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Abstract

Glutamate Receptor Plasticity in the Hippocampus:
Implications for Age-Related Memory and Learning Deficits
by
Adam H. Gazzaley

Advisor: John H. Morrison, PhD

Memory and learning deficits that negatively impact on quality of life are a common
occurrence in our aged population. The studies described in this thesis were designed
to further our understanding of cellular and molecular alterations occurring in conditions
that are associated with age-related memory and learning deficits. Based on the
established importance of glutamate receptors and the hippocampus in memory and
learning processes, we first investigated potential differences in glutamate receptor
immunofluorescence within the hippocampus of juvenile, adult, and aged macaque
monkeys. Second, to explore the influence of fluctuations in estrogen levels, comparable
to those that occur during menopause, on NMDARs, we compared both NMDARI1
immunofluorescence and mRNA in situ hybridization intensity within different
hippocampal regions between ovariectomized rats and ovariectomized rats treated with
estradiol and progesterone. Third, to investigate the effects of altering a key afferent
input on NMDARs, which we hypothesize occurs to some degree during aging, we
evaluated NMDAR1 immunofluorescence and mRNA in situ hybridization intensity in
rat dentate gyrus following synaptic reorganization induced by unilateral transection of
the perforant path input from the entorhinal cortex. The results of these studies reveal
that glutamate receptor plasticity is associated with all three conditions. In the first
study, we demonstrated a circuit-specific decrease in NMDAR1 immunofluorescence

within the dendrites of the dentate gyrus. The second study revealed that estrogen
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serves to maintain NMDARI immunofluorescence intensity levels within both the dentate
gyrus and the CAl field of the hippocampus, possibly via post-transcriptional regulation
of the NMDARI subunit protein. Lastly, the third study demonstrated that both
NMDARLI protein and mRNA levels are modifiable by changes in afferent input, and
additionally demonstrated that NMDAR] mRNA is one of a limited population of
mRNAs that is transported into dendrites. In conclusion, the data presented in this
thesis suggest that alterations in the distribution of NMDARI protein, which may have
been precipitated by fluctuations in estrogen levels and an alteration in afferent input,
occurs in the hippocampus during aging and may be associated with age-related memory

and learning impairment.
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Preface

Focus on age-related health decline has been intensifying in recent years in both the
clinical and basic sciences. This is largely due to a significant increase in the average
age in our society. Currently, the fastest growing segment of the population is the age
group that is over 85 years old (Amenta et al., 1991). By the year 2030 a projected 21%
of the population in the United States will be over 65 years old, a substantial increase
from 10% in 1975 (Brody, 1992). Medical science has done an extraordinary job of
increasing the average human life expectancy, however, the medical and scientific
community must accept the burden of their successful efforts. The aging process is
associated with a diverse collection of health concerns, and one of the most troubling to
many is the loss of cognitive abilities. Aside from the devastating effects of Alzheimer’s
disease (AD), which affect approximately 20% of individuals in their mid-eighties,
70% of eighty year old people suffer memory loss and other cognitive deficits associated
with normal aging that negatively impact on their quality of life.

Given modern medicine's success in increasing the length of life, we must now
focus on improving its quality throughout an individual’s lifetime. We feel that this can
be most effectively accomplished by enriching our understanding of the changes that
occur in the normal aging brain. This goal is addressed in this thesis by studies aimed
at isolating glutamate receptor alterations in both aged brains and experimentally
manipulated non-aged brains. Hopefully information attained in this pursuit will be
useful for the future development of pharmacological interventions aimed at averting

or correcting functional compromise that occurs during aging.
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Chapter 1

Introduction

The primary objective of this thesis is to increase our understanding of cellular and
molecular alterations that are associated with age-related memory and learning deficits.
This is accomplished by three independent studies employing non-human animal models
(Chapters 4, 5 and 6). The first study (Chapter 4) focuses on identifying alterations that
occur in aged monkeys. Both aged humans and aged non-human primates experience
memory deficits associated with normal aging (Poon, 1985; Rapp and Amaral, 1991).
Given the important role of both glutamate receptors (GluRs) (Collingridge, 1987; Maren
et al., 1993) and the hippocampus (Alvarez et al., 1995; Gage et al., 1984) in learning
and memory formation, we investigated potential differences in glutamate receptor
distribution and immunofluorescence intensity within the hippocampus of juvenile, adult,
and aged macaque monkeys (Chapter 4).

The experimental studies described in Chapters 5 and 6 were designed to explore
the influence of factors that may be involved in the generation of age-related cognitive
deficits on NMDARI protein and mRNA regulation in the hippocampus. The study
described in Chapter S addresses the issue that the study in Chapter 4 was performed
exclusively on aged females. Estrogen increases the number of NMDA receptor binding
sites and induces physiological changes consistent with a functional enhancement of
NMDA receptors in rat hippocampus (Weiland, 1992; Wong and Moss, 1992). It is thus
possible that the NMDARI alteration revealed in the aged monkeys was gender-specific
and associated with menopause, which results in a dramatic reduction in circulating
estrogen levels during aging. Furthermore, decreases in estrogen levels may be associated
with age-related memory and learning deficits, since estrogen has been revealed to have
an important role in cognitive function (Philips and Sherwin, 1992a; Philips and Sherwin,

1992b; Singh et al., 1994). Therefore, in Chapter 5 we investigate cellular and molecular
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mechanisms of estradiol-induced NMDAR regulation in the hippocampus by comparing
intensity levels of NMDARI immunofluorescence and NMDAR 1 mRNA hybridization
within different hippocampal regions in ovariectomized rats and ovariectomized rats
treated with estradiol and progesterone.

The focus of the third study relates to our findings in Chapter 4, which revealed that
aged monkeys, as compared to young adult and juvenile monkeys, experience a decrease
in NMDAR! immunofluorescence intensity within the distal segments of granule cell
dendrites (i.e., the segments that receive the perforant path input from the entorhinal
cortex), in comparison with more proximal dendritic segment. Other investigations
have identified pathological changes in the entorhinal cortex of aged primates (Hof and
Morrison, 1994; Mufson et al., 1994), and physiological alterations of the perforant
path in aged rodents (Barnes, 1994). Based on these findings, we hypothesized that
intradendritic levels of NMDARI are dynamic, and modifiable by alterations in the
afferent condition of the perforant path. To explore this hypothesis, the third study
(Chapter 6) investigates changes in both NMDAR|1 immunofluorescence and NMDAR1
mRNA hybridization intensity in rat dentate gyrus following synaptic reorganization
induced by unilateral transection of the perforant path input from the entorhinal cortex.
Given that a key feature of Alzheimer’s disease is devastation of the perforant path due
to a severe loss of the neurons of origin in the entorhinal cortex (Hyman et al., 1984;
Lippa et al., 1992), understanding compensatory changes in NMDARI1 levels or
distribution following perturbations of the perforant path may also be crucial for
understanding mechanisms of memory loss associated with neurodegenerative processes.

In addition to exploring alterations associated with age-related memory and learning
deficits, another focus of this thesis is to increase our understanding of the mechanisms
involved in GluR plasticity. Several studies have previously revealed alterations in
GluR ligand binding sites induced by a variety of different conditions, including, aging,

hormonal manipulations, and lesions (Ulas et al., 1990; Weiland, 1992; Wenk and Walker,
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1991). In an attempt to discover cellular and molecular mechanisms that may be the
basis of these functional binding alterations and resulting physiological and behavioral
changes, we have used quantitative immunocytochemical and in-situ hybridization

techniques to investigate changes in NMDARI subunit protein and mRNA within

retained anatomical structures.
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Chapter 2

Background

The purpose of this section is to present background information on common themes
that are addressed throughout this proposal, as well as to discuss in more detail the
inspiration and the rationale for focusing on particular species, anatomical structures

and neurochemical markers.

Normal Human Brain Aging

” (3

For the context of this thesis, terms such as “aging”, “age-related” and “age-
associated” will be used to refer to events occurring during the post-maturational period
of an animal’s life. It will not be used to signify all references to aging processes of the
brain, which by some definitions also include brain development and maturation.

Normal brain aging refers to the events that occur in the brain of an aged animal that
are not associated with pathological conditions related to a disease process. Just as the
brain has been observed to undergo extensive changes during development, there are a
large number of changes that occur in the brain as it ages that might be considered part
of a natural process. There is an extensive literature of structural and neurochemical
changes in the aging human brain that are not associated with disease-related pathological
conditions, such as Alzheimer’s disease and Parkinson’s disease. Some of these changes
are thought to result in a progressive decline in the functional ability of the brain. In
humans, cognitive decline occurs frequently during the normal aging process and affects
such features as visuospatial abilities, conceptualization, general intelligence and
memory (Albert, 1990). Memory deficits, which have been termed age-associated
memory impairment (AAMI) appear early, in the mid-fifties, and occur in 55% of
individuals in their sixties (Reinikainen et al., 1990). The major effect on memory

function appears to be in the transfer of primary memory (short-term), into secondary
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memory (long-term), which results in the inability to retain new information over time
(Albert, 1990; Craik, 1977; Petersen et al., 1992; Poon, 1985).

An important feature of the functional impairments observed in normal aging is
their variability. Not all aged individuals experience cognitive decline, and those that
do may only experience deficits in certain abilities (Rapp and Amaral, 1992). These
observations have led to the subclassification of normal aging into “usual aging” which
refers to individuals that experience age-related functional decline, and “successful”

aging reserved for those that do not (Rowe and Kahn, 1987).

Animal Models

The decision to use animal models to study aging, as opposed to humans, was based
on several considerations. First, we must consider why we do not study human subjects
and human brain tissue if what we are essentially interested in is the effects of aging on
the human brain. One reason is that the fixation of the human brain is less than optimal
because humans, unlike laboratory animals, cannot be transcardially perfused with
fixative. Rather, human brains when used for research purposes are immersed in fixative
after removal from the skull. Thus, there is an intervening post-mortem time delay
before the brain is submerged in the fixative. Depending on the duration of this delay
the quality of the tissue will be detrimentally affected. Although these factors do not
make human tissue useless for all anatomical studies, they do result in a reduction in
the quality of immunocytochemical labeling for glutamate receptor subunits, which is
the principal experimental procedure used in this thesis. This may be do to the fact that
the receptors are membrane bound and poor fixation affects the integrity of the cell
membrane. Additionally, the availability of control, non-aged human tissue of an
appropritate age, with complete clinical documentation and a postmortem time interval

of less than 4 hours is difficult to obtain. Another drawback of performing these studies
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on human brains is that experimental manipulations such as lesions, physiological
recordings and tract tracing are only performed on experimental animals. Thus, it is
not be possible to directly correlate age-related findings with experimental manipulations
in the same species. Considering the vast supply of scientific literature available on the
animal models used in this thesis, it was logical to initiate our investigation on these
well-established models.

The next consideration is whether or not animal models of normal aging in humans
are valid to use. The fact that animals age and eventually die is not justification in itself
because aging consequences may be species specific. For example, humans are the
only species that experience certain age-related disorders such as Alzheimer’s disease.
However, behavioral studies on both aged non-human primates and rodents have revealed
that they both exhibit cognitive deficits associated with normal aging. Aged monkeys
experience recognition memory deficits, as documented by the delayed-nonmatching-
to-sample recognition (DNMS) memory task (Rapp and Amaral, 1991), and studies of
aged rats in the Morris water maze have demonstrated their inability to form as effective
spatial representations of their environment as young rats (Gage et al., 1984; Gallagher
and Burwell, 1989). Considering the vast difference in baseline cognitive abilities
between humans, monkeys and rats the age-related memory deficits experienced by
monkeys and rodents appear to be similar to human memory impairments (Craik, 1977;
Flicker et al., 1984; Perlmutter et al., 1981) Additionally, these aged animals also
experience both structural and neurochemical changes similar to aged humans. Thus,
the use of aged laboratory animals to study normal aging appears to be justified and has
become a very common research theme.

Therefore, we have chosen to use animal models in this thesis because the advantages
of their use overcome the disadvantages associated with the use of human brains. Our
laboratory has successfully obtained high quality GluR immunocytochemical staining

in the hippocampus and cortex of both monkeys and rats, however efforts do continue
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to optimize staining in human tissue. In this thesis, we have successfully extended
observations made in aged monkeys (Chapter 4) to two experimental models in the
rodent (Chapter 5 and 6), which have impacted on our interpretation of the aging results.
We now plan to duplicate these experimental paradigms in the aged monkeys to form
direct intra-species comparisons, an experimental plan that could not have been
duplicated in humans. The obvious disadvantage of the use of animal models is that
extrapolation of observations to humans rely upon the assumption that the same chemical
and structural changes occur between different species. It is for this reason that the
initial aging study was performed in non-human primates, a species in which we feel
more secure with such extrapolations. Even if some conclusions in this thesis are not
entirely applicable to human aging, we feel that we have still made important

contributions to the understanding of basic cellular mechanisms of GluR plasticity.

Hippocampal Formation

The hippocampal formation, located in the medial temporal lobe, consists of a number
of defined subregions; the dentate gyrus, the hippocampus proper (Cornu Ammonis
subfields- CA1, CA2, CA3, CA4), the subicular complex and the entorhinal cortex
(Amaral et al., 1987). The decision to focus our anatomical evaluation on the
hippocampal formation was based on three major reasons. First, the role of the
hippocampal formation in learning and memory has been very well established. Our
current understanding of this crucial role of the hippocampal formation is based primarily
on numerous localized lesion studies in the monkey (Alvarez et al., 1995; Meunier et
al., 1993; Zola et al., 1989; Zola et al., 1992) and the rat (Gage et al., 1984; Gallagher
and Burwell, 1989), as well both post-mortem (Zola et al., 1986) and magenetic
resonance imaging (MRI) studies of naturally occurring cases of human amnesia (Press

etal., 1989). Aside from these in vivo studies, cellular models of learning such as long-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



term potentiation (LTP), which was first documented in the perforant path circuit (Bliss
and Lgmo, 1973), and kindling have been readily observed, and are most frequently
studied within hippocampal circuits. The extensive documentation of hippocampal
involvement in memory processes suggests it is an appropriate anatomical structure in
which to investigate mechanisms of age-related memory impairment.

The second reason for focusing on the hippocampal formation in this thesis is that
memory and learning deficits experienced by aged animals are very similar to deficits
that are induced by damaging the hippocampal formation. Memory studies performed
on monkeys, such as the DNMS memory task, have revealed that aged monkeys (Rapp
and Amaral, 1991) and monkeys that received bilateral lesions of hippocampal formation
structures (Alvarez et al., 1995; Zola et al., 1989) exhibit memory deficits that resemble
one another. Additionally, rats with bilateral hippocampal lesions perform poorly on
spatial memory tasks such as the Morris water maze (Morris et al., 1982). A similar
impairment in aged rats in the acquisition of spatial information has been observed that
parallels these deficits in the lesioned rats (Gage et al., 1984; Gallagher and Burwell,
1989).

A third reason to focus on the hippocampal formation is that many hippocampal
alterations have been documented to occur in aged animals. Alzheimer’s disease (AD),
which results in devastating memory loss, is associated with severe structural damage
in the hippocampal formation (Hyman et al., 1986; Hyman et al., 1984; Van Hoesen
and Hyman, 1990). Synaptic loss seems to be disproportionately large within the
hippocampus, extensively involving the input from the entorhinal cortex (Cabalka et
al., 1992; Honer et al., 1992). Aside from hippocampal involvement in AD, there have
been several discoveries of hippocampal alterations during normal aging in humans.
The hippocampal formation, particularly the entorhinal cortex, is often a site of
neurofibrillary tangle accumulation in non-demented elderly adults (Bouras et al., 1994;

Hof and Morrison, 1994; Price et al., 1991). Furthermore, MRI studies on elderly
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individuals have suggested that hippocampal atrophy occurs during normal aging, and
correlates with poorer performance on tests of secondary memory acquisition (Golomb
etal., 1993; Golomb et al., 1994). Additionally, use of a recently developed non-biased
quantitative method, the optical disector, has revealed a selective cell loss of subicular
and hilar neurons within the hippocampus of normal, aged humans (West, 1993). These
observations in the human hippocampal formation, and other studies revealing
physiological (Barnes, 1994) and synaptic changes (Geinisman et al., 1992) in the aged
rat, suggest the hippocampus to be an optimal site to investigate age-related structural

and chemical alterations that can be linked to functional deficits.

Dentate Gyrus Anatomy

The dentate gyrus, a region in the hippocampal formation, is composed of three
layers; the granule cell layer, the molecular layer, and the polymorphic cell layer. The
granule cells are the principal projection neurons of the dentate gyrus and their cell

bodies are organized in the granule cell

layer, a very compact collection of cells
which curves to form three blades in the
monkey (medial, central and lateral) and
two blades in the rat (suprapyramidal and

infrapyramidal) (Amaral and Witter,

1989; Rosene and Van Hoesen, 1987).

Figure 2.1 Schematicof dentate gyrusanatomy. The granule cells are small (~7 um),
Details in text.

round cells with a very thin cytoplasmic

rim and either a single or several spiny apical dendrites extending in a conical fashion

into the molecular layer (Clairborne et al., 1990; Frotscher et al., 1988) (Fig. 2.1). The

axons of the granule cells extend from the basal pole and traverse the hilus (where they
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give off collaterals) as the mossy fiber projection, to terminate in the stratum lucidum
of CA3 (Amaral and Witter, 1989). The molecular layer is a relatively cell sparse region
consisting mostly of the dendrites of the granule cells that extend to the obliterated
hippocampal fissure (Fig. 2.1). The majority of the granule cells input is received in
the molecular layer. Aside from granule cell dendrites and an extensive web of axonal
fibers, the molecular layer also contains GABAergic interneurons (Halasy and Somogyi,
1993) and neuroglia. The polymorphic cell layer, part of the hilar region, is located on
the basal side of the granule cells and is populated by a variety of different neuronal
cell types, the polymorphic hilar neurons (Amaral, 1978; Frotscher et al., 1991).

One striking feature of the dentate gyrus is the segregated distribution of the
excitatory afferents in a proximo-distal pattern across the extent of the dendritic field
within the molecular layer. The outer-two thirds of the molecular layer (OML) receives
an excitatory input (Lambert and Jones, 1990) almost entirely from the ipsilateral
entorhinal cortex via the perforant path (Steward, 1976; Witter et al., 1989), while the
inner one-third of the molecular layer (IML) receives a commissural and associational
projection from the hippocampal polymorphic hilar cells (Berger et al., 1980) (Fig.
2.1). There is also evidence of a minor projection from the contralateral entorhinal
cortex to the OML (Goldwitz et al., 1975; Steward et al., 1976). Perforant path axons
emanating from layer II of the entorhinal cortex travel in the underlying white matter,
through the angular bundle, and enter the molecular layer through two different paths.
They either directly cross the obliterated hippocampal fissure after perforating the
pyramidal cell layer of the subiculum, or travel within the molecular layer of the
subiculum and the CA fields, where some fibers terminate and others enter the dentate
gyrus molecular layer at the suprapyramidal tip (Witter, 1989). The perforant path in
both rats and monkeys are topographically organized such that the lateral entorhinal
cortex projects to the caudal dentate gyrus (septal in rats and cats) and the medial

entorhinal cortex projects to the rostral dentate gyrus (temporal in rats and cats) (Ruth

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L1

et al., 1982; Witter and Groenewegen, 1984; Witter et al., 1989).

