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FOREWORD

“Life in the fast lane"

It is with great pleasure that we introduce you to Albert's thesis work. We will not

focus on the high quality of his science or the crisp precision of his thinking; we couldn't do

them justice, and you will experience them soon enough by just turning a few pages. What we

will do here is remember a few of the many experiences which we have shared with Albert in

the hope that doing so will prove enlightening (or perhaps cathartic).

Albert is a master of efficiency, and he never gets bogged down on petty details. For

example, Albert was, in his early years, learning to make brain slices. Rather than waste time

on instructions, he forged ahead and decapitated a volunteer before preparing his dissection

tools. Such decisive corner-cutting steps have no doubt shaved years off of his graduate work.

Albert can see through the noise inherent to biological systems. We don't really know

what this means, but we expect that if science doesn't work out for Albert, he will make

millions as a psychic.

Not only is Albert brilliant at science, but also Albert has shown in so many ways that

he is an excellent lab citizen. He has vociferously raised lab awareness about the pernicious

effects of presenting at lab meeting too often. He buys all of the items which the rest of us wº
to have but can't bear to spend Roger's money on. His generosity is boundless, and we wonder

whether the lab will ever be the same without the steady influx of biscotti from Albert's mom

(thanks Heidi').

If administrative skills are a plus, Albert will also be adept at running a lab when the

time is right. He knows how to build bridges and unite a team to achieve a common goal,

particularly the secretarial staff, and he knows how to make excellent use of lab resources, like

post-docs and other technicians. He is also singlehandedly responsible for uniting the
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Gladstone Institute with the rest of UCSF, and we expect him to be a firm advocate of keeping

the library open.

Albert has high expectations for himself, a rare gift for one so young. Perhaps it comes

from his first-tier schooling. For Albert, publication in a journal less prestigious than Neuron is

not acceptable, and we can only eagerly wait for the Nobel Committee to come to their senses

and give him a prize.

But enough about Albert the scientist—what about Albert the man? Many women have

fallen prey to his irresistable charm, a quality which he will be developing to perfection in

Paris grace à son accent parfait. But Albert is nobody's whipping boy, as we all learned from his

tales of the Trocadero, and it is still unclear what lucky woman will get him.

Albert is even good-natured enough to let the guys sitting next to him write all the

snotty things about Albert they can remember in a forward to his doctoral thesis.

In short, Albert is not only a genius, but a good friend. While we would like to take some

of the credit for Albert's development into a scientist, ultimately we cannot. He is a force of his

own making—and he never listened when we said “Albert, no" anyway. So without further

ado, the works of the incomparable Dr. Albert Hsia.

Matthew Frerking and Christian Lüscher,
June, 1998
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Persistent Modifications of Excitatory Circuitry
in the Hippocampus

by

Albert Y. Hsia

ABSTRACT

That neurons in the mammalian brain change during their development, in information

storage, and in disease is indisputable; understanding what these changes are and how they

occur is the focus of this study. Using electrophysiological approaches combined with

pharmacology and transgenic mouse technology, I investigated both the functional consequences

and molecular mediators of changes which occur in the hippocampus, a region of the brain

crucial for learning and memory.

Changes in synaptic efficacy lasting 30 minutes or more are termed “long-term” plastic

changes: long-term potentiation (LTP) and depression (LTD). While roles for ionotropic

receptors in the induction of LTP and LTD are well-established, such roles for metabotropic

receptors have been elusive. At each stage of the hippocampal trisynaptic circuit, I was unable

to find a role for metabotropic receptors in any form of long-term plasticity. At the mossy fiber

CA3 synapse, I found that LTP was normal under pharmacological blockade of mGluRs, as well

as in transgenic mice lacking mgluR1. The late phase of LTP (beginning ~30 minutes post

induction) has been suggested to require CREB-mediated gene transcription triggered by PKA,

much as in the maintenance of sensitization in Aplysia. Instead I found that PKA activation in

CA1 causes a marked, presynaptic potentiation which is transient.

:
sº

ix



Next, I evaluated the means by which the mature state of connectivity between CA3

and CA1 hippocampal pyramidal cells is established. Using a technique of comparing

miniature EPSCs to EPSCs in response to spontaneously occurring action potentials in CA3 cells, I

found that from neonatal to adult ages, functional synapses are created and serve to increase the

degree of connectivity between CA3-CA1 cell pairs. I also observed that the variability of

quantal events decreases substantially as synapses mature, suggesting that there is a tuning

process which occurs over development to achieve greater uniformity of quantal responses.

Thus, in the hippocampus the developmental strategy for enhancing excitatory synaptic

transmission does not appear to involve an increase in the efficacy at individual synapses, but

rather an increase in the connectivity between cell pairs. I analyzed transgenic mice which

lack the trkB receptor, and found the development of CA3-CA1 circuitry to be normal, ruling out

a role for trkB-mediating signalling in the early development of this circuit.

The adult state of CA3-CA1 circuitry was found to be quite stable, in that it was

resistant to change under a variety of manipulations and until very advanced ages. Despite

reports that elevated estrogen levels and enriched rearing environments increase the density of

anatomically-identified dendritic spines in CA1, I did not find a change in the number of

functional synapses in response to either of these two conditions, nor were there changes in the

properties of synaptic transmission at individual synapses. In addition, I studied animals

approaching their natural lifespan in age and found no significant differences in their

hipppocampal circuitry as compared to young adults.

In Alzheimer's model mice, on the other hand, aging brought about pronounced changes.

Using a transgenic mouse model overexpressing human mutant 3-amyloid precursor protein

(APP), I set out to study changes which might occur prior to the formation of amyloid plaques.

Electrophysiological recordings from the hippocampus revealed a marked deficit in synaptic

*
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transmission. Further electrophysiological analysis suggested a decrease in the number of

synaptic connections and in neuron number, both of which were confirmed anatomically. By

examining an additional APP mouse model with enhanced 3-amyloid production, I provide

evidence that these changes are initiated by progressively increasing concentrations of the 3

amyloid peptide (AB). Finally, I observed a selective upregulation of the NMDA subtype of

glutamate receptor (NMDARs) on pyramidal cells, opening the possibility that AB may confer

an increased susceptibility to NMDAR-mediated excitotoxicity.

In sum, I have studied synaptic development, plasticity, and degeneration within the

hippocampal circuit. My work helps to describe how a functional circuit reaches its mature

state, and how it responds to aging and neurodegenerative disease. Using pharmacological and

molecular approaches, I have identified certain molecular players as likely or unlikely

mediators of these changes.
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Introduction

The locus of expression of long-term potentiation (LTP) and depression (LTD) has been

the primary focus of our laboratory for several years (for review, see Malenka and Nicoll,

1997). More recently, the interests of our laboratory have also included novel functions of

metabotropic glutamate and kainate receptors (Castillo et al., 1997, Oliet et al., 1997;

Scanziani et al., 1997), molecular mechanisms underlying LTP expression (Castillo et al., 1997;

Lledo et al., 1998), and the development of neuronal connections (Isaac et al., 1997). New

technical approaches have been taken, including cultured cells (Tong et al., 1996) and transgenic

mice (Castillo et al., 1997; Lüscher et al., 1997). My own scientific interests changed over the

years as well, but a theme emerged: I progressed from studies of LTP and LTD to studies of longer

and longer lasting modifications of excitatory synapses; from the late phase of LTP, to

developmental, hormonal, aging-, and disease-related changes in excitatory circuity.

My first experiments sought a role for metabotropic receptors in hippocampal LTP and

LTD. The hippocampus is a trisynaptic circuit: 1) perforant path-granule cells, 2) mossy fiber

CA3 cells, and 3) CA3-CA1 cells. Using pharmacology as well as transgenic mouse models, I

searched for a necessity for, or even a modulatory role of, metabotropic receptors in long-term

plasticity at each stage of the circuit (Chapter 1). At all three stages of the circuit, I followed

up on previous reports which had claimed to have found just such roles for metabotropic

receptors, so my failure to do so served as my initiation into the cold reality of all too frequent

irreproducibility within the field. As a general rule, for initial, exploratory experiments, I

took the operational strategy of designing experiments so as to maximize the chances of

obtaining a positive result: witness the 5-prong, G,-activating, pharmacological “cocktail" of

agonists I employ in Chapter 2, and the high plasma levels of estrogen induced in one study in

Chapter 5. Yet in all cases I also designed additional experiments to be more physiological

(e.g., I limited myself to a single B-adrenergic receptor agonist for some experiments in Chapter

º
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2, and I performed an additional estrogen study in which I induced estrogen levels close to those

produced during the estrus phase of the animal), or to closely replicate conditions used in

published reports (temperature, strain of animal, internal solutions, concentrations, &c.). Using

both my instinctive maximal approach and a more tempered approach in designing experiments

gave me increased confidence about my conclusions, especially those in which I deemed there to

be no effect of a particular manipulation. In addition, several studies were performed blind to

genotype/manipulation.

My interest was then piqued by a paper from the laboratory of Eric Kandel, the first of

a series of papers from his laboratory describing a “late stage" of LTP in the hippocampal CA1

region (Frey et al., 1993) which is dependent on protein synthesis and triggered by PKA

activation. After unsuccessfully attempting to reproduce the basic finding of the paper (see

Figure 2-3, vs. Figure 1A in (Frey et al., 1993) and Fig 3A in (Huang and Kandel, 1994), I

unswervingly proceeded to attack the problem from different angles (Chapter 2), with the

upshot being that in my hands, PKA activation leads only to a presynaptic potentiation which

does not outlast the presence of the PKA activator. Could it be that the nucleus shuttles

proteins out to synapses to maintain LTP for many hours? My data are not consistent with

published reports, but certainly data from other laboratories support this general model. For

instance, an elegant paper from Mu-Ming Poo's laboratory found that application of a

neurotrophic factor to neuromuscular synapses caused a potentiation which was much slower in

onset as compared to neurotrophin application to the cell body of the presynaptic neuron (Stoop

and Poo, 1995).

The core of this thesis lies in Chapter 3. It is here that I develop the experimental

designs and analytical toolkit which I utilize in all subsequent chapters. In particular, I

describe a means of measuring of the “multiplicity" of synaptic connections between cell pairs,

namely the number of functional synapses between an individual CA3 and an individual CA1



cell. Using the multiplicity and other measures, I argue for an increase in n, rather than other

quantal parameters, as mediating the development of CA3-CA1 excitatory circuitry.

Chapters 5 through 8 study possible influences upon CA3-CA1 excitatory circuitry

throughout the life of an animal. Can estrogen modify the nature of glutamatergic transmission

on a timescale of days? Can an enriched rearing environment lead to enriched neuronal

circuitry? And is a neuronal circuit preserved until senescence, or does aging bring about changes

in the number or properties of synapses? Finally, what is the effect of neurological disease upon

circuitry in the brain? For this final question, I utilized transgenic mouse models for

Alzheimer's disease, and not only describe changes which occur with age in these mice, but also

provide strong evidence for the molecular mediator of these changes, which may point to

targets for therapeutic intervention.

In summary, one can consider Chapters 3 and 7 as descriptions of the natural timecourse

of development and aging of CA3-CA1 excitatory circuitry, and Chapters 5-6 and 8 as

explorations of possible deviations from this “baseline". The very long-term and global

synaptic changes investigated in all of these chapters include changes at individual synapses

and in total synapse number, changes which influence both the nature and strength of synaptic

transmission between stages of the hippocampal circuit.

-
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Chapter 1:

Seeking a role for metabotropic receptors in synaptic plasticity

at each stage of the hippocampal trisynaptic circuit.

Clear roles for metabotropic receptors in synaptic plasticity are just beginning to be

established (Aiba et al., 1994; Aiba et al., 1994; Bashir et al., 1993; Bortolotto et al., 1994;

Conquet et al., 1994; Hayashi et al., 1993; Linden and Connor, 1993; Oliet et al., 1997; Scanziani

et al., 1997). Excitement lies in the possibility that 1) metabotropic receptors, by mediating

longer-lasting effects than their ionotropic counterparts, could play so-called “metaplastic"

roles in priming synapses for plastic change, and that 2) metabotropic receptors may be required

for plasticity to occur, perhaps through mechanisms such as the release of calcium from internal

Stores.

Although the discovery of glutamate receptors that couple to GTP-binding proteins

(mGluRs) is relatively recent, molecular cloning and pharmacological studies have provided

considerable insight into this class of glutamate receptor (Pin and Duvosin, 1995; Watkins and

Collingridge, 1994). These receptors can occur presynaptically and when activated by

exogenous agonists inhibit the release of transmitter. They can also occur postsynaptically and

when activated produce a slow blockade of potassium channels. However, the physiological

roles for this class of receptor remain poorly understood.

Several forms of synaptic plasticity have recently been reported to require

metabotropic receptor activation. Since these studies did not investigate molecular

mechanisms downstream of metabotropic receptor activation, I was interested in following up

on these reports. Therefore, as a first step, I sought to replicate these findings, which



1. Medial perforant path-granule cell synapse

At the medial perforant path-granule cell synapse in the dentate gyrus, a form of long

term depression was reported which requires mGluR activation, and not NMDAR activation

(O'Mara et al., 1995). In order to study this phenomenon, I replicated the experimental design

used in this report in an attempt to observe this form of LTD (see Methods).

