc injection of CORT can be
e ) . .

»

ey
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expected to result in s16wer entry of the hormone into the gen¢ral
circulation th;n ip injection. Injection of 2.4 mg/kg ip (8 times the
dose used here) can raise CORTf]eveis by 20-25 ug/dl within 10 minutes
(Newman, 1986). Th1§ is roughly equivalent to the levels of p1a§ma CORT .
that we observe 20 minutes following the initiation of footshock ;tress
(See Figure 2b).

To summarize, in order to more closely approximate the normal
phys1;Jog1ca1 respo;§e§ to a stréssor, both £ and CORT should be
injected by the,1p,roﬁte in close temporal proximity, and ADX rats that
are maintained on low do;e‘CORT‘treataént should be used as subjects.
Using this procedure, the e“fect of €ORT on the E-induced BG response
can be determined, and these rgsu1ts would be comparable to the
experiment in which blocking stress~1nduced’CORT tevels resulted in an
enhanced BG response to footshock stress and E édministration (Bialik &
Roberts, 1985; Exper1meqt 4).

In conclusion, %t appears c]ear that the éffect of CORT to inhibit
the retent1on-enh;nc1ﬁ§ﬂeffect of E'on passive avoidance behavior (See
Borre1f’et.a1, 1984a,b) is not med1ated by changes in BG levels.
However, the issues”of whether this effect of CORT is due to an
alteration in the access1b111t&'of glucose to the brain, and whether ~
CORT_can inhibit the E-induced BG response under some circumstances are

interesting. and deserve further attention.

—
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Adrenal Independent Hyperglycemia

-

i

Tb;th1s point it has been esfab11shed that adrenal E can account
fof the majority of the BG increase following footshock strés§ and 2-DG
administratior. On the other hand, adrenal CORT is necessary to observe
the full effect(s) of E on BG levels, probably because of an influence
on the activity of liver enzymes and by 1ts role of increasing glycogen
stores in the liver. The short-term effects 6} changes jﬁ CORT levels on
E-induced changes in BG levels are unclear, but they too would be
modulatory in nature if they were observed at all. Therefore, it is
clear that release of adrenal Elis by far the most important means by
which the body causes rapid ;hanges in BG levels in response to
footshock or 2-DG stress. fwe have also confirmed that adrenal E
mediates the rise in BG levels observed following exposure of rats to a
very different type of st%essor, the odour of a predator (Roberts &
Bialik, unpublished observations).) v

As mentioned several times already, the conclusion that was
(summarized in the prgv10us paragraph is in direct conflict with the
vdews of several often- cited researchers (eg. Shimazu, 1979; Smythe et
al, 1984). These auithors claim that direct neural innervation of the
Tiver is responsible for rap1&'cﬁangés in BG levels following exposure
to.stress. In tﬁg next exper1mént we make another effort to identify a

hypergiycemic response that is independent of the adrenal medulla.

¥
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EXPERIMENT 6

As dtscussed preglous1y, electrical stimulation of the hybothalamus
s known to influence glucose metabolism by direct neural connections
with the liver and by ﬁqdu]at1ng ﬁ%rmone rélease from the pancreas and.
adrenal gtands. Recently, it has been reported that there is a relative
laék o; anatomical specificity with respect to electrode sites in the

ventral-lateral and ventral-medial hypothalamus which produce increases

Y

or decreasei in BG (Atrens et al, 1984). These authors also reported
that stfmulat1on of both the VMH and LH increased several measures of
energy utilization (Atrens et al, 4965), an effect which should lead to
an increase in the rate of disappearance of glucose from the blood.

In our 1n;11a1 experiment, st1mu3at10n of the hypothalamus (through
electrodes aimed at the laterai hypothalamus) caused only a slight A
‘Qecrease in BG levels two minutes following the initiation of one minute
of stimulation. At 10 minutes following st1mu1at166 a significant
increase in BG levels was observed (See helow).

'&n the negt experjment, it was determined to what extent BG levels
change following hypothalamic stimulation when the release of E is
prevented by removal of the adrenal medulla. It was expected that the
drop in BG levels would be greater since the major c0unter4regu1atory
horfone had been removed. Following the expected initial drop in BG
levels, an increase in levels should be observed which would be mediated

by stimulation of hepatic glycogenolysis by direct neural connections .

with the hypothalamus.
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Method

4'§ub:|g‘ct . Subjects were 8 male Wistar rats, weighing 200-225 grams
on delivery (Charles River Farms, St. Constant, Quebec). Animals were
housed two or three to a cage and maintained on a reversed 12-hr
1ight/dark cycie (1ights on at 2030). Water and Purina Lab Chow were
provided ad 1ibitum.

Electrodes. Electrodes were made frém a 10 ﬁm piece of monopolgk
stainless steel electrode wire, type 316. The wire was soldered to a
RELI-A-TAC 220 P02 amphenol plug. The electrode wire was then insulated
in epoxylite and then baked for 15 min at 100 C followed by 15 mfn at
350 C. The immersion-bake cycle was repeated six times to ensure proper
insutation. The insulation was removed from the electrode tip with a
fine sharpenﬁng stone (600~1200 grit) and finished with a ground glass
slide. The tip was thén checked under a mﬁcroscope. Electrodes were then
checked for current leakage. ?

surgical Procedures: Electrode Implantation. Rats were anesthetized

with Somnotol (65mg/kg 1p) .and stereotaxically implanted with electrodes
aimed at the lateral hypothalamus. The coordinates were; A.P. + 6.5, "
D.V. + 0.9 and Midiine + 1.3 to 1.6. The indifferent electrode was made
of uninsulated stainless steel wire wrapped around a sta1ﬁ1ess steel

" screw. The indifferent electrode was fastened to the skull Caudal to the
st1uuaat1ng elecérode. The entire assembly was fixed in place with (f
dental acrylic cement bonded to three additional skull screws. Rats were

allowed f1vé4days to recover from surgery before testing beg;n.

Stimulation Pdrameters. A pilot study was run to determine

I
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effective parameters. Non-fasted animals‘were placed in the stimulation
chamber and given monophasic square wave pulses, 5-25 mv 1nten§1ty,
2msec, 50 cyclec/sec. The entire stimulation per{oq lasted for 10 min
per day. Rats Fgce1ved stimulation in bursts, 20-sec on/20 sec off.
Current level and voltage were continuously monitored using an
oscilloscope. -

Blood Glucose. The baseline BG level was determined'beforé the rat
was placed in the stimulation chamber, and again at various intervals
following stimulation. After several weeks of stimulation (5 or 6 tests
per rat), rats.were selected that demonstrated an increase in.BG levels
in response to "one minute" of continuous stimulation. In the final test
prior to surgery, BG was measured immediately prior to st1mu]atjon and
again 1, 10 and 20_m1nutés later,

Surgical Procedures: Adrenal Demedullation. On the same day that

the fin&] stimulationr was given animals were anesthetized with Somnoto)
(65 mk/kg 1p) and bilateral removal of the adrepal medulla was performed
on all 8 rats as desér1bed in previous experiments. Animals were allowed

'3‘dé¥s to recover and then the BG reponse.to hypothalamic stimulation

’
was determined as described above. Another test wa¥ conducted 6 days
later. Due to loss of headcaps during the ekpgriment, coﬁp1ete data on
only 5 rats wege obtained and therefore only the data for these rats
were analyzed and reported here.

Hig;giggy.‘At the end of the experiment, aqimals were given an
overdose of‘Somnotoi, parfused and their brain;’were fixed in 10%

Formalin for h1sto1og1ca1'ver1f1cat1on of the electrode sites. P
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Results and Oiscussion #
Blood Glucose. Analysis of variance performed on the BG data
indicated a significant interaction between Test Day and Time After

Stimulation (F(4,16)=16.79, p<Q.001]. Post-hoc analyses with the Newman-

Keul's procedure indicated that BG levels were_higher at 10 and 20

minutes following stimulation when rats were tested prior to DEMED
compared to tests performed 3 or 9 days following DEMED (See Figure 6).

Furthermore, at 9 days following DEMED,ustimu1at100 produced a

's1gn1f1cant reduction in BG Tevels at 1 minute but this effect .was not

observed when test1ﬁg occurred 3 days following DEMED or prior té DEMED.
Inspection of Figure 6, clearly shows that hypothalamic stimulation
produces a decrease in BG levels, an effect which is not observed in

As in previous experiments utilizing various stressors, release of
£ from the adrenal medulla can account for the induced increase in BG

levels following electrical stimulation of the.hypothalamus.
JEXPERIMENT 7

Hyperqlycemia caused by Chronic Glucocorticoid Treatment

. ﬁ11 of the experiments discussed to this point deal primarily with
thé effects of a&rena1 hormones on raptd changes in BG, effects probably
med1a§ed by changes in hepa£1c gchogeno]ysis (See the discussion for '
Exper1meﬁt 3 though). Adrenal hormones also 16f1uence gluconeogenesis, l

which is the synthesis of glucose from the metabolic products oj 1ipids
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and proteins (See pagé 6). Both E and CORT enhance the process of
gluconeogenesis. Chronic high levels of glucocorticoids have been
associated with high BG levels (eg. Smythe et ‘al, 1984) and impaired
glucose tolerance in rats (Akerb]om, Martin & Gary, 1973) and humans
keg. Karnieli, Cohen, Barzilai, Ish-Shalom, Armoni, Rafaelov & Barzilai,
1585). In the next study, it was investigated whether the 1ncrease"n'BG
caused by thé synthetic §19cocort1co1d, DEX (Bates & Garrison, 1971;
1973), was )pf1uenced by removal 6f endogenous CORT and/or E.