Since this proposal utilizes both monkeys and rats as experimental subjects, it is
important to clarify some anatomical differences that exist between these two species
in reference to the anatomy of the dentate gyrus. The only difference observed between
the granule cells of rodents and primates is the presence of occasional basal dendrites
within monkeys and humans, which extend into the hilar region and occasionally into
the molecular layer (Frotscher et al., 1988; Seress and Mrzljak, 1987). In respect to
connectivity, two main differences have been observed. First, the extensive commissural
projection from the hilar neurons to the contralateral IML is much more limited in
primates than in rats, and is restricted to the uncal region. Additionally, the crossed
projection from the entorhinal cortex to the contralateral dentate gyrus exists in an even
more limited fashion in monkeys than in rats. This sparse projection is solely from the
caudal part of the medial entorhinal cortex to the caudal region of the dentate gyrus
(Amaral et al., 1984). Secondly, the laminar termination of the perforant path within
the OML differs between rats and monkeys. The rat demonstrates a distinct pattern of
bilaminate termination within the OML such that the medial entorhinal cortex terminates
in the inner half of the OML and the lateral entorhinal cortex terminates in the outer
half of the OML (Steward, 1976). In the monkey, projections from all regions of the
entorhinal cortex terminate diffusely throughout the OML, although the rostral entorhinal
cortex preferentially projects to the outer half of the OML and the caudal entorhinal

cortex projects more heavily to the inner half of the OML (Witter and Amaral, 1991).

Glutamate Receptors

Glutamate receptors (GluRs) are the primary mediators of excitatory
neurotransmission in the central nervous system (Nakanishi, 1992). GluRs, like many

other neurotransmitter receptors, can be divided into two main subdivisions, ionotropic
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and metabotropic receptors. The metabotropic receptors are coupled to G-proteins and
upon glutamate binding, activate second messenger systems within the cell (Sugiyama
etal., 1987). The ionotropic receptors are ligand-gated cationic channels that are divided
into three subclasses based on their selective activation by different pharmacological
agonists; NMDA, AMPA (o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) and
kainate (review; Hollmann and Heinemann, 1994). Through the use of molecular cloning
techniques, such as expression cloning, the characterization of GluRs revealed an
extraordinary diversity of receptor subunits (Bettler et al., 1990; Boulter et al., 1990;
Hollmann et al., 1989; Keinanen et al., 1990; Moriyoshi et al., 1991; Nakanishi et al.,
1990) that are grouped within the different subclasses based on their sequence homology
and agonist selectivity; NMDA (NMDAR 1, NMDAR2A-D), AMPA (GluR1-4), kainate
(GluR5-7, KAL,2). The results of physiological studies of subunits expressed in Xenopus
oocytes suggest that these subunits combine to form functional heteromeric complexes
(Boulter et al., 1990; Keinanen et al., 1990; Monyer et al., 1992; Nakanishi et al., 1990).
It has also been suggested that combinations of the different subunits within a subclass
leads to functional diversity of the GluRs. Additional functional diversity is obtained
via alternative RNA splicing of the NMDAR (review; Zukin and Bennett, 1995) and the
AMPA receptor subunits (Sommer et al., 1990).

The decision to focus the neurochemical element of this thesis on GluRs was based
on their well documented role in learning and memory formation. First, NMDARs
have been revealed to have an important role in the induction of LTP, a synaptic model
of learning and memory formation (Bliss and Collingridge, 1993; Bliss and Lgmo, 1973;
Collingridge, 1987; Collingridge and Bliss, 1987). This is primarily attributed to the
unique property of the NMDAR in being voltage-activated, due to a voltage-dependent
channel blockade by Mg?+, as well as ligand-gated (Nakanishi, 1992). Thus, the receptor
acts as a coincidence detector, so that following both the removal of the Mg2+ block by

sufficient depolarization and the binding of glutamate to the receptor complex the channel
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becomes highly permeable to Ca2+, a molecule critically involved in neuronal plasticity
(Bliss and Collingridge, 1993). Secondly, a more direct role for NMDA receptors in
learning has been revealed through pharmacological studies in rats, which demonstrated
that administration of an NMDAR antagonist results in selective learning impairment
(Morris et al., 1986). Additionally, non-NMDA GluRs have also been implicated in
LTP (Maren et al., 1993). Another feature that makes the study of GluRs optimum
within the context of this thesis is their prevalent localization within hippocampal circuits
as demonstrated by physiological, autoradiographical and immunocytochemical
methodology (Andreasen et al., 1988; Andreasen et al., 1989; Cotman et al., 1987:
Lambert and Jones, 1990; Siegel et al., 1994; Siegel et al., 1995).

Receptor Plasticity

Neurotransmitter receptors function at a pivotal point for the control of synaptic
transmission in the nervous system. Alterations in the activity, concentration and
intracellular placement of receptors can modulate signal propagation within neurons.
The ability of a structure to shift between different states is known as plasticity (Klein
etal., 1989). The early studies of receptor plasticity consisted primarily of investigations
of alterations in acetylcholine receptors (AchR) induced within the myotubule during
development and following changes in muscle activity or denervation. It was
demonstrated in this system that AchR clustering at synaptic sites during development
is dependent upon the presence of motor neuron axonal input (Frank and Fischbach,
1979; Schuetze and Role, 1987). It was also revealed that following muscle fiber
denervation a condition known as denervation supersensitivity occurs, which results in
an increased number of AchR binding sites (Miledi and Potter, 1971) and increased
mRNA levels (Merlie et al., 1984) in the denervated muscle fibers several days after

nerve lesion. A similar increase in AchR binding sites occurs following alterations in
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activity without denervation of the muscle (Fambrough, 1979; Lgmo and Rosenthal,
1972).

Receptor plasticity has also been described in the CNS for other receptor systems.
For example, the number of GluR binding sites are responsive to various experimentally
induced conditions, such as; aging, hormonal and pharmacological manipulations,
lesions, kindling and LTP (Bessho et al., 1994; Geddes et al., 1985; Lahtinen et al.,
1993; Magnusson and Cotman, 1993; Maren et al., 1993; Thomas et al., 1994a; Ulas et
al., 1990; Weiland, 1992; Wenk and Walker, 1991; Williams et al., 1992). However,
studies that have investigated cellular and molecular mechanisms of this plasticity, such
as alterations in receptor subunit protein and mRNA levels as well as subcellular
distribution are limited. This endeavor represents one of the principal focuses of this

thesis, and the rationale for the use of the specific experimental procedures discussed in

Chapter 3.
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Chapter 3

Experimental Design

Immunocytochemistry

Immunocytochemistry, the technique used in this thesis to localize GluR subunits
within neuronal structures in tissue sections, is based on principles developed more
than 50 years ago, which demonstrated that antibodies specific to an antigen can be
linked to a histochemical marker without impacting on the ability of the antibody to
bind to the antigen (Marrack, 1934). Fluorescein conjugated antibodies, which were
used as fluorescent markers in the studies described in this thesis, were first used as
histochemical markers to localize antigens in tissue sections in the 1940s (Coons et al.,
1942). Although immunocytochemistry was initially applied to neurobiology in the
late 1960s, when it was used to localize dopamine B~hydroxylase in peripheral
sympathetic neurons (Geffen et al., 1969), it was not used to localize GIuR subunit
proteins within tissue sections until the early 1990s. It was the application of molecular
cloning techniques, such as expression cloning, first successfully applied to the GluR
system by Hollmann et. al (Hollmann et al., 1989) that permitted the cloning of functional
members of the glutamate receptor family and the subsequent development of subunit
specific antibodies. Prior to the cloning of GluR subunits, GluR localization studies
were limited to autoradiographic studies using radiolabeled ligands to receptor complex
binding sites (Monaghan and Cotman, 1982; Monaghan et al., 1983).

Immunocytochemistry was used in this thesis, because unlike radioligand binding
studies, individual receptor subunits can be identified and can be localized to cellular
and subcellular compartments. The staining was performed on tissue sections rather
than homogenized tissue, or Western blots, because we were interested in evaluating

staining alterations between different conditions within preserved anatomical structures.
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Thus, through the uses of the proposed methodology, we can obtain information related
to the cellular mechanisms of GluR plasticity in response to different conditions. The
main disadvantage of using immunocytochemistry in these studies is that the results are
not necessarily reflective of changes in functional receptor complexes. Therefore,
throughout this thesis correlations will be made with radioligand binding, physiology

and behavioral studies.

Quantitative Evaluation of Inmunufluorescence Intensity

To objectively evaluate differences in immunufluorescence intensity between regions
from different experimental groups, rigid criteria must be followed for tissue preparation,
tissue processing, microscopic evaluation and analysis design. Foremost, it is essential
that all tissue that is being compared be treated identically in all phases of the analysis.
Below is a list of factors, and their rationale, that we developed and followed as precisely
as possible to assure comparability between regions from different experimental groups
in the quantitiative immunofluorescence evaluations described in this thesis. Details of

these methods are described in Chapters 4, 5 and 6; Experimental Procedures.

Tissue Preparation and Processing

1) All tissue was exposed to fixative for the same duration of time.

2) Sections were cut to approximately the same thickness, using the same vibratome setting.
3) Immunofluorescence was used rather than a 3,3'-diaminobenzidine tetrahydrochloride
(DAB) reaction. The consistency of the staining between runs was improved by this decision
because immunofluorescence does not involve the use of a precipitation reaction, which is
considerably more dependent upon such factors as time and temperature. Additionally, the
use of a fluorescent marker was optimal for confocal microscopic evaluation.

4) The immunostaining procedure was conducted with same antibody concentration of
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solutions, time of incubation and temperature of incubation. If absolute values were
being compared, all tissue was processed in the same experimental run. When this was
not possible, comparisons were made between ratios from regions on individual tissue
sections to control for potential experimental differences between runs.

5) An antibody concentration was used that resulted in the lowest possible background
levels (as evaluated by nuclear staining), while still yielding intense, specific cellular
staining.

6) A sufficient quantity of solution per well was used so that sections were completely
submerged.

7) Only one tissue section was placed in each well to prevent sections from sticking
together, which would result in uneven staining.

8) While incubating in an antibody solution, sections were shaken vigorously to prevent
sticking to sides of the well or floating to the surface. Additionally, the sections were

flipped occasionally to ensure even staining on both sides.

Confocal Microscopy

1) Confocal microscopy was chosen for this analysis as opposed to conventional microscopy
for two main reasons. First, it ensures that “out-of-focus” elements that may artifactually
alter intensity levels does not enter into intensity measurement. This eliminated the
confounding effect induced by differences in section thickness or degree of antibody
penetration. Second, it yields high magnification, high resoultion images. This allowed for
the accurate subtraction of unlabeled portions of the field by image anlysis software,
permitting us to determine the intensity within cellular structures.

2) All confocal parameters were kept constant throughout an experiment and between
antibodies. Parameters include: lasers, filters, laser power, pinhole size and electronic zoom.
Analyses was performed in as short a time period as possible since the laser power decreases

over time.
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3) The only feature that varied between antibodies was the contrast/brightness settings,
because a single setting would not yield a suitable image for all antibodies used. The contrast/
brightness setting was established prior to beginning the analysis by randomly testing sections
at different settings until a setting was found that yielded a high resolution images for both
bright and dim sections, without regions above the maximal pixel intensity of 255. This
setting remained constant throughout the analyses for each antibody.

4) The same 63X oil objective was used for the entire analysis.

5) The collection of confocal images and the thresholding procedure was performed without
knowledge of which experimental group the section was from.

6) The field analyzed was positioned in the same region of the microscopic field to eliminate
the confounding effect of any uneveness in laser field illumination.

7) Due to fluorescence quenching only one optical section was scanned for each region
analyzed.

8) A predetermined z-axis distance from the surface of the tissue section that was adhered to
the glass slide was selected for the single optical section. This was necessary since the
immunofluorescence intensity varies throughout the depth of penetration.

9) Aregion was analyzed only once, and was not returned to at a later time, due to fluorescence

quenching.

Analysis Design

1) A sufficient number of animals, sections and fields were selected to perform a statistical
analysis.

2) The same anatomical region was compared between groups. This includes both the
rostral-caudal position in the brain, as well as the location on each section.

3) High magnification fields to be analyzed (63X) were selected randomly, at a low

magnification (16X).
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In-situ hybridization

In-situ hybridization was performed in paralle] with the immunocytochemistry
experiments described in Chapters 5 and 6 to obtain information on changes in NMDAR1
gene expression following hormonal manipulation and perforant path transection. This
technique, which was first described almost thirty years ago (Gall and Pardue, 1969), is
based on the hybridization of nucleic acid probes, such as radiolabeled oligonucleotides
(Chapter 5) or cRNA (Chapter 6) probes, with a specific nucleic acid sequence found in
a tissue section. In-situ hybridization was chosen for these experiments because, unlike
other methods of measuring RNA levels such as Northern blots and dot blots that require
cell lysis, in-situ hybridization can be performed on intact tissue. Thus, information
concerning changes in discrete cell groups, as well as alterations in subcellular
distribution, can be obtained using this technique. Details regarding the quantitiative
analysis of hybridization intensity is available in Chapters 4 and 5; Experimental

Procedures.
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Chapter 4

Circuit-specific Alterations of N-methyl-D-aspartate
Receptor Subunit 1 in the Dentate Gyrus of Aged Monkeys

Abstract

Age-associated memory impairment occurs frequently in primates. Based on the
established importance of both the perforant path and N-methyl-D-aspartate (NMDA)
receptors in memory formation, we investigated the glutamate receptor distribution and
immunofluorescence intensity within the dentate gyrus of juvenile, adult, and aged
macaque monkeys with the combined use of subunit specific antibodies and quantitative
confocal laser scanning microscopy. Here we demonstrate that aged monkeys, as
compared to adult monkeys, exhibit a 30.6% decrease in the ratio of NMDA receptor
subunit | (NMDAR1) immunofluorescence intensity within the distal dendrites of the
dentate gyrus granule cells, which receive the perforant path input from the entorhinal
cortex, relative to the proximal dendrites, which receive an intrinsic excitatory input
from the dentate hilus. The intradendritic alteration in NMDAR 1 immunofluorescence
occurs without a similar alteration of non-NMDA receptor subunits. Further analyses
employing synaptophysin as a reflection of total synaptic density and microtubule-
associated protein 2 as a dendritic structural marker, demonstrated no significant
difference in staining intensity or area across the molecular layer in aged animals as
compared to the younger animals. These findings suggest that, in aged monkeys, a
circuit-specific alteration in the intradendritic concentration of NMDARI occurs without
concomitant gross structural changes in dendritic morphology or a significant change
in the total synaptic density across the molecular layer. This alteration in the NMDA
receptor-mediated input to the hippocampus from the entorhinal cortex may represent a

molecular/cellular substrate for age-associated memory impairments.
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Introduction

Memory loss is a consistent feature of Alzheimer’s disease (AD), and has been linked
to severe structural alterations in the perforant path (Cabalka et al., 1992; Flood et al.,
1987; Hyman et al., 1984), an excitatory projection of the entorhinal cortex to the
hippocampal dentate gyrus (Lambert and Jones, 1990). Both human (Poon, 1985) and
non-human primates (Rapp and Amaral, 1991) also frequently experience age-related
memory loss in the absence of overt AD symptoms. However, while certain pathological
profiles seen in AD (e.g. amyloid plaques) are present in normal primate aging (Mufson
et al., 1994), similar dramatic structural deterioration of the perforant path does not
seem to occur (Flood et al., 1987; Tigges et al., 1995; West et al., 1993). This suggests
that rather subtle molecular changes in structurally intact neural circuits crucial for
memory processes may mediate age-associated memory impairment. The important
role of both the perforant path and N-methyl-D-aspartate (NMDA) receptors in memory
processing (Meunier et al., 1993; Morris et al., 1986) and long term potentiation (LTP)
(Bliss and Collingridge, 1993; Bliss and Lgmo, 1973), a cellular model for learning,
has been extensively documented. Recently, the NMDA receptor distribution within
the adult primate hippocampus, has been investigated with immunohistohemical methods
(Siegel et al., 1994), and has confirmed both autoradiographic (Cotman et al., 1987)
and physiological (Lambert and Jones, 1990) results which reveal a significant NMDA
receptor presence at the perforant path termination zone in the outer molecular layer
(OML) of the dentate gyrus. However, there is no information available as to the integrity
of the NMDA receptor complex within the dentate gyrus of the aged primate. This is
investigated in the present study by using a monoclonal antibody specific to NMDARI
(14). NMDARI is an obligatory subunit of the NMDA receptor complex and was
therefore used as a marker of all NMDA receptors (Monyer et al., 1992).

Autoradiographic ligand binding studies have suggested that NMDA receptors, as
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well as non-NMDA glutamate receptors (GluRs), are affected by the normal aging
process (Magnusson and Cotman, 1993; Nicoletti et al., 1995). However, many such
analyses were performed on rodents, which differ from primates in certain elements of
hippocampal circuitry (Witter and Amaral, 1991), and possibly in their anatomical
alterations associated with aging (Barnes and McNaughton, 1980; Geinisman et al.,
1987; Tigges et al., 1995; West et al., 1993)]. Furthermore, autoradiographic ligand
binding techniques lack dendritic resolution and receptor subunit specificity, which
precludes the identification and localization of subcellular subunit changes, as well as
the determination of the degree to which receptor alterations are accompanied by
structural degeneration. In this study, we employed confocal laser scanning microscopy
(CLSM) to clearly resolve individual immunofluorescent dendrites and quantitative
techniques with a broad array of immunohistochemical probes to determine whether
receptor changes are due to alterations in receptor concentration within the dendrites or
are the result of dendritic structural reorganization.