Field recordings were made in the dentate gyrus, and two independent medial perforant

path inputs were stimulated at a low, baseline frequency. As illustrated in the representative

experiment shown in Figure 1-1A, LTD was first successfully induced (see Methods) in one

pathway (Pathway 2) in the absence of D-APV. Then, D-APV was applied, and an identical

LTD induction protocol was applied to the other pathway (Pathway 1), though in this

experiment and all other experiments, no LTD was observed. When D-APV was washed out,

the same induction protocol was again given to Pathway 1, and LTD was successfully induced.

Thus, while I was able to induce an NMDAR-dependent form of LTD at this synapse, I could not

reproduce the finding of an NMDAR-independent form of LTD. Average EPSPs are shown

before and after LTD induction in the absence of D-APV for both pathways.

A summary graph is provided in Figure 1-1B, illustrating my inability in eight

experiments to find an NMDAR-independent form of LTD in the dentate gyrus. It should be

noted that in the CA1 region a form of LTD which is NMDAR-independent and mOluR

dependent was subsequently studied by a member of our laboratory (Oliet et al., 1997). This

form of plasticity was found to be highly sensitive to the ratio of Ca/Mg, and the degree of

inhibition present in the slice. Perhaps small differences in either of these variables may

explain my failure to observe the phenomenon of O'Mara et al.

2. Mossy fiber-CA3 pyramidal cell synapse



Based on experiments utilizing mGluR antagonists, it has been proposed that these

receptors play an essential role in mossy fiber LTP in the hippocampus. Specifically, it has

been reported that the mGluR antagonist AP3 partially antagonized mossy fiber LTP (Ito and

Sugiyama, 1991) and that (+)MCPG completely blocked mossy fiber LTP (Bashir et al., 1993).

Although results from our laboratory confirmed that (+)MCPG was an effective m6luR

antagonist, it was found to have no effect on mossy fiber LTP (Manzoni et al., 1994). More

recently, it has been reported that in mice in which the mGluR1 subtype of receptor had been

deleted, mossy fiber LTP was observed in only 1 out of 11 animals compared to 8 out of 10

wild-type animals (Conquet et al., 1994). The mGluR1 subtype of receptor can couple to PI

turnover and activate protein kinase C (PKC) and one might expect that disruption of PKC

activity would interfere with the functioning of this subtype of receptor. One of the most

prevalent isoforms of PKC in the brain is the gamma isoform. Mice in which this isoform had

been deleted have been reported to display defects in NMDA receptor-dependent LTP in the

CA1 region of the hippocampus (Abeliovich et al., 1993). Mossy fiber LTP, on the other hand,

has not been examined in these mice. I have therefore examined mossy fiber LTP in mice

lacking the mGluR1 subtype of receptor (Aiba et al., 1994), and P. Salin examined mossy fiber

LTP in mice lacking the gamma isoform of PKC (Abeliovich et al., 1993). Experiments using

(+)MCPG were also performed to determine if mGluRs might control the magnitude of and/or

threshold for the induction of mossy fiber LTP.

Mossy fiber LTP is normal in mGluR1 mutant mice

Typical LTP experiments, one from a wild-type mouse and one from an mGluR1 mutant

mouse, are shown in Fig. 1-2A. Sample field potential records from these experiments, in which

the responses before and after LTP are superimposed, are shown above the graphs. A summary

graph of the results from all of the experiments is shown in Fig. 1-2B. As can be seen from the

graph, no difference could be found in the magnitude or timecourse of the LTP recorded in these

two groups of mice. LTP was observed in 6 of 6 slices in 5 mGluR1 mutant mice, and in 7 of 7 slices

■ :

*

■

º

C
*
**
---



in 4 wild-type mice. The average LTP, measured at 30-40 min was 234 + 28% for the mGluR

mutant mice and 222 + 38% for the wild-type mice. These values were not significantly

different (P - 0.5). These results, contrary to a recent report (Conquet et al., 1994), suggest that

the mGluR1 subtype of receptor is not essential for mossy fiber LTP. Unlike in the mice used in

my study, in the mice studied by Conquet et al., a fusion protein containing part of mGluR1 was

detectable (see Discussion). Perhaps the discrepancy between our results can be explained by a

signalling effect of this fusion protein.

Mossy fiber LTP is normal in PKCy mutant mice

P. Salin next examined the possibility that the gamma isoform of PKC might play a

role in mossy fiber LTP, either related or unrelated to mGluR activation. A summary of the

experiments is shown in Fig. 1-3. LTP was observed in all 3 slices taken from 3 mutant mice and

in all 3 slices taken from 3 wild-type mice. The average LTP measured at 30-40 min was 162 +

8% for the PKC mutant mice and 184 + 17% for the wild-type mice. These values were not

significantly different (P - 0.3). Since the mGluR1 subtype of receptor can activate PKC, these

results complement the results with the mGluR1 mutant mice.

Pharmacological blockade of mGluRs does not affect the induction of mossy fiber LTP

Although these results suggest that neither the mGluR1 subtype of receptor nor the

gamma isoform of PKC is essential for mossy fiber LTP, they do not exclude a modulatory role

for metabotropic glutamate receptors. It is well established that presynaptic inhibitory

metabotropic glutamate receptors are present on the terminals of mossy fibers (Lanthorn et al.,

1984; Manzoni et al., 1995; Yamamoto et al., 1983). The possibility that synaptically-released

glutamate during a tetanus might act on these presynaptic receptors and raise the threshold for

the induction of mossy fiber LTP was therefore considered. Such a control mechanism has been

shown for synaptically released dynorphin from mossy fibers which acts on presynaptic kappa

receptors to inhibit LTP (Weisskopf et al., 1993). To test this possibility, P. Castillo used two



different stimulus protocols in guinea pig hippocampal slices. First, he used a tetanus (25 Hz

lasting 1 sec) that was just above threshold for generating LTP, but well below that needed to

saturate LTP. The magnitude of LTP in control conditions was compared to that observed in the

presence of the mGluRantagonist (+)MCPG (0.5-1 mM) (Fig. 1-4A). As can be seen in the figure,

(+)MCPG did not enhance the magnitude of mossy fiber LTP, as might be expected if the release

of glutamate during the tetanus were to activate presynaptic inhibitory m(SluRs. Superimposed

on this graph is a series of interleaved experiments in which saturated LTP was induced (25 Hz

for 2 sec).

In the second set of experiments, the tetanus was adjusted so that it was just below the

threshold for inducing LTP. An example of one of these experiments is shown in Fig. 1-4B1.

After delivering a tetanus and verifying that LTP had not occurred, presynaptic moluRs were

activated with ACPD. (+)MCPG was then applied and shown to antagonize the action of

ACPD. The same tetanus was then repeated. As can be seen, (+)MCPG did not facilitate the

induction of mossy fiber LTP. At the end of the experiment, the duration of the tetanus was

doubled to ensure that the tetani used in these experiments were near threshold. Considerable

effort was made to ensure that the original tetanus was indeed just below threshold;

specifically, all experiments in which the longer duration tetanus failed to give LTP were

rejected. Sample records from this experiment are shown in Fig. 1-4B, and a summary graph of

all experiments is shown in Fig. 1-4B,

Discussion

The role of metabotropic glutamate receptors in mossy fiber LTP is controversial. Based

on the use of mGluR agonists and the weak antagonist AP3, which exerted direct depressant

effects, it was suggested that activation of mGluRs was involved in mossy fiber LTP (Ito and

Sugiyama, 1991). More recently it was reported that the selective m6luR antagonist (+)MCPG

completely blocked mossy fiber LTP (Bashir et al., 1993). In a previous study, (+)MCPG was not

found to reduce mossy fiber LTP (Manzoni et al., 1994), despite the fact that (+)MCPG clearly
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antagonized the presynaptic inhibitory actions of mGluR agonists (Manzoni et al., 1995;

Manzoni et al., 1994). In the present study, the inability of (+)MCPG to antagonize LTP was

confirmed by using tetani that are far weaker than those necessary to saturate LTP.

A recent study has reported that mossy fiber LTP is markedly impaired in mice in

which the mGluR1 subtype of receptor was deleted (Conquet et al., 1994). I have therefore

compared the incidence and magnitude of LTP in mGluR1 mutant mice and wild-type mice, and I

found no difference in the LTP between these two groups of mice. I have no obvious explanation

for the discrepancy between my results and the recently published results. However, it should

be pointed out that our mGluR1 mutant mice (Aiba et al., 1994) and those used by Conquet and

his collaborators (Conquet et al., 1994) were generated independently and they are not

identical with respect to the genetic manipulation applied to the mGluR1 gene and the

expression of the gene product. For instance, our mGluR1 mutant mice give no detectable moluR1

polypeptide chains (Aiba et al., 1994), while a fusion protein containing part of mGluR1 is

detectable in the mice of Conquet et al. (1994). The apparent discrepancy in the

electrophysiological properties of the two mutant mice is not restricted to mossy fiber LTP;

while Aiba et al. (1994) reported that LTP in the CA1 Schaffer collateral synapses is reduced,

Conquet et al. (1994) reported it is normal in their mutant mice. It remains to be seen whether

these discrepancies are due to the difference in the mutant strains or to the specific

experimental conditions employed.

The mGluR1 subtype of receptor is known to activate PKC, and the gamma isoform of

PKC is one of the most abundant isoforms in brain. P. Salin therefore searched for a possible

role of this isoform in LTP by comparing LTP in wild-type and PKCY mutant mice, and found no

difference in the LTP in these two groups of mice as well.

In a final series of experiments, we asked whether mGluRs might exert an inhibitory

effect on the induction of mossy fiber LTP. In these experiments, P. Castillo tested if the mGluR

antagonist (+)MCPG could convert a tetanus that was subthreshold for generating LTP into a

suprathreshold tetanus, or if this antagonist could enhance the magnitude of LTP evoked by a
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tetanus that was just above threshold. In neither of these sets of experiments was he able to

show that (+)MCPG influenced either the ability to obtain LTP or the magnitude of LTP.

In summary, a number of approaches were used to determine if mGluRs play a role in the

induction or expression of mossy fiber LTP. In my hands mossy fiber LTP was unaltered in mice

lacking the mGluR1 subtype receptor. P. Salin found that mossy fiber LTP was normal in mice in

which the gamma isoform of PKC had been deleted. Further experiments in which other

mGluRs, which are known to be present on mossy fiber terminals (Manzoni et al., 1995), are

deleted would be of value. Finally, in experiments with the mGluR antagonist (+)MCPG, p.

Castillo was unable to find any role of mGluRs in controlling the magnitude of or threshold for

the induction of mossy fiber LTP. (+)MCPG is known to block all three classes of mGluRs;

however, its actions have not yet been described for all known mGluR subtypes within each of

these classes. Therefore, more potent and broader spectrum antagonists would be important in

either establishing or rejecting a role for mGluRs in mossy fiber LTP. The present experiments

are consistent with a model for mossy fiber LTP that is dependent on calcium entry into the

presynaptic terminal, but is independent of any known glutamate receptor (Castillo et al.,

1994).

3. CA3-CA1 synapse

At the CA3-CA1 synapse, a novel method of LTP induction was reported, using a

specific range of concentrations of a muscarinic cholinergic receptor agonist, carbachol

(Auerbach and Segal, 1996; Auerbach and Segal, 1994). A biphasic dose-response curve was

described, in which concentrations less than 2 LM produced a long-lasting potentiation which

occluded with LTP, whereas concentratons greater than 2 LM produced a transient depression.

The possibility that muscarinic cholinergic receptor activation could induce LTP would not only

be informative about mechanisms of LTP induction, but it would also allow morphological and

gene expression comparisons which to date have been plagued by the signal-to-noise problem of
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relatively few synapses being potentiable by electrical stimulation (e.g., Sorra and Harris,

1998).

At all concentrations applied, however, I was only able to observe a synaptic

depression. In Figure 1-5 a representative experiment shows that increasing the concentration

of carbachol up to the maximally-potentiating, according to (Auerbach and Segal, 1994),

concentration of 0.75 puM causes, in contrast, increasing degrees of synaptic depression. In fact, at

a range of concentrations from 0.075 to 0.75 puM, a convincing potentiation was never observed (n

= 13).

Thus, it was with regret that I concluded that in my hands, carbachol had only a

depressive effect, an effect which has been previously reported to be mediated presynaptically

(Scanziani et al., 1995; Williams and Johnston, 1993).

_-
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Figure 1-1. Evidence against NMDAR-independent LTD in the medial perforant path.

(A) A representative experiment is shown, in which LTD is first successfully induced in

Pathway 2 in the absence of D-APV. Then, D-APV is applied, and an identical LTD induction

protocol was applied to Pathway 1, without any decrease in fBPSP slope. When D-APV is

washed out, the same induction protocol is again given to Pathway 1, and LTD is successfully

induced. Average EPSPs are shown before and after LTD induction in the absence of D-APV for

both pathways.

(B) Summary graph illustrating my inability to find a form of medial perforant path LTD

which is insensitive to D-APV (n = 8, D-APV; n = 10, naive).
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Figure 1-2. Mossy fiber LTP is indistinguishable between wild-type and mOluR1 mutant mice.

(A) A typical experiment using extracellular field recordings illustrates the time course and

magnitude of mossy fiber LTP in a 6-week-old wild-type mouse. Sample superimposed traces

before and after LTP induction are shown above the plot.

(A3) A typical experiment from a 6-week-old mOluR1 mutant mouse shows LTP of similar time

course and magnitude to that of the wild-type. Each sample trace is an average of 30

individual responses.

