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Abstract

Effects of Adrenalectomy and SBelective Adrenal Sterocid
Receptor Agonists on Spatial Memory Performance and
Dentate Gyrus Morphology
by

Paul R. Vaher

Adrenalectomy (ADX) causes neuronal degeneration in the
dentate gyrus (DG) of the hippocampus as early as 3 days after
surgery and extensive granule cell loss 3 to 4 months later.
Bince lesion of the DG causes deficits in spatial memory
perfermance, the effect of ADX on spatial memory was
investigated. Rats were adrenalectomized and tested on a radial
arm maze (RAM} shortly after adrenal remcval. ADX resulted in
impaired spatial memory performance which lasted for up to 71
days. The presence of accessory adrenal tissue was assessed by
measuring serum levels of corticosterone (CORT) and daily intake
of 3% saline. Saline consumption was higher in ADX rats and was
negatively correlated to serum CORT (r=-0.85, p<0.0018) .
Persistent deficits in RAM performance occurred without the
marked presence of pyknosis or the reduction of DG size
suggesting that adresnal hormchnes themselves exert an
activational aeffect on spatial memory prior to pervasive

degeneration of DG neurons. We next assessed the involvement of

iv



Type 1 and Type 2 adrenal steroid receptors in spatial memory
function by treating ADX rats with selective receptor analogs.
Type 1 and Type 2 adrenal ateroid receptors wers shown to have
opposite effects on spatial memory function; Replacement of the
type 1 receptor agonist, aldostarone, restored normal spatial
memory function in ADX rats whereas the type 2 agonist, RU28362,
further impaired spatial memory function. On this baais, we
predict that the dose-response relationship between serum CORT
and spatial memory performance is an inverted U-shaped function.
B8patial memory function should be optimal at intermediate levels
of CORT while performance is diminished when plasma CORT is high
or low. The time course of effects suggest that adrenal steroids
mediate spatial memory by genomic mechanisms. Further, rats that
were first trained to the RAM bafore adrenal removal performed
as well as controls suggesting that ADX impairs learning while
leaving memory intact. The contribution of adrenal steroids to
learning and/or memory appsars ccomplicated, however, since when
these same rats were tested on a delay task, performance was

improved in ADX rats.
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INTRODUCTION

Glucocorticoids, Btress and the HPA AXis

Glucocorticoids are secreted by the adrenal glands and
promote gluconeogenssis in response to stress (Sapolsky, 1992).
Although stress can ke produced by a number of external stimuli,
the physioclogical response to stress is essentially the same.
Hans Belye (Belye, 1946; Belye, 1976; Bpencer, Miller, Young,
and McEwen, 199%0) called the body’'s reaction to prolonged stress
the general adaptation syndrome (G.A.B.). The syndrome consists
of three phases: alarm, resistance and exhaustion. Btressors can
be physical or psychological. The stress response begins when a
stressor is perceived by the brain.

The glucocorticoid response to stress is regulated by the
hypothalamic-pituitary-adrenal (HPA) axis {Guytoeng, 1986).
Btress causes the release of corticotrophin-releasing hormone
{CRH) and other atress related sacretagogues into the
hypothalamic capillary plexus of the hypophysial portal system
and is carried to the pituitary gland. Cell bodies of CRH
secreting neurons are located in the nucleus of the posterior
medial basal hypothalamus. The nucleus receives neuronal inputs
from the limbic system and lower brain stem. CRH modulates the
secretion of several pituitary hormones including
adrenocorticotrophic hormone (ACTH) from the anterior pituitary.

ACTH enters the systemic circulation and stimulates the raslease



of glucocorticoid hormones from the adrenal glands.

Under conditions of stress, CRH is secreted within a few
seconds, systemic levels of ACTH rise in perhaps 15 seconds, and
glucocorticoids are released within a few minutes of stimulus
onset (Guyton, 1986}). In the absence of atress, secretion of
CRH, ACTH, and glucoceorticoids follow a cyclical pattern of
release. Levels of these three substances are high in the early
morning, and 1low in the early evening. Elevated levels of
glucocorticoids act to suppress further ACTH release. Thus, ACTH
is under nejative feedback contreol of glucocorticoids (Yates,
Marsh and Maran, 1974). Plasma cortiscl levels are high enocugh
after each diurnal secretory burst to suppress further ACTH
secretion and inhibition should certainly occur after
termination of an environmental stressor. Circulating levels of
plasma cortiscl theua progressively fall wuntil more CRH is

released.

The Adrenal Gland

The adrenal glands are pink nocdules that are situated on
tecp of the kidneys. Each gland consists of an cuter adrenal
cortex and inner medulla. Early researchers (Yates et al., 1974)
found that atercid hormones of the adrenal cortex had effects on
sither carbohydrats metabolism (glucocorticoida}) or fluid
#lectrolyte and water balance (mineralocorticoida). About 30
different adrenal stercids have been isclated (Guyton, 198B6).

Mineralocorticoids, the most important of which is aldcosterone
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{ALDO), are secreted by the outer most zona glomerlosa of the
adrenal cortax. Glucccorticoids and androgens are secreted by
the middle zona fasiciculata layer and the innermost zona
reticularis. Glucocorticoids increase the availability of
glucose to nmuscle and nervous tissue during stress by
degradating glycogen, protein and triglycerides into component
substrates. Most glucocorticoid activity in humans is
attributable to cortisol. Corticostarcne (CORT) is the principal
glucocorticoid in the rat. The inner medulla is part of the
sympathetic nervous system’s response to stress and secretes
catecholimines, epinephrine (adrenaline) and norepinephrine, in
order to prepare the body for fight or flight in the initial

alarm phase of the stress 1esponse.

Biosynthesis of Adrenal Stercids

Adrenal steroids are all derived from chcoclesterol (Kaplan,
1992). Low-density lipoproteins are taken into adrenocortical
cells by endocytosis. The 1lipoproteins are converted into
cholesterol by enzymatic modification (cleavage of a lipoprotein
group and esterification) and stored in cytoplasmic vacuoles.
When ACTH is released from the anterior pituitary, cholesterol
esterase within the adrenocortical «cells are activated.
Cholestercl esterase causes the expulsion of cholesterol inte
the cytoscl making the substrate available for steroid
bicosynthesia. Cholesterol is first converted into pregnenclone

by 20,22-desmolase, a cytochrome P-450 side chain cleavage
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enzyme. This is the rate limiting step in steroidogenesis.
Pregnenclone is taken up by the mitochondria and seguentially
medified by dehydrogenasas and hydroxylating enzymes to form

glucocorticeoids, mineralocorticoids, and androgens.

Adrenal Steroid Receptors and the Hippocampus

McEwan, Waias & Schwartz (1968) originally reported that
the major central nervous system target for adrenal
glucocorticoids is the hippocampus. This finding was surprising
since hormones were not known to have neurcnal target sites
outside of the hypothalamus and the pituitary. Tritiated analogs
were initially used to characterize two types of adrenal sterocid
receptors in the brain (see McEwen, de Kicet, & Rostene, 1986).
These receptors have since been cloned (Arriza, Weinberger,
Cerelli, Glaser, Handelin, Housmann & Evans, 1987; Patel,
Bherman, Goldman, & Watson, 1989%) and their primary structure
has been identified (Hollenberg, Weinberger, Ong, Cerelli, Oro,
Lebo, Thompson, Rosenfeld, & Evanset, 1985). Type 1 adrenal
stercoid receptor has also been called the mineralocorticoid
receptor (MR), the +tonic influence resceptor, or the high
affinity receptor (de Kloet, Ratka, Reul, Sutanto, Van Eekelen,
1987). This receptor has a high affinity for ALDO and a somewhat
lower affinity for CORT and is localizxed predominantly in the
hippocampus (Reul & de Kloet, 1985). Type 2 receptor, also
called the glucocorticoid (GR), feedback or 1low affinity

receptor {(de Kloet et al., 1987) was identified in studies using
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tritiated dexamethasone, a synthetic glucocorticoid (McEwen et
al., 1986). Type 2 receptors are more diffusely distributed
throughout the brain (Reul & de Kloet, 1985; Fuxe, Wikstrom,
Ckret, Agnati, Harfstrand, Yu, Granholm, Zoli, Vale, Gustafasson,
1985) and have a lower binding affinity for naturally occurring
atercids (Reul & de Klocet, 1985). The type 2 receptor has a 3-
to 5- fold lower affinity for CORT and a 10- to 20- fold lower
affinity for ALDO than the type 1 receptor (Spencer, Miller,
Moday, Btein & McEwen, 1993).

The adrenal steroid receptors form a two tiered system of
glucocorticoid action in which the high affinity type 1
receptors are extensively occupied by lower levels of CORT that
are present during the diurnal rise and fall of adrenal stercids
whereas the low affinity type 2 receptor may become
substantially cccupied only at high resting and stress levels of
CORT (McEwen et al., 1986). The type 1 receptor is believed to
be involved in the tonic or permissive actions of adrenal
steroids and is about 90% occupied at low basal levels of
circulating CORT (Reul et al., 1987). The type 2 raceptor
becomes about 70% occcupied at stress and peak circadian levels
of CORT and is thus believed to be important in mediating the
feedback actions of CORT such as terminating the glucocorticceid

response to stress (Reul et al., 1985%; de Kloet et al., 1987).

Neurcanatomy of the Hippocampal Formation

The hippocampal formation is the broader neuroanatomical
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area that, in addition to the hippccampus proper, includes the
dentate gyrus and the subiculum (Brocdal, 1981). The hippocampus
proper, also called Ammon’s horn, is part of the limbic system.
Ammon‘’s horn protrudes into the temporal floor of the lataral
ventricle as it folds around the hippocampal sulcus. An early
deascription of the cortical layers and cell types found in
Ammon‘’s horn was provided by BSBantiago Ramon y Cajal (1893,
translated 1968). Ramcn y Cajal described seven layers. These
are, from the deepest to thoe most superficial, the epithelial
zone, alveus, stratum oriens, stratum pyramidale (pyramidal
layer), stratum radiatum, stratum lacunosum, and stratum
moleculare. The pyramidal layer is a band of pyramidal cell
bodies that stain distinctly from its neighboring gones. Ramon
Y Cajal called the region adjacent to the subiculum with the
more compact arrangement of cells the regio superior. The regio
inferior begins where the pyramidal cells become less compact.
LLorante de No (as cited by Brodal, 1981) subdivided Ammon‘s horn
into four fields according to cytoarchitectonic criteria.
Hippocampal fields are designated as Cornu Ammonis (CA) and are
numbered 1 through 4. Ramon Yy Cajal’s regio superior
approximately corresponds to field CAl. Field CA3 occupies most
of the regio inferior and is parcelled into subareas a, b, and
c. The small transitional area between CAl and CA3 is CA2. CAd4
is the area that is transitional between CA3 and the dentate
gyrus.

The dentate gyrus, or fascia dentata, is a band of cortex
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that caps the free marqgin of Ammon’s horn. The region of
interface between the two structures is the hilus. On the basis
of its U shaped appearance in transverse section, the dentate
gyrus can be Bub-divided into three areas. The suprapyramidal
blade is adjacent to the hippocampal fissure. The limb of the U
that lies along the midbrain is called the infrapyramidal blade.
Between the two areas is the crestal area. Ramon y Cajal
{1893/1963) partitioned the dentate gyrus into the molecular
layer, granule cell layer, and the plexiform or polymorphic cell
layers. The granule cell layer consists of the cell bodies of
the dentate granule cells which stain as a prominent band.
Electrophysiological studies have shown that the entorhinal
cortex, granule cells of the dentate gyrus, and the hippocampal
pyramids of the inferior and superior regions are connected in
a sequential and unidirectional intrahippocampal circuit called
the trisynaptic loop (Anderscon, Bliss and Skrede, 1970; Skrede
& Westgaard, 1971). Btimulating the entorhinal area with a
microelectrode activates fibers of the perforant pathway that
synapse with the dendrites of the granule cells in the molecular
layer of the dentate gyrus. Granule cell mossy fibers project to
the pyramidal cells of the regio inferior. Neuronal signals are
relayed to the pyramids of the regio superior by the Schaffar
colaterals. All of the synapses in the trisynaptic loop are
glutaminergic and excitatory. According to Anderson et al.
(1970), the trisynaptic 1lcop functions as an independent

functional unit. Units are stacked in lamellae in a plane that
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is perpendicular to the long axis of the hippocampus. Lamellae
might interact through excitatory and inhibitory transverse
connections.

Modern tract tracing techniques have greatly advanced our
knowledge of intra- and extrahippocampal procjecticons as well as
the three dimensional organization of these connections (for
review, se8 EBSwanson, Wyss, & Cowan, W.M., 1978; Witter,
Groenewegen, da S8ilva, Lohman, 1989: Witter, 1989). Critica of
the ""lamellar hypothesis' have stated that projections through
the long axis of the lamella are as prominent as those in the
transverse axis and that "none of the intrinsic connections in
the hippocampal formation is organized in lamellar fashion
(Amaral & Witter, 1989)." The two-dimensional brain slice might
noct be an accurate represantation of how a three dimensional

structure like the hippocampus functions in vivo.

Adrenal Hormones and Patheology

According to Selye (1946) extreme and prolonged stress
(exhaustion) can result in dJdiseases of adaptation. B8tress
related disorders include heart disease, high blood pressure,
arthritis, colds and flu (Ross and Glomset, 1976). Cushing’s
disease is caused by the hypersecretion of adrenal sterocids
{(Christy, 1971; Hadley, 1984). Bymptoms include buffalo torso,
moon face, diabetes mellitus, hypertension and ostecporosis. The
insufficiency of adrenal hormones results in Addison’s disease

(Knowlton, 1971; Hadley, 1984; Corrigan, 1989). Symptoms of this



9
disease include increased skin pigmentation, weakness and

hypothermia. Btress can causa death in Addison’s patients.

Glucocorticoid Toxicity and the Rippocampus

According to the glucocorticoeid cascade hypothesis,
prolonged stress results in hypersecretion of glucocorticoids
that are toxic to the pyramidal neurcns of the hippocampus
(Bapolsky, Krey & McEwen, 1985; Watanabe, Gould, McEwen, 1992;
Woolley, Gould & McEwen, 1992). Landfield (1987) initially found
that aging causes pyramidal c¢ell 1loss in the hippocampus.
Sapolsky et al. (1985) subseguently showed that the effecta of
aging on the hippocampus can be mimicked by prolonged elevations
of serum CORT in the high physiclogical range. Daily injaction
of CORT for three months resulted in the depletion of CORT
receptors in the hippocampus (Sapclsky, Krey & McEwen, 1984),
part of which was due to the loss of CORT concentrating cells in
area CA3 (Bapolsky et al., 1985). Btress related cell loss in
the hippocampus has been shown in primates (Unoc, Tarara, Else,
Buleman & Bapolsky, 198%).