Experiment 7a

A prelimimary study was required in order to select an appropriate
concentration of DEX pellet to use. The hyperglycemic response to
chronic implantation of d1fférent concentrations of DEX' pellet was

determined in the next exper{ment.

a

Method |
. Subjects. Subjects were 16 ma]é Wistar rats, weighing 200-250 grams
onvde11very (Charles Rivers Farms, St. Constant, Quebec). A1l animals
were housed 1nd1v1gya11y (4n plastic cages) and maintained on a reversed
12-hr 1ight/dark cycle (1ights on at 2030). Water and Purina Lab Chow
were provided ad 1ibitum throughout the experiment.
After at Teast 1 week‘acc11mat1zat1on, rats were randoﬁly assigned

to one of four treatment groups. Groups were designdfed according to

pellet concentration as 0% (i.e. chold@@erol controls; CHOL), 5%, 15%,

/‘ B .
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and 25% DEX groups.

Dexamethasone Pellets. The pellets were made up of cholesterol and

dexamethasone in one of the following congentrations. The control pe)iet

was 240 mg CHOL, 5% DEX was 12 mg DEX + 228 mg CHOL, 15% DEX was 35 mg

-

DEX + 200 mg CHOL, and the 25% DEX pellet was 60 mg DEX + 175 mg CHOL.

The pellets were formed by melting powdered DEX into melted CHOL over

high heat. The mixture th then dropped onto a pallet and allidbwed to

cool, forming solid peliets of 200 +.10 mg.

Surgical Procedures. The pellets were implanted one day pr1or'tb
the start of BG testing. At this time, all rats were anesthetized with
ether, a small incision was made in the back of the neck, and a pellet
of 0, 5, 15, or 25% DEX was 1ﬁserted and the incision closed with

sutures and a wound clip.

-

BIdoa Glucose. beterm1nat10ns of BG wege made as described for
previous experiments. Baseline BG values: were determined imgediately
prior to implantation of the pellets. Subsequent determinations were
made 1, 2 and 3 days later. The rats were we1ghed.each time BG

determinatiohs were made.

Results and Discussion l '

Blood Glucose. knalys1s of Variance performed on the data revealed
a significant 1nteract1oﬁ bétween the concentration of DEX in the pellet
and the time of the BG determination [F(IS{@O)-11.7E, p<0.001]. Post-hoc
comparisons, using the Newman-Keuls procedure, revealed that BG levels

b Y

were s1gn1f1cantly elevated for the 15% DEX group from day 3 ‘and for the
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FS% DEX group from day 2 (See Figure 7a). Levels of BG for the 5% DEX
pellet group did not differ from the CHOL pellet controls'op any day
tested. ’

Body Weight. Analysis of Variance performed on the body weight'data
{ndicated f/f1gn1f1cant interaction between DEX pellet concentration and
t1me of body weight determination (F(12,48)=9.48, p<0. 001] Further
ana1yses using the Newman-Keul's procedure indicated that, compared to
the 0% DEX pellet group, the 5, 15 and 25% DEX pellet groups had
significantly greater loss of body weight on dayé 2, 5 and 7 (See figure
7b). Furthermore, compared to the 5% DEX group, the 15 and 25% groups
had greater weight loss on days 5 and 7, and finally, the 25% DEX group
had lost more weight than the 15% DEX group by day 7 (See Figure 7b).

,/ Since the 5% DEX pellet group showed a significant loss of body
weight but no increase in BG levels, it can be assumed that these two
effects of the DE& pellet afe. to some extent, controlled by different

-

mechanisms.

hd ~

N

Experiment 7b \

The entire adrenal giand or just the adrenal medulla was removed
and the increase in BG was observed for 4 days after 1mp1antat1oﬁ of a
25% DEX pellet. In Ere preceeding exper1men£, it was shown that this
concentration of DEX pellet reliably produced hyperglycemia within

several days.
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Method :

Subjects. Subjects were 28 male Wistar rats, weighing 200-250 gfams
'on_de11very (Charles Rivers Farms, St. Cbnstant, Quebec). A1l animals R
were housed individually in plastic cages and. maintained on a reversed
12-hr 11ght/dark cycle (14ghts an-at 2030). Water and PurinaLab Chow -
were provided ad‘11b1tﬁE throughout the experiment. Adrenalectomized .
rats were given 0.9% saline instead of water. After ‘at Teast 1 week
acclimatization, rats weré randomly assigned to one of §1x:treatment
" groups. Groups Qe?e designated according to treatment as
adrena1gctom1ied and implanted with a OEthellet (ADX+DEX) or a CHOL
beTlet (ADX+CH6L)}.adrena1 demedullated and ~implanted with a DEX pellet
(DEMED+DE¥) or a CHOL 5é11et (DEMED+CHOL), and sham opgraied and ‘
implanted with a DEX pellet (SHAM+DEX) or a CHOL pellet (SHAM+CHOL).

Surqgical Procedures. Adrenalectomies and ddrena1 demedullations

were performed as described in Experiment 1. A1l rats were allowed at
least 7 days to recover from surgery before the pellets were implanted.
The 25% DEX and CHOL pellets were.made and implanted as described 1in

»

'Exper1ment 7a.’

. . ‘
Blood Glucose. Determinations of BG and body weight were made as
described in previous experiments.

Plasma Corticosterone. Immediately following the final BG and body

-

weight determination (day 4), rats were decap1tated and trunk blood was
cgllected into ice cooled, heparin rinsed glass centrifuge tubes. Plasma
samples were stored and CORT determinations made as described in

Experiment 1.

e —
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_Qi__ii and __§£;§§_Q_

Plasma gg ticosterone. Analys1s of Variance performed on the data :
indicated a significant main effect gf surgery (F(2,24)=75.10, p<.001}

and”g‘§Tgn1f1cant 1nteract16n between surgery and pellet implantation
(F(2,24)%59.44, p<.001]. Post-hoc compagisons, using the Newman-Keuls
procedure, showed that piasma CORT levels were reduced in the ADX+CHOL
éroup (to 15%) and 1n the DEMED+CHOL group (to 51%) compared to the
SHAM;CHOL group. Furthermore, in non-ADX rats, BEX pellet groups had
plasma CORT levels only 1€% o% cantrols,

glggg gigégggl Analyéis of v;r1ance performed on the BG data
fndicated a significant main effgkt due to pellet implantation
[F(l;23)-,12.73, p<.001) and a s1gn1f1éW1et by day interaction
[%(3,115)431.05, p;.OOII. Post-hoc comparisons, Qsing~Lhe Newman-Keuls
procedure, showed that BG levels were higher for each of the DEX pellet
implanted groups on days 2 and 3 (See Figure 7c). There were no °
differences in BG 1eve1§ due to surgery in either thé)ﬁfiwﬁF CHOL ée]let
implanted groups.

Qggx Weight. Analysis of Variance performed on the data {nd1cated a
significant main effect due to pellet 1ﬁp1antat1on (F(1,23)=24.07, ‘
p<.Q01]) and a significant interaction between pellet 1mp1antat10q and
day of testing [F(3,138)=17.69, p<.601]. Post-hoc comparisons, using the
Newman-Keuls procedure, showed that implantation of the DEX pellet
caused a significant decrease in body weight on days 3 and 7 (p<0.01).

Interestingly, ADX t@fs . nted with CHOL pellets lost
significantly more weight ;han the SHAM+CHOL and DEMED+CHOL groups,
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~ while the ADX rats implanted with 25% DEX pellets lost sign1f1cant1y

less weight than the SHAM+DEX and DEMED+DEX groups (See Figure 7d).
{Similar effects were found when % weight loss was analysed instead cf

absolute weight 1oss - data not’shown.] . /

General Discyssion for Exper1ment 7.

[

Neither adrenaIectomy nor demedullation altered the rise in BG

caused by 1mp1antat10n of a DEX pe11et The 'most 1mportant finding tn
this experiment was that the increase in BG caused by high levels of
glucocorticoids (by subcutaneous implantation of & DEX pellet) was not
mediated 3n any way by release of £ from the adrenal médu11a 7

he \
The implantation of DEX pel]ets probabiy causes weight 1oss 1n

part, by increasing the liberation of fatty actds and am1no actds from
peripheral stores (See Mung&, '1971), and the hypegg]ycemfa result

part, from these substances being converted to‘g1ucose by the 11J§(‘

{Bates & Garrison, 1971;°1973). However, the effect of DEX must be

0 : . ;
influenced by other factors é\"311' since 5% DEX pellets caused a
significant losk of weight buf did not raise BG levels (See Figures 7a
and'7b) and ADX rats showed sii ificantly less wetght toss but similar

BG responses as ShAM and ‘DEMED rats (See Figures 7c and 7d).