In addition to NMDA GluRs, there is growing evidence of the involvement of non-
NMDA GluRs in learning and memory associated processes such as LTP (Maren et al.,
1993). Non-NMDA GluRs have also been demonstrated by immunocytochemical
techniques to be present postsynaptically in the OML of the dentate gyrus (Siegel et al.,
1995). To investigate the possibility of concurrent changes in these receptors, quantitative
CLSM was performed on tissue immunolabled with antibodies to both AMPA (o-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor subunits 2/3 (GluR2/3)
(Wenthold et al., 1992), and kainate receptor subunits 5/6/7 (GluR5/6/7) (Huntley et

al., 1993).
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Experimental Procedures

Animals and Tissue Processing

Eighteen monkeys, consisting of one male and two female juvenile rhesus monkeys
(1 - 2 years old) (Macaca mulatta), one adult female and three male rhesus monkeys,
five adult male cynomolgus monkeys (5 - 9 years old) (Macaca fascicularis) and six
aged female rhesus monkeys (24 - 32 years old), were employed in this study. The aged
animals used in this study were between 24 and 32 years old. Only 10-25% of rhesus
monkeys raised in captivity can be expected to live beyond 25 years. Monkeys, older
than 20 years of age are generally considered to be aged while monkeys between the
ages of 5-10 years old are placed in the adult category and are often used as a control
group in aged studies (Peters, 1991). In this study we employed an additional juvenile
group of 1-2 year old rhesus monkeys. All monkeys received care and treatment in
accordance with institutional and NTH guidelines. The animals used in the quantitative
analysis were raised in captivity and housed in single cages for the most of their lives.
All aged monkeys used in this study were retired breeders and were not involved
previously in any pharmacological or invasive studies. Monthly serological tests, annual
physical exams, and necroscopy analyses failed to discern any age-related changes that
covaried with the findings obtained in this study. The aged monkeys could not be
behaviorally tested due to age-related physical impairments such as cataracts and arthritis
which make testing difficult but are unlikely to directly impact on hippocampal GluRs.
The animals were deeply anesthetized with ketamine hydrochloride (25 mg/kg, i.m.)
and Nembutal (30 mg/kg, i.v.) and perfused transcardially with ice-cold 1%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) for 1 minute, followed by
10 - 14 minutes of cold 4% paraformaldehyde in PBS (0.125% glutaraldehyde was
added to the perfusate for the cynomolgus monkeys). The brains were immediately

removed, cut into 5-6 mm blocks in a coronal plane, and postfixed in cold 4%
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paraformaldehyde in PBS for 6 hours. The blocks were cut on a vibratome at a setting

of 50 mm.

Immunocytochemistry

Four closely associated but non-adjacent hippocampal sections, at the level of the
lateral geniculate nucleus, were incubated with each of the five primary antibodies used
in this study at the appropriate dilutions in PBS with 0.5 mg/ml bovine serum albumin,
for 48 hours. Only sections incubated in the primary antibody for microtubule-associated
protein 2 (MAP2) contained 0.3% Triton X-100. Sections were then washed three
times in PBS, transferred to biotinylated anti-mouse IgG H&L (except for sections treated
with primary antibody to GluR 2/3 which were transferred to biotinylated anti-rabbit
IgG H&L) for 2 hours, washed again in PBS and transferred to FITC-conjugated Avidin
for 1 hour. Sections were then mounted, and coverslipped with Vectashield (Vector

Laboratories) to reduce fluorescence quenching.

CLSM and Quantitative Evaluation

Quantitative CLSM analysis was performed on the most recently perfused rhesus
monkeys of the three age groups to assure a comparably high quality of
immunocytochemical staining essential for this analysis (juvenile, n=3; adult, n=3 and
aged, n=4). Two sections from each animal were selected for analysis with a Zeiss
LSM 410 inverted confocal microscope. On all sections analyzed, FITC was excited
by an Argon/Krypton laser at 488 nm that was attenuated by a 90% neutral density
filter, reflected to the specimen with an FT488/568 dichroic mirror and imaged with a
Zeiss Plan-Neofluar 63x/1.25 N.A. oil immersion objective. A confocal aperture was
set with a digital pinhole size of 17. A suitable contrast/brightness setting that yielded
a high resolution image for both bright and dim sections, without regions above the
maximal pixel intensity of 255, was determined for each antibody.

To control for inherent bias, the area in each section where the lamination effect
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was maximally observed was selected for quantitative sampling in every animal from
all three age groups. For each section, six fields within the IML (dendritic field
immediately distal to the granule cell layer) and OML (midpoint between the granule
cell layer border and the hippocampal fissure) were randomly chosen in the selected
area. Thus, 24 fields were sampled from each animal for each antibody used in the
quantitative analysis. Each field was scanned one time at a predetermined z-axis distance
into the tissue with a two line average for a total scan time of 4.52 s and an electronic
zoom factor of 4.5 (which increases the resolution to 0.088 1 mm/pixel and magnification
to 283.5 X), resulting in scanned regions of identical area (2039 um2). Each digitized
image consisted of a 512 X 512 X 8- bit pixel array in which every pixel was assigned
a gray level intensity value ranging from O to 255. Subtraction of background
immunofluorescence was accomplished with a photometric offset (Zeiss Inc.) to establish
a pixel intensity threshold below which a
pixel would have no contribution to the
average pixel intensity or area of the field.

The offset was accomplished by viewing

the image at a display magnificationof 2 pigure 4.1 ACLSM image of NMDARI
immunolabeled granule cell dendrites without
(A), and with (B), intensity thresholding de-
noted by a gray overlay between the dendrites.

X and increasing the thresholding value
until the blue-colored display, designating
the thresholded area, abutted the dendrites (Fig. 4.1). The average pixel intensity and
area of the portion of the field above threshold was calculated, thus representing the
immunofluorescence intensity and area of the granule cell dendritic shafts only.

The OML/IML ratio of the intensity and area measurements were then computed
for each animal by dividing the mean of the 12 OML values by the mean of the 12 IML
values. The mean ratio value for each age group was then obtained from these individual
ratios. The OML/IML ratio was used, as opposed to absolute comparisons, to control

for any methodological variability in staining intensity that existed between the sections.
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RESULTS

NMDAR1 Immunofluorescence

In juvenile and adult monkeys, NMDAR! immunofluorescence was present within

the pyramidal cell bodies and throughout the dendritic arbor of the subiculum and all

fields of Ammon’s horn, as described previously (Siegel et al., 1994). The receptor

distribution and intensity within these regions, as well as within both temporal and

Figure 4.2 CLSM images of
NMDAR1 immunofluorescence in
the dentate gyrus of young (4, B,
C ) and aged (D, E, F) monkeys. B
and E, higher magnification of
OML. C and F, higher magnifica-
tion of the IML. Scale bars: A,D
25 um; B,C,E,F, 10 um.

prefrontal neocortical areas, were indistinguishable from
that observed in the aged monkeys, based upon non-
quantitative microscopic analysis. A similar examination
of the dentate gyrus of juvenile and adult monkeys
revealed somatic granule cell labeling with a relatively
homogeneous distribution of immunofluorescence
throughout the dendritic extent of the molecular layer
(Fig. 4.2 A,B,C). In contrast, the molecular layer of all
the aged monkeys in this study exhibited a striking
reduction in the immunofluorescence intensity in the
OML compared to the IML (Fig. 4.2 D,E,F). By visual
inspection, certain areas of the dentate gyrus, within a
given section, exhibited this lamination pattern to a
greater degree than other areas. However, this partial
heterogeneity in the pattern had no consistent regional
distribution in the dentate gyrus.

Quantitative CLSM analysis of the areas of maximal
lamination, revealed that the OML/IML dendritic
intensity ratios of the juvenile and adult monkeys were
not significantly different from each other, but were

significantly different from those of the aged monkeys
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Figure 4.3 Quantitative CLSM analyses demonstrating the OML/AML ratio for
fluorescence intensity and area of the dendritic segments for all five antibodies analyzed in
each age group. The OML/IML ratios represent the means of the intensity and arez
measurements for each OML image divided by the means for each IML image (36 OML
values/36 IML values for the juveniles and adults, 48 OML values/48 IML values for the
aged). Note that the only statistical % difference in intensity, or area, when comparing
adult to aged, is the decrease in the fluorescence intensity ratio of the OML/IML for
NMDARLI labeling (-30.6%). In addition, a small but statistically significant % decrease is
evident for GIuR5/6/7 intensity and area ratios when comparing juveniles to adults (-
10.5%). Error bars represent 1 s.d.

* P <.05, **P < .0001 (Unpaired Student’s t-test).

T 171

Mean OML/IML Area Ratio Mean OML/IML Intensity Ratio

(34.4% and 30.6%, respectively), which exhibited a markedly lower intensity of
immunofluorescence within the dendritic segments of the OML compared to the IML
(Fig. 4.3). This decrease in the OML/IML intensity ratio was observed in all of the
aged monkeys in this study.
Non-NMDA Receptor Immunofluorescence

In contrast to the NMDARI result, we observed a relatively homogeneous staining
intensity, with antibodies to GluR5/6/7 and GIluR2/3, throughout the molecular layer in
animals of all age groups (Fig. 4.4 A,B,C,D), comparable to the recent observation of
uniform molecular layer labeling with an antibody to GluR2/3 in aged humans (Hyman
et al., 1994). Quantitative analysis demonstrated no statistically significant difference
between the aged and adult monkeys for either antibody (Fig. 4.3). This suggests that

the intradendritic change in GIuR concentration from adulthood to old age was NMDA
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F igure 4.4 cConfocal images dem-
onstrating GluR2/3 (A,B), GluR5/6/7
(C.D), MAP2 (E,F), and synaptophysin
(G,H) immunofluorescence in the den-
tate gyrus of a young, (A,C,E,G) and
aged (B,D,F,H) rhesus monkeys. Note
that the fluorescence intensity is fairly
uniform throughout the dendritic extent
of the molecular layer (OML vs. IML)
for all four antibodies in both the adult
and aged monkeys. IML, inner molecu-
lar layer; OML, outer molecular layer;
GCL, granule cell layer. Scale bars: H
25 pm. Same magnification for all im-
ages.

receptor specific, although a larger sample size may have revealed subtle shifts in non-
NMDA GluRs. A small, but statistically significant difference between the juveniles
and adults for GluR5/6/7 labeling (Fig. 4.3) was also observed. This may represent a
developmental shift in the kainate subunit pattern, comparable to morphological
alterations that occur during the development of the primate granule cell dendrites (Duffy

and Rakic, 1983).

Dendritic Area
In addition to determining the immunofluorescence intensity, we investigated whether
there was a loss of dendritic area in the OML relative to the IML in aged monkeys (Fig.
4.1). Analyses of the adult and aged animals demonstrated no significant difference in
immunofluorescent dendritic area across the molecular layer for any of the GluR subtypes
examined (Fig. 4.3). To explore further the possibility of structural alterations, we

immunolabeled hippocampal sections with a monoclonal antibody to the soma/dendrite-
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specific cytoskeletal protein, MAP2 (Huber and Matus, 1984). Qualitative (Fig. 4.4
E,F) and quantitative examination revealed no significant age-associated differences in
either dendritic immunofluorescence intensity or area across the molecular layer (Fig.

4.3).

Synaptic Density

In order to investigate whether the NMDAR 1 alteration was associated with a change
in synaptic density across the laminae of the dentate gyrus, hippocampal sections were
incubated with a monoclonal antibody to synaptophysin (Wiedenmann and Franke, 1985)
(Fig. 4.4G,H), an integral membrane glycoprotein of synaptic vesicles that has been
used extensively as a reflection of total synaptic density (Masliah et al., 1993).
Quantitative analyses determined that there was no <ignificant age-associated difference
in the OML/IML ratio of either the synaptophysin immunofluorescence intensity or
area (Fig. 4.3), suggesting the preservation of total synaptic density in the OML relative

to the IML.

DISCUSSION

In the present study we demonstrated a change in NMDAR! immunofluorescence
intensity at the intradendritic level by using confocal laser scanning microscopy (CLSM)
and gray level intensity quantification. Previous investigations have demonstrated that
immunoreactive intensity is a reflection of protein concentration (Good et al., 1992),
suggesting that our results reveal a relative decrease in the cytoplasmic pool of NMDARI
within the distal segments of the granule cell dendrites that comprise the perforant path
terminal zone (OML). Both immunofluorescence area data for the GluRs and MAP2
suggest that the relative decrease in NMDARI concentration within the distal granule
cell dendrites occurs without concomitant major dendritic structural alterations (Fig.

4.5), which is in contrast to the severe dendritic pruning of the granule cells that occurs
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in AD (Flood et al., 1987). We have also
demonstrated by quantitative measures that
the receptor change was NMDA receptor
specific, even though all three classes of
GluRs are colocalized within these
dendrites (Siegel et al., 1995). This

suggests that the intradendritic parcellation

of a neurotransmitter receptor is specifically

. . . . modifiable in an age-related and circuit-
Figure 4.5: Schematic showing two possible

interpretations of the data discussed in the text specific manner.
on age-related changes in NMDARI

immunofluorescence. The lower left panel Both entorhinal lesion experiments
designates the scenario supported by our data.

The results suggest that a decrease in NMDAR 1 in animals and post-mortem analyses of AD
levels occurs within the dendritic segments of

the OML relative to the IML in the aged rhesus brains have revealed a dramatic decrease in
monkey (lower left panel) as compared to the

adult monkey (upper panel) in the absence of a - gypaptophysin immunoreactivity within the

significant loss of dendritic area within defined

fields of the OML vs. IML (lower right panel).  dentate gyrus OML (Cabalka et al., 1992).
In this study, however, quantitative analysis revealed no change in the total synaptic
density across the molecular layer. In addition, a recent quantitative study demonstrated
that there was no loss of total synapses in the OML of the aged primate dentate gyrus
(Tigges et al., 1995) or age-related loss of neurons in layer II of the primate entorhinal
cortex (West et al., 1993), in sharp contrast to the extensive neuronal loss in this region
in AD (Hyman et al., 1984). It should be noted that these reports do not parallel the
observed loss of synapses in both the middle molecular layer (MML) and IML of aged
rats (Geinisman et al., 1992), and physiological findings consistent with a reduction in
the number of perforant path axons in aged rats (Barnes and McNaughton, 1980). These
data may reflect species differences between rodents and primates in the effects of

aging on these neural circuits. Nevertheless, it appears unlikely that the receptor

alterations we observed in the molecular layer of the aged monkeys result from a
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degeneration of the perforant path with concomitant deafferentation of the dentate gyrus,
although the presence of functional changes in the perforant path that are not reflected
anatomically (Barnes, 1994) cannot be ruled out as contributing factors to the receptor
alterations. In addition, given that all the aged animals in this study were female, age-
related changes in estrogen levels cannot be excluded as a potential contributing factor.

The combined use of subunit-specific GluR antibodies with quantitative CLSM
analysis has provided a particularly high level of molecular and anatomical resolution
in the present analysis, enabling us to demonstrate NMDAR subunit-specific changes
in receptor concentration within segments of granule cell dendrites that correspond to
the laminar segregation of inputs. Although we have not quantitatively ruled out subtle
receptor changes in other hippocampal or neocortical regions, we have established that
the segregated inputs to the dentate gyrus are differentially affected by aging. Given
the crucial role that both the perforant path and NMDA receptors have in learning and
memory, we hypothesize that the present findings provide a molecular/cellular substrate
that may contribute to age-associated memory impairment, in contrast to the structural
disconnections of hippocampal circuits that are a hallmark of AD pathology (Cabalka
et al., 1992; Hyman et al., 1984). It will be of great interest to test this hypothesis in
human and non-human primate populations with longitudinal behavioral assessment by
correlating subtle circuit-specific molecular changes in the absence of overt neuron and

synapse loss with age-related cognitive decline.
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Chapter §

Differential Regulation of NMDAR1 mRNA and Protein by
Estradiol in the Rat Hippocampus

Abstract

Estradiol treatment increases the number of NMDA receptor binding sites and
changes evoked synaptic currents in a manner consistent with a steroid induced functional
enhancement of NMDA receptors in rat hippocampus. In this study, we investigate the
cellular mechanisms of estradiol induced NMDA receptor regulation at the protein and
mRNA levels in ovariectomized rats treated with ovarian steroids using
immunocytochemical and ir situ hybridization techniques. Confocal laser scanning
microscopy was used to quantify alterations in immunofluorescence intensity levels of
NMDARI subunit proteins within neuronal somata and dendrites of discrete hippocampal
fields, while in parallel, in situ hybridization was used to examine NMDARI mRNA
levels in corresponding hippocampal regions. The data indicate that estradiol treatment
in ovariectomized rats significantly increases immunofluorescence intensity levels in
comparison with non-steroid treated ovariectomized rats within the somata and dendrites
of CAl pyramidal cells and to a lesser extent within the granule cell somata of the
dentate gyrus. In contrast, such alterations in immunofluorescence intensity occur
without concomitant changes in mRNA hybridization levels. Thus, these data suggest
that estradiol modulates NMDA receptor function via post-transcriptional regulation of
the NMDARI subunit protein. The increase in immunofluorescence intensity may reflect
an increase in the concentration of the subunit protein, which could account for estrogen

induced changes in pharmacological and physiological properties of the NMDA receptor.
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Introduction

Ovarian steroids affect brain regions and behaviors that are not directly associated
with reproductive functions (McEwen et al., 1995). However, the mechanisms by which
these effects are produced have not yet been determined. N-methyl-D-aspartate receptors
(NMDARSs), a subtype of ionotropic glutamate receptors (Moriyoshi et al., 1991), are
implicated as mediators of effects of estradiol on morphological plasticity and related
physiological and cognitive processes in the brain. For example, in the CA1 field of rat
hippocampus estradiol treatment following ovariectomy increases dendritic spine density
(Gould et al., 1990) and synapses (Woolley and McEwen, 1992) on pyramidal cells via
a mechanism dependent on NMDAR activation (Woolley and McEwen, 1994).
Additionally, intracellular recordings reveal that estradiol treatment increases the duration
of EPSP’s in a subpopulation of CA1 neurons, an alteration suggestive of an increased
NMDAR contribution (Wong and Moss, 1992). Less direct evidence of NMDAR
involvement in estrogen induced neural modifications includes estrogen’s role in
facilitating seizure induction (Backstrom, 1976; Buterbaugh and Hudson, 1991; Terasawa
and Timiras, 1968) and memory and learning enhancement (Luine, 1994; Parnavelas et
al., 1974; Philips and Sherwin, 1992a; Philips and Sherwin, 1992b; Singh et al., 1994)
in both humans and experimental animals. This connection is based on the NMDAR’s
important role in seizure-triggering mechanisms (Gilbert, 1988; Sato et al., 1989) and
memory and learning (Bliss and Collingridge, 1993; Morris et al., 1986).