In addition to pyramidal cell leoss in area CA3, aged rats
demonstrate an impaired capacity to terminate CORT secretion in
response to atress (Bapolsky, Krey & McEwen, 1983; Bapolsky et
al., 1984; Bapolesky et al., 1985; Bapoclsky, Krey & McEwen, 1986;
Sapolsky, 1991). The failure of aged rats to terminate CORT
secretion at the end of stress could be caused by cell loss in

area CA3 since the hippocampus has besn shown to exhibit an
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inhibitory influence oh adrenal activity and participates in
glucccorticoid fesdback (Bapolaky et al, 1984; Fuxe et al.,
1985). Thus, prolonged elevation of serum CORT would in turn
lead toc greater hippocampal cell loss and further accentuate the
inability of the HPA axis to terminate secretion.

8tudy into the mechanism of stress-related cell death
suggests that gluceccorticoids are not in themselves toxic but
exacerbate the effects of other insults to the hippocampus
(Sapolsky, 1990). The damage to the hippocampus caused by kainic
acid, 3-acetylpyridine (SBapolsky, 1985) and hypoxia-ischemia
(Eapolsky & Pulsinelli, 1985) are worsened by CORT. The increase
in damage can be as much as 10 fold. Thus, glucocorticoids are
said to leave neurcns on the adge of a metabolic cliff: with no
further challenge, the pericd of elevated glucocorticoids passes
unevantfully. Howaver, a co-incident challenge might be less
readily survived (Sapclsky, 1990},

Further studies alsoc show that the toxic effacts of CORT
are indirect. Phenytoin, an anti-epileptic drug that inhibits
the release excitatory amino acids, prevents the
neurodegenerative effects of satress on CA3 neurcns (Watanabe,
Gould, Cameron, Daniels & MNcEwen, 1992). This suggests that
mossy fiber input from the dentate gyrus may be involved {(Gould,
Woolley, & McEwen, 1991). Glucocorticoids facilitate the relesanse
of excitatory amino acids from mossy fiber terminals, which in
turn, produces morphological changes in CA3 pyramidal neurons.

Neurochemical and electrophysiclogical alterations of neurons
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have also been shown after repeated stress or CORT
administration (McEwen, 1992; Diamond & Rose, 1993; Diamond &

Rose, 19%4).

Hippocampus, S8tress and Bpatial Memory

A wide variety of learning and memcry functions have been
attributed tc the hippocampal formation and ita cytoleogical
subregions (for review, see Isaacson, 1982; Eichenbaum & Otto,
1992). Spatial memory, the ability to associate exteroceptive
discriminative stimuli with & particular location in space, is
one memory function affected by ablation of the hippocampus
(Olton, Walker, Gage, 1978). Lesion of CA3 alcne with the
selective neurotoxin kanic acid (Nadler, Perry, Gentry and
Cotman, 1980) is sufficient to result in impaired performance on
tests of spatial memory (Handelman & Olton, 1981; SButherland,
Whishaw, Kolb, 1983; Whishaw, 1987). Thus, stress-related cell
loss in CA3 should alsoc result in impaired memory performance.
Stress has been shown to cause deficits in radial arm maze
performance, a test of spatial memory (Diamond & Rose, 1993;
Luinea, Villages, Martinez and McEwen, 1994; Diamond & Rose,

1994) .

Adrenal Insufficiency and Cell Death
Adrenal insufficiency has also been shown to causme cell
death in the hippccampus (Bloviter, Valigquette, Abrams, Ronk,

Sollas, Paul, Neubort, 1989; Roy, Lynn and Bemnm, 199%0;
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Armstrong, McIntyre, Neubort & 8loviter, 1991; McNeill, Masters,
Finch, 1991; Conrad & Roy, 1992, Conrad & Roy, 1995). Bloviter
et al., (1989) originally reported that adrenalectomy (ADX) can
cause as much as a 70% loss of the granule cell layer in the
hippocampal dentate gyrus 3-4 months later in rats. SBtudies of
the short term effects of ADX on dentate granule cells have
shown neurcdegenerative changes as early as two (Jaarsma,
Postema, Korf, 1992) and three days (Gould, Woolley, McEwan,
1990) after surgery. These include a decrease in granule cell
body area, a decrease in the number of dendritic branch points,
and cell death as evidenced by an increase in the number of
pyknotic cells (Gould et al., 1990}. The type of cell death
caused by ADX has been identified as apoptosis (Bloviter, Dean,
Neubort, 1993a). ADX is analogous to the adrenal collapse of
Addison’s disease, and loss of the granule cell layer has been
found in the cone clinical case studied {(Mmhlen & Torvik, 1990).
The granule cell degeneration (Jaarsma et al., 1992; Roy at

al., 19%0; 8loviter et al., 1989; 8loviter, Bollas, Dean,
Neubort, 199%3a) and electrophysiclogical dysfunction (Sloviter
et al., 1989) caused by adrenal insufficiency has been preventad
in the rat by replacemant of CORT. This suggesats that adrenal
steroids exert a trophic influence on certain cell populations
in the DG; Granule cells die if the type 1 or type 2 adrenal
steroid receptor is not occupied by endogenous ligand. High
concentrations of both Type 1 and Type 2 dJglucocorticoid

receptors are observed in the dentate gyrus (Reul & de Klcet,
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1985; de Kloet et al., 1987). Woolley, Gould, Sakai, Spencer and
McEwan (1991) found that activation of the Type 1 adrenal
steroid receptor completely protected the dentate gyrus against
adrenalectomy-induced cell death whereas type 2 receptor
activation provides only partial protection.

The dentate gyrus (DG) is unusual in that most of the
neurcons in this brain area are generated postnatally (Yackel &
Puri, 1982). Btudies have shown that neurocgenesis continues up
until at least a year of age in rats (see Gould, 1993; Gould,
1994). It is generally assumed that birth, migration, and
programmed cell death occurs only during prenatal development in
the mammalian brain. Gould, Woolley & McEwen (199%1a, 1991b) have
shown that glucocorticoids regulate neurcnal birth as well as
cell death in the dentate gyrus. Maximum cell death occurs
during the stress hyporesponsive period of development when
adrenal stercid levels are naturally low (Sapolsky & Meaney,
1986). ADX extends the hyporesponsive period (Gould et al.,
1991b) and exogenous adrenal sterocids decrease the rate of cell
death (Gould et al., 1991a; Gould et al., 1991b; Gould, Cameron,
Daniels, Woolley & McEwen, 1992)}). Thus, neurcnal remcdeling
continues well intoe adulthecod in the DG suggesting that this

structure might be important to learning or memory function.

Adrenalectomy and Spatial Memory Performance
Lesions of the dentate gyrus with the selective neurotoxin

colchicine (Goldschmidt & Bteward, 1982) has been shown to
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produce deficits in tests of spatial memory (8Butherland et al.,
1983; Walsh, SBchultz, Tilson, Schmechel, 1986; Whishaw, 1987;
Nanry, Mundy, Tilson, 1989%; Tilson, Harry, McLamb, Peterson,
Hong, Dyer, 1987; Emerich & Walsh, 1990; McNaughton, Barnes,
Meltzer & Butherland, 19%89). Thus, the granule cell loss that
results from adrenal insufficiency should also produce spatial
memory daficits. In this regard, ADRX has besn shown toc causa
deficits in the acquisition of passive (Borrell, Hall & Gold,
1989) and active avoidance tasks (Bialik, Pappas, Roberts,
1984). On the Morris Water Maze, another test of spatial memory,
ADX rats showed deficits that were small or short lasting

(Armatrong et ml., 1993; Conrad & Roy, 1992).

Specific Aims

In this series of studies, ] will first detarmine whether
the absence of adrenal asteroids causes defjicits on the radial
arm maze, ancother test of spatial memory, shortly after ADX. If
so, what neuroanatomical or endocrine mechanisms are correlated
with performance on a spatial memory tasks. Is impaired
performance due to degenerative changes in the dentate gyrus or
dc adrenal hormones themselves exert an activational affact on
apatial memory? Morphological studies of the DG will be
completed to anawer this question. Further, do Type 1 or Type 2
adrenal steroid receptors contribute to adrenal stercid effects
on memory? Drug analogs with high binding speacificity will be

used to determine the contribution of sach receaptor to spatial
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memory function. Finally, if adrenalectomy causes deficits in
radial arm maze performance, are these deficits due to the

impairment of learning or memory function?



l6

Study 1: Effeacts of Adrenalectomy on Spatial Memory Performance
and Dentate QGyrus Morphelogy (Vaher, Luine, Gould, McEwen,

1994) .

The purpese of study 1 was tc¢ determine if adrenal
insufficiency causes deficits on the radial arm maze (RAM), a
test of spatial memory, shortly after ADX. S8ince ADX has baen
shown to cause loss of granule cell neurons in the dentate gyrus
(Bloviter et al., 1989; Roy et al., 1990; Armstrong et al.,
1991; McNeill et al., 1991; Conrad & Roy, 1992), measures of
dentate gyrus morphology will alsc be assessed. Intake of 3%
saline (Richter, 1941) and serum levels of CORT were measured in
all rats as an assay of the completeness of adrenalectomy.
Physiological indicators of adrenal function and measures of
dentate morphology were testad for correlations to radial arm
maze performance in order to determine if deficits in spatial
memory performance are due to cell loss in the dentate gyrus or

the activational effects of adrenal steroids themselves.

METHODE: BTUDY 1
Bubjects
Thirty male Sprague-Davwlsy rats {(Charles Rivers
Laboratories) were received at two months of age and were
alloved free accams to food and water for a period of

approximately three weeks of acclimation before surgery. They
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were individually housed in wire cages and maintained on a
reverse 12:12 h light cycle {lights off at 7.00 h) to enable
behavioral testing during the dark phase. After recovery from
surgery, food intake was restricted so that rats reached B5-90%
of free feeding weight. Rats were tested for spatial memory

deficits in two cohorts run approximately five months apart.

Adrenalectomy

Animals in each cohort were assigned at randem to either
ADX or sham operated groups. Proportioconately more rats were
allocated to the ADX group to compensate for mortality and the
elimination of rats that do not meet criteria for complete
adrenal removal (see below). After Metofane inhalation, rats
were anesthetized with a supplementary IP injection of a
PromAce/Ketaset mixture. Adrenals were removed bilaterally along
with any surrounding fat that may contain ectopic adrenal
tissue. Adrenal glands were merely located and touched with a
blunt preobe in the sham-operated group. Accessory adrenal
tissue, residual tissue not eradicated by adrenalectomy, was
assessed by daily intake of 3% saline (Richter, 1941). Baline
was made available to all rats after surgery in addition to
normal drinking water. ADX rats drinking less than 10 ml/day of
saline two weeks aftar surgery may have accessory adrenal tissue

and were ®xcluded from the study {unpublished observation}.

Measurement of serum corticosterone
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Presance or absence of accessory adrenal tissue was
confirmed by RIA measurement of serum corticostesrone. RIA was
done only on the second cohort of subjects. Blood samples were
taken by cardiac puncture at the time of sacrifice prior to
perfusion. Rats were deeply anesthetized with PromAce. CORT was
measured by using commercially available rabbit antiserum raised
against corticosterone-3-oximine BSA (B3-163 Endocrine Scisnce,
Tarzana, CA). The antiserum has very low cross-reactivity with
other major steroids. Assay sensitivity was 10 pg of CORT and
coefficients of variation within and between assays waere less
than 10%. S8erum corticosterone levels were expressed in ug/100

ml or % ug.

Spatial memory testing

SBpatial memory was tested on an eight arm radial maze
according to the mecthod of Olton et al. (1976), as previously
utilized in this lab (Luine & Hearns, 19%0; Luine et al., 1990;
Luine et al., 1993) . Purina dry cat foecd served as
reinforcement. The maze was located in a room that was dimly 1lit
and rich in spatial cues. Rats were shaped tc the radial arm
maze prior teo testing. FPor the first training trial, sevearal
food pellets were placed on the canter platform and along the
arms of the maze. Rats were placed on the center platform in
groups of no more than four and allowed to explore the maze for
10 min. Remaining shaping sessions were completed indivjidually;

progressively fewer pellets were used, and pellets were placed
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successively further down the arms. By the tenth training trial,
all rats were able to traverse the maze and eat the reinforcer
from the food cup at the end of sach arm.

Immediactely following training, rats were tested for 15
trials in which ons pellet was placed in the food recaptacles at
the end of each of the 8 arms and rats were allowed to choose
arms in any order until either all eight arms were visited or 10
minutes had elapsed. Tc begin each trial, the rat was placed on
the center platform in a random orientation. Testing was
conducted blind without the researcher knewing to which group
the subiject belonged. A visgsit to an arm was scored if the rat
traversed three-quarters of the length of the arm, if it entered
the arm but 4id not eat, or if it enteraed the arm and ate the
reinforcer. Re-entries into an arm previocusly visited were
counted as errors. Choice accuracy was scored by two measures:
number of correct choices in the firast eight visits and the
number of errors in completing the task.

Bpatial memory performance was furthar tested by
introducing a delay in the maze task. After the fourth choice,
the rat was removed from the maze and returned to his home cage.
When the delay interval had elapsad, the subject was returned to
the maze to complete the task. Performance was svaluated at
delay intervals of 10 min, 1 h, 2 h and 3 h. Perfocrmance was

scored as described abovae.

Histology
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At the end of spatial memory testing, rata veare
transcardically perfused with 10% neutral buffered formalin
sclution (Bigma) under Metofane and PromhAce/Ketaset anesthesia.
The brains were dissected from the cranial cavities and placed
in a solution of 30% sucrose and perfusate solution until the
specimen sank. Brains were then frozen on dry-ice and sectioned
coronally in a cryostat to a thickness of 25 um. Sections taken
through the region of the dorsal dentate gyrus were thaw mounted
onto gelatinized slides. Blides were stained with cresyl viclet

and coverslipped under Permount.

Data analysis

Physiological indicators: Measures of serum levels of CORT
and daily intake of 3% saline sclution were tested for group
differences after ADX by independent samples two-tailed t-tests.

Behavioral data: Behavioral data were obtained from two
cohorts each containing sham and ADX rats. Data ware
statistically analyzed as separate replications and then
combined and analyzed again as a whole. Three subjects died
shortly after surgery and three ADX subjects did not meet
criteria for saline consumption. Thirteen ADX subjects and 11
sham-operated rats were shaped and tested. Subjects received 15
maze trials that were grouped into blocks of five trials for
statistical analysis. None of the rats daveloped a consistent
response strategy, however, two trials were excluded from the

third block of trials because of chaining responses. Three ADX
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subjects in the first cohort died prior to maze testing with
time delays.