Furthermore, it i1s not known whether DEX-1nduced hyperglycemia ts

mediated entirely by peripheral mechan1sms or whether the CNS 1nfltences '

P

the deve1opment of the hyperglycem1a In Experiment 8, it was determined

if the d1srupt1on of brain NE systems influenced the BG respanse and

loss of body weight caused by implantation of ‘a DEX peliet.
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that wﬁu]d affect BG levels are 1) the liberation of fatty acids and
amino acids from peripheral ttssues (which would cause weight 1oss)1 2)
the fac111tation of gluconeogenesis by the liver (which would cause an
increase in blood glucose levels) and 3) -blockade of insulin release
(Barseghian &.Lev1ne. 1980). In order for brain NE lesions to have
reduced DEX hyperglycemia, the lesions either reduced the' effects of DEX
on peripheral t1ssue catabolism or enhanced the ut111zat10n of glucose, T
maybe by interfering with the effect of DEX on the 1nsu11n receptor. In
F1gure 8h, 1t can be seen that NE depletion reduced weight 1o§s caused
by DEX, therefore it is assumed that peripheral tissue catabolism was

i he disruption of the brain NE systems. This suggestion is

tentative howevér, ce it was found that -the effects of DEX on body

weight and BG Tevels are cessarily inversely related (See

Experiments 7a and b). It is known whether brain NE depietions cause
geneeal metabolic alterations or whether effects.are specific to the
h situation studied here. ' .
In summary, the data indicate that Brain NE m1ght be tnvolved in
contfo111ﬂg some aspect(s) of peripheral glucose ‘metabolism. We are
currently 1nvest1gat1ng the effect of brain NE depletions on basal
metabolic rate and metabolic rate following cold challenge. These
studfes are being carried out in col}abofatidp/w1th Dr. Peter ‘Pawson at °
the National éeﬁearch Council Laboratories. It has already been
H demonstrated that NE 1s 1nvo]ved‘1e the control of energy metebo11sm in’
the brain (eg. Quach at al, 1978; Magistrettd, Morr‘llson,?Shoemaker,

Sapin & Bloowm, 1881; Morrison & Magistretti , 1985; Harik, Busto &
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EXPERIMENTS 8 and 9

.
u . ..

3
N

m_o__gmg_; of Brain Nor gmngphrmg n Experimentally-induced

The effects of hypoipa]am1c stimulation on liver enzymes (Shimazu &
Matsushita, 1979) and BG (de Jong et a1 1977, Steffens et al, 1984) can
be mimicked by app11cat1on nf NE. As wé11 Smythe et al (1984) have
presented data demonstrating a correlation between medial basa1
hypothalam1c NE activity and BG levels, Furthermore, it -has been
reported that rats with experimentally-induced diabetes have reduced NE
activity in the hypotha1amns during rest (Bitar, Koulu, Rapopqrt &
L1nn011a, 1986) and 1ontophotetic application of glucose decreases while
application of 2-DG enhances the release of NE +tm{he hypothalamus
(McCaleb, Myers, Singer & Willis, 1979). Therefore, the involvement of
brain NE systeéms in stress-, 2-DG- and DEX-induced hyperglycemia wa§,
determined by testing the ab11;ty of these agents to produce |
nyperg1ycem1a in rats that had previously been Beple{gd of brain NE
(Experiment_8). ) o .

“In Experiment 9, the hyperglycemic resnonses to the direct
adrenergic agonists, £, clonidine and JSOpnéterenol, and the jnd1rec£‘
agonist, ampnetam1ne,'were det;rm4 ed in N?tdepleted rats. A potentiated
increase in the BG requnsé to efther of the direct adrenergic agonists
would indicate that the agonist was acting on supersensitive.
postsynaptic feceptors to mediate the BG changes (See Zis & Fibiger,
1975;,Spy;ak1 & Fibiger, 1982). Since amphetamine acts on the NE system

by facilitating release of this transm1tter,‘destruct1on of the NE

. \
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neurons would eliminate -any effect of amphetamine on BG that was

mediated by an action on prain NE s}stems; )

v
-

EXPERIMENT 8

. S

, &

MQEHQQ : : ‘ : f '}
§gpjg§;§ S1xty-four ma]efw1star rats, we1gh1ng 200 250 grams upon
receipt from the supp11er (Charles River Farms, St. Constant Quebec),
served as subjects. Rats were housed in pairs in pkast1c cages,
ma1nta1ned on a 12-hr 11ght/dark cycle (1ights’on’ at Q400) and al]owed
free access to water and Purina Lab Chow throughout the experiment
(except that food was removed two hours prior to BG exper1ments and
returned upon complet1on of that day's testing) a .

Syrqgical Procedures. Forebrain NE 1es1ons were performed with the

use of a Kopf stereotaxic apparatus while rats were anesthetized with
‘ J

Somnotol (65 ma/kg, 1p). The head of the rat was held ip the_p}ane'OfA

Konig & Klippel (1963) [{.e. the skull ;as,horizontal, wh1th is och1eved
by placing‘thé incisor bar at -4.2 mm for_maig ratS‘ih‘the 300 gram *
range]. Two‘bu:r holes were at111ed in the skull 2.6 mm anterfor to "
interaural zero and 1.1 mm each side of tho midiine suture (determ1néo

at bregma). A cannula (prepared from 30-gaugo stainless steel tubing)

'was stereotaxically lowered to 3.7 mm above the interaural 1ine, aimed

at thé dorsal NE bundle (ONB). Infusions of 2 ul, conta1ﬁ1ng 4 ug of 6-
OHDA (expressed as free ba®s, Regis Chemical Co.) dissolved in 0.9%

saline with 0.2 mg/ml ascorbic acid, were performed at a rate of 0.4

‘-
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ul/min,’ and'the canniia left tn for an additional 30 seconds to permit
. diffuston of the dnig. T |

% Two, more burr holes were drilled 1n the sku1l 1.4 ‘mm “anterior to’
Interaural zero and 1.3 mp each side of the midiine suture. The cannula

was then be lowered to 1 0 mm above the 1nteraura1 1ine and another 2 u1

Tnqued, a1med this t1me at the ventral NE Bundle (VNB) Thus, rats
rece1ved 4 ug of 6-OHDA in each ascending tract of both the dorsal
and ventral NE fiber bundles. The 1nc1s1on was closed with wound clips.

" At this time adrenal dehedul]at1ons or ‘sham operations were
Voerformed as descr1bed in Experiment 1. Rats were allowed thre€ weeks to ' -~
reooven from sungery befofe‘the 1n1tiat1on‘of the BG experiments. The '
‘same groups of rats were used for\tne_footshock stress and ;he 2-DG -
,experimenis. Different groups of rats were used for ohe DEX experiment, | | .
and these rats had their ent1re adrenal g]ands removed in order to o
remove endogenous souraak of glucocort1co1ds in add1t1on to sources of
E. |

Ingyéﬁfon-gf prg}glxgemi . App]dcat1on'ofce1ectr1c foot-shocks was
as described in Expeqimenf 3. AdministratTon of 2-0G was as described in
Experiment 1 and 1mplantatio%#ﬁ’DEX pe&lets was carried out as
described 1n Experiment 7. - S @ '

__ggg Q_ggg;g ‘Measuremert of BG was cartied out as descrdbed in
prev1ous exper1men£§\NBagel1ne determ1nations werg made prior to the T
'adm1n1strat1on of footshock or 2-06 and agatn 20, 4, 6 ahd 120- m1nute§

Jater. In the exper1ment with DEX base11ne:determ1nnt1ons wene made o ‘,

.

-, pr1or to pe1Tet 1mp1antat1on and agafn each of the next 3 days L

ka

» -

-4
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Dissection and Assay Procedure. Within 1 to 2 weeks of completion
of the BG tests,’ rats were decapitated, and their brains reqoved and

d1ssected on saline-rinsed ice-cooled plates according to the procedure

st ©

previously used 1ﬁ th1s laboratory (Bialik et at, 1984a ,b). The -
brainstem, hypdéhalamus and cortex were: reta1ned separate]y. Immed1ate1y
after dissection, tissues were frozen 1in l1iquid nitrogen and then
trahsferred to a freezer (-60 degrees C) until-assayed for NE by a
mod1fication of the f]uorescence method of Jacohow1t; and Richardson
(1978). Each brain part sampled was used as 1ts own blank in the

7'.

f luorescence ca]culat1ons ’

Results

Qs_em_esg_ef.e_m
* Brain ug_gnlggp___gg Analysis of Variahce 1nd1cated that
hypothalamic NE was s1gn1f1cant1y reduged, to 31% of controls\

<

[F(1,24)=240.17, p<.001],_h1ppocaﬁpal NE was gignificantly reduced to 7%
of comtrols [F(l;é4)-291.56, p<.001] and eort1ca1 NE was reduced .to 15%
of contro1s*iF(1.24)-348.60, p<.001]. On“the other hand, brainstem NE

*was significantly increased to 109% of controls [F(l 24)=5.63, p<. 05]1§
These data are presented in’ Table 8. ¢ -#’qh' a

Blood nggg;g The increase in BG was approximately 50% less in

-

. lesioned rats than 1n non-lesioned controls.’ Adrenal omized’rats>

showed little difference in BG levels compared ‘to sham rated

. controle{,when the data {s collapsed across surgery the effect of NE

~n
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depietions 1s more clearly observed (See (1gure 8a). ’

v
AN -
. :

L4

‘Body Weight. As in previous experiments, implantation of the 25%
DEX .peliet caused a profound loss of weight over days and ADX rats

& r

showed less % we1§ht loss than SHAM-operated rats [F(1,25)-4.98} .
p<0.05]. Fu;tﬁermore, NE dep1ete&vrats‘showed less weight loss 1n

response to the DEX pellet than-SHAM-lesioned controls (Seé Figure 8b).
This effect was also found wﬁen % weight loss was analysed (data not |

shown). - 4

-
s

Footshock Stress I | X
" Brain Norepthephrine. A sample of the animals used ¥n this study

" showed that lesioned animals had NE léVe1s‘on1y\§8% of controls in the

hypothalamus and 24% in the hippocampus.’
* Blood Glucose. Analysis of Variance performed on the data indicated
main effects due to Lesion [F(1,22)=5.60, p<0.05], Surgery

[F(1,22)=47.20, p<0.001] and Time of BG determination (F(4,88)=133.85,
o p<0.001], as we11'$s an interaction between Surgery and Time
}F(4,88)-17.14, p<0.001]. Animals depleted of brain NE showed A
significantly higher BG increase to footshock than controls, and this
was most evident -in rats with intact adrenals (See f1gur9 8¢c). An1mdls
whi@h had their adrenal glands intact; showed an. increase in BG }eve]s

‘ while DEMED rats had levels that were below baseline (See Figure 84).