(B) This graph represents a summary of experiments with 7 slices from 4 wild-type mice (o) and

6 slices from 5 mGluR1 mutant mice (e). Both the timecourse and magnitude of the LTP are

quite similar. LTP of greater than 40%, measured at 30 min, was observed in all slices.

Experiments were performed blind throughout the course of the study, on mice ranging from 4 to

6 weeks of age. LTP was induced in the presence of DL-APV (100 puM).
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Figure 1-3. Deletion of the gamma isoform of PKC has no effect on mossy fiber LTP.

Normalized mossy fiber field potentials are plotted against time. The tetanus was given at

time 0. In the inset, averaged records of mossy fiber responses before and about 30 min after LTP

are superimposed from a PKCY mutant mouse and a wild-type mouse. The same amount of

potentiation was obtained in slices from wild-type mice (o, n = 3) and from PKCY mutant mice

(e., n = 3). LTP was induced in the presence of 50 LM D-APV.
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Figure 1-4. (+)MCPG does not affect the induction of mossy fiber LTP.

(A) Mossy fiber field potentials are plotted against time. Two slices were monitored

simultaneously using two different recording chambers. One group of slices was tetanized after

a 10 min application of 0.5-1.0 mM (+)MCPG (n = 6, e), and the other group served as the control

(n = 6, o]. The tetanus, 1 sec at 25 Hz, was just above threshold for LTP induction and was given

in the presence of 25 HM D-APV. There was no enhancement in the magnitude of mossy fiber

LTP in the presence of (+)MCPG. A tetanus of twice the duration (2 sec at 25 Hz), in a different

set of control slices obtained during the course of these experiments, induced saturated LTP (n =

6, A).

(B) A single representative experiment is depicted. A tetanus just below threshold for inducing

LTP (0.5 sec at 25 Hz) was delivered in control Ringer's solution (Tet 1) and after 0.5 mM

(+)MCPG (Tet 2). The effect of (+)MCPG was tested by antagonizing the ACPD (10 AM)

inhibition of synaptic transmission. No LTP was induced in the presence of (+)MCPG, whereas

a subsequent doubling of the tetanus duration (1 sec at 25 Hz) did induce LTP in the same slice (x

2 Tet). All tetani were given in the presence of 25 MNM D-APV.

(B2) Sample records from the experiment illustrated in A. Each record is an average of 10

responses.

(B) Summary graph (n = 5), using the same protocol as in A.
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Figure 1-5. Carbachol causes a transient depression, and not a long-lasting potentiation, of

synaptic transmission in CA1.

Representative experiment showing that increasing the concentration of carbachol up to the

maximally-potentiating, according to (Auerbach and Segal, 1994), concentration of 0.75 puM

causes, in contrast, increasing degrees of synaptic depression. At a range of concentrations from

0.075 to 0.75 puM, a convincing potentiation was never observed (n = 13).
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Methods

1. Medial perforant path-granule cell synapse

Sprague-Dawley rats (11 to 15 days old) were studied. Slice preparation and

extracellular field potential recordings were performed using methods similar to those

described previously by this laboratory (Castillo et al., 1994). I used what will henceforth be

called my “normal" external solution (ACSF), which was composed of (in mM): 119 NaCl, 2.5

KC1, 2.5 CaCl2, 1.3 Mg2SO4, 1.0 NaH2PO4, 26.2 NaHCO3, 10 glucose. Experiments were

performed in room temperature ACSF, without picrotoxin (PTX).

To isolate the medial perforant path, the active pole of the stimulus electrode(s) was

usually placed in the middle of the molecular layer of the dentate gyrus (the lateral perforant

path is located in the outer-third of the dentate gyrus). But regardless of stimulus electrode

position, I defined a pathway to be medial if paired-pulse depression, rather than

facilitation, was present (Colino and Malenka, 1993).

The LTD-inducing protocol (as well as choice of animal age, species, and strain) was

modelled after (R. Mulkey, personal communication; Mulkey et al., 1994): a 1 Hz stimulus train

was delivered for 7 min. The ability to obtain LTD in CA1 served as a positive control. I tried

many other conditions to try to find D-APV -insensitive perforant path LTD, including the

conditions of (O’Mara et al., 1995): 25-day-old Wistar rats; 30-32°C; 1.5/2 mM Ca”/Mg” and

PTX; 1 Hz train for 15 min. I also tried 20-day-old Sprague-Dawley rats (room temperature,

Anwyl ACSF, PTX), 1-2-week-old guinea pigs (room temperature, no PTX, normal ACSF), and

lateral perforant paths in all conditions. In none of these conditions could I find D-APV

insensitive perforant path LTD.

Pharmacology: D-APV (50 um; Tocris Cookson; 100 mM aqueous stock).

2. Mossy fiber-CA3 pyramidal cell synapse
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Slice preparation and extracellular field potential recordings were performed using

methods similar to those described previously by this laboratory (Castillo et al., 1994). For

the experiments on mGluR1 mutants, the investigator was completely blind to the phenotype of

the mice throughout both experimentation and analysis. Given the obvious motor impairment

of the mutants, all mice were first anesthetized before being presented to the investigator.

Wild-type and mutant mice were randomly presented to the investigator, and it was only after

the completion of all experiments that the animals were divided into two groups for analysis.

Then, after the time course of LTP for the two groups was plotted, the genotypes were revealed

to the investigator. The age of these animals varied from 4 to 6 weeks and wild-type

littermates served as controls (genotype assesed by PCR prior to slice preparation). The

experiments on the PKCY mutants were not done in a blind fashion. These animals were ~2

months old and wild-type littermates served as controls. For all of the experiments on mice,

the genotypes were verified by PCR analysis. LTP was induced with a single, 100 Hz tetanus

lasting one second in these animals. The experiments in which the effects of (+)MCPG were

examined on mossy fiber LTP were all done in the guinea pig because mossy fiber responses are

much easier to record and less prone to contamination than in the mouse. The responses during

post-tetanic potentiation (the first minute following the tetanus) were not included in the

graphs. DL-2-amino-5-phosphonovaleric acid (DL-APV) (100 puM) or D-APV (25-50 puM)

(Tocris) was always present during the tetanus used to induce mossy fiber LTP. All summary

data are presented as means + SEM. (+)MCPG (Tocris) and 1S,3R-1-

aminocyclopentane-1,3-dicarboxylate (ACPD) (Tocris) were made up as a 100 mM stock in 100

mM NaOH. CNQX (20 um) was applied at the end of each experiment and the remaining fiber

volley was subtracted from all records.
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3. CA3-CA1 synapse

Experimental conditions were modelled after (Auerbach and Segal, 1994): Wistar male

rats, > 36 days old were studied. ACSF (32°C) was identical (2/2 mM Ca"/Mg”, no PTX), and a

cut was not made between CA3 and CA1. Stimuli (50 ps duration) were delivered every 30 sec.

Pharmacology: carbachol (RBI; 0.75 mM aqueous stock).
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Chapter 2:

Protein kinase A activation at mossy fiber and CA3-CA1 synapses.

Strong evidence supports a role for cAMP-dependent, protein kinase a (PKA) in the

enhancement of transmitter release in phenomena including sensitization of the gill

withdrawal reflex in Aplysia (Castellucci et al., 1982; Siegelbaum et al., 1982), and mossy

fiber LTP (Weisskopf et al., 1994). Moreover, it has been reported that late phases of synaptic

potentiation require gene transcription and protein synthesis, which are triggered by PKA

(Bolshakov and Siegelbaum, 1994; Frey et al., 1993; Huang and Kandel, 1994; Huang et al.,

1994). In this chapter, I address possible roles for PKA in facilitating mossy fiber LTP through

activation of G-coupled receptors, and in triggering the maintenance of the late phase of CA1

LTP.

Mossy fiber LTP

This study was spurred by the finding that adenylate cyclase I could serve as a

coincidence detector for elevated Caº" and the B-adrenergic receptor agonist, isoproterenol

(Impey et al., 1994; Wayman et al., 1994). Either in HEK-293 cells or cultured neurons, Ca” and

isoproterenol synergistically activated transcription mediated through the cAMP response

element. Mossy fiber LTP is thought to be induced by Ca" entry into the presynaptic terminal,

activating Caº-calmodulin-sensitive adenylate cyclase I which, through PKA, causes a

persistent enhancement of glutamate release (Villacres et al., 1998; Weisskopf et al., 1994).

Could it be that B-adrenergic receptor activation of adenylate cyclase during LTP induction

could lower the threshold for Ca" entry required for mossy fiber LTP induction? An exciting
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possibility was that LTP facilitation by B-adrenergic receptor activation could explain the

finding of enhanced memory associated with emotional arousal (Cahill et al., 1994). I

conducted an experiment to test this hypothesis, similar in design to one described in Chapter 1

(Figure 1-4B).

First, I determined a range of induction protocols which were just below the threshold

for LTP induction. Representative experiments are shown in Figure 2-1: In both (A) and (B), a

tetanus just sub-threshold for LTP induction was delivered to a naive slice; then, G-coupled

receptors were activated by isoproterenol (A) or a “cocktail” of receptor agonists (B). The same

tetanus was then delivered once more, with the expectation that if G, activation lowered the

threshold for LTP, LTP could now be induced. In contrast, LTP was not obtained in these

conditions, despite the demonstration of proximity to the threshold for induction by subsequent

delivery of only a slightly longer tetanus, which successfully induced potentiation (Figure 2-1).

In a total of eight experiments, a convincing facilitation of LTP induction was never observed.

These results contrast with a subsequent report at the mossy fiber synapse (Huang and

Kandel, 1996), which reported facilitation of LTP by B-adrenergic receptor activation; at the

CA3-CA1 synapse, such a facilitation has also been found (Thomas et al., 1996). One

possibility is that in the Huang and Kandel study, the stimulated inputs were contaminated by

associational-commissural fibers. If this were the case, these associational-commissural

synapses may have displayed a potentiation which is facilitated by 3-adrenergic receptor

activation, while potentiation at mossy fiber synapses could have been unaffected by the

activation of these receptors.

Late phase of CA1 LTP

I next sought to test the hypothesis that PKA activation of gene transcription in the

nucleus of CA1 pyramidal cells is required for the maintenance of the late phase of CA1 LTP (L-

LTP) (Huang and Kandel, 1994). The late phase of LTP can be induced using a "spaced training"
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induction protocol, begins ~30 min following induction, and can last as long as it is monitored

(see Figure 2–2; Huang and Kandel, 1994). It has been postulated that the late phase of LTP,

triggered by PKA activation of the transcription factor CREB, may underly the formation of

long-term memories (Yin and Tully, 1996)

As a first step towards testing this hypothesis, I induced L-LTP in the presence of the

PKA inhibitor, KT5720. In contrast with a previous report (Huang and Kandel, 1994), no effect

was seen on the magnitude of potentiation up to to four hours post-induction (Figure 2-3). While

my aliquots of KT5720 showed no signs of decomposition (see Methods), I had no positive control

for its efficacy in inhibiting PKA, which may explain the discrepancy in our results. In an

attempt to design a more direct experiment, I next “dendrotomized" CA1 pyramidal cells by

microdissecting the CA1 pyramidal cell body layer from hippocampal slices. Certainly if gene

transcription were required for L-LTP, absence of CA1 cell bodies should prevent L-LTP in s.

radiatum. On the contrary, normal, 4-5-hour LTP was observed in dendrotomized slices (Figure

2-4). Unfortunately, the interpretation of this set of experiments was clouded by a study

published concurrently (Maccaferri and McBain, 1996) which found a population of cells (most

likely ectopic pyramidal cells) whose somata reside in S. radiatum and which display

NMDAR-dependent LTP: the L-LTP observed in my “dendrotomized" slices may have been

solely expressed at synapses onto these ectopic pyramidal cells.

One assay for elevated intracellular cAMP levels in hippocampal pyramidal cells is a

reduction in the magnitude of the slow afterhyperpolarization (AHP) (Madison and Nicoll,

1986). If L-LTP induction does indeed lead to the activation of PKA, it might be possible to

observe a reduction of the AHP during the tetanization induction protocol; in fact, one report

did see just such a change during tetanization (Blitzer and Landau, 1995). In contrast, I failed to

observe any changes in the AHP whatsoever, using both intracellular and whole-cell recording,

and both single and multiple tetanizations (Figure 2-5).
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As a final approach to addressing a role for PKA in CA1 L-LTP, I performed a set of

experiments using forskolin, an activator of adenylate cyclase and potentiator of mossy fiber

transmission (see Figure 2-6 and Weisskopf et al., 1994), and Sp-8-Br-cAMPS, a membrane

permeant, phosphodiesterase-resistant, cAMP analogue. Brief applications of both of these

agents have been reported to generate an L-LTP indistinguishable from and occluding with

electrically-induced L-LTP (Frey et al., 1993; Huang and Kandel, 1994). Indeed, by applying

forskolin or Sp-8-Br-cAMPS, I did observe a potentiation of CA1 synaptic transmission lasting

80 min following cessation of drug application (Figures 2-7 and 2-8). But I found that, again

using the AHP as an assay for PKA activity, drug washout times were also - 80 min, which

closely matches the time course of the potentiation (Figures 2-9 and 2-10), and suggests a

continued direct effect of the drugs on synaptic transmission rather than a long-term indirect

effect upon protein synthesis.