8Bince preliminary data analysia by two-way repeated
measures ANOVA showed an absence of interactions effects (groups
X choice accuracy), measures of choice accuracy were analyzed by
blocks design ANOVA with repeated measures. The blocks design
ANOVA is a more sensitive test than the two-~way ANOVA and can
applied when there are no interaction effects. Pairwise testing
of a significant main effect was done post hoc by the (Bokal &
Rohlf, 1981). The GT2 is a robust statistical test when sample
mizes are unegual (SBokal & Rchlf, 1981).

Histology: The slides containing brain sections for
quantitative analysis were coded and the code was not broken
until analysis was complete. Earlier morphological studies of
granule cell degeneration after short-term ADX have shown that
the highesat concentrations of degenerating cells are
characteristically distributed in the rostral (Jaarsma et al.,
1992) and middle thirds {(Gould et al, 1990) of the DG. Sections
from the dorsal dentate gyrus gqualified for analysis if the
suprapyramidal blade and the infrapyramidal blade ware joined at
the c¢rest and the dentate gyrus was oriented horizontally
bensath the corpus callosum. The number of pyknotic cells were
counted in the suprapyramidal and infrapyramidal blades at a
magnification of 1250x. Pyknotic cells were identified by the
presence of darkly atained granules of condensed chromatin, lack

of a nuclear membransa and pale or absent cytoplasm {Sengelaub
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and Finlay, 1982). Belected sections were always separated by a
least 25 um in order to avoid counting the same cell twice.
Cromss sectional areas were determined for the suprapyramidal and
infrapyramidal blade of the DG from camera lucida drawings (32x
magnification) with the aid of a Zeiss interactive digital
analysis system. Approximately three brain sections were
analyzed per rat. Pyknotic cell counts were expressed as the
density of pyknotic cells per 10° um?. Differences in DG area
and pyknotic cell density were tested by independent samples two
tailed t-teast.

Correlational analysis: The validity of measuring daily
saline intake as a method of assessing the presence of accessory
adrenal tissue was tested by correlating saline intake with
serum CORT level. Physiological indicators and morphological
measures were tested for possible relationships to spatial
memory behavior by correlation to measures of choice accuracy on
the radial arm maze. Behavioral data were averaged across four
delay trials for each measure of choice accuracy for three
correlaticnal analyses. Finally, correlations between

physiological indicators and morphological measures were also

assanssed.

REBULTS: ETUDY 1

Physiological indicators

ADX rats had significantly lower levels of sarum CORT than
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shams (0.60+0.4 ug¥% vs. 15.0*2.3 uqg%, t‘_3=-6.24, p<0.003). ADX
rats also consumed amounts of saline well above those of the
control group (16.9*1.6 ml/day vs. 1.3%0.3 ml/day, t;, o=9.49,
p<0.0001). Four of 5 ADX subjects assayed had below 0.20 ug% of
serum CORT and only 1 cof these had a measure of 0 ug%. The
correlation between saline intake and serum CORT level was
significant (r=-0.85, p<0.0018); i.e. higher saline intake is
asscciated with Jlower serum levels of CORT. The strong
correlation between saline intake and CORT level indicates that
measuring daily saline intake is valid for assessing the
efficacy of ADX but that high saline intake does nhot preclude

the presence of low levels of circulating adrenal hormones.

Behavicral performance

The effects of ADX on radial arm maze performance are
reported in Table 1. ADX rats showed significantly impaired
performance during fifteen radial arm maze trials. They had
significantly fewer correct choices out of the first eight
visits (F, ¢,=12.69, p<0.008) and made more errors in completing
the maze task than d4id shams (F1'67=18.03, p<0.0001). Block
effects were not significant; i.e. there were no significant
improvements during the three blocka of trials.

Following these trials, rats weare tested with a delay
between the 4th and 5th visits. The second cohort was tasted two
days following the fifteen maze trials while the first cohort

was not tested on delays until three weeks after these three
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blocks. During this time, rats of the firat cohort were tested
on other behavioral tasks that did not involve spatial memory
{Vvaher et al., unpublished observations). Radial arm maze data
for the separate cohorts were similar in that ADX subjects made
more errors in completing the task in both replications of this
study. When the data for testing with delay were pooled, the ADX
group was significantly impaired for the measures of choice
accuracy shown in Table 1. They again had significantly fewer
correct choices out of the first eight wvisits {F1,82=5'1"
p<0.03) and made more errors in completing the taak
(Fl,as=1°'83'p‘°°°°15)° For pooled data, increasing the time
delay produced a trend towards poorer spatial memory performance
in both greoups but this trend was not significant for any

measure of choice accuracy.

Dentate gyrus anatomy

Bubjects were sacrificed immediately following their last
trial; their brains were removed, and histolegy was paerformed.
There was no difference between groups in cross sectional
dentate area of cresyl violet stained sections (Table 2).

Pyknotic cells in the DG were counted per unit area (106
pnz). Bince the distribution of pyknotic cell densities in the
ADX group were poaitively skewed (w1=1.134, p<0.003), and the
variances of the two groups were unegual (P9'10=24.04,

p<0.00001), differences between groups were tested by non-

parametric statistics. The pyknotic cell densities were not



25
significantly different between sham and ADX groups (Table 2;
U=50, P<«0.67). Absence of group differences in pyknotic cell
densities might be attributable to the large degree of
individual variability amongst  ADX subjects. Individual
differences have been noted in earlier morphological studies
(Jaarsma et al., 19%2; Roy et al., 1990; Bloviter et al., 1989,
8loviter et al., 1993a). The sham group had a range of pyknotic
ceil densities from 0.0 to 4.9 whereas ADX subjects showed a
broader range from 0.0 to 23.2. The large B.E.M. within ADX
subjects contributes toc the absence of a statistical difference
between groups and obscures the fact that the ADX grcup had, on
the average, twice as many pyknotic cells as controls (Table 2).
In addition, the maximum number of 4.9 pyknotic calls/lo6 um2
observed in the sham group is not nearly as high as 23.2 in one

ADX rat. Thus, some ADX rats showed increased dantate granule

cell pyknoais at the time of death.

Correlational analysis

While ADX rats showed consistent and significant impaired
performance as compared to intact rats, there was heterogeneity
in the performance of the two groups. The worst performance was
exhibited by five ADX rats and the best performance was
exhibited by two shams. The performance of the remaining rats
was distributed between these two extremes. Bince the behavioral
perfocrmance was heterogensocus, correlational analyses ware

applied to determine the extent to which physiclogical
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indicators of adrenal function and/or brain morphoclogical
measures may have contributed to behavioral variability (Table
).

Serum CORT levels at the time of sacrifice were negativaely
correlated to the number of errors in completing the task (Table
3}, suggesting that lowar levels of serum CORT are asscciated
with impaired radial arpe maze performance. B8ignificant
correlations were also found between intake of 3% saline and
number correct in first eight choices and number of errors to
complete the task (Figure 1). Thus, higher saline consumption
was asscciated with poorer spatial memory performance overall.
Table 3 shows that the morphological measures, cross sactional
dentate area and pyknotic cell count, were not correlated to
behavioral performance. Pyknotic cell counts were alsc not
significantly correlated to physiological indicators of ADX,
i.e. levala of serum CORT (r=-0.41, p=0.27, n=9) or intake of 3%
saline solutioen (r=0.36, p=0.11, n=21).

As expected, the body weight of rats on food restriction
was not correlated to any measurs of choice accuracy {(data not

shown) .
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TABLE 1. Effect of adrenalesctomy (ADX) on radial arm nase
performance.

Regular Trials Trials with a Delay

Group Block 1 Block 2 Block 3 10 min 1 hr 2 hr 3 hr

NUMBER CORRECT IN FIRSBT EIGHT CHOICES

BHAM 7.16 7.18 7.02 6.73 6.82 5.40 é6.18
.09 t.14 t.1l6 .27 .22 .22 .26
ADX 6.60 6.71 6.79 6.27 6.27 5.91 6.00
*.17 .14 .16 .24 .30 *.25 *.36
NUMBER OF ERRORS IN COMPLETING THE TASK
BHAM 1.62 1.60 1.62 2.27 2.36 2.40 2.82
.29 .36 t.18 1.54 .58 .43 .50
ADX 3.11 2.85% 2.90 .36 3.82 j.a2 $5.09
.61 .42 t.49 +.66 .86 .60 $1.0

Entries are means % B.E.M. Eleven sham and thirteen ADX rats
started mase testing but two ADX rata died prior to testing with
dalays. 8ince interaction effects were not significant, group
effects were testad by blocks design ANOVA with repsated
measures. Data for the initial 1S maze trials were averaged inte
blocks of 5 trials for analysis. The ADX affect was significant
for both the pumber correct in the first eight choices (p<0.008)
and the number of errors in completing the task (p<0.0001) but
blocks effacts were not significant. Por trials with a dslay,
the ADX effect was also significant for ths number correct
(p<0.03) and the number of errors (p<0.0015%5). Delay sffects were
not significant; Thus, increasing the delay interval d4id not
significantly alter maze performance.
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Table 2. Effect of ADX on the morpholegy of the dentate gyrus.

Group
Morpholegical variabla: Bham (n=11) ADX (n=10)
Croas Becticnal 0.083 0.087
Dentate Area (10% um?) $0.003 $+0.003
Number of Eykngtic 2.1 5.2
calls / 107 um $0.5 2.3

Entries represent nean * B8.E.M. There were no significant
differences between groups on any morpheological measurs. See
text for details.



Table 2. Correlaticn of
morphological measures.
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RAM performance to physiological and

CHOICE ACCURACY

NUMBER CORRECT IN NUMBER OF
PIRBT EIGHT CHOICESB ERRORB
PHYBICGLOGICAL INDICATOR:
3% Baline R .
Intakxa {(ml} -0.48 0.42
n=22 p<0.02 p<0.04
Berum CORT .
Lavels (%uq) 0.57 -0.75
=10 p<0.09 p<0.008
MORPHOLOGICAL VARIABLE:
Cross Sectional
Dentats Area (10% um?) 0.16 0.07
n=21 p<0.09 p<0.82
Number of Eykngtic
cells 7/ 107 uym 0.03 Q.17
n=21 p<0.88 p<0.47

Entrias are Pearsch’s product moment corrslation coefficients

and exact probabilitias
indicated by an asterisk if p<0.05.

of significance.

Ssignificance is
Choice accuracy measures

used in thess corrsjations are the avarage performance across
the four delay intervals tested.
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FPIGURE LEGENDSB

Figure 1. Regression plots of saline intake vs measures of
choice accuracy on the 8-arm radial maze for 11 sham (open
circles) and 11 ADX (closed circles) rats. Entries represent
average saline intake and performance during the delay trials.
A, the number correct of first eight choices, B, the number of

errors in completing the task.
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Figure 1
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Btudy 2: Effects of Aldosterone Replacement on the Radial Arm

Maze Performance of Adrenalectomized Rats {Vaher, 1995a).

study 2 attempted to determine if type 1 receptoer
activation abates spatial memory deficits in ADX rats,.
Aldosterone (ALDO) is a mineralocorticoid that binds to the type
1 receptor with high specificity (McEwen et al., 1986; Reul & de
Klocet, 1985; SBpencer at al., 199%3). Belesctive activation of the
type 1 receptor by replacement of ALDO in ADX rats has been
shown to protect against ADX-induced granule cell death (Woolley
et al., 1991) and to facilitate long-term potentiation (LTP), a
model for the neuronal basis of learning {(Pavlides, Watanabe,
Margarinos & McEwen, 1992; Pavlides, Watanabe, Margarinos &
McEwen, ih press). In order to determine whether type 1 receptor
activation abates apatial memory deficits in ADX rats, RAM
performance was tested in intact, ADX, and ADX rats treated with
ALDO. Indicators of adrenal function and measures of dentate
gyrus morphology were tested for correlations to measures of
spatial memory performance to determine if any facilitation is
due to the effects on dentate neurcanatomy or the activational

effects of adrenal steroids thsmselves.

NETHODB8: BTUDY 2

Methods were the same as in our first study {(Vaher et al.,
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1994) except for the changes listed balow.

Subjects

Thirty one male Bprague-Dawley rats, received at three
months of age, were housed and food deprived as described in
study 1 (Vaher et al., 19%94). Rats were tested for spatial
memory deficits in four cohosrts run approximately two months

apart.

Adrenalectomy

Rats in each cohort were assigned at random to either sham,
ADX or ADX+treatment groups and adrenalectomized bilaterally as
described in cur first study (Vaher et al., 1994). Baline intake
was again measured daily in order to assess the presence of
ectopic adrenal tissue, detect adrenal regrowth and assay
circulating levels of ALDO (Richter, 1941; Vaher et al., 1994).
ADX rats drinking less than 10 ml/day of saline two weaks after
surgery are likely to have accessory adrenal tissus and were
exXxcluded from behavioral analysis. Our earlier study, using the
same criteria for exclusion, showed that saline intaks and serum

levels of CORT are highly correlated (r=-0.85, p<0.002) in ADX

rats (Vaher ot al., 1994}.

Bpatial Memory Testing
Spatial memory was tested on an eight arm radial as

described in our first study (Vaher et al., 1994). The
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sxperimental protocol is summarized in Figure 2. After shaping
and minipump implantation (see below), rats ware tested with all
eight arms of the maze baited. Testing was done no more than
once a day, four times a wesk, in order tc keep performance from
reaching asymptotic levels bsfore stercid replacement could be
shown to be effective. Rats were tested until steroid effects
subsided. Measures of choice accuracy chosen for analysis in
this experiment are the same as in study 1: number of correct
choices in the first eight visits and the number of errors in

completing the task.

Aldosterone Replacement

ALDO was administered by osmotic minipump (Alzet). Pumps
were filled with ALDO disscolved in propylene glycol (10 mg/ml).
Control rats were implanted with a ''dummy pump,' a nylon screw
spacer of about the same aize and weight as the minipump. After
shaping to the radial arm maze, ADX rats were subdivided into
dummy pump (ADX contreol) and minipump (ADX+ALDO) groups by
matching them on the basis of their average saline consumption.
Rats were first anesthetized with Metofane inhalant and then
injected with a PromAce/Ketaset mixture. Pumps were implanted
subcutaneously through a half inch incision made just below the
juncture of the shoulder blades. These pumps secreted ALDO for
seven days at a rate of 10 ug/hr, a dose that provides 85-90%
type 1 receptor occupancy in the hippocampus (Bpencer, R.L.,

personal communication). Maze testing began one day after
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minipump implantation.