4 s \ .
Administration of 2-D6 . v e g
Brain Norepinephrine. The same rats that were used in the footshock -

I3 L

”
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experiment were used in this study. .
. N 1 ~
nggg glgggigJ}Analys1s of Variance Pe:formed on the data indicated
ma1nﬂeffects:due to Lesion [F(1,27)5.46, p<0.05], Surgery—__

[F(1,27)=69.32, p<0.001] and Time of BG determination [F(3,81)=40.38,

variables [F(3,81)=3.04, p<0. 05] Figure 8d clearly shows that 2-DG

_caused an increase in BG levels and that .depletion of brain NE enhanced

this effect. Furthermore, adrena1 demedullation greatly gttenuated the
increase 1ﬁﬂBG levels caused bytg‘DG (See Figure 8f). Post-hoc analyses
of the three-way interaction, using the Newman-géuf”s Proceﬁufe, .
indicated that NE-depleted rats -had ‘significantly higher BG levels tham
non-depleted rats at 40 (p<0.01), 60 (p<0.01) and 120 minutes (p<0. 05),
while the NE-depleted+DEMED rats and the non-depleted+DEMED rats d1d not
differ at any time point. , i
Add1t1ona1ly, it should be notedfthat the early BG response (1.e.
at 20 m1nutes) to 2 DG in adrenal demedullated rats 1s thought -to be due

. to direct neural st1mu}atjon of the 1iver by the brain (See Experiment -

1).’£p Figyre 8g, it éan be seen that th; BG respogse ét 20 minutes is
ve;y‘sma11 in non-depleted+DEMED rats, while thts response 1s much -
larger 1n NE—depleted+DEMED rats. In fact, if an a pr1or1 t-test is used
to analyse this comparison, the difference is sign1f1cant [t(5)=2.24,
p<0.05). Given this difference, it: may be that.NE-dep]eted'rgts show
enhanced BG responses to stressors largely as a resuTt of potentiating
the,d1}ect neural stimulation 6f the 1iver rathgpxghan poteht1§t1cg the
effect of E released from the adrenal medulla. So far, in the raf, the
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on1y BG response that might be med1ated by direct neural st1mu1at1on of
the 1iver is the early response to a large dose of 2-DG (See Figure la
and 3g). [It?should Be noted that these responses are omily known to be
‘{ndependent of adrenal hormones, other hormOnél factors such as élucagdn :
have not bgeﬁ ruled out.] Information relating to £h1s question is
" obtained 1in the next experiﬁent, where the BG response to the
administqgt1oq of several adrenergic agonists, including E, s

determined.

« "General Discussion for Experiment 8_ N

-t
n

Depleting hypothalaﬁic and forebrain NE with' 6«0HDA poten€1ated the
rise in BG caused by two different stressors, footshock and injection of
2-0G. The 1nprease 1n'b1ood‘g1ucose_caused‘by these stressors is .largely
due to the release of E from'the adrenal medulla and in the next
~ experiment 1t is defermined 1f brain NE qeple£1ons potentiate the BG”"
© response to 1p injections of E. ' -
' It was also found that depletion of brain NE attenuated both the
‘rise in BG and the weight toss caused by D;X. These data 1nd1cate that
brain NE 1s 1dvolved,1n the mgtabolic response to chron1q g1ucocor¢1foﬂd
treatmen;; This {is an 1mp5rt$nt$f1nd1ng~s1nce 1t demonstratés that brain
‘NE Systems can influence peripheral metabolic actions of
glucocorticoids. |

It has been assumed that chronic glucocorticoid treatment, causes
hypergiycemia by effects entirely in the periphery. The effects of DEX
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that wﬁuld affecf BG levels are 1) the liberation of fatty acids and *
amino acids from peripheral tissues (which would cause weight 1ossf; 2)
the facilitation of gluconeogenesis by the 1iver (which would cause an
increase in blood glucose levels) and 3) -blockade of insulin release
(BarseghRian &‘Lev1ne. 1989). In order for brain NE lesions to have
reduced DEX hyperglycemia, the lesions either reduced the effects of DEX
on peripheral tissue catabolism or enhancéd the utilization of glucose,
maybe by 1n;erfer1ng with the effect of DEX on the 195&11n repeptor. In
%1gure 8b, it can be seen thé; NE depletion reduce& weight 10;5 caused
by DEX, therefore it {is assumed that peripheral tissue catabolism was

1 he disruption of the brain NE systems. This suggestion is

tentative however, ce it was found that -the effects of DEX on body

cessarily inversely related (See

weight and BG Tevels are
Experiments 7a and b). It is known whether.brain NE depletions cause
genefﬁl metabolic alterations or whether effects.are specific to the
" situation studied here. - | ]
In summary, the data indicate that train NE might be tnvolved 1n
contf6111ﬁg some a;pecg(s) of peripheral g1ucose\hetabo1ism. We are
currently 1ﬁvest1gat1ng the effect of brain Nt depletions onjbasal
metabolic rate and metabolic rate following cold challenge. These
studies are being carried out in co])abofatidp with Or. Petertthson at
the National éefearch Council Laboratories. It has already been
“ demonstrated that NE is involved 16 the control of energy met&bo]1sm in’
the brain (egq. thch ot al, 1978; Magistrettd, Morrison.‘Shoemaker,

Sapin & Bloom, 1881; Morrison & Magistretti , 1985; Harik, Busto E

-

N
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' Martinez, 1982), and it may be that central NE systems are also 1nyoived
in cont?o111ng peﬁ1phera1 metabolic responses to various challenges.

EXPERIMENT 9
.

In the p:ev1ous experiment, it was found that lesioning the
<ascending NE fiber bundles altered the BG response to var16us stressors.
Thg responses to footshock and ZgaG stress were potentiated, while the
response to implantation of a DEX pellet was somewhat attenuated. In the
next experimgnt, it was determined if similar lesions to the ascending
NE fiber bundles affect BG*responses'to adrenergic agon1sts; which are
presumed to be nonlsgressfui. The hyperglycemic responses to the direct
. adrenergic agonists £, CLON and ISO, and the indirect agonist,

amphetamine (AMPHET), were determined in NE depleted rats.

“Methe )
§ggjgg;§. Twenty male Wistar rats, weighing 200-250 grams upon

‘receipt from the supplier (Charles River Farms, St. Constant, Quepec).

served as .subjects. Rats were housed in pairs in plastic cages. Rats a

were maintained on a reversed 12-hr light/dark cjc1e (1ights on at 2030)
.and aJlowed ad 1ibitum access to.water and Purina;lab Chow throughout
‘ the“experiment (except for two hours preceeding BG e;per1ments). Groups
yere‘des1gnated according to treatment as dorsal plus ventral NE bundle
lesions (DVNB) and sham lesions (SHAM). A1l rats received a single

1ﬁJect1on‘of each of the drugs. At least 3 days were allowed bDetween

{.

-~
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test days. o

Syrgical Eggggggggg; Rats received OVNB lestons as outlined in the
previous experiment. '

Orug Administration. A11 drugs were injected intraperitoneally and
the doses were as follows; clonidine - 0.05; isoproterenocl - 0.05;
eptn;bFF?ne - 0.05; and amphetam1né - 0.5 mg/kg.

Determinations of BG and brajn NE were carried out as previously

described.
Results and Discyssion 5

Inspection of Figures 9a, 9b, 9c and 9d clearly 1nd1cate‘that
depletion dT'ﬁFafﬁ NE had no effect on the increase in BG caused by CLON
{F(1,17)=0.00,N.S.], ISO (F(1,17)=2.42,N.S.], E [F(1.17)-0.02,N:S.]“or
AMPHET (F(1,16)=0.60,N.S.].