Few studies have directly addressed the mechanisms underlying estrogen regulation
of NMDARs. Autoradiographic analysis has revealed that NMDAR agonist binding
sites are increased in the dendritic layer of CA1l in response to estradiol treatment in
ovariectomized rats (Weiland, 1992). However, since an alteration in receptor
stoichiometry or regulation by modulatory ligands can alter ligand binding, these results

do not determine if steroidal treatment induced an increase in NMDA receptor subunit
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protein levels in these neurons. Additionally, no studies have investigated the effect of
ovarian hormone treatment on NMDAR subunit mRNA levels in hippocampal neurons.
Therefore, the focus of this study is to elucidate the cellular mechanisms by which
hippocampal NMDARs are regulated by ovarian steroids. Through the use of quantitative
confocal laser scanning microscopy (CLSM), we have recently demonstrated that the
immunocytochemically localized cytoplasmic pool of the NMDAR subunit [
(NMDARI1), an obligatory subunit of the NMDAR complex (Monyer et al., 1992;
Nakanishi, 1992), is modifiable in hippocampal neurons during aging (see Chapter 4)
(Gazzaley et al., 1996a) and in response to deafferentation (see Chapter 6) (Gazzaley et
al., 1996a). These data suggest that alterations in cytoplasmic receptor protein levels is
a component of the neuronal response strategy to various conditions. To investigate the
role of estradiol and progesterone in regulating NMDARs at the protein level, we
performed a CLSM evaluation of NMDARI! immunofluorescence intensity in the somata
and dendrites of the dentate gyrus, CA1 and CA3 hippocampal fields of ovariectomized
rats and ovariectomized rats treated with estradiol and estradiol plus progesterone. A
CLSM analysis was selected for this study because it is performed on structurally intact
tissue and permitted the evaluation of discrete cell groups and intracellular compartments,
which would not have been possible by biochemical methods such as a western blot
analysis of homogenized tissue extracts. Additionally, to determine whether changes
observed at the protein level reflect changes at the level of gene transcription we examined
NMDAR! mRNA levels by quantitative in situ hybridization analysis in the same

hippocampal regions.

Experimental Procedures

Animal and Tissue Processing

Forty three young adult Sprague-Dawley rats (Charles River, Wilmington, MA),
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weighing approximately 250 g, were maintained in a temperature and light controlled
environment with a light (14 hr): dark (10 hr) cycle (lights on at 0500 hr). Animals
were treated in accordance with the principles and procedures of the NITH Guide for the
Care and Use of Laboratory Animals, and all surgeries were performed under Metofane
anesthesia. Sixteen rats were used in the immunocytochemical analysis. All sixteen
rats were ovariectomized for one week at which time ten rats received Silastic capsules
containing 180 pg of 17-B estradiol/sesame oil and the remaining six were sham
operated. Two days later at 1000 hr, five of the estradiol-treated animals were injected
subcutaneously with progesterone (1 mg. in 0.3 ml oil/rat) and all remaining animals
were injected with oil. This procedure resulted in the following groups of ovariectomized
rats: 6 sham plus oil (OVX), 5 estradiol plus oil (OVX+E) and 5 estradiol plus
progesterone (OVX+E+P). Five hours after progesterone or oil injection (1500 hr), the
animals were deeply anesthetized with Metophane and transcardially perfused with cold
1% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) followed by cold 4%
paraformaldehyde in PBS. The brains were removed, postfixed in 4% paraformaldehyde
and sectioned at 40 um on a vibratome (OTS 3000, Electron Microscopy Sciences, Fort
Washington, PA). The sections were stored in PBS with 0.1% sodium azide at 4°C.
Twenty seven rats were used for the in situ hybridization study. All rats were
ovariectomized for 1 week and then adrenalectomized. Eighteen rats were then treated
with Silastic capsules containing 180 pg of 17-B estradiol/sesame oil while the other
nine where sham operated. Two days later at 1000 h, the animals were either injected
subcutaneously with progesterone (1 mg. in 0.3 ml oil/rat) or oil resulting in the following
groups of ovariectomized rats: 9 sham plus oil (OVX), 9 estradiol plus oil (OVX+E)
and 9 estradiol plus progesterone (OVX+E+P). The animals were killed by decapitation
five hours after progesterone or oil injection (1500 hr), and the brains were removed,

frozen on dry ice and stored at -70°C.
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In situ Hybridization

In situ hybridization was performed using previously published sequences of
oligonucleotides (Oligos Etc., Inc., Wilsonville, OR) complementary to rat cDNA
encoding subunit residues between putative transmembrane domains I and II, encoding
amino acids 566-580 and recognizing all published splice variants (Monyer et al., 1992).
A search of GenBank database indicated that there is no significant homology between
any of these sequences and known mammalian gene sequences. Oligonucleotides were
3 “ end labeled with terminal transferase (Boehringer Mannheim, Indianapolis, IN) using
a 2:1 molar ratio of [a- 33S] dATP:cDNA (1200-1400 Ci/mmol; New England Nuclear,
Boston, MA). Unincorporated nucleotides were removed using NucTrap push columns
(Stratagene Cloning Systems, La Jolla, CA). Hybridization was performed as previously
described (Orchinik et al., 1994). Briefly, sections were fixed in 4% paraformaldehyde,
acetylated, hybridized with saturating concentrations of labeled oligonucleotides
overnight at 42°C, washed to a final stringency of 0.1X SSC (1X = 0.15 M NaCl and
0.015M sodium citrate) at 55°C for 1 hr, dehydrated and exposed to Hyperfilm-Bmax
(Amersham Corp., Arlington Heights, IL) for 24 hrs.

Quantitative In Situ Hybridization Analysis

The films were analyzed by measuring the optical density of specific regions of the
hippocampus using an automated paint function which covered the region of interest
(Imaging Research, Inc., St. Catherines, Ontario, Canada). Bilateral measurements
were taken from 4 sections per animal, 9 animals per group in the principal cell layer of
CA1, CA3 and the suprapyramidal layer of the dentate gyrus. Background was measured

from the corpus callosum and subtracted from the total optical density.

Immunocytochemistry
Three non-adjacent sections from the rostral hippocampus of each rat were incubated

with monoclonal antibodies to both the NMDARI1 subunit (54.1; (Siegel et al., 1994)
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and microtubule-associated protein 2 (MAP2) (Huber and Matus, 1984) at a
concentration of 4.6 |Lg/ml and 2.5 pg/ml respectively, in PBS for 48 hours. Sections
were then washed three times in PBS, transferred to biotinylated anti-mouse IgG H&L
(Vector Laboratories, Burlingame, CA) for 2 hours, washed again in PBS and transferred
to FITC-conjugated Avidin (Vector Laboratories, Burlingame, CA) for 1 hour. Sections
were then mounted, and coverslipped with Vectashield (Vector Laboratories, Burlingame,

CA) to reduce fluorescence quenching.

CLSM and Quantitative Inmunocytochemical Evaluation

Quantitative CLSM analysis was performed on three sections from each rat brain,
for each of the two antibodies, with a Zeiss LSM 410 inverted confocal microscope.
The investigator was blinded throughout the evaluation as to which sections were from
which experimental group. The quantitative analysis performed in this study was adapted
from a previous study which quantified relative differences in immunofluorescence
intensity levels (see Chapter 4) (Gazzaley et al., 1996b). The confocal parameters were
established at the beginning of the study and remained constant throughout. An Argon/
Krypton laser was used to excite FITC at 488 nm. A 90% neutral density filter was
used to attenuate the light and a confocal aperture pinhole setting of 17 was set digitally.
The image was visualized with a Zeiss Plan-Neofluar 63x/1.25 N.A. oil immersion
objective. For each antibody, a contrast/brightness setting was selected that yielded a
high resolution image for both bright and dim sections without exceeding a maximal
pixel intensity of 255. For the NMDARI analysis, a separate contrast/brightness setting
was established for somata and dendrites due to a considerable intensity difference
between them that prevented the use of a single setting. All of the settings were kept
constant throughout the analysis to yield unbiased measurements for each set of
comparisons.

For the study of somatic immunofluorescence intensity, six fields were randomly
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selected on each section within a centrally located region of the suprapyramidal blade
of the dentate gyrus granule cell layer and the middle portion of the CAl and CA3
pyramidal cell layer. The dendritic immunofluorescence intensity study consisted of
six randomly selected dendritic fields, on each section, from the middle molecular layer
of the dentate gyrus and the stratum radiatum of CA1 adjacent to the somatic regions
analyzed in the somatic immunofluorescence analysis. All dendritic fields scanned
were the same size (3832 pm?) and were all selected at a distance of approximately
70um from the principal cell layers. Each field was scanned only once, in order to
reduce fluorescence quenching, and at the same predetermined z-axis distance from the
surface of the section. Scanning was performed with a two line average for a total scan
time of 4.52 s and an electronic zoom factor of 3.28 which increased the resolution to
0.0081 pm/pixel. Each digitized image consisted of a 512 X 512 X 8- bit pixel array in
which every pixel was assigned a gray level intensity value ranging from 0 to 255. An
image analysis program (Zeiss, Inc., Thornwood, NY) was used to determine the average
pixel intensity of each field. To remove
the negative contribution of unlabeled
portions of the field to the average field
intensity (i.e. nuclei, and unlabeled
regions between soma and dendrites), a
photometric offset was used to establish
a pixel intensity threshold below which a
pixel would have no contribution to the

average pixel intensity of the field. The

threshold was set by viewing the image

Figure 5.1 Confocal images of NMDARI
immunolabeled CA1 pyramidal cell somata (A and
B) and dendrites (B and C) before (A and C) and
after (B and D) intensity thresholding as indicated
by the gray-color overlay within the nuclei and
between the dendrites.

at a display magnification of 2 X and
manually increasing the thresholding

value until a blue-colored display,
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designating the thresholded area, completely occupied the unstained nuclei and abutted
upon somatic and dendritic profiles (Fig. 5.1). Thus, the average pixel intensity of the
portion of the field above threshold represents the immunofluorescence intensity within

either the dendritic segments or the somata of the principal cell layers.

Data Analysis

For the CLSM immunocytochemical analysis, an intensity value was computed for
each animal, in each of the three regions, by determining the mean of the 24 individual
field values (six field values obtained from each of three sections). For both the
immunocytochemical and in situ hybridization analysis, a mean value for each group
was obtained from the individual values determined for each animal, in CA1, CA3 and
the dentate gyrus. Percent difference was determined by comparing the steroid-treated
ovariectomized rats to the non-treated ovariectomized rats (i.e., (OVX+E)- (OVX))/
(OVX) or ((OVX+E+P)- (OVX))/ (OVX)). All the data were analyzed with a one-way
analysis of variance (ANOVA), at a significance level of <0.05, and a Sheffe’s post-

hoc test.

Results

NMDARI: Somatic Immunofluorescence Intensity

NMDARI immunolabeling was evaluated in three groups of rats; ovariectomized
rats (OVX) and ovariectomized rats that had been treated with either estradiol (OVX+E)
or estradiol plus progesterone (OVX+E+P). This steroid treatment paradigm has been
used previously by Weiland and Orchinik (1995) and results in serum estrogen levels of
about 20 pg/ml and progesterone levels of 60 ng/ml, which mimic preovulatory hormone
levels. Non-ovariectomized rats were not used in this study since estrogen levels
fluctuate throughout the estrous cycle. In animals from all three groups, NMDARI

immunofluorescence was present within the cell bodies and dendrites of the hippocampal
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Figure 5.2 Examples of CLSM images of NMDAR1 immunolabeled somata in CA1 (A-C), the
dentate gyrus (D-F) and CA3 (G-I) of OVX (A,D,G), OVX+E (B,E,H), and OVX+E+P (C,F,]) rats.
Note the presence of punctate staining within the cytoplasm surrounding the unlabeled nuclei (see
discussion). When comparing the CA1 fields, an increase in the somatic intensity of staining is evident
in the OVX+E and OVX+E+P rats (B and C) as compared to the OVX rats (A). This increase in the
steroid-treated ovariectomized rats is also apparent in the dentate gyrus (E & F compared to D), although
to a lesser extent. There is no obvious difference in intensity levels between the three groups in the
CA3 field (G,H,I). DG, dentate gyrus; OVX, ovariectomized rats; OVX+E, estradiol-treated
ovariectomized rats; OVX+E+P estradiol plus progesterone-treated ovariectomized rats. Scale

bars: 10um.

principal neurons, a general pattern consistent with earlier descriptions of NMDARI
immunolabeling in the male rat hippocampus (Petralia et al., 1994). Confocal images
of pyramidal cells within the CA1 and CA3 subfields and granule cells of the dentate
gyrus revealed a patchy intracellular distribution of immunofluorescence throughout

the somatic and dendritic cytoplasm, while nuclei contained no labeling (FIG. 5.2 and
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Figure 5.3 Examples of CLSM images of
NMDARI immunolabeled dendrites in the CAl
subfield of an OVX rat (A), an OVX+E rat (B), and
an OVX+E+Prat (C). Note the presence of punctate
staining within the cytoplasm of the dendritic
segments (see discussion) and the increased intensity
of staining within the CAl dendrites of the steroid-
treated ovariectomized rats (B and C) rats compared
to the non-steroid treated ovariectomized rats (A).
Scale bar: 10um.
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5.3). There were no observable
qualitative differences in overall
distribution and intracellular pattern of
immunolabeling between OVX rats and
steroid-treated ovariectomized rats.
Immunofluorescence intensity levels
of the cytoplasmic pool of receptors
within the somata of the CAl and CA3
pyramidal cell layers and the dentate
gyrus granule cell layer were obtained by
CLSM quantitative analysis. All
statistical comparisons were made
between the three groups, within a given
hippocampal subfield. In the CAl
subfield of either the OVX+E or
OVX+E+P group, quantitative data
revealed a significant intensity increase
within the pyramidal cell somata of 52.2%
in comparison with the OVX group (Fig.
5.2 a,b,c; Fig.5.4a). No difference in

intensity levels were evident between the two steroid-treatment groups.

In the dentate gyrus, a smaller, but statistically significant intensity increase was

observed within the somata of the granule cells in OVX+E (31.3%) and OVX+E+P

(33.5%) rats relative to the OVX rats (Fig. 5.2 d,e.f; Fig. 5.4a). This intensity increase

was of a significantly lower magnitude than that recorded in the CA 1 field, as determined

by a statistical comparison of the CA1/ DG ratio between the three groups, which revealed

a significant increase in the ratio in the steroid-treatment groups as compared to OVX
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Figure 5.4 Bar graphs depicting NMDAR
wx =  [Povx [Jovx:e Povxsesr immunofluorescence intensity measurements
in the somata (A) and dendrites (B) of the
CALl, dentate gyrus (DG) and CA3 fields of
the hippocampus. For somatic intensity
measurements (A) there is a significant
increase in both CAl and the dentate gyrus
when comparing OVX+E and OVX+E+P rats
to OVX rats. Based upon the results of the
somatic intensity measurements (A), the CAl
CA1 DG CA3 and the DG dendritic fields were quantified
(B). In (B) note that there are significant
increases only in the dendritic intensity
measurements of steroid-treated rats as

* *®

885 83

NMDAR1 Somatic Intensity >

Movx compared to the OVX rats in the CA 1 subfield,

although there is a trend toward increase in
Covx+e the dentate gyrus. Values represent means +
Ml ovx:esp SEM for 6 OVX rats and 5§ OVX+E and

OVX+E+P rats (24 measurements per rat).
* p<0.05, ** p<0.0001 compared with OVX
group; (ANOVA and Sheffe’s test).

2]
NMDARS1 Dendritic Intensity

CA1 DG

group. As inthe CAl subfield, there was no significant difference between the OVX+E
and the OVX+E+P groups.

Quantitative analysis of the somata of the CA3 pyramidal cells revealed no difference
in immunofluorescence intensity levels between the three groups (Fig. 5.2 g,h,i; Fig.

5.4 a).

NMDARI1: Dendritic Inmunofluorescence Intensity

To investigate the cytoplasmic pool of the NMDARI subunit protein within the
dendrites of the two regions where a somatic intensity increase was observed, we
analyzed fields of dendritic segments in the CA 1 stratum radiatum and the dentate gyrus
molecular layer. Quantitative analysis revealed a statistically significant increase in
intensity within the dendritic segments of the CA1l field when comparing both the
OVX+E and the OVX+E+P group to the OVX group (35% and 32%, respectively) (Fig.
5.3 a,b,c; Fig. 5.4b). There was no significant intensity difference between the two
steroid-treated groups in the CA1 dendrites. Analysis of the dentate gyrus dendritic

fields revealed no significant difference between the three groups but there was a trend
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toward an increase in both steroid-treated groups compared to the OVX group (Fig.

5.4b).

MAP2: Somatic Inmunofluorescence Intensity

To access whether the NMDARI intensity change may have been the result of a
more general increase in protein production, an identical quantitative analysis was
performed following immunocytochemical staining with a monoclonal antibody to
MAP2. MAP2 was selected because it is localized specifically within the soma and
dendrites of all principal cells in the hippocampus and there are no reports of estradiol-
induced changes in MAP2 cytoplasmic concentration. Quantitative and qualitative
analysis revealed no significant differences in immunofluorescence intensity or
distribution between the three groups in the somata of any hippocampal field analyzed

(Fig. 5.5 a-i; Fig. 5.6).

NMDAR1 mRNA Labeling

To determine whether a change in immunofluorescence intensity levels of the
NMDARI protein corresponded to an alteration in gene transcription, in situ
hybridization analysis of NMDAR1 mRNA levels was performed. Hybridization signal
was localized within the somata of the dentate gyrus granule cells and the pyramidal
cells of the CA fields (Fig 5.7), and no overt differences were observed in the overall
distribution of hippocampal mRNA labeling in comparison to that previously described
in the rat brain (Moriyoshi et al., 1991). Densitometric analysis of the films determined
that there was no significant difference in silver grain intensity in the principal cell

layers of CA1, CA3 and the dentate gyrus across the three groups (Fig. 5.8).

Discussion

In the present study, quantitative confocal microscopic evaluation of NMDARI
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Figure 5.5 Examples of CLSM images of MAP2 immunolabeled somata in CA1 (A-
C), the dentate gyrus (D-F) and CA3 (G-I) of OVX rats (A,D,G), OVX+E rats (B,E,H),
and OVX+E+P rats (C,F,I). Note that there is no obvious differences in intensity levels
when comparing between the different experimental groups within any hippocampal
subfield.. Scale bars: 10pum.

immunofluorescence intensity revealed that both estradiol and estradiol plus
progesterone-treatment in ovariectomized rats induced a significant intensity increase
within the somata and dendrites of CA1 pyramidal cells in comparison with non-steroid
treated ovariectomized rats. A smaller, though statistically significant, increase was
also observed within the somata of the dentate gyrus granule cells of steroid-treated

animals in comparison with non-treated ovariectomized animals, but not within their
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revealed no statistically significant differences significant differences in optical density

between the three groups when comparing measurements in any of the subfields between the

within a hippocampal field. Values represent three
groups. Values represent means + SEM for 9
means £ SEM for 6 OVX rats, 5 OVX+E and gy rar5, 9 OVX+E and 9 OVX+E+P rats.