Histology

At the end of spatial memory testing, rats were sacrificed
and perfused under pentcbarbital anesthesia as described in
study 1. Brains were frozen and sectioned coronally through the
region of the dorsal dentate gyrus toc a thickness of 25 um.
Bections were thaw mounted onto gelatinized slides., Blides were

stained with cresyl vioclet and coverslipped under Permount.

DATA ANALYBIS

Physioclogical Indicators: Measures of daily saline intake
were grouped according to weeks for statistical analysis. B8aline
data was tested for group differences by one way betwaen groups
ANOVA. Pairwise testing of a significant effect was done post
hoc by the GT2 test for uhequal sample sizes (8Bokal & Rohlf,

1981) .

Behavioral Data: Data from four cohorts were pooled for
analysis. Each cohort contained three ‘ groups: aham
adrenalectomized with dummy pump implant (Bham), ADX with dummy
pump (ADX) and ADX with ALDO minipump (ADX+ALDO). Ten rats
completed the study in each group. Of the rats that started the
study, four rats were excluded because they were not adequately
shaped to the radial arm maze in time. Four rats died after ADX
and 11 after minipump implant. Rats received 12 maze trials that

were grouped into Dblocks of four trialas for statistical
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analysis. None of the rats developed a consistent response
strategy. Howaever, ten trials were excluded from analysis
because of chaining responses. Five mcre trials were axcluded
because rats d4did not make eight choices to complete the task,.
Data from one rat was excluded because it was sick and two other
trials were not completed because rats were ill. Saven ADX rats
given ALDO replacement were excluded because saline intake
remained low three weaeks after minipump surgery. Of the ten
remaining ADX+ALDO rats, dasta from three were excluded from
analysis of the second block of trials (n=7) and three from the
third (n=7) because saline intake was below 10 ml per day.

Measures of choice accuracy were analyzed by blocks design
ANOVA with repeated measures. Preliminary data analysis by two
way repeated measures ANOVA showed an absence of interaction
effects {(groups X weeks). Since the ANOVA analysis of main
effects ignores the pattern of scores in the data (Plutchik,
1983), treatment effacts were further tested on a weekly basis
by one-way between groups ANOVA. Pairwise testing of a
significant effects was done post hoc by the GT2 test for
unsgual sample sizes (Sckal & Rohlf, 1981).

Histology: Bections from the dorsal dentate Jgyrus were
analyzed as described in study 1 (Vaher et al, 1994). The number
of pyknotic cells were counted in the suprapyramidal and
infrapyramidal blades at a magnification of 1000x. Pyknotic
cells were counted according to strict criteria. Only "late

stage' pyknotic cells, consisting of smaller cells with darkly
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atained condensed chromatin and an absence of cytoplasm, were
counted (Bloviter et al., 1993a}). Cross sectional areas were
determined for the suprapyramidal and infrapyramidal blade of
the DG from camera lucida drawings (25X magnification} with the
aid of a Zeiss interactive digital analysis system. Both left
and right sides were analyzed in two brain sections from aach
rat. Differences in DG area were tested by one way between
groups ANOVA. Study 1 showed that the distribution of pyknotic
caell densities in ADX rats is positively skewed (Vaher et al.,
1994). The Adistribution of pyknotic cell densities was tested
for skewedness and analyzed for group differences by
nonparametric means (Bokal & Rohlf, 1981).

Correlational Analysis: The affects of ALDO were tested for
possible relationships to spatial memory performance by
correlating daily measures of saline intake to measures of
choice accuracy on the radial arm maze. Previous studies have
shown that the saline intake of ADX rats is correlated to serum
levels of CORT and radial arm maze performance as wall (Vaher at
al., 1994). The affects of ALDO on dentate gyrus morphology was
assessed by correlating saline intake to measures of dentate
area and pyknotic cell density. Finally, the relationship
between dentate gyrus morphology and spatial memory was tested
by correlating dentate morphology measures to measures of choice

accuracy on the radial arm maze.

RESULTB: BTUDY 2
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completing the task (groups x weeks). ARnalysis of main effects
by blocks design ANOVA with repeated measures shows that weeks
effects were significant for both the numbar of correct choicas
(F2'3l‘=6.03, p«0.003) and the number of errors (F2’31‘=6.36,
p<0.0014). There was significant improvement in overall maze
performance during the twelve trials tested. Groups effects were
also significant for both measures of choice accuracy; the
number of errors {Fz’sl‘zzz.sa, p<0.0001) and number correct

{(F =11.23, p<0.0001). Further analysis of groups differences

2,314
was done by ohe way between groups ANOVA on each of the three
weeks of maze trials.

For the first week of maze trials, one way analysis of
measures of choice accuracy were significant f£or the number of
errors in completing the task (F2'109=3.31, p<90.02) but not for
the number of correct choices 1in the first eight visits

(F =2.39, p<0.10). Number correct might not be as sensitive

2,109
a measure of choice accuracy as the number of errors. Pairwise
testing of the number of errors by GT2 analysis showed that sham
and ADX4ALDO rats did not differ from each other in the number
of maze errors and both of these groups made fewsr errors than
ADX controls (see Figure 4A, week 1). Thus, ALDO replacement was
effective in reducing the number of maze errors in ADX rats.
Resultes for the second block of mazxe trials were similar to
the first (Figure 4). One way analysis waa significant for the

number of errors (F, go=4.42, p<0.01) and ADX+ALDO and sham rats
r

stil]l made fewer errors in completing the task than ADX controls
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(Figure 4A, week 2). Thus, ALDO continued to be effective in
improving RAM performance in ADX rats even though minipumps were
presumably depleted pefore the start of the second week of maze
testing. The ALDO effect was paralleled by a continued
suppreasion of saline intake. Groups differences were also
significant for the number of correct choices in the first eight
visits during the sBecond week of maze trials (F2'99=3.05,
p<0.05). Pairwise testing of the number correct showed that
ADX+ALDO rats made as many correct choices as ahams but the
number correct was not statistically different from ADX controls
(see Figure 4B, week 2). ALDO treated rats should not be
expaected to perform as well as shams since ALDO at this dose A4id
not completely eliminate salt appetite.

The trend towards continued improvement in ALDO treated
rats was lost during the third week of maze trials and was
accompanied by an increase in salt appetite. One way ANOVA's
were again significant for the number of errors (F2'103=5.39,
p<0.006) and the number correct (F2'102=7.56, p«<0.0009%) for the
third week of trials. Fiqure 4A shows that ADX rats treated with
ALDC made more errors than sham control rats Aduring the third
week of maze trials. Although statistical testing showed that
the number of errcors made by ADX+ALDO rats did not differ from
ahams, the number of errors made by ADX+ALDO rats 4id not differ
from ADX controls either. Pairwise testing of the number correct
showed that ALDO treated rats made as many correct choices as

ADX controls and both of these groups made fewer correct choices
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than shams (Figure 4P, week 3). The saline intake of ADX+ALDO
rats also increased during the third week of marze trials but
intaXe was s8till not as high as ADX controls (Figure 3, week 3);
Thus, the performance of ALDO supplemented ADX rats would not be
axpected to returned to the more impaired level of ADX controls
during the third week.

The ALDO affect shown in FPigure 4 is more impressivs when
data from the first weak of maze trials is plotted by days.
Figure 5 shows the saline intake of sham, ADX and ADX+ALDO rats
plotted together with the average daily number of maze errors in
completing the task. Differences between days were tested by one
way repeated measures ANOVA. Only ADX+ALDO rats showed
significant diffarences in the number of maze errors for the
first waek of teasting (F3'3‘:6.62, p<0.001). Pairwise testing by
GT2 showed that ADX+ALDO rats made fewer errors three and four
days after ALDC replacement than on days onea and two. The
decrease in maze errors coincides with a decrease in saline
intake, a measure of type 1 receptor occupancy. Thus, ALDO
replacement reguires three days to achieve a maximum effect in
ADX rats.
Dentate Gyrus Anatomy

Morphological results are shown in Table 4. Beveral ADX
rats excluded from the behavioral data were included in this
analysis. Two way analysis of area measurements (grocup x blada)

showed no interaction effects. ADX effects were not significant;
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ADX did not alter dentate gyrus area. Blade effects were not
significant but this finding is irrelevant in the absence of
treatmant effacts.

The dAistribution of pyknotic cell densities were found to
be positively skewed in ADX rats (w1=1.7889, p<0.002 in ADX
control rats and \f1=1.1778, p<0.008 in ADX+ALDO rats). Cell
densities were analyzed by nonparametric statistics. The
Kruskal-Wallis test between groups was significant (adj.
H=9.9908, p<0.05). Multiple comparisons were tested Ly non-
paramaetric BTP (Bckal & Rohlf, 1981). ADX and ADX+ALDO rats
differed from sham adrenalectomized rats but pyknosis did not
differ between these two groups. Adrenalectomy increased
pyknosis in ADX and ADX+ALDO groups but ALDO raplacement could
not be shown to abate pyknosis at the time of sacrifice since
minipumps were depletaed at the time of sacrifice.

Table 4 shows that ADX rats have a higher density of
pPyknotic cells in the suprapyramidal blade of the DG than in the
infrapyramidal blade. Pyknotic cell densities of ADX and ALDO
treated rats were pcooled and tested by Wilcoxon’s Bigned-Ranks
tested for paired observations (Sokal & Rohlf, 1981). There were
ne significant differences between blades; i.e., there was no
differences in pPyknosis batwean the suprapyramidal and
infrapyramidal blades in our rats.

Pyknotic cells were cobserved in the hilus but only rarely
{Table 4). The Kruskal-Wallis test between Jgroups was not

significant. ADX was not shown to increase pyknosis in the hilar
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region.

Corrslational Analysis

SBince the behavioral performance of ADX rats exhibits a
large degree of variability, correlaticnal analysis was used to
help determine the extent to which adrenal function and/cr brain
morphology contributes to spatial maemory function. Addition of
the fourth cohort, perfused one week after bseshavioral testing
was completed, did not significantly alter behavioral results
and were included in this analysis.

Intake of 3% saline was found tc be significantly
correlated to measures of choice accuracy: the number of correct
choices in the first eaight visits and the number of errcrs in
completing the task (Table 5). Higher saline intake is
associated with poorer spatial memory performance overall.
Regression plots of this relationship were published sarlier
(see Figure 1). Table 6 shows that the morphological measures,
cross sectional dentate area and pyknotic cell density, were not
correlatad to measures of choice accuracy.

Baline intake was positively correlated to pyknotic cell
density {r=0.39, p<0.04). Higher saline intake, and therefore
lower levels of serum adrenal steroids, were asscciated with
increased pyknosis suggesting that adrenal insufficiency causesa
cell loss in the dentate gyrus. The arrangement of points in
Figure 6 suggests a difference between groups in the levael of

saline intake and pyknosis. As expected, saline intake was not



correlated to granule cell layer area {r=0.13,

p<0.52).
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Table 4. The effect of ALDO replacement on dentate gyrus
morphology in ADX rats.

GROUP

Bham {(n=10) ADX (n=10) ADX+ALDO (n=11)

Dentate Area (10° um?)
Buprapyramidal DBlade 0.14610.013 0.16020.008 0.166%0.007
Infrapyramidal Blade 0.121%0.006 0.11530.004 0.123%0.008

Pooled Araa 0.267%0.020 0.272%0.011 0.28620.011

Pyknotic Ceall Density (Number of Pyknotic Cells / i?'_uﬁi)

Buprapyramidal Blade 0.3%0.2 19.0%9.1 17.6%8.0
Infrapyramidal Blade 0n.2t0.2 7.0t2.8 15.0t8.6
Fooled Area 0.11t0.1 8.5%4.29 8.113,30

Number of Pyknotic Cells in the Hilus
Total 0.1%0.1 0.1%0.1 0.210.1

Entries are the mean ¥ the 8.E.NM. Several rats excluded from the
behavioral data were included in the ADI+ALDO group. ADI
significantly increased pyknotic cell density in ADX rats five
veeks after surgery but dentate area was not reduced. Pyknosis
did pot differ between ADX and ADX+ALDO rats since ALDO pumps
had been depleted at the time of sacrifice. Astarisk indicates
significant difference from sham {p<0.05),
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Table 5. Correlation of saline intake to radial arm mpase
performance.

Weask
Measurs of 1 2 3
choice accuracy (n=30) (n=27) {n=27)
Number correct in -0.22 -0.39w -0,.58%
first eight choices p=0.24¢ pP=0.046 p=0.002
Number of O.44w 0.56% 0.47»
errors p=0.01 p=0.001 p=0.01

Entries are Pearson’s product moment correlation coefficients
and exact prebabilities of significance. Asterisk indicates a
significant correlation (p<0.0%5).
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Table €. Correlation of DG morphology to radial arm maze
parformancs.

Choice Accuracy

Morphological Number corract Number of
Maasure in firast eight chcices errors
Cross sectignal 0.18 ~0.17
DG area (10 pmz) p=0.237 p=0.39
Number of Eyknotic -0.20 0.32
cells / 10 umz p=0.32 pP=0.10

Entries are Pearson’s product moment correlation coafficients
and exact probabilities of significance. Morphological measures
ware correlated to choice accuracy measures from the third block
of trials. Correlations were not significant.
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FIGURE LEGENDS

Figure 2. Protocol of procedural events in ALDO replacement
experiment. Rats were acclimated for one week prior to ADX.
After recovery, rats were shaped to an eight arm radial maze.
ALDO was administered by osmotic minipump (Alzet) implanted
subcutaneously 18 days after ADX. Test trials with all eight
arms baited began the following day. Rats were tested four times
a week for three weeks before sacrifice. Histology was performed

as described in the taext.

Figure 3. Effects of ALDO replacement on the consumption of 3%
saline in ADX rats. Intake of 3% saline was significantly higher
in ADX rats prior to ALDO replacement. Supplemental ALDO was
given to ADX+ALDO rats one day before radial arm mage testing by
Alzet minipump at a dose of 10 ug/hr, producing 85-90% type 1
adrenal asteroid receptor occupancy. ALDO replacement at this
dose significantly decreased saline intake in ADX+ALDO rats but
intake was not statistically as low as that of sham control
rats. Saline data from rats in the fourth cohort are plotted for
the week after maze testing. Baline intake of ADI+ALDO rats
increased slowly after ALDO replacement and does not return to

pre-treatment levels until four weeks later.