I observed that the transient potentiation caused by Sp-8-Br-cAMPS was mediated

presynaptically, since mEPSC frequency and not amplitude increased, and PPF decreased

(Figure 2-11). This finding of a presynaptic locus for PKA-mediated enhancement is consistent

with a previous study (Chavez-Noriega and Stevens, 1994). Finally, the lack of occlusion of

Sp-8-Br-cAMPS-induced potentiation with LTP (Figure 2-12) is in itself an argument for

distinct loci of expression for these two forms of potentiation. In fact, a similar lack of

interaction between LTP and a manipulation increasing p, was observed in (Hjelmstad et al.,

1997, Fig. 7)

Therefore, while disruption of PKA-activated gene transcription has been reported to

disrupt long-term memory formation in behaving animals (Yin and Tully, 1996), my data would

predict that L-LTP would be normal in these conditions. Indeed, an analogous (inverse)

situation has been reported in mice lacking a regulatory subunit of PKA (Hensch et al., 1998):

here, activity-dependent plasticity in the neocortex proceeded normally despite defects in

long-term plasticity in vitro. I suggest a similar disassociation: that L-LTP as studied in vitro

is not required for PKA-dependent, long-term memory formation.
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..Figure 2-1. G, activators do not facilitate the induction of mossy fiber LTP.

Representative experiments are shown to illustrate the experimental design. First, a short (5-

pulse) tetanus just sub-threshold for LTP induction was applied. Then, the same tetanus was

applied after application of G-coupled receptor agonists (isoproterenol in (A), PACAP-27 and

Dimaprit in (B)). These agonists did not appear to lower the threshold for LTP induction, for

subsequent delivery of only a slightly longer (8-10 pulses) tetanus induced a small (A) or

sizeable (B) potentiation. In (A), a full, 25 Hz, 5 sec, tetanus is delivered to demonstrate the

range of potentiability of the pathway. Average baseline fBPSPs are depicted to illustrate the

large PPF characteristic of mossy fibers. CNQX was applied at the end of the experiment to

isolate the fiber volley. The decline of the amplitude measurements to zero upon CNQX

application shows that the amplitude analysis window did not include the fiber volley. In

eight experiments, a convincing facilitation of LTP induction was never observed.

31



i

i
Isoproterenol

:
CNOX

time (min)

o
o

o

1.0r- dº 0.5 my

o 20 ms

0.8H
o
o
O o CNOX

o

0.6H- PACAP-27+ Dimaprit o

&_s o

o O o %***
0.4H. . ? $o

99...o o º gºo sº º ocºo ge, ºs Ø Q. o■ º º
o

0.2H- o

A A A
o
o

0.0 I I l I & I“0 20 40 60 80 o, 100
time (min)

32



Figure 2-2. Late phase of LTP in CA1: representative experiment.

An example of long-lasting LTP induced by the traditional 4 x 100 Hz, 1 sec, every 20 sec

protocol. The LTP lasted as long as it was monitored (4 hours); the control path illustrates the

stability of the recording. Average fBPSPs before and long-after LTP induction are depicted

above.
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Figure 2-3. KT5720 does not decrease the magnitude of the late phase of LTP.

Summary graph of two-pathway experiments in which LTP was induced either in the absence

(n = 6) or presence (n = 5) of KT5720. KT5720 was applied 30-70 minutes prior to LTP induction,

and remained for 30 minutes following. While there appears to be a slight reduction in KT5720

LTP beginning at 3 hours post-induction, the control pathway begins to decrease at the same

timepoint, suggesting an effect of KT5720 application on basal synaptic transmission.
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Figure 2-4. Excision of the CA1 cell body layer does not prevent late phase LTP in S. radiatum.

(A) Illustration depicting the experimental set-up: CA1 pyramidal cells were

“dendrotomized" with a knife cut between s, radiatum and S. pyramidale. In many

experiments, s, pyramidale, or the entire extra-radiatum portions of the slice, was dissected

away completely.

(B) Representative experiments are shown for LTP induced in dendrotomized slices, showing

that the LTP induced lasted as long as it was monitored (> 4 hours). Average fBPSPs before and

4 hours following LTP induction are illustrated in (B.) and (B). Robust and long-lasting

potentiation was observed in 8 of 10 slices.
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Figure 2-5. Tetanization does not affect the amplitude of the AHP in CA1.

The AHP was monitored both using intracellular (A) and whole-cell (B) recording. The method

for induction of AHPs is best illustrated in (B), where it can be seen that a depolarizing step

induces a train of spikes, which is then followed by a slow hyperpolarization. Tetani

(downward triangles; 100 Hz, 1 sec) were delivered either singly or repeatedly, with no

significant effect upon AHP amplitude. In (Al), sweeps before and after tetanization are

superimposed, showing perhaps a small reduction in the AHP, in contrast to the - 70%

reduction seen in (Blitzer and Landau, 1995). In (B.), a single tetanus is delivered, and then the

amplitude of the depolarizing step is increased to obtain the larger, baseline AHP shown in

(B). A series of tetani is then delivered, spaced by ~10-15 min, again with no effect upon AHP

amplitude. In 6 cells (5 intracellular, 1 whole-cell), an effect of tetanization upon AHP

amplitude was never observed.
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Figure 2-6. Brief forskolin application dramatically potentiates mossy fiber transmission.

Brief (6 min) application of forskolin causes an initially four-fold potentiation of mossy-fiber

transmission. Average fBPSPs are shown in (A) for timepoints 1 and 2 in (B). Similar effects

were observed in 2 experiments.
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Figure 2-7. Brief forskolin application, in the presence of IBMX, potentiates synaptic

transmission in CA1 for more than one hour.

(A) Representative experiment showing that brief (8.5 min) forskolin application potentiates

synaptic transmission in CA1 as well. Average fBPSPs are shown for timepoints 1 and 2. Note

that the potentiation decreases to half-maximal at 80 min. IBMX (50 plM) is present

throughout the experiment.

(B) Summary graph of 3 experiments.
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Figure 2-8. Brief Sp-8-Br-cAMPS application potentiates synaptic transmission in CA1 for

more than one hour.

(A) Representative experiment showing that brief (5 min) Sp-8-Br-cAMPS application

potentiates synaptic transmission in CA1. Average fBPSPs are shown for timepoints 1 and 2.

(B) Summary graph of 7 experiments.
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Figure 2-9. Forskolin's effect on the AHP and on synaptic transmission in CA1 have similar

timecourses of decay.

Here, a brief (10 min) application of forskolin has potentiating effects on intracellularly

recorded CA1 EPSPs (A), much as in Figure 2-6. The AHP (the slow component in (C)) is

simultaneously monitored (B and C), and decreases in amplitude as would be expected from

(Madison and Nicoll, 1986). However the reduction in the AHP long outlasts the cessation of

forskolin application, suggesting slow washout of the drug. Note that when the AHP does

return to baseline values (timepoint 3 in (B) and (C)), the fBPSPs have returned to baseline

values as well. Similar results were observed in 2 experiments.
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Figure 2-10. Effect of Sp-8-Br-cAMPS on the AHP in CA1 is long-lasting.

The effect of brief (5 min) Sp-8-Br-cAMPS application on the AHP is longer lasting than the

effect of forskolin application. Here, the reduction of AHP amplitude lasts greater than 2

hours (A), with average sweeps shown in (B). The analysis window was centered about the

peak of the slow component of sweep 1 in (B). One can see that incomplete washout can explain

the long-lasting (60-80 min) potentiation seen in Figure 2-7. Similar results were obtained in 5

experiments.
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Figure 2-11. Sp-8-Br-cAMPS potentiation in CA1 is mediated presynaptically.

Sp-8-Br-cAMPS has the hallmarks of a presynaptic modulator of release probability, for

while mEPSC amplitude is unaffected (A1), mePSC frequency triples (A2), and PPF decreases

(B).
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Figure 2-12. Sp-8-Br-cAMPS-induced potentiation does not occlude with CA1 LTP.

In slices exposed to Sp-8-Br-cAMPS (see Figure 2-7), the stimulation strength was decreased

such that fBPSPs were of similar amplitude to pre-Sp-8-Br-cAMPS application, and then LTP

(4 x 100Hz, 1 sec) was induced at time zero. This summary graph shows that no difference was

observed between the LTP thus obtained (n = 3), and LTP induced in naive, same slice pathways

(n = 3).
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Methods

Mossy fiber LTP

Slice preparation and extracellular field potential recordings were performed using

methods similar to those described previously by this laboratory (Castillo et al., 1994). Near

threshold LTP induction protocols consisted of 5-10 pulses at 100 Hz. The full LTP induction

procol consisted of a 25 Hz train for 5 sec.

To activate G-coupled receptors, I used either isoproterenol alone, or I used a partial or

complete “cocktail" of the following five agonists:

1. Isoproterenol HCl (100 HM; Sigma; 100 mM aqueous stock)

2. PACAP-27 (100 nM; Peptide Institute, Inc., Osaka, Japan, distributed by Peptides

International (800) 777-4779; 100 m M aqueous stock)

3. Dimaprit dihydrochloride (100 puM; RBI, 5 mM aqueous stock)

4. Zachapride (5-HT, R agonist, 5-HTAR antagonist) (1 HM ; D. Julius; 1 mM aqueous

stock)

5. DPMA (100 plM; RBI, 100 mM aqueous stock)

Late phase of CA1 LTP

KT5720 experiments:

Guinea pigs 1-2 weeks old were used, with normal, room temperature ACSF and no PTX.

CA3 was not disassociated from CA1. LTP was compared across slices: for each slice, a coin was

tossed to determine whether or not KT5720 would be applied. To induce LTP lasting many

hours, the standard 4 x 100 Hz, 1 sec, every 20 sec protocol was used, rather than so-called

“spaced training". With spaced training, similar results were obtained (n = 2 each group).
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Pharmacology: KT5720 (1 mM, Biomol Research, Inc., Plymouth Meeting, PA; 1 mM

stock in DMSO). Aliquots of the stock solution were examined by Biomol using thin layer

chromatography, and “matched up perfectly with standard and showed no signs of

decomposition."

Dendrotomy experiments:

Guinea pigs 1-3 weeks old were used, with normal, room temperature ACSF and no PTX.

Microdissections of the hippocampal slices were performed using an opthalmic knife (Alcon) in

either normal ACSF, or cold (~2°C) ACSF containing 0/6 Ca”/Mg” and 50LM D-APV, or cold

ACSF with sucrose substituted for NaCl: these three conditions yielded similar quality field

EPSPs. A cut was made between s, radiatum and S. pyramidale, and sometimes S. pyramidale

was removed entirely. Alternatively, a rectangle of s. radiatum was removed using four knife

cuts. Experiments were begun 1–2 hours following microdissection.

To induce L-LTP, a series of trains was delivered every 10 min, first 3 x 100 Hz, 1 sec,

every 20 sec, then 2x 100 Hz, 1 sec, every 20 sec, then 1 x 100 Hz, 1 sec.

Monitoring AHPs during tetanization:

AHPs were induced both using whole-cell or intracellular (see Madison and Nicoll,

1986) recording, by first transiently zeroing the holding current, and then passing a

depolarizing step through the recording electrode. For all experiments, guinea pigs 4-11 days

old were used, and CA3 was disassociated. Normal, room temperature ACSF with PTX was

present. Cells were held at -65 to -55 mV, and 100 Hz, 1 sec tetani were delivered either singly,

or in series every 10 min.

For whole-cell recordings, the pipette (KGluconate-based) and external solution were

identical to that of (Blitzer and Landau, 1995), with room temperature ACSF. Cells were held

in current clamp, and AHPs were induced by a 100-400 ms depolarizing step. While AHPs could

*…*
*
º

º
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be measured in these conditions, they were difficult to obtain, and hence intracellular

recordings were preferred.

For intracellular recordings, pipettes with resistances of ~100 MQ were used, and cell

health was judged by large action potentials. Immediately upon cell impalement, the cell was

hyperpolarized to -80 mV to prevent excessive spiking. Input resistances ranged from 136-175

MQ. AHPs were induced with 4.5-22 nA depolarizing current steps, lasting 100 ms. For some

experiments, a 2M KAc aqueous pipette solution was used, with room temperature ACSF. For

other experiments, a 2M KMeSO, (ICN) aqueous pipette solution was used, with a 28°C ACSF

containing IBMX (50 plM).

Forskolin and Sp-8-Br-cAMPS experiments:

Here, unless specified, guinea pigs 5-11 days old were used. CA3 was disassociated, and

normal, room temperature ACSF without PTX was present. For mossy fiber experiments,

forskolin (50 puM, 6 min) was applied in the absence of IBMX, since even alone it had the

tendency to induce epileptiform activity. For CA1 experiments, forskolin (50 pm, 8.5 min) was

applied in the presence of IBMX (50 puM) IBMX. IBMX was applied first; it alone had

potentiating effects on the fBPSP, and hence the stimulation strength was continually

decreased as IBMX washed on, to avoid epileptiform activity. For experiments with Sp-8-Br

cAMPS (1 mM, 5 min), baseline CA1 fBPSPs were kept smaller than 0.5 mV in amplitude to

avoid epileptiform activity. (Both forskolin and Sp-8-Br-cAMPS have potentiating effects in

the presence of PTX as well (n = 2).) For experiments comparing LTP in naive versus Sp-8-Br

cAMPS-treated slices, a 4 x 100 Hz, 1 sec, every 20 sec induction protocol was used.