OVX+E+P rats (24 measurements per rat).

dendrites. Since there was a trend toward
an intensity increase in the granule cell
dendrites, the absence of a significant
change may have been the result of an
inability to detect small intensity increases
due to a degree of variability inherent in
this technique. Additionally, there were
no detectable differences in intensity levels

within CA3 pyramidal cell somata of

animals from all three groups. In situ

Figure 5.7 Photomicrographs of film hybridization analysis revealed no
autoradiograms show NMDARI mRNA
hybridization in the hippocampus of an (A) OVX  accompanying detectable alterations in
rat, an (B) OVX+E rat and (C) an OVX+E+P rat.
Note that there is no overt difference in NMDAR! mRNA levels in any
hybridization distribution or intensity in the
hippocampal subfields between rats from different hippocampal subfield in steroid-treated

treatment groups.
rats as compared to OVX rats.
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Interpretation of NMDAR1 Immunofluorescence Intensity Data

The use of confocal microscopy yields high resolution, cross-sectional images of
neurons, which when coupled with gray-level intensity quantification and a photometic
offset enabled us to obtain intensity measurements within major cellular compartments.
Several factors contribute to the validity of the immunofluorescence intensity results as
representing significant alterations between non-treated ovariectomized rats and steroid-
treated ovariectomized rats. First, methodological variability was reduced by rigidly
controlling tissue processing, immunofluorescent staining, confocal parameters and
analysis design. As a result, variability was minimized and intensity changes that were
both consistent and of a substantial magnitude yielded statistically significant results.
Additionally, the positive findings were regionally specific and occurred with greatest
magnitude in CAl, the hippocampal field where estrogen induced morphological changes
have been observed (Gould et al., 1990; Woolley and McEwen, 1992; Woolley and
McEwen, 1994; Woolley et al., 1990). Our results also correlate with an increased
number of NMDAR agonist binding sites (Weiland, 1992) and a suggested functional
increase in NMDAR-mediated synaptic activity (Wong and Moss, 1992) in the CAl
neurons following estradiol treatment. Lastly, no intensity differences were observed
in any hippocampal field following an identical analysis with a monoclonal antibody to
MAP2, arguing against a more general increase in protein production.

Immunoelectron microscopic descriptions of the ultrastructural distribution of the
NMDARI subunit aids in the interpretation of our results. Similar to our qualitative
CLSM observations, electron microscopic descriptions of rat hippocampal neurons
revealed a patchy distribution of NMDAR1 immunocytochemical deposition throughout
the somatodendritic cytoplasm (Petralia et al., 1994). In the somata and dendrites these
patches were associated with bundles of microtubules and the surface of mitochondria,
as well as with rough endoplasmic reticulum, golgi apparatus and the nuclear envelope

in somata (Petralia et al., 1994). The association of concentrations of NMDAR 1 subunits
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with these subcellular structures suggests that the cytoplasmic patches represent the
synthesis, processing and transport pools of the protein. Previous CLSM investigations
have demonstrated that immunoreactive intensity can reflect protein concentration
(Dodge et al., 1993; Good et al., 1992), suggesting that our data may also represent
alterations in protein concentration within these cytoplasmic pools. Given both an
increase in NMDA agonist binding sites at the membrane (Weiland, 1992) and an increase
in synaptic activity consistent with an enhancement of the NMDAR (Wong and Moss,
1992), alterations in the cytoplasmic pool of receptors appear to be reflected at the

synaptic level.

Mechanism of Estrogen Regulation of the NMDAR

Consideration of both the immunofluorescence intensity and in situ hybridization
data together suggest that alterations in NMDAR1 immunofluorescence are the result
of post-transcriptional regulation of the NMDARI protein. Reasonable possibilities of
post-transcriptional regulation include an increase in rate of protein translation and/or
post-translational modifications such as an alteration in the rate of protein degradation.
Given the association of NMDARI protein with microtubules in the dendrites, intensity
increases in the CA1 dendrites may be the result of increased dendritic transport. It is
possible that the in situ hybridization technique is not sensitive enough to detect subtle
changes in mRNA levels, however, post-transcriptional control of NMDARI protein
expression has previously been demonstrated in PC12 cells where NMDAR! mRNA is
transcribed but not translated (Sucher et al., 1993). Additionally, two examples of post-
transcriptional regulation of the NMDARI1 subunit has been recently documented. Both
cultured cortical neurons that were chronically treated with an NMDAR antagonist
(Follesa and Ticku, 1996) and the hippocampus of rats treated chronically with ethanol
(Follesa and Ticku, 1995; Trevisan et al., 1994), exhibited increased levels of NMDARI

protein with no detectable change in NMDAR] mRNA levels.
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The mechanism of regulation suggested by these results is somewhat different from
the classical cellular mechanism of steroid hormone regulation of gene transcription.
This is indicated by previous observations which suggest that estrogen regulation of
NMDARs may be mediated by transsynaptic interactions (Weiland, 1992; Woolley and
McEwen, 1993; Woolley and McEwen, 1994). Indeed, putative intracellular estrogen
receptors identified by autoradiography (Loy et al., 1988) and immunocytochemistry
(Don Carlos et al., 1991; Weiland et al., 1996) are never found in CA pyramidal neurons
but rather are found in interneurons in the CA1, subiculum and dentate gyrus subfields.
Interestingly, very few such estrogen-sensitive interneurons are found in the CA3 region
(Loy et al., 1988), where we could find no estrogen effect on NMDARI
immunofluorescence intensity in the present study. An estrogen mediated increase in
the expression of NMDARs and an increase in the density of excitatory spine synapses
on CAl pyramidal neurons that occur in an NMDA-dependent manner (Woolley and
McEwen, 1994) may thus be reflections of the same underlying mechanism. This
mechanism may involve a transsynaptic control of the excitability of pyramidal neurons
via estrogen receptors in inhibitory interneurons, or it may reflect actions of estrogen
more directly on the excitability of pyramidal neurons themselves by an as of yet
undefined membrane mechanism. In either case, estrogen-induced changes in neuronal
excitability may increase functional demands on the pyramidal neurons, leading to
increased post-transcriptional expression of NMDARI.

A more detailed characterization of estrogen induced NMDAR protein regulation
remains to be elucidated. The subcellular distribution of the NMDARI! subunit has
been demonstrated to be controlled by specific amino acid sequences that are located
within a C terminal exon that is subject to alternative splicing (Ehlers et al., 1995). The
antibody used in this study detects all NMDARI splice variants. Future studies using
splice variant specific antibodies are necessary to determine if estrogen induced

regulation is NMDARU splice variant specific. Additionally, a possible stoichiometric
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change in the NMDAR complex in CAl is suggested by disparate results obtained using
different agonist versus antagonist NMDAR binding ligands (Weiland, 1992). A
stoichiometric change may also account for our determination of a subtle intensity
increase in the dentate gyrus, while autoradiographic analysis revealed no change in
NMDA agonist binding and a sight decrease in NMDA noncompetitive antagonist
binding in the dentate gyrus (Weiland, 1992). The NMDAR is a heteromeric complex
of several subunits, most likely consisting of an NMDARI1 subunit and one or more of
four different NMDAR? subunits that affect function and ligand binding characteristic
(Hollmann and Heinemann, 1994; Monyer et al., 1992). Differential regulation of
NMDAR subunits will be investigated following the development of antibodies specific

for NMDAR?2 subunits.

Functional Significance

Estradiol has an important role in cognitive function in experimental animals (Luine,
1994; Singh et al., 1994) and in maintaining certain memory functions in surgically
postmenopausal women given estradiol replacement therapy, which are compromised
in women not given estradiol (Philips and Sherwin, 1992b). Additionally, in some
women, specific memory functions were found to covary with sex steroid plasma
concentrations across the menstrual cycle (Philips and Sherwin, 1992a). Considering
the well established role of the hippocampus (Alvarez et al., 1995; Zola et al., 1986)
and NMDARs (Bliss and Collingridge, 1993; Morris et al., 1982) in learning and memory
formation, estrogen may affect memory by maintaining dendritic spines (Gould et al.,
1990), excitatory synapses (Woolley and McEwen, 1992) and NMDAR:s in specific
hippocampal neuronal populations via mechanisms suggested in this study. We have
previously characterized an intradendritic alteration in NMDAR 1 immunofluorescence
intensity within the dentate gyrus of aged female monkeys that revealed a decrease in

intensity within dendritic segments of the outer molecular layer relative to dendritic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

segments of the inner molecular layer (see Chapter 4) (Gazzaley et al., 1996b). Given
our present findings of estrogen’s role in regulating NMDAR | immunofluorescence in
the dentate gyrus following ovariectomy, it is possible that an age-related estrogen
decrease in the aged female monkeys may have contributed to the NMDARI alterations
observed previously.

In addition to increasing the duration of EPSP’s in CAl neurons in a manner
suggestive of NMDAR enhancement, estrogen treatment also induced repetitive firing
in some CAl neurons that resembled epileptic bursting responses (Wong and Moss,
1992). These findings are consistent with other studies which revealed that estradiol
replacement facilitates the induction of kindled seizures (Buterbaugh and Hudson, 1991)
and decreases the threshold for seizure induction (Terasawa and Timiras, 1968) in the
hippocampus of ovariectomized rats. Additionally, an increased incidence of seizures
were observed in women with catamenial epilepsy that correlated with fluctuations in
estrogen levels across the menstrual cycle (Backstrom, 1976). Based on the NMDAR’s
important role in seizure induction in experimental animals (Gilbert, 1988; Sato et al.,
1989), estrogen may induce seizure activity by regulation of the NMDAR via
modification of the NMDARI protein. Although there is no direct evidence for the link
between estrogen induced NMDAR regulation and behavioral changes, it is reasonable
that post-transcriptional NMDARI1 regulation has functional implications for learning

and memory formation, age-related cognitive decline, and seizure induction.
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Chapter 6

Differential Subcellular Regulation of NMDARI1 Protein and
mRNA in Dendrites of Dentate Gyrus Granule Cells
Following Perforant Path Transection

Abstract

Unilateral lesion of the excitatory perforant path results in the acute deafferentation of a
segregated zone on the distal dendrites of hippocampal dentate gyrus granule cells (i.e.
outer molecular layer), followed by sprouting, reactive synaptogenesis and a return of
physiological and behavioral function. To investigate cellular mechanisms underlying NMDA
receptor plasticity in response to such extensive synaptic reorganization, we quantitatively
evaluated changes in intensity levels of NMDARI immunofluorescence and NMDAR
mRNA hybridization within subcellular compartments of dentate gyrus granule cells 2, 5,
and 9 days following perforant path lesions. There were no significant changes in either
measure at 2 days post-lesion. However, at 5 and 9 days post-lesion, during the period of
axonal sprouting and synaptogenesis, there was an increase in NMDAR 1 immunolabeling
that was restricted to the dendritic segments of the denervated outer molecular layer and the
granule cell somata. Incontrast, NMDAR] mRNA levels at 5 and 9 days post-lesion increased
throughout the full extent of the molecular layer, including both denervated and non-
denervated segments of granule cell dendrites. These findings reveal that NMDAR | mRNA
is one of a limited population of mRNAs that is transported into dendrites, and further
suggests that in response to terminal proliferation and sprouting, increased mRNA transport
occurs throughout the full dendritic extent, while increased local protein synthesis is restricted
to denervated regions of the dendrites whose afferent activity is perturbed. These results
begin to elucidate the dynamic post-synaptic subcellular regulation of receptor subunits

associated with synaptic plasticity following denervation.
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Introduction

Plasticity of neurotransmitter receptor number or distribution is a key component of
the compensatory neuronal response to denervation and changes in afferent activity
(Kleinetal., 1989). Although classically associated with the peripheral nervous system
(Frank et al., 1975; Lgmo and Rosenthal, 1972) plasticity of this kind has also been
demonstrated in the CNS. For example, glutamate receptors (GluRs), which mediate
most fast excitatory neurotransmission in the CNS, are responsive to various experimental
perturbations in afferent activity. In several regions, including neocortex, hippocampus
and cerebellum, the number of GluR binding sites and/or levels of GluR subunit mRNAs
are influenced by exposure to pharmacological agents (Bessho et al., 1994; Williams et
al., 1992), the induction of long-term potentiation (LTP) (Maren et al., 1993; Thomas
et al., 1994a), the induction of seizure activity (Friedman et al., 1994; Gold et al., 1996
Kamphuis et al., 1994) and deafferentation (Geddes et al., 1985; Ulas et al., 1990).
One subtype of ionotropic GluR, the N-methyl-D-aspartate receptor (NMDAR), is
thought to play a key role in synaptic plasticity, particularly that associated with the
establishment of connectivity during development (Shatz, 1990), and the induction of
LTP, a synaptic model of learning and memory (Bliss and Collingridge, 1993; Bliss and
Lgmo, 1973). Additionally, alterations in the number of NMDAR binding sites occur
during aging (Tamura et al., 1991; Wenk and Walker, 1991). We have recently shown
that in aged monkeys, a decrease in the immunofluorescence intensity of the obligatory
subunit NMDARI is evident within the segments of granule cell dendrites that receive
the perforant path input from the entorhinal cortex, in comparison with more proximal
dendritic segments that do not receive this input (see Chapter 4) (Gazzaley et al., 1996b).
Based on this finding, we hypothesized that intradendritic levels of NMDARI are
dynamic, and modifiable by alterations in the afferent activity of the perforant path.

To explore this hypothesis, we focus in the present study on the dynamic regulation
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of NMDARU in rat dentate gyrus following synaptic reorganization induced by unilateral
transection of the perforant path input from the entorhinal cortex. The perforant path
input to the dentate gyrus selectively terminates on the ipsilateral distal two-thirds of
the granule cell dendrites, which corresponds to the outer molecular layer (OML)
(Steward, 1976). Two-four days following unilateral lesion of the entorhinal cortex, a
90% loss of synapses is confined almost exclusively to the OML (Matthews et al., 1976a;
Steward and Vinsant, 1983), thus allowing investigation of receptor changes during
terminal degeneration on spatially restricted segments of dendrites. This model also
allows the study of receptor changes during a period of terminal proliferation (sprouting)
and reactive synaptogenesis. Following denervation, terminal proliferation begins in
the OML 4-6 days post-lesion (Lynch et al., 1977; Steward and Vinsant, 1983), and is
characterized by sprouting of excitatory afferents from commissural/associational
pathways (Zimmer, 1973) and the contralateral entorhinal cortex (Steward et al., 1974),
along with some degree of physiological and behavioral recovery (Loesche and Steward,
1977; Reeves and Smith, 1987; Reeves and Steward, 1988). This is followed by a
period of new synapse formation that begins 8-10 days post-lesion (Steward and Vinsant,
1983) and eventually results in the restoration of approximately 80% of the synapses
(Matthews et al., 1976b).

Functionally, the perforant path input to the dentate gyrus provides the major conduit
for information flow from the neocortex into the hippocampus and is thus a crucial
component in memory processing (Skelton and McNamara, 1992; Vnek et al., 1995).
This is underscored by observations that the entorhinal cortex is extremely vulnerable
to pathological changes during aging (Bouras et al., 1994; Hof and Morrison, 1994;
Price et al., 1991) and is devastated in Alzheimer’s disease by a severe loss of the
neurons of origin of the perforant path (Hyman et al., 1984; Lippa et al., 1992). Thus,
understanding compensatory changes in NMDARI levels or distribution following

perturbations of the perforant path may be crucial for understanding mechanisms of
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memory loss associated with aging and disease. Although previous studies evaluating
GluR plasticity following unilateral entorhinal cortex lesion have used autoradiographic
techniques to assess alterations in various GluR ligand binding sites (Geddes et al.,
1985; Ulas et al., 1990), such studies do not reveal details of the cellular and molecular
mechanisms that may be the basis of physiological and behavioral recovery. The specific
goals of this study, therefore, are to characterize temporal and spatial aspects of the
regulation and localization of NMDARI protein and mRNA in the dentate gyrus

following unilateral transection of the perforant path.

Experimental Procedures

Animals, Surgery and Tissue Processing

A total of thirty-eight male Sprague-Dawley rats weighing approximately 500 g
were used in this study. Of these, 24 animals received a unilateral transection of the
angular bundle; 5 were sham-lesioned and 9 control animals were not operated upon.
All animals were cared for and treated in strict accordance with institutional and NIH
guidelines. Animals were anesthetized with 30% chloral hydrate and placed into a
Kopf stereotaxic frame. Stereotaxic transections of the perforant path (angular bundle)
were made with an extendable Scouten wire knife (Kopf Inc., Tujunga, CA) as described
previously (Laping et al., 1994; Schauwecker et al., 1996). The retracted knife was
inserted into the brain 1 mm anterior and 6.3 mm lateral to lambda, to a level 5 mm
ventral from the surface. The knife was extended 2.5 mm medially, raised 4 mm, and
then retracted. This procedure was repeated at a position 1 mm anterior and 5.3 mm
lateral to lambda. Five rats received sham-lesions at identical coordinates. In these
animals, the wire shank was lowered to the same depth as above, but the retracted blade
was not extended. For all operated animals, the craniotomy was covered with Gel-foam

and the skin and fascia sutured. The lesioned rats were perfused transcardially at 2
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(n=9), 5 (n=9), and 9 (n=6) days after surgery, and the shams (n=5) were perfused at 5
days post-surgery. All animals were deeply anesthetized with 30% chloral hydrate and
perfused transcardially first with ice-cold 1% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) for | minute, followed by 10 minutes of cold 4% paraformaldehyde
in PBS. The brains were immediately removed, blocked and postfixed in cold 4%
paraformaldehyde in PBS for 6 hours. Sections from the rostral hippocampus were
then cut in a coronal plane on a vibratome at a setting of 50 wm for immunocytochemistry.
The rest of the block was cryoprotected in 20% sucrose solution and frozen. 40 pm-
thick sections were cut from the remaining rostral hippocampus on a sliding microtome
and stored in 4% paraformaldehyde in PBS at 4°C for in-situ hybridization. A caudal
block from each animal containing the entorhinal cortex was sectioned in a horizontal

plane for cresyl violet staining of the lesion site.

Hippocampal Cultures

Hippocampi were dissected from 18 day-old, fetal Sprague Dawley rats, and cell
cultures were prepared as described previously (Goslin and Banker, 1991). Cells were
plated at a density of 50,000 cells per 60 mm plastic petri dish on poly-L-lysine coated
glass coverslips, and co-cultured with a monolayer of cortical astroglia in a sandwich-
type configuration where neurons and glia are separated by small paraffin dots. SuM
cytosine arabinoside was added to inhibit proliferation of glial cells. Cultures were
maintained for up to 4 weeks in MEM containing N2 supplements, | mM sodium

pyruvate and 0.1% ovalbumin.