49

Figure 4. Effects of ALDO replacemsnt on radial arm maze
performance in ADX rats. ALDO was administered to ADX+ALDO rats
by Alzet minipumps implanted subcutaneocusly one day before
testing. Pumps lasted for 7 days and secreted ALDC at a&a rate of
10 ug/hr. Rats received four maze trials a week fcor three weeks,
Trials were grouped into blocks of four for statistical

analysis.

Figure 5. The number of maze errors (closed circles) are plotted
together with saline intake (open circles) for the first week of
ALDC replacement. Points represent the daily mean of ten rats.
Analysis of the number c¢f errors by cne way repeated measures
ANOVA was significant only for ADX+ALDO rats. Asterisk indicates
a significant difference from days one and two. ALDC has a

maximum effect three days after replacement in ADX+ALDO rats.

Figure 6. Regression plot of saline intake vs. density of
pyknotic cells for 10 sham {open circles) 10 ADX (gray circlas)
and 7 ADX+ALDO (black circles) rats. ALDO minipumps waere
depleted at the time ©f sacrifice, three weesks after minipump
implant. BSaline data is from the third weex of behavioral
testing. The correlation between saline intake and pyknotic cell

density was significant (r=0.39, p<0.04).
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EXPERIMENTAL PROTOCOL

Male Sprague-Dawley rats (3 mo. o0ld), run in four cohortas

Acclimate for one week, singly housed

Burgery; 2 ADX groups and 1 sham operated group

(Baline and normal drinking water were made available

to all rats after surgery)

Recovery period of one week

Weaks 2-3 post surgery: Bhaping on the radial arm maze

SBubcutaneous implants:

aADX group - Alzet minipumps

{10 pug/hr of aldoaterone for saven days)

“ADX group - nylon dummy pumps

agham ADXI ~ nylon dummy pumps

Week 5-7: 12 radial arm maze trials

Sacrifice and histological analysisa
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Study 3: Effect of Type 2 Adrenal Stercid Receptor Agonist
RU28362 on the Radial Arm Maze Performance of Adrenalectomized

Rats (Vaher, 1995b).

Study 3 tests the effects of RU28362 on the radial arm maze
performance of ADX rats. Earlier studies suggest that the type
2 receptor may affect spatial memory function. Treatment of ADX
rats with RU28362, a selective type 2 raceptor agonist,
inhibited the formation of LTP (Pavlides et al., 199%2; Pavlides
et al., in press). Occupation of type 2 receptors has alsc been
shown to depress neuronal excitability in the hippocampus (Joels
et al., 1994). In contrast to these findings, 0©Oitzl et al.
(1992), found that rats treated with RU3S8486, a type 2 receptor
antagonist, took longer to relocate a submerged platform in the
Morris water maze, another test of aspatial memory. Intake of 3%
saline will be measured as an index of serum levels of adrenal
steroids (Richter, 1941]; Vaher et al., 1994; Vahar, 1995a).
Bince ADX has been shown to cause loss of granule cell neurons
in the dentate gyrus (Gould et al., 199%0; Jaarsma et al., 1992
S8loviter et al., 1989; Bloviter et al., 1993a; Bloviter et al.,
1993b), measures of dentate gyrus morphology will also be
assessed. Measures of ssrum stercids and DG morphology will
tested for correlations to RAM performance to determine if any
effects on spatial memory are due to RU28362 or changes in the

dentate gyrus neurcanatomy.
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METHODS: 8TODY 3

Methods were the same as in study 2 {(vaher, 1995a) unless

otherwise noted.

Bubjects

Thirty six male Sprague-Dawley rats, received at three
months of age, were housed and food deprived as described in our
first study (Vaher et al., 1994). Rats were tested for spatial
memory deficits in twe cohorts run approximately two months

apart.

Adrenalectomy

Rats in each cohort were assigned at random to either sham,
ADX, or ADX+treatment groups and adrenalectomized as described
in study 1 (Vaher et al, 19%4). SBaline intake was again measured
daily in order to assess the presence of circulating steroids
(Richter, 1941; Vaher et al., 1994; Vaher, 1995a). ADX rats
drinking less than 10 ml/day of saline two weeks after surgery
are likely to have accessory adrenal tissue and were excluded
from the behavioral analysis. Study 1 (Vaher et al., 1994) and
study 2 (Vaher, 1995a), using the same criteria for exclusion,
have shown that saline intake is nagativaely correlated to serum

levels of corticosterone (CORT) in ADX rats.
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Spatial Memory Testing
Bpatial memory was tested on an eight arm radial maze as
described in study 1 (vaher et al., 1994). The experimental
protocol is summarized in Figure 7. After shaping and minipump
implantation (mee bslow), rats were tested with all eight arms
of the maze baited. Like our earlier study (8tudy 2: Vaher,
1995a), testing was dcone no more than cnce a day, four times a
waek for three weeks. Choice accuracy was scored Dby two

measurss: number of correct choices in the first eight visits

and the number of errors in completing the task.

RU28362 Treatment

RU28362 was administered by osmotic minipump (Alzet) as
described in our second study 2 {(Vaher, 19%95a). Pumps were
filled with RU28362 dissclved in propylene glycol (10 mg/ml).
Control rats were implanted with a '"dummy pump,* & nylon screw
spacer of about the same size and weight as the minipump. After
shaping to the radial arm maze, ADX rats were subdivided into
dummy pump (ADX contrel) and minipump (ADX+362) groups by
matching them on the basis of their average saline consumption.
These pumps secreted stercid s.c. for seven days at a rate of 10
ug/hr, a dose that provides maximum saturation of the type 2
receptor in the brain (S8akai, R., perscnal communication). Maze

testing began one day after minipump implantation.

Histology
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At the end of spatial memory testing, rats were sacrificed

and perfused under pentobarbital anesthesia as described in our
first study (vaher et al., 1994). Brains wvere sectioned
coronally through the dorsal dentate gyrus and stained with

cresyl viclet as described befora.

Data analysis

Physioclogical Indicators: Measures of daily saline intake
wvere grouped according to weeks for statistical analysis. Saline
data was tested for groups differences each week by one way
between groups ANOVA. Pairwise testing of a significant effect
was done post hoc by GT2 analysis for unequal sample sizes
(Sokal & Rohlf, 198B1).

Behavioral Data: EBehavioral data were obtained from two
cohorts each containing three groups: sham adrenalectomized rats
with a Aummy pump implant (8ham, n=10), ADX with dummy pump
(ADX, n=7), and ADX with RU28362 minipump (ADX+362, n=8). Of the
rats that started the study, five died after ADX, three ADX rats
were excluded on the basis of low saline intake, two were not
adequately shaped to the RAM in time, data from one rat was
aexcluded because it was ill, and one died after minipump
surgery. Rats received 12 trials that were grouped according to
weeka for statistical analysis. None of the rats developsd a
consistent response strategy. However, 46 trials were excluded
from analysis because responses were chained. Anorexia was a

problem with the dose of RU28362 tested. Rats received a high



59
calorie supplement (Nutrical) after testing and weights were
closely monitored. Only ten trials were removed because rats did
not make eight choices to complete the task.

Preliminary data analysis by two way repeated measures
ANOVA showed an absence of interaction effects for either
measure of choice accuracy (groups X weeks). Checice accuracy
measures were analyzed by blocks design ANOVA with repeated
measures. Treatment effects were further tested on a weekly
basis by one-way between groups ANOVA. Pairwise testing of
significant effects were done post hoc by the GT2 test for
unegual sample sizes {(Bokal & Rohlf, 1981).

Histology: Bections from the dorsal dentate gyrus will be
analyzed as described in study 2 (Vaher, 1995a). The number of
prknotic cells were counted in the suprapyramidal and
infrapyramidal blades at a magnification of 1000x. Cross
sectional areas vere determined for the suprapyramidal and
infrapyramidal blade of the DG from camera lucida drawings (25x
magnification) with the aid of a Zeiss interactive digital
analysis system. Diffarences in DG area were tested by one way
between groups ANOVA. Our earlier studies, Btudy 1 (Vaher et
al., 195%4) and Btudy 2 ({(Vaher, 1995a), have shown that the
distribution of pyknotic cells densities is positively skewed,.
Pyknotic cell densities were tested for groups differences by
non-parametric means.

Correlational Analysis: The effecta of RU28362 were tested

for possible relationships to spatial memory performance Dby
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correlating daily measures of saline intake to measures of
choice accuracy on the radial arm maze. Earlier studies in this
series have shown that the saline intake of ADX rats is
correlated to serum levels of CORT (Vahar et al., 1994) and to
radial arm maze performance as well (Vaher et al, 1994; Vaher,
1995a). The effaects of RU28362 on dentate gyrus morphology will
be assaessed by correlating daily measures of saline intake to
measures of dentate area and pyknotic cell density. Finally, the
relationship between dentate gyrus morphology and aspatial memory
will be tested by correlating morpholegical measures of the
dentate gyrus to measures of choice accuracy on the radial arm

maze.

RESBULTS8: 8TUDY 3

Physiological Indicators

RU28362 significantly and unexpectedly reduced saline
intake in ADX rats (Table 7). The saline intake of ADX+362 rats
was lower than that of ADX controls for the firat week of
treatment. However, the intake was not as low as that in shanms
or as that in ADX rats treated with ALDO (Vaher, 19%5a). The
affect lasted for at least two weeks, one week beyond the
expected life of the pump. Baline intake did not completely
return tc ADX levels until three weeks after trasatment. ADX
contrels consumed amounts of saline well above 10 ml/day

throughout the three weeks of maze testing.
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Behavioral Performance

Preliminary analysis of radial arm maze data by two way
ANOVA showed that interaction effects were not significant for
either measure of choice accuracy, the number of correct choices
in the first eight visits and the number of errors in completing
the task (groups X weeks). Analysis of main effects by bleccks
design ANOVA with repeated measures showed that weeks effects
were significant for both the number of correct choices

{F =7.90, p=0.0005) and the number of errors {F2’227=3.54,

2,223
p=0.03). There was significant improvement in overall maze
performance during the 12 trial tested. Groups effects were also
significant for both measures of choice accuracy; the number
correct (F2'223=13.49, p=0.0001) and the number of errors
(Fp 557723.83, p=0.0001). Further analysis of group differences
was done by one way between groups ANOVA on each of the three
weeks of maze trials.

For the first week of maze trials, one way analysis of
measures of choice accuracy were significant for the number of
errors in completing the task (F, gp=4.98, p=0.00C9). Fairwise
testing by GT2 analysis showed that ADX+362 rats mnade
significantly more errors than shams (Figure 8A, week 1). Poorer
maze performance was accompanied by a somewhat decreased salines
intaXxe (Table 7). An ADX effect was significant for the firat

week of tasting; The number of errors made by ADX controls did

not dAiffer significantly from ADX+362 rats (Figure BA, week 1}.
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Groups differences were also significant for the number of
correct choices in the first eight visits (F2'82=6.1B, p=0.03).
Pairwise testing also showed that ADX+362 rats made fewver
correct choices in tha firat eight visits than shams (Figure 8B,
week 1). Thus, RU28362 further impaired RAM performance in ADX
rats. The effect was evident in both measures of choice
accuracy.

One way ANOVAS were again significant for the number of
errors tF2'75=13.07, p=0.0001) znd the number correct
(F2,76=10.64, p=0.0001) for the second week of testing. Pairwise
testing showed that ADX+362 rats made more errors and fewer
correct choices than ADX and sham controls (Figqure 8, week 2).
RAM performance was impaired in ADX+362 rats two weeks after
treatment. Like our earlier study (8tudy 2: Vaher, 1995a), the
sterocid effect lasted beyond the expected life of the pump and
was paralleled by a continued suppression of Bsalt appetite
(Table 7). An ADX effect was not shown after the second week of
maze testing.

ADX+362 rats showed a trend towards improved maze
performance during the third week of steroid treatment. The
trend was apparent in the number of errors made (Figure BA, week
3) and coincided with an increase in saline intake (Table 7).
One way ANOVAs were again significant for the number of errors
{F2'7°=6.25, p=0.003) and the number of correct choices
‘F2,69=5'3°' p=0.007) but pairwise testing showed that ADX+362

rats still made significantly more errors and fewer correct
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choices than sham and ADX controls. Thus, the saline intake of
ADX+362 rats returned to the amocunts consumed by ADX controls
during the third week of treatment but the reduction in the
number of maze errors was not yet significant.

Earlier studies in this series showed a prolonged ADX
effect on radial arm maze performance (Vaher et al., 19%4;
Vaher, 1995a). ADX was shown to impair spatial memory
performance in this study but the effect was not robust. The
effect of RU28362 on behavicral performance, however, was
pronounced enough as to be apparent in both measures of choice
accuracy and significant in both of the cohorts tested. Bince
ADX controls and ADX+362 rats were initially matched on the
basis of saline intake after adrenal removal, differences in
choice accuracy measures must be due to RU2B8362. The effect of
the substance tested had been demonstrated and further

replication with ancorexic rats was not warranted.

Dentate Gyrus Morphology

The density of pyknotic cells was tested for differences
between groups by non-parametric statistics. Analysis by
Kruskal-wallis showad a significant difference between groups
(adj. H=7.78, p«<0.05). Pairwise comparisons were tested by non-
parametric BTP (Bokal & Rohlf, 1983). ADX ratas treated with
RU28362 differed significantly from shams (Table 8) msuggesting
that RU28362 further increased pyknosis in ADX rata. This seenms

to be in contrast to the finding that RU28362 partially protects
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against ADX-dependent cell death in the DG (Woclley at al.,
1991). ADX produced a small increase in pyknosis in ADX control
rats but the increase did not reach significance. A more
pronounced increase in pyknosis was not shown in ADX controls
because of the absence of & robust ADX effect in this
experiment. There was no significant ADX effect on behavior at
the time of sacrifice. Btudy 1 (Vaher et al., 1994) and study 2
{Vvaher, 1995a) have shown that ADX produces a small increase in
PYknosis which is not always detected by statistical analysis.
Thus, the increase in pyknosis shownh in ADX rats treated with
RU28362 might be the result of an ADX effect.

Cross sectional DG area was tested for differences between
groups by one way RANOVA (Table 8). ADX effacts on cross

sectional area were not significant,.

Correlational analysis

Ccrrelational analysis was used to determine the extent to
which adrenal function and/or brain morphology contributes to
spatial memory function. A statistical correlation between
indexes of serum adrenal staroids and maze performance ware not
shown in this study (Table 9). This finding was unsxpected since
the maze performance of ADX+362 rats was paralleled by changes
in salt appetite. S8tudy 1 (Vaher et al., 1994) and study 2
(vaher, 1995a) in this series have shown that physioclogical
indicaters of serum levels of adrenal stercids, serum CORT and

saline intake are significantly correlated tc radial arm maze
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performance. The lack of a statistical correlation could be due
to the absence of a pronounced ADX effect and the reduction of
saline intake in the more impaired ADX+362 rats. Higher levels
of saline intake are wusually associated with poorer maze
performance.