For monitoring the AHP during forskolin and Sp-8-Br-cAMPS application, similar

conditions were used, with the exception of the addition of PTX, and the exclusion of IBMX from

forskolin experiments (since I found that forskolin potentiates CA1 fBPSPs in the absence of

IBMX (n = 3). Intracellular recording was used, with a 2M KAc pipette solution employed for

forskolin experiments, and 2M KMeSO, employed for Sp-8-Br-cAMPS experiments. Cells were
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held at -75 to -65 mV, and AHPs were induced as described above in “Monitoring AHPs during

tetanization".

To address the effect of Sp-8-Br-cAMPS on PPF and mEPSC parameters, whole-cell

recordings were made (see Methods, Chapter 3) from 4-month-old Sprague-Dawley rat slices,

after first confirming a potentiating (three-fold) effect of Sp-8-Br-cAMPS (1 mM, 5 min). PPF

and mEPSCs were monitored in normal ACSF with PTX.

Pharmacology: forskolin (50 puM; Calbiochem; 50 mM stock in DMSO), IBMX (50p M; 50

mM stock in DMSO); PTX (100LM, 100mM stock in DMSO); Sp-8-Br-cAMPS (1 mM, Biolog Life

Science Institute, distributed by Ruth Langhorst International Marketing, La Jolla, CA (619)

457-1573; freshly prepared: 10 pmol per 10 mL ACSF).
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PART II:

Development of excitatory circuitry
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Chapter 3:

Mechanisms of development of excitatory circuitry in hippocampal CA1

How immature neural circuits develop into the highly organized patterns of connections

which subserve brain function has been a subject of intense study. Most neural systems appear to

follow the developmental strategy of activity-dependent refinement and remodeling of

initially coarse patterns of synaptic connections into highly tuned and functioning networks

(Goodman and Shatz, 1993). Examples include the neuromuscular junction, at which synapse

elimination occurs during early postnatal life such that all but one input is eliminated from

each muscle fibre (Colman and Lichtman, 1993), and the developing mammalian visual system,

where selective axon retraction and outgrowth lead to the formation of ocular-dominance and

orientation-selective columns from an initially coarse-grained topographic map (Antonini and

Stryker, 1993). Insights into these processes have been derived largely from anatomical studies,

using techniques such as trans-neuronal labeling and axonal reconstruction. With the reasonable

assumption that most anatomically-identified synapses and axonal projections correspond to

functional units, these techniques have been quite useful for determining the number of inputs

into particular target regions.

Recent results, however, caution against reliance upon morphological identification of

synaptic contacts to make conclusions about numbers of functional inputs. Paired physiological

and morphological studies in the developing neuromuscular junction and retina (Katz and

Shatz, 1996) as well as in the hippocampus (Durand et al., 1996) have revealed that many

immature, functioning synapses lack the diagnostic morphological correlates of mature

synapses, and can be overlooked by both light and electron microscopic studies. Anatomical

synapse identification can also overestimate the number of functional synapses:
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presynaptically, there may not be active transmitter release (Faber et al., 1991; Redman, 1990;

Tong et al., 1996; Wojtowicz et al., 1991), and postsynaptically, receptors which are active at

resting membrane potential may be absent (Isaac et al., 1995; Liao et al., 1995). Together these

findings underscore the importance of physiological measures of the number of functional

synapses, as well as the reliability and strength of synapses.

To begin to address some of the principles which may underlie the postnatal

development of excitatory circuitry in the mammalian brain, I examined the set of excitatory

synapses made by CA3 pyramidal cells onto CA1 pyramidal cells in the hippocampus. Because

of its relatively simple architecture and experimental accessibility, this circuit offers many

advantages for electrophysiological analysis and has provided a wealth of data regarding the

mechanisms underlying synaptic transmission and plasticity. However only recently have the

mechanisms of its development received focused attention (Bolshakov and Siegelbaum, 1995;

Collin et al., 1997; Durand et al., 1996; Liao and Malinow, 1996). Of particular interest is the

proposal that early in development, a significant proportion of synapses may be functionally

silent because they contain only NMDA receptors (NMDARs) and no functional AMPA receptors

(AMPARs) (Durand et al., 1996; Isaac et al., 1997, Liao and Malinow, 1996). In this paper I

looked for changes during development in the three quantal parameters of synaptic

transmission: the probability of neurotransmitter release (p.), quantal size (q), and the number

of functional synapses (n). I also used a more specific assay for n, to study possible

developmental changes in the connectivity between cell pairs. Finally, I examined the ratio of

AMPAR-mediated to NMDAR-mediated synaptic transmission, to determine whether this

ratio might change during development.
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Results

Evidence for a Developmental Increase in Functional Synapse Number

Anatomical studies have suggested that during development the total density of

excitatory synapses onto CA1 cells increases, approximately doubling from neonatal to adult

ages (Harris et al., 1992). If the anatomically observed increase in synapse density corresponds

to the formation of functional synapses, I would expect responses to field stimulation to increase

with age. I therefore compared field EPSP input-output relations in neonatal (< 2 weeks) versus

young adult (2-3 months) animals. In Figure 3-1A, superimposed field responses are shown from

a 12-day-old and 2-month-old animal. These responses illustrate that for equal fiber volley

amplitudes (arrow), the accompanying synaptic response is larger in the 2-month-old animal.

The fiber volley is an indirect measure of the number of axons activated. As shown in Figure 3

1B, for given fiber volley amplitudes, young adults consistently exhibit more robust synaptic

responses (n = 7, neonatal; n = 10, adult; P × 0.05).

While field EPSPs are a rather coarse measure of synaptic transmission, the magnitude

of the observed increase in the slope of the input-output relation suggests that the association

between the CA3 and CA1 stages of the hippocampal circuit strengthens over development.

This strengthening could be due to an increase in the total number of synaptic contacts (n.o.), but

could also be due to an increase in the probability of release (p,), or quantal size (q). To test

whether p, increases over development, I assessed the degree of paired-pulse facilitation (PPF)

at different ages. Since PPF has been found to inversely correlate with p, (Dobrunz and Stevens,

1997; Manabe et al., 1993; Zucker, 1989), an increase in p, would be reflected in decreasing

degrees of PPF over development. Figure 3-2A1 shows that no changes in PPF could be found

across ages. PPF was examined in two different Ca"/Mg” ratios, one which consistently

yielded ~50% facilitation (n = 6-7 per group, P × 0.7), and one in which PPF was absent (n = 6-15

per group; P × 0.4). To address the possibility of a developmental change in q, I compared the

62



average amplitudes of miniature EPSCs (mEPSCs), which correspond to responses to a single

quantum of transmitter released from individual synapses. Again, no significant changes were

found over development (Figure 3-2B); n = 4-12 per age group, P × 0.05); if anything, there is a

slight decrease in q, which may reflect an developmental increase in dendritic arborization,

and hence cable filtering (see Discussion).

Since I could not detect any developmental change in either pror q, the increase in the

size of the extracellularly recorded synaptic responses is most likely due to an increase in

synapse number. Consistent with this conclusion is the finding that mEPSC frequency increases

four-fold over the first two months of development (Figure 3-2B.; n = 4-12 per age group, P ×

0.0003). In comparing mePSCs from animals of different ages, it was noted that the coefficient

of variance of mEPSC amplitudes was significantly higher in neonatal animals (Figure 3-2C1; P

< 0.0007, comparing 6 youngest to 6 oldest animals). While this developmental decrease in

mEPSC variance indicates a narrowing of the width of the mEPSC distribution, the shape of

the mEPSC distribution was unchanged over development (Figure 3-2C.).

Resolution of Multiple Synaptic Contacts Between Cell Pairs Requires High Probabilities of

Release

A developmental increase in the total number of functional synapses (n.o.) could be due to

an increase in the number of synapses between individual CA3-CA1 cell pairs (n) or to an

increase in the number of CA1 target cells per CA3 cell, without a change in cell-to-cell

connectivity. One method of assessing the number of functional synapses between cell pairs is to

compare EPSCs generated by action potentials in single CA3 cells with mEPSCs due to

spontaneous release of single quanta. Such a comparison depends on maximizing pr; in order to

increase the likelihood that synapses made by a single CA3 cell axon onto a single CA1 cell

will release transmitter simultaneously and thereby reveal the maximum EPSC that can be

generated by this connection. In the ideal case, p, would equal one for all experiments, such that
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multiple synaptic inputs onto a CA1 cell from an individual CA3 cell would always release

together, eliciting relatively large responses when compared to CA3-CA1 cell pairs with only

a single synapse between them. The opposite extreme of a very low prwas certainly

undesirable, since synapses would seldom release simultaneously, thus masking the true degree

of connectivity between cell pairs.

Figure 3-3A serves to illustrate this point. Here I simulate the average number of

synapses per input which will simultaneously release transmitter, given average CA3-CA1

connectivity values of 1, 2, and 3. If CA3 cells make only a single synapse onto CA1 cells, then

regardless of pr, only one synapse will release transmitter onto a CA1 cell. However, if 2 or 3

synapses are made on average, the number of simultaneously releasing synapses will increase

with pr. Assuming experimental error of +10%, one can see that different average connectivity

values are best resolved for prº- 0.5. Therefore, to measure the number of simultaneously

releasing synapses per CA3-CA1 cell pair, a measure I term the “multiplicity", p, should be as

high as possible.

To create conditions of high pr; the normal Ca"/Mg” ratio was more than quadrupled,

from less than 2 (2.5 mM Ca”/ 1.3 mM Mg”) to 8 (4.0 mM Ca”/ 0.5 mM Mg”) (Dodge and

Rahamimoff, 1967). As shown in the leftmost bar of Figure 3-3B, this change greatly increases

the size of field EPSPs (n = 8). In fact, increasing the Ca"/Mg” ratio appears to maximize pr,

for other manipulations which increase p, , 4-aminopyridine (4-AP, 10 AM, n = 4) and Sp-8-Br

cAMPS (0.8 mM, n = 6) (solid bars), no longer do so in conditions of elevated Ca”/Mg” (open

bars, n = 6 each). For example, a concentration of Sp-8-Br-cAMPS (0.8 mM) which dramatically

increases synaptic strength in a naive slice (Figure 3B2; see also Chavez-Noriega and Stevens,

1994), has no effect on a slice to which elevated Ca"/Mg” has already been applied (Figure 3

3B3).

My observations that in elevated Ca"/Mg", PPF is absent (Figure 3-2A.) and p, is

apparently maximized (Figure 3-3B) are consistent with a high pr. To address this question

more precisely I attempted to characterize prat single synaptic inputs. An example experiment,
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carried out in elevated Ca”/Mg”, is illustrated in Figure 3-4. To isolate a single axonal input,

the stimulus strength was decreased in stepwise increments of 5% (Figure 3-4A, solid line), to

find a threshold below which no responses could be elicited. As can be seen from the mean EPSC

amplitudes (Figure 3-4A, ) and the average EPSCs for each stimulus strength (Figure 3-4B),

there is a plateau period just above this threshold which displays a consistent response size

despite decreasing stimulus strength, arguing for reliable activation of a single axonal input

onto the recorded cell (Raastad, 1995). To maximize the likelihood that this single axonal

input made only one functional synapse onto the recorded cell, I performed an additional

paired-pulse test (Stevens and Wang, 1995). Paired-pulse depression was observed during the

plateau period (Figure 3-4D), presumably due to a lower probability of release in response to

the second stimulus. If two or more synapses were being activated during the plateau period,

the lower p, on the second stimulus would make it less likely that synapses would release

simultaneously. Thus, in this case, the amplitude of successful responses to the second stimulus

would be expected to be smaller than successful responses to the first. On the contrary, the

average amplitude of successful responses to the first and second stimulus were very similar

(Figure 3-4D.), consistent with the activation of a single synapse. In this experiment, and in

five others which also passed the above tests, the average p, was 0.74 + 0.04. These

experiments were performed in animals ranging from 7 to 13 days of age. In a previous set of

experiments from our laboratory in which the Ca"/Mg” ratio was also elevated (Isaac et al.,

1996), animals 15 to 18 days of age were studied, and p, was found to be similarly high (0.84 +

0.05, n = 5).

TTX-sensitive Spontaneous EPSCs Increase in Amplitude over Development

Having established that elevation of the Ca”/Mg” ratio substantially increases pr;

experiments were designed to look for changes in the coupling between CA3-CA1 cell pairs. I

took advantage of the observation that the frequency of spontaneous events recorded from CA1
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cells significantly decreases after blockade of action potentials with tetrodotoxin (TTX),

suggesting that, without external stimulation, CA3 cells can randomly fire action potentials in

the slice preparation. This situation allowed me to characterize large numbers of single inputs

from a population of CA3 cells onto single CA1 cells, by comparing spontaneous EPSCs recorded

before and after TTX application. In the absence of TTX, spontaneous events consist of both

mEPSCs and responses to spontaneous action potentials in CA3 cells; in the presence of TTX, only

mEPSCs are present (Raastad et al., 1992). I reasoned that if individual CA3 cells contact

individual CA1 cells through multiple synapses, action potentials in CA3 cells would result in

responses larger than the average mEPSC, and these larger responses would be abolished by

TTX. The extent to which TTX reduces spontaneous event amplitude would then correlate with

the degree of coupling between CA3-CA1 cell pairs.