Immunocytochemistry and Histochemistry

One series of sections through the rostral hippocampus of each rat was incubated
for 48 hrs with a monoclonal antibody (mAB) to NMDARI1 (54.1; 1:250; (Siegel et al.,
1994). A second series was incubated for 48 hrs with a mAB to synaptophysin (1:10;

(Wiedenmann and Franke, 1985). All sections were then washed three times in PBS,
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transferred to a solution containing biotinylated anti-mouse IgG H&L (1:200; Vector
Laboratories, Burlingame, CA) for 2 hours, washed again in PBS and transferred to a
solution of FITC-conjugated Avidin (1:200; Vector Laboratories, Burlingame, CA) for
1 hour. Double label immunocytochemistry was performed by incubating sections in a
solution containing a cocktail of mAB 54.1 (1:250), and a polyclonal antibody to GFAP
(1:25; Promeda, Foster City, CA), for 48 hours. Following three washes, the sections
were incubated with biotinylated anti-mouse IgG H&L and Texas-red conjugated anti-
rabbit [gG H&L for 2 hours, then washed and incubated with FITC-conjugated Avidin
for 1 hour. Sections were mounted, and coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA) to reduce fluorescence quenching. Histochemical
staining for CO activity was carried out on a third series of sections according to a
previously described protocol (Wong-Riley, 1979). A fourth series of sections through

the lesion site were stained with cresyl violet.

In-situ Hybridization and Quantitative Analysis

Sections were hybridized with [33S]-labeled sense and antisense cRNA probes that
were transcribed from PBS(KS+) containing a cDNA corresponding to the second
cytoplasmic loop of the cloned rat NMDAR1 cDNA sequence (Moriyoshi et al., 1991)
(Gift of Dr. S. Sealfon), using T3 and T7 RNA polymerase. In RNase protection assays,
antisense NMDARI recognizes a single mRNA of the predicted size (Gore et al., 1996).
In-situ hybridization was carried out as described previously (Benson et al., 1992).
Briefly, sections were pretreated with 1 pg/ml proteinase K in 0.1M Tris, 0.25% acetic
anhydride in 0.1M triethanolamine, and washed in saline sodium citrate 2X (SSC).
Sections were preincubated in hybridization buffer (10% dextran sulfate, 50% deionized
formamide, 50X Denhardt’s solution, 0.3 mg/ml herring sperm DNA, 0.15 mg/ml wheat
germ tRNA and 20 mM dithiothreitol (DTT)) for 1 hr. at 60°C, then transferred to
hybridization solution containing an additional 20 mM DTT and 10,000 cpm/ul of [35S]-
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labeled antisense or sense riboprobes for 24 hrs. at 60°C. Sections were washed in
4XSSC with SmM DTT, treated in 20 pg/ml ribonuclease A for 30 min. at 60°C, then
washed in decreasing concentrations of SSC solutions (2X, 0.5X, 0.1X) with SmM
DTT for 30 min. each at 60°C. Sections were mounted and exposed to § max hyperfilm
(Amersham) for 3 to 7 days. Slides were then dipped in Kodak NTB-2 emulsion, diluted
1:1, exposed at 4°C and developed using Kodak D19. The sections were counterstained
with cresyl violet.

In situ hybridization of neuronal cultures was carried out as described previously
(Kleiman et al., 1990), with [33S]-labeled sense and antisense cRNA probes
corresponding to the NMDAR1 cDNA sequence, as described above, as well as with
sense and antisense rat B-actin riboprobes that were transcribed from pGEM3Z containing
a Sau3A/EcoR|1 fragment complementary to 387 base pairs of the 5' end of rat B-actin
cDNA (gift of Dr. J. L. Roberts). Cells were fixed in 4% paraformaldehyde/4% sucrose
in phosphate buffered saline (PBS) and stored in 70% EtOH. Cells were washed briefly
in PBS containing 5SmM MgCl2, followed by 0.2M Tris/ 0.1M glycine (pH 7.4), then
pre-incubated for 1 hour at 42°C in hybridization buffer consisting of 50% deionized
formamide, 0.3M NaCl, 20mM Tris (pH 8.0), 5SmM EDTA, 1X Denhardt’s solution,
10% dextran sulfate and 10mM dithiothreitol. Each coverslip was incubated overnight
at 55°C in 100l of hybridization buffer containing 10mg/ml tRNA and 4 X 106cpm of
probe. Following hybridization, coverslips were rinsed in 2XSSC/10mM B-
mercaptoethanol (BME)/ImM EDTA, treated with RNAse A (2ug/ml in 500 mM NaCl/
10 mM Tris (pHS8)) for 30 mins, RT, washed in 2XSSC/10mM BME/ImM EDTA, then
washed for 2 hr at 55°C in 0.1XSSC/10mM BME/1mM EDTA. Coverslips were rinsed
in 0.5XSSC, dehydrated through graded alcohols and allowed to dry. For
autoradiography, coverslips were mounted on slides and dipped in Kodak NTB2 emulsion
and allowed to expose for 2-4 weeks at 4°C whereupon they were developed in Kodak

D19 developer.
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The autoradiographic films of the tissue sections were analyzed by measuring the
optical density of hybridization in the OML, IML and the CAl-sr field using an
automated paint function which covered the region of interest (Imaging Research, Inc.,
St. Catherines, Ontario, Canada). Measurements were taken from the contralateral and
ipsilateral sides from 4 sections per animal, 3-4 animals per group. Optical density
analysis of film autoradiograms was identical to that previously described (see Chapter
5) (Gazzaley et al., 1996c¢). For each animal, an intensity value for each of the three
regions (IML,OML, CAl-sr), from both the ipsilateral and contralateral sides, was
calculated as the mean of a single value obtained on each of the four sections. A mean
value for each of the five groups, from each region, was obtained from the individual
animal values. Within group, side-to-side comparisons were analyzed with paired
Student’s t-Tests, at a significance level of <0.05, and across group comparisons were
analyzed with a one-way analysis of variance (ANOVA), and a Sheffé’s post-hoc test,

at a significance level of <0.05.

Confocal Microscopy and Quantitative Inmunofluorescence Analysis

Quantification of NMDARI immunofluorescence intensity was performed according
to a previously published method (see Experimental Procedures, Chapter 4 and 5)
(Gazzaley et al., 1996b; Gazzaley et al., 1996c). Briefly, a Zeiss LSM 410 inverted
confocal microscope was used to obtain high magnification fields of regions within the
dentate gyrus from five animals per group and 3 sections per animal, from both the
ipsilateral and contralateral sides. All confocal parameters, including brightness and
contrast, were kept constant throughout the study. For each section, five fields within
the granule cell layer (GCL), the IML (dendritic field immediately distal to the GCL)
and the OML (midpoint between the GCL border and the hippocampal fissure) were
randomly chosen within a centrally located region of the suprapyramidal blade of the

dentate gyrus. Each field was scanned only once, in order to reduce fluorescence

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

quenching, and at the same predetermined z-axis distance from the surface of the section.
An image analysis program (Zeiss, Inc., Thornwood, NY) was used to determine the
average pixel intensity within the field, in which the contribution of unlabeled portions
of the field were removed by a visually established pixel intensity threshold (Fig. 4.1
and 5.1). Thus, the average pixel intensity of the portion of the field above threshold
represented the immunofluorescence intensity within either the cellular processes of
the molecular layer, or the granule cell bodies. For each animal an intensity value was
then computed, from each of the three regions (GCL, IML, OML), from both ipsilateral
and contralateral sides, by determining the mean of the 15 individual field values (five
field values obtained from each of three sections). A mean value in all five groups,
from each region, was obtained from the individual values determined for each animal.
Within group, side-to-side comparisons were analyzed with paired Student’s t-Tests, at
a significance level of <0.05, and across group comparisons were analyzed with a one-
way analysis of variance (ANOVA), and a Sheffé’s post-hoc test, at a significance level

of <0.05.

Results

Perforant Path Transections

To denervate the OML of the dentate gyrus, we performed knife cut transections of
the angular bundle. This transection effectively lesions the perforant path arising from
both the lateral and medial entorhinal cortex (Fig. 6.1A). The extent of the lesion in all
animals was determined by evaluating horizontal sections of the entorhinal cortex stained
with cresyl violet (Fig. 6.1A) and coronal sections of the dentate gyrus histochemically
stained for cytochrome oxidase (CO) (Fig 6.1B,C) or processed immunocytochemically
for synaptophysin (Fig. 6.2). Previous studies have revealed that CO staining exhibits

a prominent decrease in intensity in the OML as early as 16 hrs post-lesion (Borowsky
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Figure 6.1 Photomicrographs of
representative sections through the entorhinal
cortex (A) and dentate gyrus (B,C) of a rat
examined 5 days post-lesion. A) Horizontal
Nissl-stained section showing the extent of the
lesion of the angular bundle (ab), which transects
the perforant path arising from both the medial
(mEC) and lateral (IEC) entorhinal cortex. B,C)
Coronal cytochrome-oxidase stained sections
through the ipsilateral (B) and contralateral (C)
sides. Note the decreased intensity of staining
in the OML (asterisks) on the side ipsilateral to
the lesion (B) in comparison with that of the
OML of the contralateral side (C). Other
abbreviations in this and subsequent figures:
OML, outer molecular layer; IML, inner
molecular layer; GCL, granule cell layer. Scale
bars: A, 500 pm; B,C, 250 um.
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and Collins, 1989) and the density of
terminals containing synaptophysin, an
integral membrane glycoprotein of synaptic
vesicles, decreases within the OML as early
as 2 days post-lesion (Masliah et al., 1991).
A time course of the NMDAR changes was
established by perfusing animals at 2, 5 and
9 days post-lesion. Two days corresponds to
the time of maximal deafferentation
(Matthews et al., 1976a), five days to the
onset of terminal proliferation (Steward and
Vinsant, 1983), and nine days to onset of new
synapse formation (Steward and Vinsant,
1983). In all animals used in this study, the
extent of the transection and the effects on
the dentate gyrus as determined by CO and
synaptophysin staining were consistent. The
ipsilateral (lesioned) dentate gyrus of rats
evaluated at 2, 5 and 9 days post-lesion
exhibited massive synapse loss in the OML,
as revealed by a decrease in the number of
synaptophysin-positive puncta (Fig.
6.2G,K,0), and a prominent decrease in the
intensity of CO staining in this lamina (Figure
6.1B, asterisk). In contrast, the patterns of
synaptophysin and CO staining in the

contralateral (unlesioned) dentate gyrus of all
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animals were indistinguishable from those in the dentate gyrus of unoperated and sham-

lesioned control animals (Fig 6.2A E,I,M).

Qualitative Evaluation of NMDAR1 Immunofluorescence

NMDAR!1 immunofluorescence in the dentate gyri of unoperated and sham-lesioned
controls was intense in the granule cell somata and their dendrites throughout the entire
extent of the molecular layer, while nuclei were unstained (Fig. 6.2B,D). The intensity
of immunofluorescence was slightly elevated in the inner molecular layer (IML) relative
to the OML (Fig. 6.2B,D). These observations are consistent with previous descriptions
of NMDAR 1 immunostaining in the rat dentate gyrus (Petralia et al., 1994). In animals
sacrificed 2 days post-lesion, the intensity of staining across the ipsilateral molecular
layer (Figure 2H) appeared identical to that observed in the contralateral molecular
layer (Fig. 6.2F) or in comparison with the molecular layer of the control animals (Fig.
6.2B,D). However, at both 5 and 9 days post-lesion, there was an overt increase in the
staining intensity of processes in the ipsilateral OML relative to the ipsilateral IML
(Fig. 6.2L,P). The immunofluorescence intensity at 5 and 9 days post-lesion across the
contralateral molecular layer (Fig. 6.2J,N) did not appear different from the pattern in
control animals (Fig. 6.2B,D). To verify the qualitative impressions of NMDARI1
immunofluorescence intensity changes, we performed a series of quantitative evaluations

of the same animals.

Quantitative Evaluation of NMDAR1 Immunofluorescence: Within-Group
Comparisons of Ipsilateral vs. Contralateral Regions

Given previous evidence that shrinkage occurs within the denervated region of the
molecular layer (Caceres and Steward, 1983), the impression of an intensity increase in
the OML could be the result of either an increase in the density of dendrites with normal
staining, or an actual increase in the staining intensity within individual dendrites. To

distinguish between these two possibilities, we determined quantitatively the average
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Figure 6.2 Digitized confocal microscopic images of NMDARI (B,D,F,H,J,LN,P) and synaptophysin
(SYN; A,C,E,G,ILK,M,0) immunofluorescence in the dentate gyri of an unoperated control animal (Ctrl,
A-D) and animals examined 2 (E-H), 5 (I-L) and 9 (M-P) days post-lesion. The series on the left
represent fields from the non-lesioned, contralateral side; the series on the right represent fields from
the lesioned, ipsilateral side. Note that the pattern of synaptophysin-positive puncta is uniform across
the entire molecular layer (OML and IML) in both sides of the control animal (A and C), and in the
contralateral side of the 2 day (E), 5 day (I) and 9 day (M) animals. In contrast, an overt decrease in
synaptophysin immunofluorescence is evident in the OML compared to the IML on the ipsilateral side
in the 2 day (G), S day (K) and 9 day (O) animals. NMDARI1 immunofluorescence is relatively uniform
throughout the entire molecular layer (OML and IML) in the control animal (B and D) and the
contralateral side of all the lesioned animals (F, J, N). In the 2 day post-lesion animal, a similar,
homogeneous pattern is evident across the molecular layer on the ipsilateral side (H). In contrast, an
overt increase in the immunofluorescence intensity of the OML compared to the IML is apparent in the

ipsilateral side of the animals 5 (L) and 9 days (P) post-lesion. Scale bar: 30um
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immunofluorescence intensity within individual cellular profiles using high
magnification confocal images of the IML and OML. The intensity values obtained are
thus independent of area, and the negative contribution of unlabeled portions of the
field was subtracted by establishing a pixel intensity threshold (see Experimental
Procedures, Chapter 4 and 5) (Gazzaley et al., 1996b; Gazzaley et al., 1996¢). Within
group comparisons of comparable regions in the ipsilateral vs. contralateral dentate
gyrus were performed since the contralateral OML receives a very limited crossed
projection from the opposite entorhinal cortex (Steward et al., 1976), and is thus only
subtly deafferented by this lesion (Davis et al., 1988). A series of paired Student’s t-
tests of the ipsilateral OML vs. the contralateral OML revealed no difference between
sides in either control group (sham and unoperated groups), or the group of animals 2
days post-lesion, although in the 2 day post-lesion animals there was a trend toward an
increase in the ipsilateral side. In contrast, statistically significant increases in the
staining intensity of the ipsilateral OML was evident at both 5 and 9 days post-lesion in
comparison to the respective contralateral OML. Such changes were specific to the
denervated OML, since comparisons of the ipsilateral IML vs. the contralateral IML in
control groups and all of the lesioned groups demonstrated no significant differences in
intensity levels. Comparisons of the immunofluorescence intensity within granule cell
somata revealed an increase in the ipsilateral side relative to the contralateral side at 5
and 9 days post-lesion, but no differences at the earlier time point or in control groups.
Thus, the only significant differences in the intensity of NMDAR1 immunofluorescence
between sides was an intensity increase in the OML and granule cell bodies at 5 and 9
days post-lesion in the denervated ipsilateral side.

To verify the change in the ipsilateral OML, we compared the ratios of the intensity
of the OML/IML between the ipsilateral and contralateral sides for all groups. The
staining intensity value of the IML serves as a non-varying denominator because

ipsilateral vs. contralateral comparisons revealed no significant differences in IML
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intensity levels between the sides in any group. In agreement with comparisons of the
absolute intensity values (see above), comparisons of the OML/IML ratios revealed a
significant increase in the ipsilateral OML/IML ratio compared to the contralateral OML/

IML ratio at 5 and 9 days post-lesion, while no change was observed in either control

group or the 2 days post-lesion group (Fig. 6.3).
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Figure 6.3 Bar graphs comparing ratios of NMDAR! immunofluorescence intensity values of the
OML/IML in unoperated (Control), sham, 2 day, 5 day, and 9 day post-lesion groups. Statistical
comparisons were performed both within-groups (ipsilateral vs. contralateral sides; Student’s unpaired
t-test) and across-groups (ANOVA and Sheffé’s test). Statistical analyses revealed that ipsilateral
OML/IML ratios of both the 5 and 9 day group were significantly increased (asterisks; p<0.05) compared
to either the corresponding contralateral OML/IML ratios (within-group comparisons), or each of the
ipsilateral ratios from the control, sham and 2 day groups (across-group comparisons). There were no
other statistically significant differences, either between contralateral and ipsilateral sides, or for either
side compared across the groups. Values represent the mean + SEM of 5 rats per group (30 measurements

per rat).

Quantitative Evaluation of NMDAR1 Immunofluorescence: Across-Group
Comparisons

In order to compare the NMDARI1 immunofluorescence intensity in the OML
between lesioned and control groups and between the lesioned groups at different time-
points following lesion, the ratios of the intensity of the OML/IML were used. Statistical
analyses (ANOVA and post-hoc Sheff’s test) of the ipsilateral OML/IML intensity ratios
demonstrated that both the 5 and 9 day groups were significantly increased compared
to either control group or the 2 day group, but were not significantly different from one

another (Fig. 6.3). The OML/IML ratios of the control groups and the 2 day post-lesion
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group were also not significantly different from each other (Fig. 6.3). Such changes
were specific for the lesioned side, since comparisons of the contralateral OML/IML
ratios revealed no differences across any of the groups. Thus, the immunofluorescence
intensity in the ipsilateral OML of the 5 and 9 day post-lesion groups is not only elevated
in comparison to the contralateral OML (see above), but also relative to the OML of the
control groups, while no significant differences are detectable in the 2 day post-lesion
group in either within-group (ipsilateral vs. contralateral) or across-group comparisons
(Fig. 6.3). These quantitative data are thus consistent with the qualitative observations
reported above, and demonstrate that the visual impression of an intensity increase in
the denervated OML arises from an actual increase in the staining intensity within

individual cellular profiles.