Mcrphological measures, the number of pyknotic cells in the
DG and cross sactional DG area, were not correlated to measures
of choice accuracy (Table 10). An association between saline

intake and cell death was not evident.
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Table 7. Effect of type 2 adrenal steroid agonist RU28362 on
daily intake of 3% saline.

Waak
Group 1 2 3
8ham 1.3140.30 1.63%0.19 0.81%0.25
ADX 17.23%1.38 21.25%1.65 17.27%21.62
ADX+362 9.65%]1 .33 7.31%1.86» 16.09%0.99

Entries are means * SB.E.M. ADX and ADX+362 rats werse matched
according to daily salire intake prior to treatment with
RU28362. RU28362 was administered by osmotic minipump at a dose
of 10 ug/hr for seven days. Treatment effects were tested on a
weekly basis by one way between groupsa ANOVA. Pairwise teasting
showed that ADX significantly increased saline intake in ADX
rats for three weeaka of testing. RU28362 significantly lowvered
saline intake in ADX rats for the first two weskxs of trsatment
(asteriak). Saline intake of ADXI4362 rats was not significantly
different from ADX controls by the third week.
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Table 6. Effect of RU28362 on the morphology of the dJdesntate
gyrus in ADX rats.

Group
Morphological

variable Sham (n=7} ADX {n=7} ADX+362 {n=7)

Croaas sectional
dentate area (10° um?) 0.275520.01 0.2485%0.01 0.2848%0.01

Number of %yxnotic
cells 7 10° um? 0.39%0.31 1.4540.8 14.8224.03%

Entries represent mean * SB.E.M. Measuremants of DG area were
teasted for groups differences by ohe way bstwaen groups ANOVA.
Pyknotic call densities vare tented by non-parametric

statistics., Asteriak indicates a significant difference from
sham (p<0.05).
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Table 9. Correlation of dailly intake of 3% saline intake to
radial arm maze performance.

Weak
Msasures of 1 2 3
Choice Accuracy {n=24) {n=9) {n=23)
Number correct in -0.05 -0.213 -0.21
firat eight choices p=0.82 p=0G.54 p=0.34
Number of 0.19 0.03 .16
Srrors p=0.36 p=0.93 pP=0.48

Entries are Pearson’s product moment correlation coefficients.
Baline intake wvas not significantly correlated to measures of
choice accuracy (p«<0.05).
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Table 10. Correlation of radial arm maze performance to measures
of dentate gyrus morphology.

Choice Accuracy

Number corract

Morphological in first eight Number of
variable choices aerrcrs
Crosa sectional -0.25 0.21
dentate area (10° pmzj p=0.29 p=0.39
Number of Eyknotic -0.40 0.15
cells ;7 30 umz p=0.09 p=0.53

Entrias are Pearson’s product momant correlation coefficients
and exact probabilities of significance. Morphometric measures
from 19 rats wvere tested for correlations to maasures cof choice
accuracy from the third week of testing. Correlationa were not
significant (p«<0.05).
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FIGURE LEGENDS

Figure 7. Protocol of procedural events in RU28362 experiment.
Rats were acclimated for one week pricr to adréenalectomy (ADX).
After recovery, rats were shaped to an eight arm radial maze.
RU28362 was administered by csmotic minipump (Alzet) implanted
subcutaneously 18 days after ADX. Test trials with all eight
arms baited began the following day. Rats were tested four times
a week for three weeks before sacrifice. Histology was performed

as described in the text.

Figure 8. Effecta of RU28362 on the radial arm maze performance
of ADX rats. RU28362, a selective type 2 adrenal stercid
receptor agonist, was administered to ADX rats by osmotic
minipumps implanted subcutaneocusly ohe day before testing. Pumps
lasted for seven days and secreted stercid at a rate of 10
gg/hr. Bham (n=10), ADX (n=7) and ADX rats treated with RU2B3I&2
{(n=8) received 12 maze trials over three weeks. Trials were
grouped into blocks of four according to weeks for statistical
analysis. RU26362 further impaired radial arm maze performance
in ADX rats. The effect lasted at least two wesaks, one week
beyond the supposed life of the pump. ADXI rats treated with
RU28362 showed a trend towards improvement during the third week
of testing when minipumps are depleted. A: the number of errors
in completing the task. B: the number of correct choices in the

first eight visits.
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EXPERIMENTAL PROTOCOL

Male Sprague-Dawley rats (3 mo. old), run in four cohorts

Acclimate for one week (singly housed)

Burgery: 2 groups of ADX rats, 1 group sham operated

(Ealine and normal drinking water were made available

after surgery)

Recovery period of one week

Weeks 2-3 post ADX: Food restriction and shaping

to the radial arm maze

Bubcutaneous implants:
ADX group - Alzet minipumps
(10 ug/hr of RU28362 in propylene glycol for seven days)
* ADX group - nylon dummy pumps

* sham ADXI - nylon dummy pumps

Weeks 5-7 post ADX: 12 radial arm maze trials

Bacrifice and histological analysis
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Btudy 4: Effects of Adrenalectomy on Rats First Trained to the

Radial Arm Maze Task

SBtudy 4 investigated whether ADX-dependent deficits in
spatial memory performance are due to the impairment of
learning or memory. Rats were first trained to the radial arm
maze task before ADX and then tested again. If ADX affects
learning but not memory, the requirements of the radial arm
maze task would have already been incorporated intc memory
prior to surgery and ADX rats would not be impaired when
tested again. If ADX affects memory, performance after surgery
would be impaired since rats would not be able to remember
experiences prior to surgery. Although the evidence of this
axperiment would not be considered conclusive (see
discusasion), these findings provide a basis for determining
whether ADX-dependent impairments in the acquisition of the
radial arm maze task shown in study 1 are due to deficits in

learning or memory function.

(Acknowledgements: This study was a summer project for
undergraduate students that was supervised by myself in Dr.
Luine’s laboratory. The technical assistance of Hijoung Yu and

Jenny Yee are gratefully acknowledged).

METHODS: BTUDY 4
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Mathods are the same as in study 1 (Vaher et al., 1994)

unless otherwise noted.

Eubjects

Bixteen male Sprague-Dawley rats (Charles Rivers
Laboratories) were received at two months ©f age and were
allowed to acclimate for two weeks before shaping to the
radial arm maze. Rats were trained to the radial arm maze in

two cohorts run approximately one month apart.

surgery

After shaping to the radial arm maze and five maze trials
with all arms baited (see below), rats were allowed free
access to food and adrenalectomy was performed on about half
of the rats as explained in study 1 (Vahar et a)l., 1994). The
remaining rats were sham coperated. Baline was again made
available to all rats after surgery in addition to normal
drinking water. A solution of 3% saline was made available to
all rats after surgery in addition to normal drinking water.
Baline intake was measured daily in order tc assess the
presence of sctopic adrenal tissue and detect adrenal regrowth
{Richter, 1941; Vaher et al., 1994; Vaher, 1995a). Baline
intake has been shown to be highly correlated tc serum levels
of CORT and is a valid index of adrenal function (Conrad &
Roy, 1992; Vaher st ml., 1994). ADX rats drinking less that 10

ml/day of saline are likely to have accessory adrenal tissue
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and were sxcluded from behavioral analysis.

Spatial Memory Testing

SBpatial memory was tested on the radial arm maze as
described in Btudy 1 earlisesr (Vaher et al., 1994). Choice
accuracy vas again scored by two measures: number of correct
choicas in the first eight visits and the number of errors in

completing the task.

Data analysis

Physiological indicators: Measures of daily intake of 3%
saline were tested for group differences after ADX by
independent samples two-tailed t-taests.

Behavioral Data: Behavioral data were chbtained from two
cohorts each containing sham and ADX rats. Data from the two
cohorts were combined and analyzed as a whole. Rats received
ten shaping trials and five maze trials with all eight arms
baited. Adrenalectomy was performed on nine rats. Seven rats
were sham operated. Ten days after surgery, rats received five
trials with all arms baited, then four trials with a time
delay after the fourth choice. Delays were of 10 wmin., 1 hr.,
2 hr., and 3 hr. All ADX rats met criteria for saline
consumption. Measures of maze accuracy were again analyzed by

blocks desaign ANOVA with repeated measuras.

RESULTEB: BTUDY 4
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Saline intake

As axpected, ADX rats consumed amounts of saline weall
above that of shams during the week of delay testing
(12.40%2.51 ml/day in ADX rats vs., 2.75%1.10 ml/day in shams,

t,,=-9.52, p<0.0000).

14
Behavioral performance

Radial arm maz2e parformance before and after ADX is shown
in Table 5. There were no initial differences between groups
before surgery in either the number of correct choices in the
first eight visits (t; ,=-1.04, p<0.32) or in the number of
errors in completing the task (t,,=1.34, p<0.20). Since
interaction effects were not significant, main effects were
tested by blocks design ANOVA with repeated measures. The ADX
effect was not significant for either the number of correct
choices in the first eight visits (F1'29=1.97, p<0.17) or the
number of errc+s in completing the task (F1'29=0.90, p<0.35).
Blocks effects were significant for both accuracy measures;
maze performance improved after surgery overall.

Following these trials, rats were tested with a delay
between the 4th and 5th visita. Mage performance was
significantly improved in ADX rats for the measures of choice
accuracy shown in Table 11. They made significantly more
correct choices out of the first eight visits (F1'53=5.33,
p<0.02) and made fewer errcra in completing the task

(F; gg=12.14, p<0.0009). Increasing the time delay did not



significantly alter maze performance for either group.
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Table 11, Effect of adrenalectomy {(ADX) on rats first trained to
the radial arm maze.

REGULAR TRIALS DELAY TRIALSB

GROUP BEFORE AFTER

NUMBER CORRECT IN FIRBT EIGHT CHOICESB

BHAM 6.43 6.88 6.54
$¥0.20 +0.16 $0.12

ADX 6.71 7.02 6.94%
$0.11 *0.14 ¥0.12

NUMBER OF ERRORS8 IN COMPLETING THE TABK

BHAM 3.02 2.21 l.&6a
+0.38 20.44 $0.37

ADX 2.91 1.87 2.08%»
$0.33 x0.27 t0.27

Entries are means ¢+ §.F.M. Seven sham and nine ADX rats weraes
tested on the radial arm mase. There vars no initial differences
betwvean groups in the numbar correct in the first eight or the
number of errors in completing the task. After surgery, thers
wvas no ADX effect during regular trials. For trials with a
delay, the ADX sffect was signifjcant for the number correct (#*
p<0.02) and the number of earrors (*#% p<0.0009). ADX rats
pertormed bettar on the dslay task than shams.
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DISCUS88ION

Studies in this series have shown that adrenal steroids
affect spatial memory. The results of study 1 showed a
persistent impairment of radial arm maze parformance in ADX rats
for up to 71 days when rats were tested shortly after adrenal
removal. Further studies with selective agonists ashowved that thae
Type 1 and Type 2 adrenal stercid receptors have opposite
effects on spatial memory function; Study 2 showed that type 1
receptor activation by replacement of ALDO in ADX rats abated
deficits in radial arm maze performance whereas in study 3 we
found that type 2 receptor activation with RU28362 further
impaired the radial arm maze performance ¢f ADX rats. Stercid
aeffects lasted for two waeks, one week baeycnd the expected life
of the minipump vehicle, and wvere paralleled by a continued
suppression of saline intake. The effects on behavior were lost
in the absence of steroid three weeks after hormone replacement
and was accompanied by an increase in saline intake. Bteroid
saffects on radial arm maze performance occurred in tha absance
of any marked reduction of dentate gyrus granule cell volume or
in a substantial increase in dentate gyrus granule cell pyknosis
at the time of death. In study 4, rats that were first trained
toc RAM before adrenal removal performed as well as controls
suggesting that ADX impairs learning while 1leaving memory

intact. The contribution of adrenal steroids to learning and/or
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memory appears complicated since when a delay is addad,
performance is improved in ADX rats. These findings must be
considered in relation to other studies on adrenal steroids and
memory, physiological indicators of adrenal function, and the

effects of ADX on dentate gyrus morphology.

Bpatial Memcry Performan

ce

The results of study 1 have shown that ADX rats are
impaired in the performance of a spatial memory task, the eight
arm radial maze. This impairment was reflected in all aspects of
choice accuracy performance and lasted throughcout the period
testad, from three to ten weeks after ADX. Previous studies of
the effects of ADX on spatial memory have shown transient
deficits after long-term adrenalectomy. Conrad and Roy (1992)
tested the effacts of ADX con the Morris water maze, another
spatial memory task. Their teating began 12 weeks after ADX, and
they found that ADX rats wvere salower in locating a platform
hidden in a pool of cloudy water. During reversal testing, the
location of the platform was changed and performance of the ADX
group did not differ from controls. Radial arm maze testing was
done 22 weaeks after ADX. For six weeks of testing, every other
arm was baited. Performance was then assessed on maze reversal
(arms that previously had not besn baited were now the baited
arma). ADX rats were not impaired on either test of the radial
ATm maze.

Armstrong, Mcintyre, Neuport and Bloviter (1993) tested
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subjects 4 months after ADX in the Morris maze. Differencea in
maze behavior were found in those ADX subjects with moderate to
extensive granule cell 1loss (GCL). Like the Conrad and Roy
(1992) study, these rats required a longer time to find the
hidden platform and performance betwean groups was alike when
the location of the platform was changed. Bhort-lived
impairments were seaen in GCL rats when the pocol was rotated 900
and also when all extramaze cues were removed. Thus in both
studies, ADX rats were slightly impaired in acgquisition of the
Morris water maze task.