Of special 1mpbrtance is the finding that amphetamine did not cadse
much of a change in BG levels. This drug {s thought to enhance the ‘:\\
release of NE f}oﬁ terminals in the bratin, an effect that would be |
hypothesized by-émyf e et al (19845 to cause increases in B8G 1evel§.
Since amphetamine is thougﬁt to affect bratn NE systems by facilitating
" release of this gransm1tter, ény effects of amphetamine on BG that were
mediated by central NE systems should be altered in NE depleted rats.
waever, there was no q1fferenog in the BG response to AMPHET in intact
compared to NE depleted rats. In conclusion, there is no evidence to
indicate that brain NE systems are {nvolved in the BG reéponses to E,
IS0, CLON or AMPHET.
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The results from experiments 8 and 9 indicate that brain NE syﬁtems
are not responsible for initiating the BG response to several
challenges. However,Athese systems appear to be involved in modulating -
the BG response to several challenges when these challenges include a
stressful component (fo;tshock. 2-0G and possibly chronic DEX
administration) but these systems are not involved in any way in

modulating the hyperglycemic responses to various adrenergic agonists.

EXPERIMENTS 10 and 11

Blood Glucose and Conditioned Behavior _

The entire paper to this poig has been concerned with determining
the physiological mechanisms that control BG levels in behaving rats. It \
is clear that adrenal £ 15 the major mediator of the hyperglycemic
response {n each case that the response occurs within several hou€§-6?
tréatment. [t 1s also clear that the easiest way to block the BG
response during aversively-motivated canditioning is to remove the

adrenal medullae. Furthermore, the BG .response to the conditioning

procedure can be potéﬁt1ated b¥ administering exogenous glucose. -
Therefore, the next two experiments investigate the effects of‘after1ng
BG levels on acqu1§1tfon and retention of an aversively-motivated "Y-

maze" task.
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EXPERIMENT 10
| ¢

Itohas been reported that posttraining administration of glucose
can enhance the retention of a passive avoidance response (Hall & Gold,
1985; Gold, 1986). The present experiment determines if posttraining
injections of glucose can alter rétent1on performance in an'aversive1y-
mot {vated d1scr1m1nat1ohktesk; ‘

.

Method

Subjects. Subjects were 48 male Wistar rats we;gh1ng 200-225 grams
on delivery (Charles River Farms, St. Constant, Quebec). Rats were ’
maintained as Qescr1bed for previous experiments. After at least one
week of acclimatization to fhe animal quarters, rats were randomly
assigned to one of four groups. Groups were designated according to
amount of glucose that they were injected with. Rats received either
2000 mg/kg ip of D-glucose (2000), 1000 mg/kg (1000), 500 mg/kg (500) or
0 mg/kg (VEH). '

Avoidance Training Appgragug and Procedures. A "Y-maze", adapted
from F1exner; Flexner & Roberts (1967) was used for behavioral testing.
The maze hdd two black arms and one white arm, each arm measuring 51 cm
long, 14 cm wide and 23 cm high. The floor was made of 0.3 mm diamete:
stainless steel reds, inserted in the walls 3 cm from the grou?d. The -
rods’Qere cbnnecfed'by neon bulbs to permit scrambiing of the shock
(A.C. electrical current, 0.5 mA for 0.5 seconds). A micrcprocessor,

fabricated by Carleton University Science Workshop, controlled the

- I ,
!
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presentation of the shock.

Training was 1n1t1ateq by placing the rat in one of the black arms. )
After 15 seconds, the microprocessor delivered a 0.5 mA shock every 2
seconds. The rat haa to leave the st&rt'box (black arm) and enter the
white arm of the maze {in order to escape/avoid shock. The grids in the
white arm were never electrified, mak1ng{$h1s arm the "safe area" for .
the rat. The rat had to stay in the white arm or "safe area" for 30
seconds before éhe trial was considered complieted. If the rat left the
"safe area" it received a footshock every 2 seconds until it returned to
the "safe area". The trial continued until the rat stayed in the "safe
area" for 30 seconds. <

The sequence of training trials was two active avoidance trials
(startbox was black arm #1 and then black arm #2) followed by one
passive avoidance trial (startbox was the white arm or "safe area"). For ‘
thé passive avoidance trials, the rat was placed in the white arm and it
received shocks every 2 seconds only if it left the safe white arm. The
trial continued until the rat had stayed in the white arm for 60 second;
consecutively. Training continued until the rat had performed 2 active
and 2 passive avoidance trials without receiving a shock (i.e. 4
consecutive errorless trials).

A retention test was carried out 48 hours later. The procedure was
identical to that of training, except no shock was delivered. The rat
received three trials, one that started from each of the three arms of
the "Y-maze*. The sequence was always active (black #1) - passive

(white) - active (black #2). There was a 30 second intertrial interval,
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L3

Drug AdministrXtion. Immed1ate1§ following the completion of
training an1mal§\WEre wdghed, injected with one of the drug Freatments

des:r1béd above, and returned to.their home cage., ' SN v
. ~ :

' '
A
' . s . #

Results and Digcussion

There were no Q?%feﬁénces among groups in acquisiton of the
avoidance response. wWhen either thg active avoidance or the pégsive
*avoidance latencies were. analyzed separately théfe were np gifferences
in retention performance among groups. However, {f the crite;fon for
correct performance on thg retept1on tﬁ1a1s was that‘the(]atency in the
»pass1veiavo1d;nce trial was-30 seconds or more 1ongef than thé mean of
the active avoidance®trials, it is clear that the 500 and 1000 mg/kg
doses of glucose enhanced performance while the 2000 mg/kg dose had no
effect or may even have impaired performange (See Figure 10).

The rat1oga1e for u§1ng a retentfon performance criterion that
59f1ects'a'reﬁag1onsh1p betweeﬁ'performance on the active andipassive‘
avoidance componerts of the Laék actually reflects the purpose-for
designing th1s "Y -maze" task, That is, during tra1n1pg LQS‘::f is
tra1ned to aé\socmte the white arm w1th "safety" On eiternating trials,

_a correct response required running from a black arm to the white arm .

-

(active avo1dance) or not running from the white arm (passive _
¢ . \\’L\

avoidance). Therefore, if the rat performed perfectly on the retention ) \\
test, 1t would leave the black arm very &u1ck1y (short tlatency) ahd C e

" would stay in the.white arm for the entire trfial (60 seconds). The score

,tha1nea hy sdbtract1ng the passive avoidance latency from the active

wr
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avoidance latency should be large if the r&t performs bdth tasks

optimally. This score should get progressjygly smaller as the r&t

performé more 5oor1§ion the active av61dahée trial (longer latency) |
\:and/Or on the passive avoidance tria™ (shorter latency). The‘cr1ter16n

of 30 seconds was an arbitrary figure, but it was felt‘that the rat had Uﬂ

considerable recall of the trafning if it tdok relatively lgnger to

—

leave the white arm than it did to leave the black arm.

One aspect of this task is that good performancg on tﬁe retention
'Vtrial cannot be due to either h}pér— or hypo-activity as 1t can in
active and passive~3vo1dé;ce t&sks, respectively. Therefore, the data.
' . from this last experiment support fhe view pEoposed by oshers that ;
| posttraining administration of g1uco§é can a]fer memoﬁy processes,
Furthermore, this view was extended to 1n51ude éffects.of post;ra1n1ngr

~glucose on a discrimination task. l . '

EXPERIMENT 11
The converse _of the last experiment would be to préven the
1nérease in BG caused by the avoidance training and test retent1on >
performance. In the next experiment, the'BG regpdnsg'to the avoidance o \
training was prevented by removing the adrenal medulla {See Blalik &

Roberts, 1985). Both DEMED and SHAM rats were trained in the "Y-maze"

task and given post-training injections of either glucose or vehicle.
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Method _
Subjects. Subjects were 24 male Wistar rats weigh1ng 200- 250 grams |
on delivery (Charles River Farms St. Constant, Quebec) Animals were
maintained as described previoysly. Groups were designated accord1ng to
surgery and posttraining drug ‘administraiton as DEMED+GLUC, DEMED+VEH,
SHAM+GLUC and‘SHAM+VEH.

Avoidance r§1n1ng‘g_g Rgtent1o - Training and retention trials
were carr1ed out as descr1bed in Exper1ment 10. The onTy difference was
that the acqu1s1t1on cr1ter1on was increased from 4 to 6 consecut1ve
errorless tria}; It was hoped that this change would increase the
retention performance of control rats 50 that .a def1c1t in performance
could be observed in the operated rats if it were to occur. -

Q,_g dm1nj§§rat10n. Immed1ately following training an1ma1s‘yere

' adm1n1stered one of the drug treatments descr1bed above.

-

Results a __g D1scuss1on
Analysis of Variance performed on the data 1nd1cated that DeMED -

. @

rats made significantly more incorrect tr1a]s.1n reaching the

. acquisition ctﬂter16n than sham-Operated rats [F(1,42)-5.21; pf0.0S].
S1nge‘there was'e’é1gnif1cant q1fferehce in acquisition performance
bethen DEMED and SHAM rats, it was impossible to compare the retention
berformanbe befween these two groups. However, it is clear from the data .
that posttraining 1nject1eq of GLUC~(560 mg/kg ip) facilitated ﬁetent{oq,'
performance in DEMEb rats compared to DEMED rats given posttra1qing )

vehic%é injections (See Figure 11). A sjmdlar.effect was not observed in

# -

'
f
’ -
— ——
Fl
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SHAﬁ'ratst it is clear that SHAMArats show an increase in BG levels .,
following feotshock s1m11ar‘to that exper1encee in the present task and
that DEMED rats do not show this 1ncrease in BG 1evels (See Figure A)

the exogenous GLUC would. combine with the ‘exogenous glucose to give the .'
observed BG ‘Tevels (1f measured). This summated level of BG can vary

dépending on nuMerous factors including handling, ﬁbus1ng, feeding etc.