Sweeps from two representative experiments are shown in Figure 3-5A. Notice that the

frequency of spontaneous EPSCs more than halved with TTX application in both the neonate

and young adult. This large frequency shift indicates that the majority of events recorded in the

absence of TTX were due to spontaneous action potentials in CA3 cells. Importantly, in the young

adult TTX caused a marked reduction in the amplitude of events, while in the neonate, TTX had

no effect on event amplitude. Comparison of the two cumulative amplitude histograms for the

neonate and young adult (Figure 3-5B) reveals that in the young adult a significantly greater

proportion of events recorded in the absence of TTX was larger than the average mEPSC. The

increasing effect of TTX on spontaneous EPSC amplitude over development is illustrated in

Figure 3-5C, by superimposing average EPSCs in the absence and presence of TTX, at ages

ranging from 4 days to 3 months. My initial interpretation of this finding was that as this

region of brain matures, CA3 cells develop increasing numbers of synaptic contacts with

individual CA1 cells.

There are a number of potential confounding factors which need to be considered in

interpreting the effects of TTX. First, in the absence of TTX, responses to two or more CA3 cells

might overlap, and be mistaken for single events. Yet the kinetics of spontaneous EPSCs in the

*…*
º

*sº
sº

*-

º

==

**

66



absence of TTX were indistinguishable from EPSCs recorded in TTX (mePSCs) (Figure 3-5D),

arguing against such a possibility. Second, if some CA3 cells were to fire in bursts, these cells

would contribute a disproportionate number of events to the pool of events which occur in the

absence of TTX. In Figure 3-6A I plot an interval histogram for spontaneous events occurring in

the absence of TTX for the 3-month-old animal in Figure 3-5A. The adherence to a linear

pattern on this semi-log plot indicates that CA3 cells did not display burst firing, but rather

fired randomly and independently (Pitman, 1993). In the seven cells with the largest

spontaneous EPSCs in the absence of TTX, random firing was always observed (R ranged from

0.94-0.99). Finally, neonatal and adult animals might have similarly large responses to action

potentials in CA3 cells, but such responses in the neonates could be masked if in the neonates a

larger proportion of events in the absence of TTX were mEPSCs. Yet in Figure 3-6B it can be seen

that the frequency of spontaneous events in the absence of TTX increases in step with the

developmental increase in mEPSC frequency, such that the percentage of mEPSCs in the absence

of TTX remained constant at ~40% for all ages studied (Figure 3-6C, n = 4-12 per group).

The mean amplitude of events in the absence of TTX is a frequency-weighted average of

the mean amplitude of responses to action potentials in CA3 cells and the mean mEPSC

amplitude. Since mEPSCs were found to be quite stationary in their amplitude and frequency

over time (Figure 3-6D), for each cell I could subtract the contribution of mEPSCs to the pool of

events recorded in the absence of TTX to reveal the mean amplitude of action-potential-driven

events. This value, divided by the mean mEPSC amplitude, yields the average number of

release sites per CA3 cell which simultaneously released transmitter onto the recorded CA1

cell, the so-called “multiplicity" (see Experimental Procedures). By computing the multiplicity

for cells from animals of different ages, I was able to quantify my observations on a cell-to-cell

basis (Figure 3-6E). The multiplicity was found to increase from 1.02 + 0.12 in the youngest

neonates, to 2.12+ 0.13 in young adults (n = 4-12 per age group, P × 0.0002). I interpret this result

as evidence for a developmental enhancement of coupling between individual CA3-CA1 cell

pairs.
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The Relative Contribution of AMPA Receptors Increases over Development

One likely mechanism for the developmental increase in connectivity is the addition of

new synapses. This mechanism may occur along with a different strategy, namely the insertion

or activation of AMPARs at presumably “silent" synapses which contain only functional

NMDARs (Durand et al., 1996; Isaac et al., 1995; Liao et al., 1995). If this strategy were

employed, one would expect that over development, the number of synaptic AMPARs would

increase relative to the number of synaptic NMDARs.

To address this possibility, I recorded EPSCs at +50 mV in the absence and presence of

D-2-amino-5-phosphonovaleric acid (D-APV): the AMPAR-mediated component which

remained in D-APV was subtracted from the EPSC recorded in the absence of D-APV to reveal

the NMDAR-mediated component. In Figure 3-7A, a striking example from a 2-day-old animal

is shown, in which a 44 p.A NMDAR component had no accompanying AMPAR component. In

Figure 3-7A, EPSCs from a 4-day-old, 8-day-old, and 2-month-old animal are superimposed

and scaled such that the AMPAR components are equal, to illustrate the correspondingly larger

NMDAR component in the neonatal animal. This developmental trend held true for all

animals, as shown in Figure 3-7B, in which AMPA/NMDA ratios are plotted as a function of

age (n = 8, 8, 6, respectively, P × 0.03).

Not only was the NMDAR component found to be relatively larger in younger animals,

but it was also observed that the kinetics of NMDAR EPSCs are significantly slower in

neonates. The summary graph in Figure 3-7C shows that the time to half-decay of the NMDAR

EPSC transiently increases and then dramatically decreases before two to three months of age

(P<0.03 for 2-4 days vs. 7-12 days, P × 0.0003 for 2-4 days vs. 2-3 months).

Discussion
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A critical question in neurobiology is how the precise patterns of neuronal connections in

the mammalian brain develop from immature circuits. Though much has been learned from

anatomical studies, a number of findings suggest that the morphological identification of

synaptic contacts may be insufficient and perhaps misleading. In this study, physiological

approaches were used, to study changes in the organization and properties of synapses during

the postnatal development of excitatory circuitry between hippocampal CA3 and CA1

pyramidal cells.

I found that field input-output relations in the CA1 region are steeper in adult animals

than neonates, consistent with previous results (Bekenstein and Lothman, 1991; Dumas and

Foster, 1995; Liao and Malinow, 1996), suggesting that the association between the CA3 and

CA1 stages of the hippocampal circuit strengthens over development. To determine the

mechanisms responsible for this change, I examined the three variables, n, pr, and q, that

control the size of synaptic responses. Changes in pror q did not occur over development, leaving

changes in n as the likely cause for the observed strengthening of field responses. Consistent

with this hypothesis, mEPSC frequency increases four-fold, and TTX-sensitive, spontaneous

EPSCs double in amplitude over development. Together these observations suggest an increase

in the number of excitatory synapses onto CA1 cells over development, which is expressed in

part by an increase in the coupling between individual CA3-CA1 cell pairs.

Using Spontaneous EPSCs to Characterize Cell Coupling

In each hippocampal slice preparation, there are approximately 10,000 CA3 cells

(Andersen et al., 1994), about 5% of which connect with any one CA1 cell (Bolshakov and

Siegelbaum, 1995; Sayer et al., 1990). Thus by studying spontaneous EPSCs resulting from

random action potentials in individual CA3 cells, I was able to perform, in a single experiment,

the equivalent of on the order of hundreds of single-fiber stimulation experiments. The average

amplitude of these TTX-sensitive spontaneous EPSCs, when divided by the average mEPSC
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amplitude, yields the average "multiplicity" of CA3 inputs: the average number of release

sites per CA3 cell which simultaneously release transmitter onto the recorded CA1 cell. While

mEPSCs likely arise from a larger population of synapses than those driven by action

potentials in CA3 cells (e.g., synapses disconnected from cell bodies during slice preparation),

these events do provide a useful measure of quantal size. The multiplicity values I obtained are

conservative estimates of n, the number of functional synapses between cell pairs, because

although p, was high in these experiments, it was less than one. Thus many of the spontaneous

TTX-sensitive events were not a consequence of simultaneous release from all synapses between

individual CA3-CA1 cell pairs. Although multiplicity values will likely underestimate n,

changes in the multiplicity will directly correlate with changes in cell coupling. Using this

approach, I observed a two-fold increase in the multiplicity between CA3-CA1 cell pairs from

neonatal to adult ages. A functional implication of the enhanced coupling in adult animals is

that fewer CA3 cells need to be activated to cause a CA1 cell to fire. The intensification of

existing CA3-CA1 connections which I describe occurs in tandem with an additional

developmental strategy for strengthening the association between CA3 and CA1, which is the

increase in the number of target CA1 cells per CA3 cell.

Previous studies which examined evoked responses from putative single CA3 inputs

have concluded that CA3 cells make on average only a single synapse with individual CA1

cells (Bolshakov and Siegelbaum, 1995; Stevens and Wang, 1995). As both of these studies were

performed in young animals (< 1-month-old), they are in basic agreement with my findings. An

independent study in less than one-month-old animals compared spontaneous EPSCs in the

absence of TTX to events evoked in TTX by hyperosmotic media or ruthenium red (Raastad et

al., 1992). It was found that events in the absence of TTX were similar in amplitude to the TTX

insensitive events. While also in fundamental agreement with my findings, no effort was made

in that study to increase pr; the Ca"/Mg” ratio was in fact lowered to 1 mM Ca”/1 mM Mg”. As

I stress in Figure 3-3A, it is critical to maximize prºto increase the likelihood of simultaneous

release; by doing so I was able to resolve small increases in multiplicity during the first few
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weeks of development (Figure 3-6E). Experiments involving stimulation of single CA3 inputs

have not been performed in adults. However, an anatomical study in adult animals, which

counted the number of crossings of individual CA3 axons with the dendritic arbors of single CA1

cells, suggests that approximately half of the axons of CA3 cells make multiple contacts onto a

single CA1 cell (Sorra and Harris, 1993). Although neonatal animals were not examined, this

study does offer an anatomical substrate for my physiological finding of multiple synapses

between CA3-CA1 cell pairs in the adult.

In a previous study (Bolshakov and Siegelbaum, 1995) it was concluded that pr

decreases over development, from 0.9 at 4–8 days, to 0.5 at 14-21 days. At 4–8 days, PPF was

found to be completely absent, in contrast with my finding of substantial PPF (~150%) at this

age. While some of the difference in absolute PPF values may be due to a 30% difference in the

Ca”/Mg” ratio between their “normal” external solution and my own, the important finding in

the present study is that PPF remains constant over development. Two other studies have

studied PPF at different stages of development, and have found it to either increase (Muller et

al., 1989) or decrease (Dumas and Foster, 1995); these results are difficult to interpret, however,

since inhibition was not blocked. In terms of my measurements of multiplicity, a developmental

decrease in prwould only enhance my conclusion of increasing multiplicity with age. For if pris

truly near the ceiling value of one in very young animals, then further increases in prºcould not

account for the more than two-fold increase in multiplicity I observed over development.

Possible Mechanisms Underlying Synapse Development

It remains an open question as to whether the formation and modification of neural

circuits over development might utilize a mechanism similar to that underlying long-term

potentiation (LTP, Bear et al., 1987, Katz and Shatz, 1996). One proposal is that early in

development, a significant proportion of synapses may be functionally “silent" because they

contain only NMDARs, and that over development these silent synapses become functional
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through an LTP-like mechanism which involves the appearance of AMPARs. Indeed, in a

number of different preparations, synaptic responses mediated solely by NMDARs have been

observed in greatest abundance early in postnatal development (Durand et al., 1996; Isaac et

al., 1997; Wu et al., 1996). Consistent with this hypothesis, I found that the ratio of AMPAR

to NMDAR-mediated synaptic currents increases over development. However, this change

could also reflect changes in the relative number and/or conductance of AMPARs and NMDARs

at individual synapses, or a developmental change in the degree of glutamate spillover from

one synapse to another which has been proposed to account for synaptic responses mediated only

by NMDARs (Kullmann et al., 1996). It should be noted that an increase in the AMPA/NMDA

ratio was not observed in a previous developmental study (Liao and Malinow, 1996), perhaps

since the age range examined was relatively narrow (4 to 14 days, versus 2 days to 2 months in

my study). Over the range of ages examined in this study, there is increasing dendritic

arborization (Pokorny and Yamamoto, 1981), which will cause increased cable filtering of

EPSCs. Since the amplitude of faster AMPAR EPSCs will be attenuated more than NMDAR

EPSCs, filtering will lead to an underestimation of the actual AMPA/NMDA ratio. However,

since the AMPA/NMDA ratio will be increasingly underestimated as a function of age,

consideration of filtering effects only strengthens my conclusion of an increasing AMPA/NMDA

ratio over development.

I found that the kinetics of the decay of NMDAR EPSCs are slower in neonatal

animals, consistent with previous studies (Carmignoto and Vicini, 1992; Crair and Malenka,

1995; Hestrin, 1992; Kirson and Yaari, 1996). Such a change may be a result of decreased

NMDAR2B mRNA expression relative to NMDAR2A in adults (Flint et al., 1997; Monyer et

al., 1994). The finding that the NMDAR response is slower during the second week of

development than the first (Figure 3-7C) has not been described, perhaps since my study

included younger animals than studied previously (Kirson and Yaari, 1996; Liao and Malinow,

1996). A possible explanation for this peak in decay time is provided by the finding that
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NMDAR2B-containing heteromers are in fact maximally expressed during the second week in

cortex (Sheng et al., 1994).

In agreement with previous studies of the hippocampus (Bolshakov and Siegelbaum,

1995; Dumas and Foster, 1995), I did not observe a developmental change in quantal size, as

assayed by measuring mEPSCs. Since recordings were made from the cell soma, there is the

possibility that increased dendritic arborization over development could mask a

developmental increase in the current generated at single synaptic sites. But if quantal size

were increasing uniformly across synapses over development, I would still expect to observe an

increase in the size of the largest mEPSCs, which presumably correspond to minimally filtered,

proximal events. However I did not observe such an increase. While I could not detect a

developmental change in quantal size, I did observe a two-fold decrease in the coefficient of

variance of mEPSC amplitudes between neonatal and adult ages. This decrease in variance

cannot be explained by a developmental increase in dendritic arborization, for attenuation of

distant events would be expected to increase the variance of events recorded at the soma. Either

a decreased variance in the number of AMPA receptors from synapse to synapse, or a decreased

variance in transmitter concentration per vesicle could account for the decreased variance in

quantal size in the adult. Whatever the mechanism, this change suggests that there is a tuning

process which occurs over development to achieve greater uniformity of quantal responses.