ADX should result in spatial memory deficits by causing
granule cell death and copening the trisynaptic circuit in the
hippocampus. It has been suggested that the absence of robust
ADX effect is due to the presence of auxiliary pathways that
circumvent the dentate granule cells (for review, see Armstrong
et al., 1993). Pirst, tract tracing studies have shown that the
longitudinal projections 1in the bhippocampus are 3just as
prominent as those in the transverse direction (Amaral & Witter,
1989). Direct connections from the entorhinal cortex and other
parahippocampal structures te pyramidal neaurons in the
hippocampus have been shown. McNaughton et al. {1989), showad
that cells in area CA3 respond to spatial stimuli even if the
granule cells have Dbean deastroyed by colchicine. Thus,
neurcanatomists have argued that the few remaining granule cells
could distribute information throughout much of the hippocampus,

However, electrophysiological studies have shown that
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stimulation of one of these entorhinal projsctions to the
hippocmpus, the perforant projection to the pyramidal cells of
CAl, rarely elicits firing of hippocampal neurons even when
synaptic potentials are guite large (Colbert & Levy, 1992a;
Colbert & Levy, 1992b; Anderscon, Holmguist & Voorhoceve, 1966;
Desmond, Heydenreich & Levy, submitted). More importantly,
colchicine lesions of the dentate gyrus do cause pronounced
deficits in spatial memory function (Butherland et al., 1983;
Walsh et al., 1986; Whishaw, 1987; Nanry et al., 1989; Tilson et
al., 1987; Emerich & Walsh, 1990; McNaughton st al., 1989). This
suggests that the integrity of the intrahippocampal circuit is
necessary for normal spatial memory function. Thus, the tract
tracing studies of Amaral and Witter (1989%) do not negate the
lamellar hypothesis but augment our knowledge of hippocampal
projection systems.

The mcore pronounced effect of ADX on aspatial memory
function “‘n our studies could be due tc a number of factors.
First, there are differences between the Morris water maze and
radial arm maze tasks. Transient aeffects might be a
characteristic of the Morris water maze because it is an easier
task. The Morris water maze raguires that the rat remember the
location of only one submerged platform whereas completion of
the radial arm maze needs mamory of eight locations wvisited.
Once the location of the submerged platform is learned, even
affected rats moon reach asymptotic performance and deficits can

no longer be discernsd.
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second, there was a shorter time interval between ADX and
behavioral testing in our study. Testing memory performance 4
months after ADX, when extensive cell Joss is known to occur in
some rats, may also allow time for compensatory changes to take
place. The DG is especially of interest to the study of learning
and memory because of the marked degree of neurcnal plasticity
exhibited by this structure. Lesions of the DG result in an
increase 1n acetylcholine activity in hippocampal area CA3
(Drust & Crawford, 1985; Emerich & Walsh, 1990; McKeocn, Viete &
Wells, 198%; Tilson et al., 1987). More importantly, Gould et
al. (1991b), has shown that ADX triggers cell birth as well as
caell death and that neuronal restructuring continues well into
adulthood as part of nermal development. Thus, recovery of
function is less likely to occur if testing is done shortly
after ADX. This may be relevant to Conrad and Roy (1992) since
radial arm maze testing was done 22 wesks past ADX. The absence
of a robust ADX effect in study 3 of this series (Vaher, 1995b)
might be better explained by the marked degree of plasticity
exhibited by this area,.

The differences in conclusions do not appear to be due to
differences in criteria for selscting BADX rats. Other
researchers studying the effects of ADX on spatial memory have
used changea in body weight as the principal selection criterion
(Armstrong et al., 1993; Conrad & Roy, 1992; Conrad & Roy, 1995)
whereas our studies use saline intake for evaluating the

completeness of ADX (Vaher et al., 1994; Vaher, 1995a). Levels
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of serum CORT are significantly correlated to both body weight
(r=0.79%, p<0.01) (Conrad & Roy, 1992) and saline intake (rz=-
0.85, p<0.01) {Vaher et al., 1994) . Differencea in our
conclusions with respect to cell 1loss and spatial memory
deficits are better exXplained by the factors just discussed.

The results of study 2 have shown that replacement with
ALDO, a specific type 1 adrenal steroid agonist, abates ADX-
dependent impairments of a spatial memory task, the radial arm
maze. The ALDO effect was especially effective in reducing the
number of maze errors in completing the task. In this context,
icv microinjection of the intact rats with Bpironolactone, a
specific type 1 receptor antagonist, increased the latency to
relocate a submerged platform during session 3 of Morris water
maze testing (Oitzel & de Klcet, 1992). ALDO also produced a
marked enhancement of LTP in ADX rats (Pavlides, Watanabe,
Margaridés, & McEwen, 1992; Pavlides, Watanabe, Margarids, &
McEwen, in press). The effect was blocked when RU28318, a type
1 receptor antagonist, was administered prior to ALDO
replacenment. Further, electrophysiological recording atudies
have shown that occupation of the type 1 receptor optimizes
synaptic transmission in hippocampal neurons (Joals, Hesen,
Karst, & de Kloet, 1994)}). These studies together suggest that
type 1 adrenal steroid receptor activation improves spatial
memory function in ADX rats.

Btudy 3 showed that RU28362, a selective type 2 recaptor

agonist, further impaired ADX rats in the performance c¢f a
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spatial memory task, the radial arm maze. The effect was
pronounced as was evident in both measures of choice accuracy,
the number of errors in completing the taskx and the number of
correct choices in the first eight visita. In this context,
treatment of ADX rats with RU28362 produced a marked decrement
in LTP, a modeal for the neuronal basis of learning (Pavliides at
al., 1992; Pavlides et al., In press). The effect wasa blocked by
pricor 1injection of RU38486, a type 2 receptor antagonist.
Further, electrophysiological recording studies have shown that
occupation of the type 2 receptor 1in addition to the type 1
receptor resulted in a large voltage gated and transmitter-
dependent responses that result in a gradual failure ot
hippocampal neurons to respond to repeated stimulation (Joels et
al., 199%94); i.e., activation of the type 2 receptor depressed
the excitability of hippocampal neurons. Taken together, thaese
studies suggest that type 2 receptor activation further impairs
spatial memory function in ADX rats.

In contrast to these findings, Oitzl and de Kloet (1992)
found that icv microinjection of type 2 receptor antagonist
RU38486 increased the latency to relocate a hidden platform
during the sacond day of Morris water maze testing, another test
of spatial memory. 0Oitzl and de Xloet {(1992) tested the effacts
of adrenal steroid receptor antagonists on intact rats, not ADX.
Although the effects of adrenal sterocid receptor activation on
spatial memory function in ADX rats has become clear (ses

below), the interactions between the twoc raceptor types in the
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intact rat have not basen atudied.

In both studies 2 and 3, adrenal stercid effects on RAM
performance jasted two weeks, one waek besyond the sxpected life
of the pump, and was paralleled by B continued suppreasion of
saline intake. Bteroid effects subsided three weeks later and
were accompanied by a increase in salt appetite. This suggests
that the effects of adrenal steroid replacement on spatial
memory performance are reversible and dependent on the presence
of serum steroids in ADX rats and that effects appear to be
long~lasting.

In study 1 (Vaher at al., 1994), rats wera
adrenalectomized, then shaped to the radial arm maze shortly
after. ADX rats were impaired 1n maze performance. It is not
clear whether their performance was worse than controls baecause
they were unapbple tc learn as well as controls or because their
memory was compromised after ADX. In study 4, we trained the
rats on the task before adrenalectomy so that we could begin to
asses whether learning and/or memory contributes to ADX-
dependent impairments in performance. If ADX affects learning
but not memory, the regquirements of the radial arm maze task
would have already been encoded into memory prior to surgery and
ADX rats would not be impaired when tested again. If ADX affects
meamory, performance after surgery would be impaired since rats
would not be able to remember experiesnces prior to adrenal
removal. In trials with all eight arms baited, the ADX groups

performed as wall as contrels. This result suggests that ADX
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rats do not learn as well as intact rats. This finding is
consistent with case studies that have ahown that bilateral
removal of the hippocampus results in an anterograde amnesia, an
inability to learn anything new (Milner, 1970).

It should be noted that learning and memory are related
processes. In order to acquire the radial maze task, rats must
remember the reference memory aspects of the task. That is, the
rat must remember what is required to complete the maze. Task
acquisition also requires working memory, memory of which arms
had already visited. lLesion of the hippocampus produces deficits
in RAM performance which have alsc been interpreted as an
impairment in wo-Xing memory function (Olton et al., 1978).
Although the evidence 1is not conclusive, the absence of a
performance deficit in study 4 =suggests that ADX impairs

learning while leaving memory intact.

Physiological Correlates of Behavior

We monitored saline intake and body weight in all animals.
Levels of serum CORT were measured only in the second cohort of
the first study. CORT was correlated to one of two measures of
choice accuracy on the radial arm maze suggesting that lower
lavels of adrenal steroids are asscociated with poorer behavioral
performance. Saline intake was highly correlated to serum CORT
lavels and4 thus appears toc be a sensitive index of
adrenccortical function, but does not preclude the presencse of

sub-detaectable levels ¢of circula ing titers.
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Previous researchers studying the effects of ADX on Morris
water maze performance (Armstrong et al., 1993; Roy et al.,
1990) used body weight change after surgery as a criterion for
salecting subjects with granule cell loss. Roy et al. (199%0)
showed that body weight gain after ADX is positively correlated
with granule cell layer area thres months after surgery.
Further, short-term loss of body weight is negatively correlated
to the degree of degeneration of the granule cell layer when
supplemental saline is replaced with tap water. Free feeding
weight cannot be assessed in rats tested on the radial arm maze
since the task reguires food deprivation. However, saline intaka
was correlated to radia)l arm maze performance and can be used
when food serves as reinforcement. Thus, saline intake provides
a simple and inexXpensive means for evaluating the relative
completeness of ADX.

S8tudy 1 showed that saline intake was highly correlated to
both serum levels of CORT and to radial arm maze performance
(Vvaher et al., 1994). Thus, saline intake was measured as an
assay of serum levels of adrenal ateroids in the remaining
studies in this  meries. As expected, ALDO replacement
significantly decreased the saline intake in ADX rats. BSaline
intake was significantly correlated to measures of choice
accuracy throughout 3 waeks of testing overall. This was true
even though the amount of saline intake varied as ALDO minipumps
wers dspleted over the pariod of testing. Baline intake declined

within four days after ALDC replacement but requires four weaks
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to return to ADX levels. Bince saline intake was correlated to
maze performance, weé would expect that the performance of ADX
rats treated with ALDO would continue to decline if tested for
a fourth week. Thus, measuring saline intake would seem to be a
valid method of assessing serum levels of adranal steroids.

The reduction in saline intake in ADX rats treated with
RU28362 was unexpected (Study 3). It is well established that
the reabscorption o¢of sodium is regulated by the type 1 adrenal
steroid receptor in the kidney {(Richter, 1941; McEwen, Lambdin,
Rainbow, 1986; Burg, 1986) and RU28362 is believed to be a
""pure'' type 2 receptor agonist (Reul & de Xloet, 1985). RU2B3I&2
could affect saline intake if the type 2 receptor activation
produces K+ wasting. Glucocorticoid receptors have been found in
the kidney (Lee, Chekal & Katz, 1983) and replacement of CORT
has been shown to reduce hyperkalemia in ADX rats (Mujais,

Chekal, Jones, Hayslett &k Katz, 1984).

Dentate Gyrus Morphology

Previous studies have shown that short term ADX (3-7 days)
results 1in dramatic increases in the number of degenerating
cells as indexed by pyknetic cell density (Gould et al., 1990;
Jaarsma et al., 1992; Woolley et al., 19%1}) and that long term
ADXI results in almost complate caell loss (Bloviter et al., 1989;
Roy et al., 1990; Armstrong et al., 1991; McNeill et al., 199%1;
Conrad & Roy, 1992, Conrad & Roy, 1995). It would be expected

that neurcnal 1c0ss would continue until there is “nearly
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complete loss'" (Bloviter et al., 1989) of the granule cell layer
3 or 4 months later. Given these observations, it was surprising
that, despite a substantial impairment in radial arm maze
performance {Btudies 1 and 2), the correlation of physiological
indicators of adrenal fuhction to radial arm maze performance
(Btudies 1 and 2), and the correlation of serum adrenal stercids
to pyknosis (Btudy 2), no sizable increase in the number of
pyknotic cells was observed in any of the studies in this series
(Btudies 1, 2 or 3). Indeed, there was no evidence five and ten
weeks after ADX that the dentate gyrus had atrophied, and the
pYknotic neuron density was not substantially higher, on the
average, than the control group. The pyknotic cell count was

6

much lower five (8.5 * 4.2 pyknotic cells/10 umz, study 2) and

6

ten (5.319 * 2.3 pyknotic cells;/10% um?, study 1) weeks post-ADX

than found previously in similar age rats 3 to 7 days after
adrenal removal (2163.8 * 556 pyknotic c.lla/lo6 um?, Gould et
al., 1990). On the basis of earlier work with the same atrain of
rat it is reasonable tc assume all of these rats had shown
increased pyknosis 3-7 days post-ADX,.

The density of pyknotic cells in ADX rats was low but
highly variable in our study and d4id not correlate with measures
of adrenal function or radial arm magse performance. Previous
avthors have alsc noted the high degree of individuaj
variability in dentate morphology amongst ADX rats (Conrad &

ROy, 1992; Roy et al., 1990; 8loviter et al., 1989; Bloviter et

al., 1993a). Complete granule cell loss is actually a rare event
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with only a minority of cases resulting in complete destruction
of the granule cell layer. Only 2-30% of ADX rats exhibit this
phenomenon (Bloviter st al., 1989; S8loviter st al., 1993b). In
agreement with this observation, our distribution of pyknotic
cell densities was positively skewed. Bloviter et al., (1993a)
conducted a long-term analysis cf ADX-dependent cell death in
the DG. One year after adrenal removal, 35% exhibited obvious
cell loss, 33% exhibited no cell loss in the presence of adrenal
insufficiency (alsc called partial ADX rats by Conrad & Roy,
1992) and 32% exhibited no call losas and no adrenal
insufficiency. Almost all of our ADX rats exhibited a slight
increase in pyknosis five and ten weeks after adrenalectomy and
about half would be expected to develop obvious cell loss after
one Yyear. Sloviter et al (1993a) attributed the absence of
complete cell loss in ADX rats to the presence of subdetectable
levels of adrenal stercids secreted by nodules of accessory
adrenal tissues.

In study 1, RIA analysis of serum levels of CORT showed
that many of our ADX rats had some accessory adrenal tissue
capable of producing CORT (only 1 of 5 ADX subjects had no
detectable CORT) and this CORT may have been sufficient to
suppress granule neuron pyknosis, yet not sufficient to suppress
salt intake. This situation could arise if the accessory adrenal
tissue produced CORT and not aldosterone. CORT is known to
suppress dentate gyrus neurcnal pyknosis via Type 1 receptcrs

(Woolley et al., 1990), but it is unable to reach kidney Type 1
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receptors because of the anzyme 11-B-hydroxysteroid
dehydrogenase (Steward & Edwards, 19990} . In contrast,
aldosterone reaches hippocampal Type 1 receptors and also kidnay
Type 1 receptors (SBteward & Edwards, 1990). Aldosterone levels
ware not directly measured in cur studies.