If the BG levels were too high, pcorer performance might be observed
(Ha11 & Gold, 1985 Gold, 1986; See also Figure 10) However, 1n DEMED
rats the level of BG would 1ncrease very little 1n reSponse to these
variablgs (and may even decrease; See F1gur§ 6). Therefore, the effect
of exngenous administration of QLUC to DEMED rats yeu1d more likely
bring the BG levels within thev"opt%ﬁel range" for th1s conditioned
task, whereas BG levels fer-SHAM rats may be increased too much and
levels may beioutside~th1s "optimal range".
The present data do not allow a coﬁpar1son of reteht1on performance
" of DEMED rats to that of SHAM rats because DEMED rats demonstrqted an -
acquistion def161tf However, the d1scovery’pf the acquisiton deficit 1n

the DEMED rats 1s ao important finding, since previous wark ‘assumes that

DEMED ratS'have’altered'retent1oﬁ performance -(See Borrell et al,
1984a,b). These investigators used a one trial pass1ve avoidance task 16‘4
which acquisition behav1or cannot be measured. Furthermore, 1t shou]d be
determined whether pretraining injections of glucose can a11ev1ate this
‘deficit. Finally, w1th respect to the or1g1na1 hypothesis described in

the 1ntrodgct10n (See page 3), when DEMED 1s comb1ned with brain NE

. )dep]et1on (which impairs the local re1ease of glucdse from glycogen -in
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brain t1§5ue) an even greater deficit in avoidance performance would be

exbected.

Future fxngr1m§g§§
' The hypothesis has been suggested fhat a deficit in the energy
supply to the brain might be an 1méortant fgctor 1n‘the behavioral
- impairments observed in DEMED rats. A direct method of addne§s1ng this
hypothesis would be to compare a number of physiologically different
fue1s (eg. beta-hydroxybutyrate, ménose, fructose), to the _

facilitative effects of glucose on learning and memory in DEMED and

nmma]rh§&ﬁ/:# _ .
- An additional 1ine of research which is worth pursuing (énd will

'be bursﬁed), is to attempt to detefmdne exactly what role‘might BG
ievels play in the normal and abnormal functioning of memory? In
Appendix A, &{suggest that BG levels are .an important part of the
physiological state of an organism at the time that certain
experience€ occur (eg. aversive conditioning), and this physiological
state acts as ;que thatéis' associated with the avoidance response in

the organism's memory.

-

<

~ - SUMMARY .

Original Goals
The original goals of &his papér were: 1) to determine the

_physiological mechanisms that mediated BG'ﬁncreasés in response to

b
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various stressors, 2) to determ1ne'1f alterations in BG levels altered
conditioned behavior. . |

With respect to the first goal, it was clearly demonstrated that
-release of adrenal £ was responsible for thekBG’1ncreuse following
several Stressgrs, including behav10r511y-re1evant footshock.
Furthermore, this effect of E was found to be mediated mainly by an
interaction with alpha-2 adrenergic receptors. Despite numerous clatms
to the contrary, and an extended effort.on our part,'wé failed to '
identify a rapid increase in BG levels that was independent of the
adrenal medulla, especially when behavﬁora]]y-relevant footshock was
: 'used as the stréssbr. |

With resp;ct to the second goal of this paper, it was demonstrated'
that posttra161ng administration of glucose could enhance the retention -
of an aversively-motivated discrimination response. It was also |
'demonstrated that. DEMED rats, who do not show the normal increase in
blood glucose levels caused by the conditioning panad1gm; are impaired
in acquiring this discrimination response.’ Furthermore, exoggnobs
administration of glucose enhanced netent1on'per€ormance-1n DEMED‘ra§s.
An hypothesis was.developed in which to investigate the psychological

nature of the role that changes in BG levels might play in memory

processing of avers1ve1y—mot1vated'cond1t1oned responses.

Other Findings -
Iﬁ the process of carry1n§ out the numerous studﬂes Hn this paper,

several additional f1nd159s weré made. First, adrenergic agonists

N

‘
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':st1ﬁu1ated the release of CORT and this,effeét may be pqrt1a1fy‘due to -
the increase in BG levels caused by these'agents. Second, DEMED can’
prevent the increase in BG levels caused by electricalfsf1mu1at1on of
thé hypothé]amus. Third, brain NE systems ca;rmodu1atg stress-induced éG_
responses and'boss1b1y alter pérjphera11metabo11c actions of L
glucocorticoids. |

- ”

CONCLUSION

Al

The purpose of the proposed.experiments was to relate adrenal.
horﬁoné effects on the supply of g1ucosé to the brain (glucose 1s the
ma jor substrate for cerebral energy metabolism) to the effects of these
hormones on the storage of information. Ultimately, the goal 15 to.
determine if. alteﬁgtions in the control of the BG reSponse to stress are
involved in (1) a]terations in cognitive funct1on fo110w1ng application
~ of acute or chronic stressors,‘or administration of stress-related
_ hormores; (2) alterations in cogn1f1ve function during normal ageing,
which may be precipitated or exacerbated by stress and/or stress '
horﬁones geg. quoiék;, Krey & McEwen, 1984; Sapolsky, Krey, McEwen &
Rainbow, 1984); (3) i1tergtioh§ in emotjgpal behavior and/or cbgn1§1ye .
function in an1m&1 models of depression or anxiety states (which might
be precipitated or exacerbated by stress)
" The group of experiments that has been proposed here is a starting
poipt in an attemp&yxo relate a very global responss “"a change in .
glucose levels in the blood" to a.very basic and 1mportaht function of

the brain "a change in the ability to store and/or process information."
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Table }. Mean (+ S.E.M.) regional brain norepinephrine (NE) levels

(ug/g wet weight) for rats receiving 6-OHDA or VEH infustons into both
the dorsal and ventral ascending NE bundles (DVNB and SHAM,

respectively). Numbers in brackets indicate the amount of NE remaining

in that brain part compared to the respective controls. DVNB and

adrenalectomized (ADX) groups were compared to the SHAM group, while the

OVNB+ADX group was compared to the ADX group.

- o WP S D WD R R P WP WS A A D R Y P Y A A P A e G D D - I S SR D S AR P R P WP D G D D G e T AR D e Y e P W W . -

Group Cortex Hippocampus Hypothalamus Brainstem
SHAM 0.0883+0.005  0.1585+0.009 0.9745+0.061 0.2609+0.011
* i

DVNB 0.0081+0.001  0.0112+0.003 0.2740+0.033 0.2937+0.003

» (9%) (7%) (28%) (113%)

ADX 0.0807+40.002  0.1534+0.012 1.0212+0.032 0.2775+0.009
(91%) (97%) (105%) (106%)

A
DVNB 0.0167+0.005  0.0096+0.003 0.3970+0.061 0.2905+0.011
+ADX (21%) (6%) (39%) (105%)
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Figure la. Mean change in blood giucose levels at various times

following injection of 2-0G (500 mg/kg ip) in adrenalectomized (ADX), f*
demedullated (DEMED) and sham-operated (SHAM) rats. % indicates a
s1gn1f1cant difference from SHAM-operated controls (p<0.01). fA1ﬁd1cates

a significant difference from baseline far the ADOX and DEMED groups

(p<0.01). Comparisons were made using the Newman-Keul's procedure.
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Figure 1b. Me.an change in blood glucose levels at various times
following injection of 2-0G (125 mg/kg ip) in demedullated (DEMED), ‘
adrenal denervated ‘(DEN) énd sham-operated (SHAM) rats. * indicates a
significant difference from SHAM-operated controls (p<0.01 as determined
by the Newman-Keul's test). ‘
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-Figure 2a. Mean plasma corticosterone levels 20 minutes following
injection (d.lO mg/kg 1p) of clonidine (CLQN), isoproterenol (ISO) or

epinephrine (E).
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Figure 2b. Mean -plasma corticosterone Tevels 20 minutes following

injection (ip) of several -adrenergic agonists or 30 minutes following
the administration of footshock stress. The doses of the drugs were 0.50
ﬁg/kg for pt;enyTephr'ine (PHENYL) and 0.10 mg/kg for clonidine (CLON),
1§opmteﬁm1 \(ISO) and ep1nephr“lne (E). The footshock data were taken
from Experiment 1b. Rats had rece1ved 15 footshocks fo]ToMnfthe

procedure descr‘lbed fn the text (See page 40).
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Figure 2C. Mean change fn blood glucose levels for the three Surgical
Treatments and the four Doses of Clonidine. Data aremcol1apsed,gcrdss
Sampling Time. % indicates a s1gn1f1tant difference from‘the ADX gr

at tﬁe‘%ame dose level (p<0.bl). t+ indicates 2 signtf1cant d1ffesaﬁgzp
from the DEMED group at the same dose level (p<0.01). Fomp&r1sbnms were

made using the Newman-Keul's test. «
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Figure 2d. Mean change in blood g1u'cose leveis at various times
foﬂow‘ing the ip injection of clonidine in adrenalectomized (ADX),
demedullated (DEMED) and sham-operated rats (SHAM).-Data are shown for
0.01 (panel a), 0.05 (panel b), O.IQ (panel c) and 0.50 (panel d) mg/kg

doses of clonidine, »
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Figure 2e. Mean change in blood glucose i2ve1s at various times
following three doses of phenylephrine. Data are shown for sham-operated
rats (SHAM) in the top panel and for adrenalectomized rats (ADX) 1in the
bottom panel.: *i1nd1cates a significant difference from baseline