Determining the Contribution of NMDAR1 Immunoreactive Astrocytes to
Immunofluorescence Intensity Measurements

The cellular profiles evaluated in the quantitative analyses of the molecular layer
were almost entirely granule cell dendrites. However, astrocytes are also present in the
molecular layer, and have been demonstrated to hypertrophy in the OML of the
denervated dentate gyrus in response to an entorhinal cortex lesion (Jensen et al., 1994).
To evaluate the presence of NMDARU in astrocytes of the dentate gyrus, as well as their
potential contribution to intensity changes, we simultaneously immunolabeled sections
from control and lesioned brains using antibodies to NMDARI and glial fibrillary acidic
protein (GFAP). Confocal microscopy revealed that astrocytes were immunoreactive
for NMDARI1 within the molecular layer of both sides of all animals.  Qualitative
CLSM evaluation of the contralateral OML of lesioned animals and the OML of control
animals revealed that the intensity of NMDAR1 immunofluorescence within GFAP-
labeled astrocytes was either equivalent to, or greater than the intensity of the surrounding
dendritic profiles (Fig. 6.4A,B). However, NMDARI! immunofluorescence intensity

within astrocytes in the ipsilateral OML of lesioned animals was sometimes equivalent,
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Figure 6.4 Pairs of digitized confocal microscope images
taken through the OML of the contralateral (A, B) or ipsilateral
(C,D) side from a rat examined 5 days post-lesion showing
NMDAR -immunoreactive astrocytes identified by double-
labeling immunofluorescence for GFAP (A,C) or NMDARI
(B,D). In the contralateral OML field (A,B), the intensity of
NMDARI! immunofluorescence in the processes of astrocytes
(arrows) is equivalent to, or greater than, the staining intensity
of the surrounding dendrites. In contrast, in the ipsilateral
(lesioned) OML field (C,D), the intensity of NMDARI
immunofluorescence in processes of astrocytes (arrows) is much
Il less in comparison with that of the surrounding dendrites.
Asterisks denote the corresponding positions of astrocytic nuclei
in each pair. E) Image showing section spanning the ipsilateral
molecular layer (IML and OML) taken from the same 5-day
post-lesion animal. Note a greater intensity of NMDARI
immunofluorescence in GFAP-negative processes (i.e.
dendrites) in the OML compared to the IML. A single
NMDARI-labeled dendrite (arrows) can be followed
continously from the IML into the OML, whereupon the
intensity of the NMDAR 1 immunofluorescence increases. Scale

bar: 10 pm.
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but generally less intensely stained than surrounding dendrites (Fig. 6.4C,D). This
reveals that any contribution to NMDARI immunofluorescence intensity levels by
astrocytes would actually decrease the average intensity of the processes in the ipsilateral
OML. Thus, the increased intensity of NMDAR1 immunofluorescence detected in the
ipsilateral OML of lesioned animals, as compared to the contralateral OML and the
OML of control animals, is due primarily to a change that is occurring within dendrites.
Consistent with this interpretation, NMDAR! immunoreactive processes that were
GFAP-negative (i.e. dendrites) could be followed from the IML to the OML, where
upon crossing this border the immunofluorescence intensity would increase (Fig. 6.4E).
Thus, although we have not assessed whether there is an overall change in NMDARI
immunofluorescence intensity within the astrocytes in response to lesion, we are
confident that the intensity alterations we report here are occurring within the granule

cell dendrites.

Qualitative Evaluation of NMDAR1 mRNA Hybridization Intensity

In both control and lesioned animals, an intense NMDAR1 mRNA hybridization
signal was localized over the somata of the dentate gyrus granule cells and the pyramidal
cells of the CA fields, as has been described previously in rat brain (Moriyoshi et al.,
1991). In both unoperated and sham-lesioned controls, a very light hybridization signal
was observed across the molecular layer of the dentate gyrus and the stratum radiatum
of the CA fields, which could be attributed to either very low levels of dendritic nRNA
or labeling of astrocytes (Fig. 6.5C). In animals 2 days post-lesion an identical
hybridization pattern was evident in both the ipsilateral and contralateral dentate gyrus.
At 5 and 9 days post-lesion, however, an increased hybridization signal for NMDAR
mRNA intensity was apparent over the entire dentate gyrus molecular layer of the side
ipsilateral to the lesion (Fig. 6.5B). By contrast, the adjacent stratum radiatum of the
CA field (Fig. 6.5B) and the contralateral dentate gyrus molecular layer (Fig. 6.5A)

appeared unchanged relative to control animals (Fig. 6.5C). On emulsion dipped slides

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

Figure 6.5 Photomicrographs showing cRNA probe hybridization to NMDARI mRNA in sections
through the contralateral (A) and ipsilateral (B,D) side of the hippocampus in a rat examined 5 days
post-lesion, or through one side of a control animal (C). In darkfield images (A-C) note the greater
hybridization intensity of both the OML and IML (*) in the ipsilateral side (B) relative to the contralateral
side (A) or the control animal (C). (D) Higher magnification brightfield image of a section through the
molecular layer, counterstained with cresyl violet. Clustered silver grains overlay darkly Nissl-stained
glia (arrows). Silver grains were also diffusely localized throughout the neuropil of the molecular
layer, overlying spaces between labeled nuclei. CAl-sr, CA1 stratum radiatum. Scale bars: A-C, 250um;
D, 25 um

counterstained with cresyl violet, clusters of silver grains indicating the presence of
probe hybridized to NMDAR1 mRNA, were concentrated over neurons (identified by
their lightly stained nuclei) throughout the granule and pyramidal cell layers. In the
dentate gyrus molecular layers of both control and lesioned animals, a small number of
darkly stained nuclei, indicative of glial cells, were also overlain by clusters of silver
grains (Fig. 6.5D). Additionally, in the dentate gyrus molecular layer ipsilateral to the
perforant path lesion, numerous silver grains were present diffusely thoughout the
neuropil and were evident in the spaces lying between such darkly Nissl-stained and
more lightly stained nuclei (Fig. 6.5D), suggesting that NMDAR1 mRNA is present

within dendrites.
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To verify the subcellular, and possibly dendritic distribution of NMDAR1 mRNA,
in situ hybridization histochemistry was carried out on rat hippocampal neurons grown
in culture. When grown at low density, the cell somata and dendrites can be clearly
distinguished. In emulsion autoradiograms of cultures hybridized with antisense
NMDARI mRNA, label was distributed in neuronal somata and throughout dendritic
trees (Fig. 6.6A,B). Not every dendritic tree was labeled to the same extent and every
branch was not labeled equally. By contrast, label showing hybridization of antisense
actin mRNA was confined to neuronal somata (Fig. 6.6C,D). In addition to labeled
neurons, both actin and NMDAR1 mRNAs were expressed in astrocytes (data not shown).

Sense strand controls showed no label above background.

Figure 6.6 Pairs of photomicrographs showing cRNA probe hybridization to NMDAR 1 mRNA (A)
or actin mRNA (C) in cultured rat hippocampal neurons visualized under darkfield (A,C) or phase
contrast optics (B,D). NMDARI mRNA hybridization is evident within neuronal somata and along

dendritics, one of which is shown by arrow heads. Actin mRNA is confined to the neuronal somata (C).
Scale bar: 50 pum
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Quantitative Evaluation of NMDAR1 mRNA Hybridization Intensity: Within-
Group Comparisons of Ipsilateral vs. Contralateral Regions

Differences in hybridization patterns observed in the film autoradiograms were
investigated quantitatively by densitometric analysis. Intensity levels were measured
in the dentate gyrus OML, IML and CA1 stratum radiatum (CAl-sr). Somatic layers
were not analyzed because hybridization levels frequently exceeded the linear range of
the film. Within-group, ipsilateral vs. contralateral molecular layer comparisons revealed
an increase in hybridization intensity 5 days post-lesion within both the ipsilateral OML
and IML compared to the contralateral OML and IML, respectively. There was no
change detected in the CAl-sr at this time point. In contrast to the increases in the
ipsilateral IML and OML detected at 5-days post lesion, analysis of both control groups
and the 2 and 9 day post-lesion groups revealed no differences in hybridization intensity
levels in the OML, IML or CA 1-sr between ipsilateral and contralateral sides. However,
in the 9 day post-lesion group, there was a trend towards an increased hybridization
intensity in the ipsilateral OML and IML relative to the contralateral side.

To further evaluate changes in the OML and IML hybridization intensity between
sides, intensity ratios of OML/CA -sr and IML/CA 1-sr were used because the CA 1-sr
intensity level did not change between sides at any time point (see above), and therefore
serves as a non-varying denominator. This analysis confirmed an increase in both the
OML and IML of the ipsilateral side as compared to the contralateral side at 5 days
post-lesion, with no change in the control groups or the 2 days post-lesion group (Fig.
6.7A,B). However, comparisons of the OML/CA -sr and IML/CA I-sr ratios between
the ipsilateral and contralateral side at 9 days post-lesion revealed a statistically
significant increase (Fig. 6.7A,B), suggesting that a change affecting both the OML
and IML is indeed occurring 9 days post-lesion. Although there was a non-significant
trend toward increased intensity levels of the ipsilateral OML and IML at 9 days when

the absolute intensity values of the ipsilateral and contralateral sides were compared
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(see above), it is likely that the use of a non-varying denominator in the ratio comparisons

decreased the variability and thus revealed a change occurring at 9 days post-lesion.

Quantitative Evaluation of NMDAR1 mRNA Hybridization Intensity: Across-
Group Comparisons
To compare NMDAR1 mRNA hybridization intensity levels of the OML and the

IML across groups, the OML/CAl-sr and IML/CA l-sr ratios were used. Analysis of
the ipsilateral ratios revealed an increase of both the OML/CA 1-sr and the IML/CA1-sr
ratios at 5 and 9 days post-lesion compared to either control group or to the 2 day post-
lesion group (Fig. 6.7A,B). Additionally, the ratios were not significantly different

from one another at 5 and 9 days, or among the controls and the 2 day group. A similar
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analysis using ratios taken from the side contralateral to the lesion demonstrated no
differences across the OML/CAl-sr or the IML/CA l-sr ratios for any of the groups
analyzed (Fig. 6.7A,B). Thus, at 5 and 9 days post-lesion, the hybridization intensity
of the ipsilateral OML and IML increases compared to both the contralateral OML and
IML (see above) and the OML and IML of control animals.

Additional statistical analyses demonstrated no difference in the OML/IML ratios
at any post-lesion time point for either within-group comparisons or across-group
comparisons (Fig. 6.7C), revealing that post-lesion increases in hybridization intensity
levels of the OML and IML were of similar magnitude, and therefore did not produce a
differential pattern of hybridization intensity across the molecular layer as was evident

for NMDARI1 immunofluorescence.

Discussion

The primary objective of this study was to investigate cellular and molecular
mechanisms underlying NMDA receptor plasticity in response to denervation and
subsequent synaptic reorganization. There were three principal findings based on
quantitative immunofluorescence and in situ hybridization methods for localizing the
obligatory receptor subunit NMDARI to dentate gyrus granule cells following unilateral
transection of the perforant path input to the hippocampus. First, changes in NMDAR1
immunofluorescence intensity and mRNA hybridization levels were evident only on
the side ipsilateral to the lesion, and occurred with a similar time-course. The earliest
detectable changes in both measures were at S days post-lesion, and were maintained at
least through 9 days post-lesion. Second, perforant path transection induced an overt
increase in immunofluorescence intensity that was restricted to dentate gyrus granule
cell somata and the portion of their distal dendrites that lay within the denervated OML.
Immunoreactive astrocytes did not contribute to such intensity changes. Third, lesion-

induced changes in NMDAR 1 mRNA hybridization levels were manifested by the novel
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appearance of significant mRNA hybridization within the dendrites of dentate gyrus
granule cells. These data suggest that NMDAR] mRNA is a member of a limited
population of mRNAs that can be localized within dendrites, in addition to their more
customary location in cell somata. However, in comparison with the spatially restricted
changes in immunofluorescence within dendritic segments of the OML, the increase in
mRNA hybridization was evident throughout the full extent of the dendrites as they
traversed both the IML and the OML. Thus, these data indicate that NMDAR]1 mRNA
and protein exhibit spatially distinct patterns of lesion-induced changes, which occur
with a similar time-course. This suggests that while mRNA transport may increase
along the entire dendritic extent, cellular mechanisms exist that selectively control the
intradendritic parcellation or modification of NMDAR1 protein within a limited region
of dendrites whose afferent activity is perturbed. Such mechanisms may include local
protein synthesis. Finally, the time-course of such changes suggests that NMDAR1
regulation may be more intimately related to the period of terminal proliferation and

synaptogenesis than the earlier period of terminal degeneration.

Localization of NMDAR1 mRNA within Dendrites
The present data suggest that NMDAR 1 mRNA is included in a select population of

mRNAs that are translocated into dendrites. Other mRNAs of this kind include MAP2
(microtubule-associated protein) (Garner et al., 1988), the o.—subunit of CaM kinase 1
(Ca2+/calmodulin-dependent protein kinase) (Benson et al., 1992; Burgin et al., 1990),
Arc (activity-regulated cytoskeleton-associated protein) (Link et al., 1995; Lyford et
al., 1995) and the inositol 1,4,5-triphosphate receptor (Ip3R) (Furuichi et al., 1993).
Although a previous single cell PCR study had suggested that NMDAR 1 mRNA might
be present within dendrites (Miyashiro et al., 1994), previous localization studies have
not shown any evidence of a dendritic distribution (Laurie and Seeburg, 1994; Moriyoshi
et al., 1991). This discrepancy most likely reflects very low basal levels of dendritic

NMDARI1 mRNA, possibly at the limit of detectability by in situ hybridization methods,
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which become suprathreshold for detectability following perforant path lesion. In the
present study, NMDARI mRNA was also found within some astrocytes both in vivo
and in vitro. However, the striking increase in NMDAR1 mRNA hybridization levels
throughout the full extent of the molecular layer following perforant path transection
argues against a major contribution to such increases by reactive astrocytes, since over
the time period examined, astrocyte hypertrophy is confined to the OML (Jensen et al.,
1994). Furthermore, the increased protein immunoreactivity observed in the present
study appeared to be restricted to dendrites and was not observed in the somata or
processes of astrocytes. Although most astrocytic glutamate receptors are thought to
be non-NMDA receptors, a number of studies support the presence of NMDARs in
some astrocytes (Aoki et al., 1994; Gage et al., 1984; Gracy and Pickel, 1995; Ho et al.,
1995; Miiller et al., 1993). The clear localization of NMDAR 1 mRNA in both dendrites
and astrocytes in hippocampal cultures strongly suggests that in addition to the potential
for localized subunit synthesis near synapses, NMDARs may also mediate glial responses
to glutamate. However, the precise physiological function of NMDARSs in astrocytes
has yet to be fully characterized.
Potential Mechanisms Underlying Protein and mRNA Alterations

Both NMDARI protein and mRNA changes were first detected at 5 days post-lesion,
which is early in the period of terminal proliferation, but prior to the major onset of new
synapse formation (Steward and Vinsant, 1983). Therefore, the initial responses observed
may have been induced by axonal sprouting. Terminal proliferation may induce receptor
changes through the release of diffusable elements, which could serve to prepare the
dendrites for synapse formation. Certain soluble factors produced by CNS tissue have
been demonstrated to increase the number of acetylcholine receptors and promote
clustering in muscle fibers (Jessell et al., 1979; Schaffner and Daniels, 1982). Although
the increases were first demonstrated at 5 days post-lesion, it was maintained through

at least 9 days post-lesion during the early period of reactive synaptogenesis. A longer
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time-course will be pursued in future studies to evaluate whether receptor levels return
to control levels after the majority of synapses have been replaced. A previous
autoradiographic study of ligand binding to the NMDAR in the dentate gyrus following
entorhinal cortex lesion detected an increase in binding levels in the OML of the
ipsilateral side only after 21 days post-lesion, but was not limited to the ipsilateral
OML (Ulasetal., 1990). The discrepancy in the time course may represent a difference
in the sensitivity of the techniques used and/or differential changes affecting other
NMDAR subunits (e.g. 2A-D).

It is also possible that the observed changes in immunofluorescence and hybridization
levels may represent a response to denervation, which was either delayed or did not
attain a magnitude sufficient to be detected by the techniques used, at 2 days post-
lesion. Further time-course studies of animals sacrificed between 2 and 5 days post-
lesion are necessary before drawing further conclusions. However, within the context
of this model, it is difficult to conclusively distinguish between a response to sprouting
or deafferentation because protein and mRNA levels following lesions cannot be assessed
in the complete absence of terminal proliferation.

NMDARI! immunofluorescence visualized within the confocal, cross-sectional
profiles of somata and dendritic shafts of granule cells is primarily a reflection of the
localization of the cytoplasmic pool of the NMDAR1 subunit protein. Immunoelectron
microscopic analyses of NMDAR! immunolabeling in rat hippocampal neurons and
monkey neocortical neurons have revealed dense patches of NMDARI labeling
throughout the somatodendritic cytoplasm, and is often associated with microtubules,
rough endoplasmic reticulum and the Golgi apparatus, suggesting that the cytoplasmic
patches of labeling may represent the synthesis and transport pools of the protein
(Huntley et al., 1994; Petralia et al., 1994). Given that a previous confocal microscopic
investigation has demonstrated that immunofluorescence intensity is a reflection of

protein concentration (Good et al., 1992), the increases in NMDARI
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immunofluorescence intensity may represent increases in protein concentration primarily
within these cytoplasmic pools. It is likely, although still speculative, that such changes
reflect increases in synaptically localized receptors, since previous studies using this
lesion paradigm have revealed subsequent increases in NMDAR ligand binding (Geddes
et al., 1985).

Previous studies, along with the findings presented in this paper, suggest that the
increase in NMDARI1 immunofluorescence within the OML of the lesioned side is at
least partially the result of increased local protein synthesis of the NMDARI! subunit
within the denervated dendritic segments of the molecular layer. Electron microscopy
has shown that granule cell dendrites contain polyribosomes, which are located
predominantly under the base of dendritic spines (Steward and Levy, 1982) and which
are in association with membranous cisterns that may represent the functional equivalent
of rough endoplasmic reticulum (Steward and Reeves, 1988). A study of
synaptodendrosomes, subcellular fractions of pinched-off axon terminals and dendrites,
revealed incorporation of radiolabeled amino acids in newly synthesized proteins, some
of which become incorporated as components of the synaptic membrane (Rao and
Steward, 1991). Interestingly, one such synaptic membrane protein had a molecular
weight of 116 kDa, equivalent to that of NMDARI found within synaptic plasma
membrane fractions (Brose et al., 1993). Most convincingly, Torre and Steward (1996)
recently demonstrated that dendrites isolated from their parent cell body can both
synthesize and glycosylate proteins, a necessary step in the post-translational processing
of membrane-spanning neurotransmitter receptors (Torre and Steward, 1992; Torre and
Steward, 1996). Thus, taken together, these data establish the presence of protein
synthetic and processing machinery within dendrites.