Conclusion

Using a variety of electrophysiological techniques, I studied both organizational and

component properties of a developing excitatory circuit. I found that CA3 cells enhance coupling

with target CA1 cells by increasing the number of functional synaptic contacts between them,

rather than by changing the reliability or efficacy of individual synapses. It will be

interesting to discover whether an equivalent developmental strategy is adopted in other

circuits in the mammalian brain.
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Figure 3–1. Field EPSPs Are Comparatively Larger in Older Animals.

(A) For equal fiber volley amplitudes (arrow), larger field synaptic responses were obtained in

young adults. Example recordings from a 12-day-old and two-month-old animal are shown

(each trace is an averages of 5 responses).

(B) Summary graph of field input-output relations for neonatal (7-12 days) vs. young adult (2-3

months) animals.
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Figure 3–2. Neither Paired-Pulse Facilitation nor Quantal Size Changes Significantly over

Development, while mePSC Frequency Increases Four-Fold.

(A) Paired-pulse facilitation (PPF) remains constant across ages, either in normal external

solution, or in a solution with an elevated Ca"/Mg” ratio.

(B) The amplitude of mEPSCs does not change significantly over development (BI), while

mEPSC frequency increases with age (B.).

(C) The coefficient of variance (CV = o'/mean) of mEPSC amplitudes is larger in neonatal

animals than in adults (6 youngest vs. 6 oldest animals, P × 0.0007). (C) Cumulative amplitude

histograms for the youngest neonates and oldest adults are standardized to a common mean and

variance, revealing that the shape of the amplitude distribution remains constant over

development.
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Figure 3–3. Resolution of Multiple Synapses between CA3-CA1 Cell Pairs Requires High

Probabilities of Release.

(A) Simulations of the number of release sites per CA3 cell which simultaneously release

transmitter onto the recorded CA1 cell in response to an action potential, a number I call the

“multiplicity", show an increasingly good estimate of average CA3-CA1 cell pair connectivity

(n) with increasing p, The thin lines delineate potential experimental error of +10%.

(B) Summary graph illustrating that quadrupling the normal Ca"/Mg” ratio apparently

maximizes pr. An elevated Ca”/Mg” ratio, 4-AP (10 AM), and Sp-8-Br-cAMPS (0.8 mM) all

cause large increases in synaptic efficacy (solid bars), but neither 4-AP nor Sp-8-Br-cAMPS

increase synaptic efficacy when the Ca”/Mg” ratio has already been elevated (open bars).

Example experiments show that a concentration of Sp-8-Br-cAMPS (0.8 mM) which

dramatically increases the strength of EPSPs in a naive slice (B2), has no effect on a slice which

has already been potentiated with elevated Ca”/Mg” (BA). In (B) the downward arrow

indicates reduction of stimulus strength in order to match the response size of the original

baseline.
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Figure 3-4. Single-Fiber Stimulation Reveals a High Probability of Release in Neonatal Slices

Bathed in High Ca" and Low Mg".

(A) Example of a single-fiber stimulation experiment carried out in elevated Ca"/Mg”. To

isolate a single axonal input, the stimulus intensity (solid line) was decreased in a stepwise

fashion, to find a consistent plateau region just before no synaptic responses could be elicited.

Individual (m) and mean (1) EPSC amplitudes for each stimulus intensity are plotted.

(B) Average EPSCs (30 responses each) for each stimulus intensity are displayed, illustrating

that the mean EPSC was quite constant during the plateau period.

(C) Plot of the success rate for each stimulus intensity. During the plateau period, the average

p, was 0.82.

(D) Paired-pulse depression was observed during the plateau period (average of 93 responses).

(D.) The successful EPSCs in response to the second pulse, though far more seldom, scale equally

to the successes of the first pulse when superimposed, suggesting activation of a single release

site. For this experiment (13-days-old) and 5 others in which putative single synapses were

isolated (7 to 13 days), the measured p, was 0.74 + 0.04.
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Figure 3-5. TTX-sensitive Spontaneous EPSCs Increase in Amplitude over Development.

(A) Sample sweeps illustrating the effect of TTX on spontaneous EPSCs in a CA1 cell from a

neonatal (A) and young adult (A2) animal. At both ages, TTX more than halves the frequency

of spontaneous events, yet only in the young adult does TTX cause a reduction in spontaneous

EPSC amplitude.

(B) Cumulative amplitude distributions obtained from the cells illustrated in (A). Each

distribution is normalized to the average amplitude of mEPSCs in TTX.

(C) The increasing effect of TTX on spontaneous EPSC amplitude with development is

illustrated by superimposing average EPSCs in the absence (thick lines) and presence (thin

lines) of TTX, for cells from animals ranging from 4 days to 3 months of age. Events are scaled

such that the average mEPSCs are of equal amplitude across ages.

(D) The average EPSC in the absence of TTX for the 3-month-old animal in (C) is scaled down

to the amplitude of the average mEPSC. The exact superimposition argues against temporal

overlap of individual events in the absence of TTX.
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Figure 3-6. Comparison of the Size of TTX-sensitive Spontaneous EPSCs with mEPSCs Yields a

Measure of CA3-CA1 Cell Coupling which Increases Dramatically over Development.

(A) Histogram of inter-event intervals for spontaneous EPSCs recorded in the absence of TTX,

plotted on a semi-log scale. The exponential distribution of intervals indicates that events

occurred randomly and independently in this cell from the adult animal in Figure 3-5A.

Exponentially distributed intervals were observed in all seven cells with the largest

spontaneous EPSCs in the absence of TTX (R ranged from 0.94-0.99).

(B-C) The frequency of spontaneous EPSCs in the absence of TTX (o) increases in step with the

frequency of mEPSCs (e) over development (B), such that at all ages, ~40% of spontaneous

EPSCs in the absence of TTX were mEPSCs (C).

(D) Minis were stable in both amplitude and frequency. Individual experiments are depicted,

with each experiment having an amplitude (o) and frequency (e) pair which was tracked for 5

20 minutes. Each value is determined from a 2-4 min time window.

(E) Because mEPSCs were found to be stationary over time, their contribution to the population

of spontaneous events recorded in the absence of TTX could be subtracted, to reveal the mean

TTX-sensitive spontaneous EPSC (see Experimental Procedures). Since TTX-sensitive events

correspond to responses to spontaneous action potentials in CA3 cells, dividing their mean

amplitude by the mean amplitude of mEPSCs yields a measure of the number of release sites per

CA3 cell which simultaneously release transmitter onto the recorded CA1 cell, or the

“multiplicity." The multiplicity was found to increase from 1.02 + 0.12 in the youngest

neonates, to 2.12 + 0.13 in young adults.
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Figure 3-7. The Relative Contribution of AMPA and NMDA Receptors, as well as NMDA

Receptor Kinetics, Changes over Development.

(A) AMPAR and NMDAR EPSCs recorded at +50 mV are shown for three developmental

stages. (A) Striking example from a 2-day-old animal, in which a 44 pa NMDAR component

had no accompanying AMPAR component. (A3) EPSCs from a 4-day-old, 8-day-old, and 2

month-old animal are superimposed and scaled such that the AMPAR components are of equal

size, to illustrate the correspondingly larger NMDAR component in the neonatal animal.

(B) Summary graph of AMPA/NMDA ratios as a function of age. The relative contribution of

AMPARs is small in neonates, and increases over development.

(C) Plot of the time to half-decay of the NMDAR EPSC, showing that there is a transient

increase in the decay time during the second week of age followed by a decrease to a time

shorter than that recorded at the earliest age.
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Methods

General Methods

Sprague-Dawley rats ranging from 2 days to 3 months of age were studied. Transverse

hippocampal slices (500 pm thick) were prepared as described (Wyllie et al., 1994), and after

at least a one-hour recovery period, transferred to a submersion chamber where they were

continuously superfused (~2 mL/min) with a room temperature (22-25°C) ACSF solution

saturated with 95% O2, 5% CO2. My “normal" external solution was composed of (in mM); 119

NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 Mg2SO4, 1.0 NaH2PO4, 26.2 NaHCO3, 10 glucose. In cases where

the Ca"/Mg” ratio was elevated to increase pr, CaCl2 was raised to 4.0 mM and Mg2SO4 was

lowered to 0.5 mM. All experiments were performed in the presence of 0.1 mM picrotoxin.

Recording, stimulation, and data collection techniques were similar to those described

previously (Wyllie et al., 1994). Except for Figures 1 and 3, all experiments were performed in

the whole-cell configuration, and unless otherwise specified, cells were voltage-clamped at -70

mV. The whole-cell pipette solution was composed of (in mM): 122.5 Cs-gluconate, 11 EGTA, 10

CsCl, 10 HEPES, 8 NaCl, 10 glucose, 1 CaCl2, 4 Mg-ATP, and 0.3 Na3-GTP (pH 7.2 with CsCH,

280–290 mCsm).

Evoked synaptic responses were elicited at 0.2 Hz. For PPF experiments, paired pulses were

delivered 40 ms apart, and the peak amplitude of the second response was divided by the first.

Spontaneous EPSCs were analyzed off-line, using a program generously provided by J.H.

Steinbach (Washington University, St. Louis), which allowed visual verification of events

with an initial slope × 0.4 p.A/ms, a monotonic rising phase, and an approximately exponential

decay time course. Individual cumulative amplitude histograms were generated from 100-200

events. In Figure 3-2C, mEPSC amplitudes were expressed as standard deviations from the

mean so as to allow comparisons of the shapes of distributions across cells. Single-fiber

stimulation and single-synapse tests were performed as described (Isaac et al., 1996).
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Results are presented as mean + SEM. Data were compared statistically by either the

Student's t test, single-factor ANOVA, or the Kolmogorov-Smirnov test, and significance was

defined as P × 0.05.

Experimental Design and Data Analysis for Multiplicity Assessments

To generate data for multiplicity assessments, I first recorded 100-400 spontaneous EPSCs,

and then added TTX (0.5 puM) to isolate the mEPSC population (see Figure 3-5A). The

multiplicity was then computed in the following manner:

Multiplicity = * ,
q

where a is the mean amplitude of action-potential-driven events, and q denotes mean quantal

size. q was defined as the mean amplitude of mEPSCs recorded in TTX, and a was inferred by

subtracting the contribution of mEPSCs to the pool of events collected in the absence of TTX: if

we let b equal the mean amplitude of both action-potential driven events and mEPSCs recorded

in the absence of TTX, and denote the frequency of particular events as vetents, we arrive at an

expression for b as a frequency-weighted average of a and q:

Va a + V q
Vb

(Vh – Vº), a + V4 q
Vb

-

In this expression the values for va and q are drawn from the events recorded in the presence of

TTX, since mEPSC frequency and amplitude were found to be quite stationary (Figure 3-6D).

Rearranging the above equation yields the desired expression for a:

90



Vb b – Va q
a = —.

Vb – Vº

All multiplicity experiments were performed in external solution with a high Ca"/Mg”

ratio. Spontaneous CA3 cell firing was present in these conditions, but in the majority of cells,

one of two manipulations was used to increase the frequency of these events. In 1 of 12

experiments in the young adults, a modified Ringer's solution containing 36 mM KCl and fast

green (0.01%) was puffed into the CA3 region using a picospritzer (multiplicity = 1.9, vs. mean

of 2.1 for young adults). Alternatively, in approximately half of the experiments for each age

group, 4-AP (1.5-20 HM) was added to the superfusing solution in order to increase CA3 cell

excitability. Since in the presence of elevated Caº'/Mg” 4-AP was found to have no effect on

synaptic efficacy (Figure 3-3B), PPF, or mEPSC frequency (data not shown), I was confident

that 4-AP did not further increase prin these experiments. In addition, in four adult cells, I

measured the multiplicity with and without 4-AP, and found it to be unaffected (P - 0.9).

Analysis of AMPAR and NMDAR Components

To generate AMPA/NMDA ratios, the stimulation intensity was first increased until an

~100 pA EPSC was generated while holding the cell at -70 mV. In those very young (2-4 days)

animals in which either no or very little response could be elicited at this potential, the

stimulus strength was set at 2-4 times that of experiments in older animals. The cell was then

depolarized to +50 mV, and after 25-50 responses had been collected, D-APV (50 pm) was

applied. The average AMPAR EPSC was taken as the average of 25-50 responses taken after

the effect of D-APV had stabilized. This average AMPAR EPSC was then subtracted from the

average EPSC in the absence of D-APV to obtain the average NMDAR EPSC. The peak

amplitude of the AMPAR EPSC divided by the peak amplitude of the NMDAR EPSC yielded

2
*

ºº
gº
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the AMPA/NMDA ratio for the cell. The average NMDAR EPSC was also used to calculate

the time to half-decay of NMDAR-mediated responses.

Pharmacology: TTX (with sodium citrate) (500 nM; Calbiochem; 1mM aqueous stock),

NBQX (5 um; Tocris; 25mm stock in DMSO), 4-aminopyridine (5 AM; Calbiochem; 5 mM aqeuous

stock).