(p<0.01). Comparisons were made using the Newman-Keul's procedure. ,
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Figure 2(J Mean change in blood glucose levels at various times
following the injection of 1so‘pmterenol in adrenalectomized (ADX),
demedullated (DEMED) and sham-operated rats (SHAM). Data are collapsed
across Dose of [soproterenol. *‘1pd1cates a significant difference from

the SHAM group (p<0.05 as determined by the Newman-Keul's test).
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Figure 2f. Mean change in blood glucose levels at various times
following the ip-injection of isoproterenol in adrenalectomized (ADX),
‘J ‘} demedLiHated (DEMED) and sham-operéted. rats (SHAM). Data are shown for
/ . . 0.01 (panel a), 0.05 (panel b), 0.I0 (panel.c) and 0.50 (panel d) mg/kg
L doses of fsoproterenol. [ : ‘ ‘.
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Figure zh. " Mean change in blood glucose levels at various times
fb110d1ng the adm1n1§trat1on of clonidine p1us 1soprotérenol
(administered as a cocktail, 9.01 mg/kg ip of each drug) for
adrenalectomized (ADX), ‘demedullated (DEMED) and sham-operated rats

'(SHAM) . In each. group;, a s1gnj}ficant increase in blood glucose levels

that lasted throughout the testing period was observed. -
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F\1gure 2t. Mean 'c;ﬁnge in b'lpod glucose levels at _various times
following the ip injection of epinephrine in adrenalectomized (ADX),
demeduiated (DEMED) and sham-operated.rats (SHAM). Data are shown for
0.01 (panel a), 0.05 (pane! b), 0.10 (papel c) and 0.50 (panel d) mg/kg
doses of epinephrine. ¥ indicates a significant difference from the
SHAM group (p<0.01). = indicates a s1gn4‘\1cant difference from the
DEMED group (p<0.01). Comparisons were made using the Newman-Keul's

test).
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Figure 3a'. Mean change in blood glucose levels following the injection
of ep1hephr1r;§ for groups administered adrénergfc blocking agents. The

receptor antagonists were propranoiol (PROP), phentolamine (PHENT)I, both
drugs (BOTH), or vehicle (VEH). Data are collapsed across Sampling Time.
* indicates a significant difference fromAVE‘H-inJect'ed cnntrols'..(p<0.01

as determined by the Newman-Keul's test).
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Figure 35. Mean change 1ﬁ blood glucose levels at various -times
following the 1njeft1on of epinephrine (E) for groups administered
adrenergic blocking agents (1.0 mg/kg ip). The receptor antﬁgon1sts were
propraho[ol (PROP), phentolamine (PHENT), both drugs (BOTH), and vehicle
(VEH). % indicates a significant difference from VEH-injected controls
for the grbups'gfnutered PHENT (1.e. PHENT and BOTH groups) [p<0.01

as determined by the Newman-Keul's test].
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Figure 3c. Blood glucose levels following the presentation of br1éf
footshock stress 1n groups administered adrenergic b10£§1ng agents. The
receptor antagonists were propranolol (PROP), phentolamine (PHENT), both
drugs (BQTH), and vehicle (VEH). Data are éo11apsed across Sampling
Time. * indicates a s1§>f1cant difference from VEH-injected controls

(p<0.01 as determined by a prior{ t-tests).

-

- -




(d) Bx/8w 0°1) juswypea) Bnug

AIN3IHd d0odd H3A
1 4

|

7,

(p/Bw) esooniy poorg y| oBupy) uben

o¢ unbi4




Btalik, R.J. - . 130

. ‘a , .
‘Figure 3d. Mean change 4n b?ood.g\ucose Tevels at vartious times \
following brief footshoék stress for groups administered adrenergic
blocking agents (luO\mg/kg ip). The receptor antagonists were
propranoiol (PROP).,phento1am1ne {PHENT), both drugs (BOTH), and vehicle

(VEH).
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Figure 3e- Mean change in b1ood glucose leveTs at varfious times

f’oﬂo.ﬁng the injection of epinephrine (E) for groups adminstered

sBhentolamine (PHENT), propranolol (PROP). yohimbine (YCH),

- p.h'enoiybeniam‘lne (PHENCXYY, and vehicle (VEH). The receptor tlockers

- were adm1n1$tered at a dose of 5 mg/kg ip. 1nd1cates a significant

d1fference fron VEH-1nJjected controls (p<0 05). Comparisons were made

using the Newman-Keul's procedure
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Figure A. Mean change in blood glucose levels at various times -

following the presentation of .brief footshock stress for"

Sy

adrenalectomized (ADX), demedullated (QEMEDf'and sham-operated rats
(SHAM) [rats were 2-hr food deprived]. Datd are taken from Bialik &
. Roberts (1985). %* indicates a significant difference from ADX and DEMED

groups (p<0.01 as determined by the Newman-KeuT's test).
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Figure 3f. Mean change in blood glucose .levels at various times
foj1oﬁ1ng the presentation of footshock stress for demedullated (DEMED),
adrenal denervated~(DEN), and sham-operated rats (SHAM)' {rats were 24-hr
food deprived]. ¥* and %¥ indicate significant differences from baseline
(p<0.05 and p<0.01,‘re§pect1ve1y).zComparisons were made using the

Newman-Keul's test.
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F1gur;e 3g. Mean change in blood glucose levels at various times

. ,foﬂ&ﬂng the admin‘l'straﬁon of 2-0G (125 mg/kg 1p) in demedullated
(OEMED) and sham-operated rats (SHAM) [rats were 24-hr food deprived].

. % indicates a significant difference from the DEMED group (p<0.01).
¥ indicates a significant d1fferer)ce from.bc;seHne (p<0.01). Compaﬁsoné
were made using the Newman-Keul's test). | '
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Figure 4a. Mean change in blood glucose levels at various times
fol1w1n§ the 1p injection of epinephrine (E) [panel a], glucose (GLUC)
(panel b}, and vgh1c1e (VEH) [panel c] 1in metopimner(MﬁT; 50 mg/kg 1p
2-hr previously) or vehicle (VEH) pretreated rats. #* indicates a
significant difference from VEH-pretreated controls (p<0.01 as
determined by the Newman-Keul's test).
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Figure 4b. Mean change ?ﬁ plasma corticostercne levels at various times
following adm1h1_strat10n of epinephrine (E), g‘lucose.(GLUC), and vehicle
(VEH) for rats pretreated with metopirone (MET) or the metopirone |
vehicle (VEH). % indicates a significant difference from baseline
(p<0.05 as determined by the Newman-Keul's procedure).
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Figure Sa. Mean change in blood glucose levels at various times
following the adminstration of epinephrine by subcutaneous (sc) or
intraperitoneal (1p) injections. ¥ indicates a significant differenc

-

from the tp group (p<0.01 as determined by the Newman-Keul's test).
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Figure 5b. Mean cﬁange in blood g1dcose levels Fo116;1ng the
administration of 0.05 and 0.50 mg/kg sc epinephrine (E) with and

—_—

without pretreaﬁﬁ3ﬁ§~wﬁth corticosterone (CORT) [0.300 mg/kg sc,

injected 1 hour prevTonsJQ]. -
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Figure 5c. Mean change in blood glucose levels following the
administration of epinephrine (0.05 mg/kg 1p) with and witHout
pretreatment with corticosterone (CORT) [0.300 mg/kg sc, injected 1 hour
previously]. ’ :
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Figure 6. Mean E:_hange in blood glucose 1evé'ls at various times
following ’e1ectr1ca’1~: stimilation of the lateral hypothalamus in intact .
rats, in ‘tﬁe_ same rats 3 days following DEMED, and in the same rats 9
days following surgery. A s1gh1f1cant difference from paseHne is
ind1cated by % (p<0.01 as determined by the Newman-Keul's test).
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Figure 7a. Mean change in blood glucose levels at var1oﬁs times

141

3

following implantation of different concentrations of dexamethasone

(DEX) pellets (0, 5, 15 or 25%). * indicates a significant difference

from the 0% DEX pellet control group (p<0.01). ¢ indicates a

significant difference from the 15% dEX group (p<0.01). Compar1§ons were

4

made using the Newman-Keul's test.
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Figure 7b. Mean change 1‘n body weight at various times following
implantation of ‘d:l.fférent concentrat1ons of dexmthasone (DEX) pellet
(0, 5, 15 or 25%), % indicates a s1gn1f1can’c d1fference for the 0% DEX
pel let contro? group fron the other groups (p<0 01). ¢ 1nd1q.ates a
significant d1fferem:e for the 5% DEX group from the 15% and 25% DEX
groups (p<0.01). X indicates a significant differemé for the 15% DEX
group from the '25% DEX group (p<0.05)~Comparisons were made using the .
Newman-Keul's test. ~
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Figure 7c. Mean change in blood glucose levels at various times
following implantation of a 0% (1.e. cholesterol only) 6‘r a 25%
dexamethasone (DEX) pellet in adrenalectomized (ADX), demedullated
(DEMED), and sham-operated (SHAM) rats. On days 2 apd §. there was o .
significant difference between each 25% dEX-?m]anted group and their
-respecth)e 0% OEX pellet control group (p<0.01 as determined by the