In view of the close association between polyribosomes and dendritic spines it was
suggested that local protein synthesis may be important during synaptic plasticity

resulting from alterations in afferent drive (Steward and Levy, 1982). In support of
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this, an increased incidence of polyribosomes beneath dendritic spines was identified
within the denervated dendritic segments of the dentate gyrus following unilateral
entorhinal cortex lesion (Steward, 1983). Additionally, an increase in ribosomal RNA
(Philips et al., 1987) and an increase in the incorporation of radiolabeled amino acids
(Fass and Steward, 1983; Philips et al., 1987) has been shown to occur exclusively
within the denervated OML. These events occur maximally during the period of terminal
proliferation and exclusively within the OML, which coincides with the increase in
NMDAR! immunofluorescence observed in the present study, and thus supports the
idea that a lamina specific increase in NMDARI protein might result in part from
increased local protein synthesis. In support of this hypothesis, a recent study
demonstrated that growth factor induced synaptic plasticity is dependent upon local
protein synthesis (Kang and Schuman, 1996).

Unlike NMDAR1 immunofluorescence, NMDARI mRNA hybridization levels
increased throughout the full extent of the molecular layer after perforant path
transection. Similarly, entorhinal cortex lesions do not differentially affect the
distribution across the molecular layer of two other dendritic mRNAs, those encoding
MAP2 (Steward and Wallace, 1994) and a CAMKII (Benson et al., 1992; Steward and
Wallace, 1994). Likewise, LTP induction in the perforant path induces an increase in
dendritic Arc mRNA (Link et al., 1995; Lyford et al., 1995) and «CAMKII mRNA
(Thomas et al., 1994b) equally in both the IML and OML. These data suggest that
alterations in afferent drive restricted to a specific lamina may induce spatially broad
changes in mRNA levels. Thus, while the activation of the protein synthetic machinery
may be specific for isolated post-synaptic zones that have been deafferented, the mRNA
appears to be non-specifically transported throughout the entire dendrite. Increased
levels of mRNA in the dendrites may be the result of an increased rate of dendritic
transport or by an alteration in mRNA stability.

In addition to an increase in the local dendritic synthesis of NMDAR1 protein there
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may also be an increase in the transport of protein synthesized in the soma, since
immunofluorescence intensity increased in ipsilateral granule cell somata as well as
within the OML at 5 and 9 days post-lesion. In support of this possibility, there was a
trend, although it did not reach statistical significance, of an increase in NMDARI

immunofluorescence intensity in both the IML and OML 2 days post lesion.

Functional Significance

During the time period in which we have identified increases in NMDARI
immunofluorescence intensity and mRNA hybridization levels, both physiological
(Reeves and Steward, 1988) and behavioral recovery (Loesche and Steward, 1977; Reeves
and Smith, 1987) from unilateral entorhinal cortex lesions have been documented. From
these studies it was hypothesized that the early phase of physiological recovery, before
the major onset of new synapse formation, may be the result of an increase in the number
of receptors, producing an increase in the activity of surviving synapses similar to
denervation supersensitivity in muscle fibers (Reeves and Steward, 1988). The present
data support this hypothesis by suggesting that increases in the concentration of
NMDARSs, and possibly other glutamate receptor subtypes (Geddes et al., 1985; Ulas et
al., 1990), may facilitate this early return of function. Findings suggest that the initial
establishment of long-term facilitation in Aplysia involves a redistribution of the reserve
pool of excitatory amino acid receptors to supply newly formed synaptic sites, while
later stages may require increased protein synthesis of receptors to replenish the reserve
pool (Trudeau and Castellucci, 1995). Additionally, in rats receiving bilateral entorhinal
cortex lesions, administration of an NMDA receptor antagonist exacerbates spatial
learning deficits, suggesting an increased sensitivity of this receptor system during
reinnervation (Keseberg and Shmidt, 1995).

The results of this study are consistent with our initial hypothesis that NMDARI
protein and mRNA levels are modifiable by changes in afferent activity. Thus, the

decrease in NMDARI1 immunofluorescence intensity that occurs within the dendrites
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of the OML of aged monkeys may indeed be the result of functional changes in the
perforant path (see Chapter 4) (Gazzaley et al., 1996b). It is likely that the response of
selectively modulating receptor concentrations within the dendrites is not limited to
overt experimental manipulations such as lesions, but is a standard, albeit more subtle
component of the post-synaptic response to modifications in afferent activity that occur
during normal brain functioning and synaptic plasticity. In support of this, we have
recently reported that increased estrogen levels in ovariectomized rats, which results in
an increased number of spines and synapses on CA 1 neurons (Gould et al., 1990; Woolley
and McEwen, 1992), also induces an increase in NMDAR1 immunofluorescence
intensity within CAl neurons (see Chapter 5) (Gazzaley et al., 1996¢c). Greater
understanding of the cellular mechanisms of receptor plasticity in mature, non-aged
animals may aid in the development of pharmacological interventions directed at averting
or correcting functional compromise of specific, receptor-linked circuits that occurs

during normal aging, stroke and neurodegenerative processes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

Chapter 7

Discussion

The primary objective of this thesis was to increase our understanding of cellular
and molecular alterations associated with age-related memory and learning deficits. In
the first study (Chapter 4), we described alterations in NMDAR 1 immunofluorescence
in the dentate gyrus of aged monkeys compared to young adult and juvenile monkeys.
Although direct behavioral correlations were not conducted, considering the important
role of both NMDARSs and this anatomical region in cognitive processes we suggest
that these changes may be associated with age-related learning and memory deficits.
Based on these findings, we explored the influence of alterations in estrogen levels
(Chapter 5) and synaptic reorganization within the dentate gyrus (Chapter 6) on
NMDARI! protein and mRNA regulation in the hippocampus. These factors were
investigated for three reasons; 1) they may be present to some degree in aged monkeys;
2) they may be involved in the formation of age-related memory and learning deficits;
and 3) they have been previously demonstrated to alter NMDAR binding levels. Thus,
either or both of these factors may have contributed to the alterations in NMDARI
immunofluorescence described in Chapter 4. Based on the findings of the studies in
Chapters 5 and 6, we conclude that fluctuations in estrogen levels and alterations in
afferent input from the entorhinal cortex may indeed contribute to the changes we
observed in the aged monkeys, and thus may be associated with age-related memory
and learning deficits. However, because these studies were the first to investigate the
role of alterations in estrogen levels and synaptic reorganization on the cellular
mechanisms of NMDAR regulation in the hippocampus, they were performed on young
adult rodents, rather than aged primates. This decision was based on the fact that both
of these experimental models have been well characterized in rodents and not in monkeys.

It was also logical to initiate this study on young adult animals, which would then form
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baseline data for comparisons with experimental manipulations in aged animals.
Therefore, while certain inferences can be made concerning the involvement of these
factors in the generation of the age-related alterations described in Chapter 4, direct
correlations are not possible because of species and age differences. Nevertheless,
these experiments have served to generate many interesting hypotheses that will be

pursued in future experiments on aged rodents and young and aged monkeys.

Implications of Estrogen-Induced GluR Plasticity for Age-Related Memory and
Learning Deficits

In Chapter 5 we determined that fluctuations in estrogen levels in young adult rodents
modify the intensity levels of NMDARI immunofluorescence in the dentate gyrus and
the CA1 field of the hippocampus. As discussed in Chapter 5, we suggest that estrogen
may be involved in the maintenance of NMDAR levels via an influence on NMDAR1
protein concentration within the cytoplasmic synthesis and transport pools of certain
hippocampal neurons. Given that estrogen has been implicated in memory and learning
processes, and an important role of the hippocampus and NMDARs in memory and
learning has been previously elucidated, the maintenance effect of estrogen on NMDAR 1
levels in certain hippocampal neurons (Chapter 5; Results) may play a role in estrogen’s
involvement in cognitive function. Thus, reductions in estrogen levels during menopause
may contribute to age-related memory deficits via a decreased maintenance of NMDARI
levels within certain hippocampal neurons.

A direct comparison of the data from the studies in Chapters 4 and 5 reveal that
although both aging and ovariectomy results in alterations in NMDARI
immunofluorescence in the dentate gyrus, the effects are not exactly comparable.
Ovariectomized rats experienced a decrease in NMDAR 1 immunofluorescence intensity
in the granule cell bodies, with no detectable decrease in measurements taken from

dendrites in the OML, as compared to ovariectomized rats that were treated with estradiol.
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Although the IML was not quantitatively evaluated in this study, there was no apparent
laminar alterations in NMDARI staining intensity across the molecular layer in
ovariectomized rats compared to estradiol-treated ovariectomized rats, as was observed
in aged monkeys compared to younger monkeys. Thus, ovariectomy of young rodents
does not exactly duplicate the NMDARI alterations observed in aged monkeys. However,
given that estrogen does seem to have a role in the maintenance of NMDARI levels in
dentate gyrus granule cells, we hypothesize that a reduction in estrogen levels following
menopause may make these neurons less able to elicit compensatory modifications in
NMDARI levels in response to changes that affect these cells during aging, such as
alterations in afferent input. An important experiment to test this hypothesis involves
the transection of the perforant path in an ovariectomized rat to determine if the
compensatory increase in NMDAR! immunofluorescence that we have described in
non-ovariectomized rats (Chapter 6), is altered by changes in estrogen levels. We predict
that a perforant path transection in young ovariectomized rats may result in a decrease
in NMDARI! immunofluorescence in the OML relative to the IML, and thus produce a

lamina-specific change similar to that observed in aged monkeys.

Implications of Lesion-Induced GluR Plasticity for Age-Related Memory and
Learning Deficits

The aged monkey study described in Chapter 4 revealed a decrease in the
immunofluorescence intensity of NMDARI! within the OML of the dentate gyrus, which
receives the segregated perforant path input from the entorhinal cortex. The study in
Chapter 6 was designed to test the hypothesis that an alteration in the afferent input of
the perforant path can modify NMDAR1 immunofluorescence intensity levels selectively
within the dendritic segments of the OML. The results of this study are consistent with
our initial hypothesis and reveal that cellular mechanisms exist within the dentate gyrus

of young adult rodents to selectively control the intradendritic parcellation or
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modification of NMDARI protein within a limited region of dendrites whose afferent
activity is perturbed. Therefore, the decrease in NMDAR 1 immunofluorescence intensity
that occurs within the dendrites of the OML of aged monkeys may be the result of a
functional and/or structural alteration in the perforant path input as suggested, and thus
may be involved in age-related memory and learning deficits

Direct comparison of the results of the aging (Chapter 4) and lesion study (Chapter
6) reveal that although they both identify NMDARI alterations that occur selectively
within the dendritic segments of the OML, the decrease in NMDARI
immunofluorescence intensity within the OML of aged monkeys is in contrast to the
increase in intensity in the OML of young adult rats following perforant path lesions.
Aside from potential species differences, there are several possible reasons for this
discrepancy. First, the lesion performed in this study involved the destruction of the
majority of perforant path axons to the OML. Thus, this paradigm not only results in an
alteration in afferent activity, but also massive synaptic reorganization. It is unclear as
to exactly what changes are occurring in the perforant path of aged animals, although
the laminar specific alteration identified in the aging monkey study (Chapter 5) suggests
that some alteration in this pathway is occurring. In monkeys, there are preliminary
results suggesting that there is no change in the number of layer II entorhinal neurons
during aging (West et al., 1993), while similar studies have not been performed in rodents.
On the other hand, physiological studies have only been performed in rodents and reveal
functional changes in the perforant path, although not a straightforward decrease or
increase in activity (Barnes, 1994). Thus, we are uncertain to what degree the lesions
performed in Chapter 6 mimic changes that actually occur during aging. Additionally,
the experimental lesions were induced acutely and are surely of a greater magnitude
than changes presumably occurring chronically during aging.

Nevertheless, in young animals, there appear to exist compensatory mechanisms

that induce both presynaptic (sprouting) and postsynaptic (NMDARI
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immunofluorescence intensity increase) plasticity responses in the OML following an
acute perforant path insult. We hypothesize, that some alteration in the perforant path
is occurring during aging, but that the plasticity of the system, either presynaptically
and/or postsynaptically, is incapacitated during aging and thus the compensatory response
present in young animals is blunted. A plasticity deficit may be the result of hormonal
changes, as discussed above, or another as yet unidentified age-induced alteration. We
predict that an age-induced plasticity deficit, when coupled with a naturally occurring
lesion may result in the decrease in NMDAR |1 immunofluorescence that was observed
in aged monkeys, and thus may be involved in age;related memory and learning
impairments that have been described in primates and rodents. In support of this
hypothesis, studies have revealed that there is a decline in the sprouting ability of aged
rats in response to lesions (Hoff et al., 1982a; Schauwecker et al., 1996; Scheff et al.,
1978) as well as a delay in the process of removal of degenerative debris (Hoff et al.,
1982b). However, we cannot yet discount the possibility that the plasticity of the system
is preserved during aging, but a physiological alteration in the perforant path, such as
an increase in activity, results in a compensatory decrease in NMDARI levels in the
OML. An important experiment to help clarify these issues involves the transection of
the perforant path in aged animals to determine if the ability to upregulate NMDARI
levels in the OML is preserved during aging. Further experiments designed to explore
the exact nature of age-related alterations in the perforant path of both rodents and
monkeys would also greatly aid in the interpretation of these studies.
Cellular Mechanisms of Glutamate Receptor Plasticity

Aside from contributing to our understanding of changes associated with age-related
memory and learning deficits, the studies presented in this thesis also reveal previously
undescribed details of GIuR plasticity. Most studies that have investigated GIuR

alterations in response to various conditions; such as aging, hormonal and
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pharmacological manipulations, lesions, kindling and LTP (Bessho et al., 1994; Geddes
et al., 1985; Lahtinen et al., 1993'; Magnusson and Cotman, 1993; Maren et al., 1993:
Thomas et al., 1994a; Ulas et al., 1990; Weiland, 1992; Wenk and Walker, 1991; Williams
et al., 1992), have focused on changes in the number of GluR binding sites to various
ligands. While these autoradiographic studies do suggest functional alterations in
membrane bound receptor complexes, they do not reveal details of the cellular and
molecular mechanisms that may be the basis of physiological and behavioral changes.
All the studies described in this thesis used quantitative confocal microscopy to evaluate
changes in GIuR subunit immunofluorescence intensity (primarily NMDAR 1) in discrete
neuronal populations and subcellular compartments. As previously discussed, these
changes may reflect alterations in NMDARI protein concentration within the synthesis
and transport pools in the cytoplasm of these cells (Good et al., 1992) (Chapters 4, 5,
and 6; Discussion). Other possibilities include changes in antigen conformation, or the
binding to the antigenic site by another molecule (i.e. phosphorylation). Nevertheless,
the results of the aging and lesion study suggest the existence of cellular mechanisms to
generate modifications of NMDARI exclusively within specific dendritic segments, in
a manner that corresponds with the segregated termination of afferents. Although the
dentate gyrus, due its unique anatomy, offers a valuable model to study receptor
parcellation within the dendrite, we expect that similar intradendritic control of receptors
is present in neurons throughout the nervous system.

Given that the alterations in NMDAR1 immunofluorescence intensity that we have
identified in these studies correlate with changes reported in GIuR binding studies
performed on similar models (Ulas et al., 1990; Weiland, 1992; Wenk and Walker, 1991),
it is likely that these alterations reflect changes occurring at the synapse. Additionally,
the immunofluorescence intensity changes identified in these studies correlate with
predicted behavioral changes, such as alterations in memory abilities (Loesche and

Steward, 1977; Luine, 1994; Rapp and Amaral, 1991; Reeves and Smith, 1987; Singh et
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al., 1994), that might be expected to result from fluctuations in the concentration of
synaptic NMDARs. However, it is important that future studies continue the
investigations initiated in this thesis with immunoelectron microscopic techniques
designed to evaluate changes in receptor subunit concentration at identifiable synapses.

The mechanism of induction of NMDARI immunofluorescence changes may have
been related in the two experimental studies performed in this thesis (Chapter S and 6).
Estradiol replacement increases the number of synapses on CA 1 pyramidal cells from
the suppressed levels that are initially induced by ovariectomy. The CAl field is the
region where we observed the largest increase in NMDAR1 immunofluorescence
(Chapter 5). Similarly, in the lesion study (Chapter 6), we detected an increase in
NMDAR! immunofluorescence in the OML of the dentate gyrus 5 days following
transection of the perforant path, during the period of terminal proliferation. Thus, in
both studies, an increase in NMDAR! immunofluorescence intensity levels was
associated with the formation of new synapses. We have not, however, proven that
these events are causally related or dependent upon synaptic activity. The regulation of
NMDARI protein may be under the direct control of estrogen itself, or in the case of
perforant path lesion, the action of a diffusable factor released during the period of
terminal proliferation (Chapters 5 and 6; Discussion).

In addition to investigating changes in immunofluorescence intensity, the studies
described in Chapter 5 and 6 also explored changes in NMDAR 1 mRNA levels. Although
both studies revealed alterations of NMDARI immunofluorescence following
fluctuations in steroid hormone levels and perforant path transection, only following
perforant path transection (Chapter 6) were changes in NMDAR 1 mRNA hybridization
intensity levels detectable. There are several possible reasons for this discrepancy.
Although fluctuations in estrogen levels results in synaptic reorganization, it is of a
significantly lower magnitude than the massive synaptic reorganization induced by

perforant path lesions. It is thus possible that the lesser degree of synaptic reorganization

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



87

following estrogen treatment results in only post-translational NMDAR1 alterations, or
very subtle mRNA changes that may have been below the detectability threshold of the
quantitative technique used. It is also possible that the immunofluorescence intensity
changes identified in the estrogen study were not generated by the synaptic changes at
all, but were the result of a direct effect of estrogen on the translational or post-
translational machinery driving NMDARI protein production.

The lesion study described in Chapter 6 also revealed another important aspect of
glutamate receptor plasticity. NMDAR! mRNA seems to be a member of a limited
population of mRNAs that are transported into dendrites, possibly in response to terminal
proliferation. However, unlike the induced increase in NMDAR 1 immunofluorescence
that is selective for the deafferented lamina, NMDAR1 mRNA hybridization increases
throughout the dendritic extent of the molecular layer, suggesting a non-specific targeting
of mRNA to the dendritic compartment (Chapter 6; Discussion).

Although the studies described in this thesis have contributed to our understanding
of the cellular and molecular mechanisms of GluR plasticity in response to aging,
hormonal manipulations and acute, massive synaptic reorganization, a more detailed
characterization of GluR protein and mRNA regulation remains to be elucidated. This
includes a reinvestigation of the studies presented in this thesis with antibodies and
molecular probes to the other NMDAR subunits (NMDAR2A-D), the AMPA and kainate
subunits and the different subunit splice variants of all the GluR subclasses. This
additional information will be necessary in order to understand the full compexity and

intracacies of GluR receptor plasticity that we suspect to be operational in hippocampal

circuits.
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