Btudies 1, 2 & 3 have all shown only a low fregquency of
pyknosis in the presence of high saline intake five and ten
weeks after surgery. The consistency of thias finding suggests
that ADX-dependent cell death might temporarily slow at a time
pocint several weeks after ADX. It has been shown that low levels
of serum adrenal steroids trigger cell birth as well as cell
death in rats less than one year of age (Gould et al., 1991).
Further study is needed to determine if cell death subsides
and/or compensatory cell birth occurs at a higher rate five to
ten weeks after ADX. Excitatory amino acids, peptide trophic
factors, and regulatory genes have alsc been shown to mediate
mitosis and apoptosis in the DG (for review, see Gould et al.,
1993). The time course of thase effects has not baen studied.

Lasting impairments in radial arm maze performance without
the marked presence of granule cell pyknosis or reduction in DG
size asuggests that levels of circulating adrenal staeroids
themnselves exert an important influence on spatial memory
function prier to pervasive degeneration of DG granule cslla.
Beveral studies have shown that adrenal stercids acutely affect
LTP (Diamond & Rose, 1994; Diamond et al., 1995; Pavlides,

Watanabe, & McEwen, 1993; Pavlides, Watanabe, Margarihos &
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McEwen, 1992; Pavl]lides, Watanabe, & McEwen, 1993; Pavlides,
Watanabe, Margarifios & McEwen, in press) and regulate neuronal
axcitability inm the hippocampus (Joels, Haesan, Karat, & Ade
Kloat, 1994). Thesa effects occur within hours of application
before any sizable cell loss can cccur. This conclusion ramains
tentative in the absaence of studies that correlate the
morphology of granule cell dendrites tc measures of spatial
memory performance.

Earljier studies with the Morris water maze, ancther test of
spatial memory, would msesem to contradict our conclusion;
deficits on the Morris water maze occurred only in those rats
with measurable loss of granule cell neurons {(Armstrong et al.,
1993; Conrad & Roy, 1992). Recently however, Conrad & Roy
(1995), B8suggested that the absence of adrenal steroids 1is
responsible for at least scme of the water maze impairment seen
in ADX rats. In this mstudy, ADX rats received sither chronic
CORT replacement (chCORT) or acute CORT replacement during the
two weeks of water maze testing three months after surgery
(acCORT). Rats in the chCORT condition performed batter than
&CCORT rats and ADX controls. More importantly, acCORT rats
performed slightly better than ADX controls. Bince there was no
difference between these two groupa in the amount of granule
coll loss and the only difference betwean acCORT and ADX control
rats was the exogenous CORT given at the time of testing, the
slight improvement in water maze performance could be due to an

endocrine effect. Thus, adrenal steroids themselves appear to
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exert activational effects on spatial memory prior to pervasive
degenesration of DG granule cells in ADXI rats,.

Woolley et al. (1991), showed that ¢type 1 raceptor
activation protects against ADX-induced cell death.
Adrenalectomy increased pyknosis in ADX rats but ALDO
replacement c¢ould not be shown to prevent cell death in study 2
since ALDO pumps had already besen depleted at the time of
sacrifice. If rats had been perfused at the time of ALDO
replacement, we would expect to find that ALDO reduced pyknosis
in adrenalectomizad rats.

Morphological results in study 3 suggested a higher rate of
pyknosis in the DG of ADX rats traeated with RU28362. This seams
to be in contrast to the finding that RU28362 partially proteacts
egainst ADX-dependent cell death {(Woolley et al., 1991) .
Further, Joels et al. (1994) suggests that the cell death in
hippocampal area CA3 resulting from prolonged stresas or high
circulating titars of CORT shown by Bapolsky (Bapolsky et al.,
1985) can be accounted for by an influx of calcium caused by
type 2 receptor activation. Prolonged stress or high levels of
CORT have not been shown t¢ cause granule cell death in the
dentate gyrus. Earlier studies in this series have shown that
ADX resulted in a small increase in pyknosis at the time of
sacrifice that are not always detected by statistical analywsis
(Btudies 1 & 2). Thus, the increase in pyknosis shown in ADX
rats treated with RU28362 might be the result of an ADX effect.

Conrad and Roy (1995) showad that middle aged
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adrenalectomized rats lost granule cells only in ths
suprapyramidal blade of the dentate gyrus. Although rats in
study 2 showed more pyknosis in the suprapyramidal blade than in
the infrapyramidal blade, the increase was not significant. The
trend may not have been detacted in our astudy because we had
less cell loss five weaks after adrenalectomy than did Conrad
and Roy (1%95). Conrad and Roy (1995) also showed that older
rats exhibit less ADX dependent cell loss than do younger rats
and concluded that mature granule cells are less affected by
adrenalectomy.

BEeveral researchers have noted degeneration staining in the
area of the hilus in adrehalectomized rats (Jaarsma et al.,
1992; Pavlides, Margariinocs, Gould, Hsu, Pierre, Watanabe, McEwen
& Buzsaki, 1993; Bapolsky, Btein-Behrtens, Armanini, 1991;
Bloviter et al, 1993}. The number of pyknotic cells in the hilus
were counted in Study 2 (Vaher, 1995a). Pyknotic cells were
found in this regicn but only rarely. Bapclsky et al. (1991),
originally reported that these waere pyramidal cells in area Ch4.
Others have stated that these cells were always near the lateral
aspect of the suprapyramidal blade of the granule cell layer
(Jaarsma et al., 1992; Bloviter et al., 1993). Bloviter et al.
{1991), believes that these cell bodies are displaced granule
cells since the cell bodies were found to be calbindin-D28K-
immunoreactive in normal sections. Pav]ides et al. (1993) also
found degeneration estaining in the hilus but concluded that

these were dentate polymorphic cells and interneurons of area
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Ch3. Unlike dentate granule cells, thaese cells were not
protected by CORT replacement in ADX rats. One pyknotic cell in
a sham ADX rat was located lateral to the suprapyramidal blade

thus suggesting apoptosis.

Mechanism for ALDO Effects on Memory Performance

Traditional adrenal steroid receptors are found in the
neurcnal cytoscl. Binding of the 1ligand to the recaptor
initiates translocation to the nucleus (McEwenh, Gerlach & Micco,
1975) where protein synthesis can be regulated by genomic
mechanisms. Recently, a nongenomic stercid receptor has been
postulated (McEwen, 1994). Whereas genomic effects take several
days, nongenomic effects are more rapid in onset. The time
course of ALDO effects suggests a genomic mechanism of action;
ALDC required three days to take a maximum effect and several
days to revert. The expression of several typas of mRNA has besan
shown to be regulated by adrenal sterocids {Hiremagalur,
Kvetnansky, Fukuhura, Fleischer, Geertman, Nankova, Viskupic &
S8abban, 1993; Hclmes, French, Yau, Becki, 1993; Liac, Miesak,
Azmitia, 1993; Watanabe, Weiland, & McEwen, 199%93). S8ince ALDO
has been shown to facilitate spatial memory performance, type 1
receptor activation most 1likely includes an initiation of
changes in protein synthesis that will improve mamory.

One of many means by which protein synthesis can regulate
memory is by receptor upregulation. Learning can be defined as

the enhancement of aynaptic efficacy in certain neurons as the
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result of experience. 8erotonimn (5-HT) receptors might be
upregqulated in this way since S5-HT,, receptor labeling was
decreased by ADX and increased by treatment with dexamethascne
(Liac et al., 1993). The time course of effect was shown to take
three days, juat as d4id the ALDO effect in study 2. Further,
levels of serotonin are significantly correlated to apatial
memcry performance (Luine, BSpencer & McEwen, 1993). The NMDA
glutamate receptor might alsoc be upregulated by adrenal
steroids. NMDA receptor agonists inhibit the formation of long-
term potentiation (Collingridge & Bliss, 1987).

Adrenal steroids wmight also affect spatial memory by
regulating the synthesis of structural proteins. ADX has been
shown to decrease the number of dendritic branch points in
dentate gyrus granule cells (Gould et al., 1990). Study 1 and
study 2 have ashown that ADX causes impairment in spatial memory
functicon (Vaher et al., 1994; Vaher, 1995%a). Thus, it i=s
pessible that the number of dendritic branches and/or the number
of aynapses formed by dentate gyrus granule cells might be
correlated to spatial memory performance. The process of
dendrite formation requires the activation of genes that
increase the asynthesis of proteins needad for the construction
of dendrites. Examples of structural proteins that might be
synthesized in the process of dendrite formation are MAP2, NCAMs
and GAP. Adrenal atercids could regulate spatial memory function
by initiating the activation of genes important to dendrite

formation.



Theory of Adrenal 8tercid Receptor Regulation of gpatial
Learning

Belective activation of type 1 and type 2 adrenal stercid
receptors has been shown to produce opposite effects on spatial
maemory function in ADX rats. S8tudy 1 showed that replacement of
the type 1 receptor agonist, aldosterone, restored normal
apatia)l memory function in ADX rats (Vaher, 1995a) while study
2 showed that administration of the type 2 agonist, RU28362,
further impaired spatial memory performance (Vaher, 1995b).
These findings are consistent with selective activation studies
oh LTP (Pavlides et al., in press) and neuronal excitability in
the hippocampus (Joels at al., 1994).

Our series of atudies suggest that the type 1 and type 2
adrenal steroid receptors, with diffarent affinities for
corticosterone (CORT), form a two tiered system for the
regulation of spatial memory function. The type 1 receptor has
a high affinity for CORT and is extensively occupied by lower
lavels of CORT that are present during the diurnal rise and
fall, whereas type 2 receptor occupancy may become asubstantial
only at high resting and stress levels of CORT (McEwan et al.,
1986; Reul et al., 1987; Bpencer et al., 1993). This suggests
that spatial memcry performance should vary as an inverted U-
shaped function as serum levels of adrenal steroids are
increased (Figure 9). Type 1 receptors are occupied and spatial

memory is facilitated when levels of adrenal stercids ara
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initially low. Rising serum CORT would activate type 2 receptors
which impairs spatial memory performance and counters the
faciliatory effects of type 1 receptor activation. Thus, spatial
memory function should be optimal at an intermediate level of
CORT when type 1 receptors are maximally saturated while
performance is diminished when plasma CORT is either too high
{Diamond & Rose, 1994; Diamond et al., 1994; Luine et al., 1994)
or too low (Vaher et al., 1994; Vaher et al., 1995a). In this
context, Diamond et al., (1992) showed that the overall
relationship between plasma CORT and hippocampal primed burst
potentiation is an inverted U-shaped function. Bimilarly, Joels
et al. (1994), showed a U-shaped dose-response relationship
bPatween the relative ionic conductances and transmitter
responses in hippocampal neurcns as a function of the Type
1/Type 2 occupancy ratio., B8tudy 2 showed that adrenal stercids
require several days of tonic receptor activation to affect
spatial memory function.

The contribution of adrenal steroids to learning and/or
memory appears complicated, however. In study 4 we showed that
ADX rats performed better at a delay task when rats were first
trained on the RAM before adrenal remcoval. S8imilar improvements
in performance have bsen found in ADX rats in other laboratories
(Diamcnd, D., persconal communication). Explanation of this
anomalous fipding might be found in atudies on the effects of
stress and arousal.

Release of adrenal asterocids are part of the sympathetic
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nervous system’s response to stresa. Similar to findings with
rats, studies on human performance have shown that performance
is very poor when levels of physioclogical arousal are eaither
very high or very low and is best when arousal is at soms
intermediate level {Yerkes & Dodson, 1908; Habb, 195%) .
Hyperarousal has particularly aversive effects on complex mental
tasks. Improved performance was seen only when the standard maze
task was made more difficult by adding a time delay between
choices. It could be speculated that adding a time delay to the
standard maze task is not only more difficult but alsc more
stressful. The time delay in our study cculd be a stressor that
impairs performance on a "“complex mental task,' the radial arm
maze. ADX rats might perform better than shams on a well learned
radial arm maze taskx because they are deficient in adrenal
hormones that are released in high levels in response toc stress
and interfere with spatial memory performance. Further
investigation is needed to msee if adding a time delay to the
standard radial arm maze task is a sStressor and whether thae
adverse effects of stress on the performance of a well learned

memory task are abated by ADX.
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Figure 9. Theoretical dose-response relationship between serum
corticosterone and spatial memory performance. This series has
shown that the type 1 and type 2 adrenal stercid receptors have
opposite effects on apatial memory performance in ADX rats; type
1 receptor activation facilitates spatial memory whereas type 2
activation further impairs performanca. As serum CORT is
increased, only the high affinity type 1 receptor are initially
occupied and spatial memory performance is improved. At higher
doses, the low affinity type 2 receptors bacome occupied and
inhibit spatial memory. Optimal performance is obtained at
intermediate levels of CORT while performance deteriorates when

serum levels are high or low.
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S8UMMARY

Adrenalectomy {ADX) resulted in lasting deficits in the
verformance of a spatial memory task, the radial arm maze
RAM) when rats were tested shortly after surgery. ¥While a
wide range of individual differences amongst ADX subijects
might have cobscured any neurcanatomical differences or
correlations, persistent deficits in radial arm maze
performance without the marked presence of pyknosis or the
reduction of DG size suggests that adrenal hormones themselves
exert an activational effect on spatial memory prior to
pervasive degeneration of DG neurons. Belective activation of
type 1 and type 2 adrenal steroid receptors was shown to
produce copposite effects on spatial memory function in ADX
rats; Replacement of the type 1 receptor agonist aldosterona
restored normal spatial memory function in ADX rats while
administration of the type 2 agonist RU28362 further impaired
spatial memory function.

On the basis of these findings, we predicted that the
dose-response relationship between serum corticosterone (CORT)
and spatial memory performance is an inverted U-shaped
function in ADX rats. The type 1 receptor has a high affinity
for CORT whereas the type 2 reaceptor binds with low affinity.
Low affinity receptors become occupied only after high

affinity receptors are saturated. Bpatial memory functicn in
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ADX rats should initially improve as CORT levels are increased
and more type 1 receptcrs are occupied. Purther rasing serum
CORT would activate type 2 receptors which impair spatial
memory performance and counter the faciliatory effects of the
type 1 receptor. Bpatial memory function should be coptimal
when type 1 receptors are maximally saturated whila
performance is diminished whan plasma CORT is high or low.

Further investigation showed that ADX-dependent
impairments in radial arm maze performance are actually due to
deficits in learning and not memory; ADX rats do not learn as
well as intact rats. The contribution of adrenal steroids to
learning and/or memory appears complicated, however, since ADY
rats parformed better at a delay task when rats were first
trained on the RAM before adrenal removal. 8tudy beyond this
thesis is needed to explain how adrenal steroids produced this

effact.
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