Newman-Keul's test). /
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’F1gure 7‘d Mean change 1n body weight at var1ous times fol‘low1ng
implantation of a 0% (1 e. cholesterol only, CHOL) or a 25% ,
dexamethasone (DEX)FpeHet in adrena]ec}oﬂzed_(ADX). deufdunate& _
(DEMED), and sham-operated rats (SHAM). On days 2 and 3, each of the
25% DEX groups had lost significantly more weight than tléir respecuve -
CHOL control groups (p<0. 01) In Ad1t1on. * indicates a sigM ‘
difference for the ADX+CHOL group compared to the DEMED+CHOL and

| SHAM+CHOL groups (p<0.01) and % indicates a s1gn1f1cant d1fference for
the ADX+0EX group compared to the DM'D\*DEX and SHAM+DEX groups
{p<0.01). Camarfson; were made with the Newman-Keul's test.
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Figure Baf"Meaﬁ change in blqbd glutose levels at various times
following the implantation of é 25% DEX pellet for n;repinephrjne
dep1§tqp (OVNB) and control rats (SHAM). Data are collapsed .across -
Surgical Treafment; *‘1nd1§ates a significant ﬁifferenée from the SHAM-

operated control group (p<0.05j. The comparison was made using an

a priori t«test {t(13)=2.50, p<0.05].
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Figure 8b. .Mean change in body weight af‘var1ous times fo11owing ;he
| ;mp1§ntat1gn o% a‘25z dex&hethasoné3(né{) Qe11et for norepinephr1ﬁé

depleted (DVNB), norepinephrine depleted and adrenatectomizdy 1\

(DVNB+ADX) , non;1esioned_gdrgna1ectom1zgd rats (ADX), and fon-es{oned

sham-operated rats (SHAM). Both the ADX group and the DVNB ‘group had -
lost sj§n1f1cint1y less weight than the SHAM group on day 2,(p€0.05);

day 3 (p<0.01), and day 4 (p<0.01). Comparisons were made using the .

Newman-Keul's te¥t.
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JFigure 8c. Mean change in blood glucose levels at various times
..fo11owing administration of brief footshock-stress to rats which were
dep]eted'of brain NE~(DVNB) or received sham-operations (SHAM). Overall,
the DVNB group héd significantly higher b1oqd glucose ]eve;; than the

SHAM group (See text for details).’
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F1gure 8d. Mean change in blood glucose leve1s at various t1mes
fo]'lou‘lng administration/ ‘of footshock stress in demeduﬂated {DEMED) and
‘shau-operated rats (SHAM). * indicates a s1gn1f1cant difference from
baseline (p<0 01 as determned by the Newman-Keul's procedure)
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Figure 8e. Blood glucose levels at various times fo]1ow1n§
.administration of 206 (250 mg/kg ip) to rats which were depleted of
brain NE (DVNB) or received sham operations. Overall, the OVNB group had

significantly higher blogt g]ﬁcose Tevels than the SHAM group (See text
for details). . : (
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Figure 8f, Mean change in blood glucose levels at various times
»

.following the administration of 2-DG (250 mg/kg 1p) in demedullated

(QEMED) and sham-operated rats (SHAM). Data are collapsed across the

Brain Lesion Factor. See text for details.
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Figure 8g. Mean change in blood glucose levels at various times
~following the administration of 2-DG (250 mg/kg 1p) in demedullated rats
(DEMED) that had also beery depleted of brain norepinephrine (OVNB+DEMED)
or hgd received sham operations (DEMED). * {ndicates a significant

difference from the DEMED group (p<0.05 as determined by an a priori
t-test).
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Figure 9. Mean change in blood glgéose levels at various times
* following the administration of ;dﬁenergﬂc agonists in NE depleted
' j“(ﬂVNB) and SHAﬁ-operated rats (SHAM)., The adrenergic agon1§%s that were
. used wefe clonidine (0.05 mg/kg 1p) [panel a], isoproterenol (0.05 mg/;g
.‘;p) [panel bj, ep1nephrjne (0.05 mg/kg 1p) [pun§1 c], and amphetamine
*10.5 mg/kg ip) [pane1 d]. It 1s clear that the DVNB gr;up responded to “

-each of the adrenergic agonists in a similar manner as the SHAM group.
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Figure 10. The number'of rats reaching the retention cr1ter106 (See

text for detaits of the criterion) following posttraining administration
of various doses of glucose. Retention trials were carried out 48 hours '
following 1nitial training in the "Y-maze" avoidance task. ¥ indicates a
significant difference from the VEH-1nJjected group (p<0.05).‘Comparisons

were made using the normal dpproximation to a binomial distribution

\\, (Mendenhall & Ramey, 1973).
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F1gure 11. The percentage of demedullated (DEMED) and sham-operated
'(SHAM) rats reaching the retention cr1ter1on (See text for deta11s of
the cr1ter1on) following posttra1n1ng adm1n1s;rat1on of glucose (500
mg/kg 1ip). Retention trigls were carried out 48 heurs\fo11ow1ng initial
_training in the "Y-maze* avoidance task. * indicates a significant
difference from the VFH-1nJected DEMED grouh (p<0.05). Comparisons were
meqe u§1ng‘the normal approximation to a binomial distribution
(Mendenhall & Ramey,. 1973).
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APPENDIX A

T, N~
‘State-Dependent. Tearning (SOL) T P

The suggestion that endogenous or exogenous §ubst$nces that §1ter
the physiological state of an organism at the tﬁme of training can o
function as cues to facilitate later retention, if these substancés are
administered again prior fo the retention teég, is not new (eg: Kety,
1974; Overton, 1978). Furthermore, {if these cues are absent (or changed)
during a retention test then retrieval may be {nh1b1ted to some extent:
This view 1s often called a "State-Dependent Learning” model of memory
processing. ' / , L ’

With respect to the present hypothesis, future experiments will
address the question of what role, if any, a1tergt1on§ in blood g1ucosel‘
levels during and following aversive cond1t1on1pg—p1ay in ndrmal and

abnormal processing of memory for the conditigped response?

"Active” and “Inactive" Memory
An important advdncement in the SDL' view of memory processing is

’

that cues associated with the original conditioning situation can
"react1v&téf the mémory for the conditioned respo?se when 1introduced at
a later time (eq. Misanin, Miller & Lewis, 1968; Lewis, 1979; Gerson &
Hendersen, 1978; Mactuéus, Ferek, George & Riccio, 1982; Richardson,
Riccio & Molenda, 1982; Richardson, Riccio & Mowrey, 1982). Proponents
- of this view believe that the state of activity of 'a memory rather than

1ts age dete;hines its susceptibility to disruption by an amnestic

- ’
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agent.

‘The "active" vs “iractive" theory &f memory p;ocess1hg is explained
as folldws. Learning always occurs 1% the presence Qf certain cués, and
when similar cues are subsequent?y encountered the fnitial memory w111
be)react1vated Thus, memories are considered to be active during -
or1g§nal learning and during reactivatfon. When memories are active they
are susceptible to disrqption by amnestic treaiments._For e;ample, an
amnestic treatment has no effect when presented 24 hours fol1ow1ng

passive avoidance training, but this same treatment‘d1srupts retention

performance if cues present during training are presented w1tﬁ'the

amnestic treatment (See the following references for speciffc examples;
Misanin et al, 1968; Lewls, 1979; Gerson & Hendersén, 1978; Mdctutus et
al, 1982; Richardson et al, 1982). ‘ _

An 1mportant»f1nd1ng with respect to the present hypothes1; is that

_evidence has been repoﬁted that indfcates that the .releasg of £ in

response to an avers?ve stimulus (egq. footshock) is a major cue that is
associated with the cond1t1oned response in an aversivel —hot1vated task
(eg. Concannon, Riccio & McKelvey, 1980; Izquierdo & Dias, 1983).
Furthermore as would be expected by the present hypothes1s, E can act
as a react1vat1ng cue to make the memory for a passive avoidance
response susceptable to d1srupt1on—by an amnestic treatment (Go1d et al,
1982). That 1s, when electroconvulsive shock is ba1red with an {njection
of E 24 hours following initial training, performance 6n a subsequent
retént1on test 1s poorer than for rats given i711ne paired with the

electroconvulsive shock.
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It has also been suggested tha£ the effects of £ on memory
processimg may be mediated by this hormone's effects on BG levels (Hall -
& Gb1d. 1965; Gold, 1986). Theig investigators found that posttra161ng *
injections of'g1ucose enhanced memory, and behaviorally effective doses

of £ incredsed BG levels to approximately the same level as behaviorally
9 ) -

_ -effective dpses of glucose (Hall & Gold, 1986). An important question

that remains to be answered is whether an injection of glucose is

suff1f1ent to react1vpte the memory for a conditioned response? This

. question will be the focus of future work.