=
gº

º

º-
*
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Chapter 4:

Protein kinases as possible mediators of the development

of hippocampal CA1 excitatory circuitry

Given my finding of a doubling of the coupling between CA3 and CA1 cells over

development, I considered two promising candidate molecular mediators of this developmental

change: the receptor tyrosine kinase B (trkB), and PKA.

t r k B

trkB is a receptor for BDNF, NT-4/5, and in some cells, NT-3, three members of a

family of polypeptides known as neurotrophins, which are important signalling molecules in

the differentiation, maturation, and survival of neurons, and perhaps also in influencing

synapse stabilization and efficacy (Henderson, 1996). There have been four neurotrophins

identified in mammals thus far: NGF, BDNF, NT-3, and NT-4/5. NGF interacts specifically

with trkA; BDNF and NT-4/5 specifically activate trkB; and NT-3 primarily activates trkC,

but can less efficiently activate trkA and trkB in some cells. Each of these neurotrophins has

also been shown to bind to an additional receptor, p75, whose function is unknown (Farinas and

Reichardt, 1996).

Taken together, studies of mouse knockouts of these neurotrophins and their receptors

lead to the following general conclusion: many PNS neurons require a single neurotrophin for

survival at some stage of development, for populations of specific subsets of peripheral neurons

are severely depleted in each of the knockout mice; survival of CNS neurons, on the other hand,

is not linked to a single neurotrophin, since deletions of one neurotrophin or its receptor do not
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lead to major reductions in CNS neuronal populations (Snider, 1994). Although CNS neurons do

not appear to rely on a single neurotrophin for survival, I tested the hypothesis that single

neurotrophins could be necessary for more subtle roles in synapse development and maturation.

Specifically, I hypothesized that trkB activation by BDNF is critical for the normal

development of hippocampal circuitry.

trkA expression in the CNS is quite restricted (Holtzman et al., 1992); it is undetectable

in hippocampal neurons (Ip et al., 1993). While trkB and trk C are both expressed in

hippocampal neurons (Ip et al., 1993), trkC is expressed at much lower levels (Escandon et al.,

1994), and its ligand, NT-3, is primarily expressed in the dentate gyrus (Paul

Michelle/Reichardt laboratory (UCSF), personal communication). trkB, in contrast, is richly

expressed in the hippocampus (Escandon et al., 1994), as is BDNF, for which the hippocampus

is the location of highest mRNA expression (Hofer et al., 1990). BDNF has been reported to

activate c-fos in hippocampal neurons (Ip et al., 1993), as well as to have the type of effects

relevant to my hypothesis, albeit in different neurons: regulation of dendritic growth in cortical

neurons (McAllister et al., 1997) and of synaptic innervation density onto sympathetic neurons

(Causing et al., 1997). While BDNF knockout mice show normal hippocampal neuron number

and normal hippocampal gross morphology (Snider, 1994), electrophysiology experiments in

the hippocampus of two independently generated BDNF knockout mouse lines have revealed

potentially interesting deficits (Korte et al., 1995; Korte et al., 1996; Patterson et al., 1996).

The maximum life span for mice from both of these lines was 4 weeks; mice between 2-4 weeks of

age were studied. While one group (Patterson et al., 1996) reported a 63% reduction in basal

synaptic transmission, the other group did not, despite using an identical assay method (Korte

et al., 1995). Both groups found a deficit in LTP.

Spurred primarily by the finding in BDNF knockout mice of a deficit in basal synaptic

transmission (for the LTP deficit could be simply a result of a decrease in synaptic innervation

density), I set out to study trkB knockout mice, which have the additional advantage of

preventing signalling by NT-4/5 and NT-3, both of which have been reported to have effects on
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synaptic transmission as well (e.g., Liou et al., 1997; Wang and Poo, 1997). These mice, kindly

provided by Baoji Xu of the Reichardt laboratory (UCSF), die before 4 weeks of age; I studied

mice 13-22 days of age.

I found trkB -/- mice to be indistinguishable from +/- littermates in all parameters

tested: field input-output (Figure 4-1A), multiplicity (Figure 4-1B), mEPSC amplitude and

frequency (Figure 4-2), and LTP (Figure 4-3). Heterozygous animals were used as controls, since

prominent differences were observed between homo- and heterozygous animals in both the

Korte et al. and Patterson et al. studies. The possibility remains that trkB deletion could have

effects which could be seen later in development; Dr. Xu is currently producing a conditional

trkB knockout mouse line, which will presumably have the increased longevity necessary to

test this possibility.

cAMP and PKA have been reported to have interesting developmental effects,

including control of growth cone turning direction in response to gradients of BDNF (Song et al.,

1997) and regulation of quantal size and the probability of release at the developing

neuromuscular junction (Davis et al., 1998). In addition, PKA activation has been reported to be

both necessary and sufficient for induction of the late phase of LTP (L-LTP, Frey et al., 1993;

Huang and Kandel, 1994), which has been put forward as a candidate mechanism for the

formation and modification of neural circuits over development (Bear et al., 1987; Katz and

Shatz, 1996). A recent study described L-LTP as being expressed through an increase in number

of functional synapses which exist between a single CA3 and a single CA1 neuron (Bolshakov et

al., 1997). Specifically, in young rats, a 15-minute exposure to the cAMP analogue, Sp-cAMPS,

increased the number of synapses between CA3-CA1 cell pairs (as assayed using stimulation of

presumably a single CA3 cell) from 1.3 to 2.7, 2-4 hours following treatment with Sp-cAMPS.

*
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Since this observation was quite reminiscent of my finding of a multiplicity increase over

development (Chapter 3), I decided to evaluate the impact of PKA activation upon CA3-CA1

cell pair connectivity by measuring the impact upon spontaneous EPSC amplitude of TTX

application, a technique which, as discussed in Chapter 3, is equivalent to multiple single fiber

experiments in the same slice.

I incubated hippocampal slices in Sp-8-Br-cAMPS, which I had shown previously to

both enhance synaptic transmission and decrease the amplitude of the AHP (Chapter 2). I

performed two studies, one in guinea pigs, and one in rats. For the study in guinea pigs, I

designed my experiments and analysis to be similar to (Bolshakov et al., 1997): namely, I used

ACSF with a normal Ca"/Mg” ratio, and rather than expressing spontaneous EPSC and mEPSC

data in terms of multiplicity values, I compared amplitude histograms of SEPSCs in the absence

and presence of TTX. This analysis method is equivalent to multiplicity analysis if there is a

significantly large shift in frequency upon TTX application (see Chapter 3, Figure 3-5B). Since

in Bolshakov et al. an argument is made for long-term synaptic changes > 2 hours following

application of a cAMP analogue, I compared slices exposed to Sp-8-Br-cAMPS for 5-8 hours to

slices exposed to the analogue for less than 2 hours. Example amplitude histograms in the

absence and presence of TTX are shown in Figure 4-4A. In general, TTX had little or no effect on

the amplitude distribution of sepSCs, as summarized in Figure 4-4B. This result is in direct

contradiction with (Bolshakov et al., 1997), for if PKA activation does cause the number of

synapses between CA3-CA1 cell pairs to more than double, one would have expected a dramatic

shift in the amplitude distribution of SEPSCs upon TTX application. For my second study in

rats, I returned to the experimental design and analysis methods used for multiplicity

assessments as described in Chapter 3. I compared the CA3-CA1 multiplicity in slices exposed

to Sp-8-Br-cAMPS for 1-9 hours to control, naive slices; no change was seen relative to controls,

however (Figure 4-5A). Nor was there any change in mEPSC amplitude (Figure 4-5C), which

also contradicts (Bolshakov et al., 1997), which found an almost two-fold increase. To address

the discrepancy between my results and those of Bolshakov et al., one may choose to more
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closely replicate their methods. The timecourse of PKA activation may be critical; I incubated

slices in Sp-8-Br-cAMPS for greater than one hour, versus 15 minutes in their experiments. I

also used a different camp analogue, which has a different susceptibility to

phosphodiesterases and will thus lead to a different timecourse of PKA activation.

In Bolshakov et al., mEPSCs in Sp-cAMPS-treated slices decreased in amplitude when

external Caº" was replaced with Sr* (Bolshakov et al., 1997); the authors therefore postulate

the insertion of new release sites into pre-existing presynaptic terminals as well as perforation

of the postsynaptic zone, thereby creating adjacent synapses which can be jointly modulated by

presynaptic Ca". Indeed, an increase in the number of perforated synapses has been reported

following LTP induction (Buchs and Muller, 1996), but my results cannot support a model which

includes PKA in the molecular cascade leading to synapse formation or augmentation.

>2
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Figure 4-1. Mice lacking trkB display normal functional connectivity between CA3 and CA1.

(A) Field input-output slopes were similar between wild-type (n = 3) and trkB -/- (n = 9) mice

(P º 0.4).

(B) The multiplicity was also similar between groups (n = 3 per group, P × 0.5).
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Figure 4-2. Mice lacking trkB display normal mBPSC frequency and amplitude.

mEPSC frequency (A) and amplitude (B) were similar between wild-type and trkB -/- mice (n =

3 per group, P - 0.6 for both comparisons).
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Figure 4-3. Mice lacking trkB display normal CA1 LTP.

An example experiment is shown, in which LTP in induced in a slice from a trkB -/- animal.

LTP in Path 1 is robust and long-lasting; the un-tetanized Path 2 demonstrates the stability of

the recording.
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Figure 4-4. The effect of long incubations in Sp-8-Br-cAMPS on the ratio of amplitudes of

action-potential-driven spontaneous EPSCs to mEPSCs.

(A) Six representative experiments are depicted, with spontaneous EPSC amplitude

histograms in the absence and presence of TTX shown for short (1–2 hours) and long (5-8 hours)

Sp-8-Br-cAMPS (0.33 mM) incubations. Note that in general, for guinea pigs of this age, TTX

has little or no effect on the amplitude distribution.

(B) Summary graph plotting the ratio of the 85th percentile spontaneous EPSC amplitude in

absence of TTX divided by the 85th percentile of mEPSC amplitudes recorded in the presence of

TTX. This ratio is plotted relative to the ratio of spontaneous EPSC frequencies before and after

TTX application. Apart from one cell showing an 85th percentile ratio of ~1.5 (cell 2 in Az),

cells from slices which experienced short and long Sp-8-Br-cAMPS incubations showed ratios

hovering around unity (n = 5 per group, P × 0.05).
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Figure 4-5. Sp-8-Br-cAMPS incubation does not affect multiplicity or mEPSC amplitude.

(A) Incubations in Sp-8-Br-cAMPS (0.67 mM) for 1-10 hours had no significant effect upon CA3

CA1 multiplicity (Sp: n = 11, control: n = 5, P × 0.8).

(B) Here the multiplicity is plotted as a function of time following slice cutting for all cells.

(C) Sp-8-Br-cAMPS had no effect on mEPSC amplitude (P º 0.05), as illustrated here by

plotting mEPSC amplitude as a function of incubation time.
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Methods

For the trkB study, littermate mice served as controls, and the investigator was not

blind to genotype. All genotyping was performed using PCR by B. Xu prior to slice preparation

for electrophysiology experiments. Experimental methods and analysis were similar to those

used in Chapter 3.

For the PKA study, experimental methods and analysis were performed either in the

spirit of (Bolshakov et al., 1997), i.e., normal Ca"/Mg” and comparison of amplitude

histograms, or using experimental methods developed for multiplicity analysis (Chapter 3).

For the former, experiments were performed in guinea pigs 4-7 days of age, and slices were

incubated in 0.33 mM Sp-8-Br-cAMPS. Recordings were made in room temperature, normal

ACSF with PTX, with equal time windows (4-5 min) analyzed before and after TTX

application. For the latter set of experiments, Sprague-Dawley rats 17-19 days of age were

used, and slices were incubated in 0.67 mM Sp-8-Br-cAMPS. Here, multiplicity comparisons

were made in ACSF containing 4.0 mM Ca”/0.5 mM Mg”, and, only in the case of control slices,

4-AP. The investigator was not blind to the history of the slices.
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PART III:

Modulation of excitatory circuitry by
hormones and the environment
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Chapter 5:

Estrogen as a modulator of excitatory synapses.

esetrus also oesotrus (RS2trös) n.
The periodic state of sexual excitement in the female of most mammals,
excluding human beings, that immediately precedes ovulation and during
which the female is most receptive to mating; heat.

Estrogens (173-estradiol and estrone) are hormones, and as such, are transported via the

circulatory system and act on a wide variety of targets. The most established role of estrogen,

of course, is in female reproductive physiology: surges in plasma concentrations of 173-estradiol

(far more potent than estrone) simultaneously trigger the release of mature oocytes from

ovarian follicles and (in most mammals) act on brain centers that control sexual behavior,

ensuring a willingness and ability to mate (Knobil and Neill, 1988).

But what are estrogen's other actions? Early studies have shown that estrogen can act

as a neurotrophin, stimulating sprouting of axons and dendrites of developing neurons in culture

(Toran-Allerand, 1980; Toran-Allerand, 1976; Toran-Allerand et al., 1983). More recent studies

have reported that estrogen can increase the density of dendritic spines on hippocampal

neurons, both in vitro (Murphy and Segal, 1996) and in vivo (Woolley et al., 1990; Woolley and

McEwen, 1992; Woolley and McEwen, 1994; Woolley et al., 1997). Moreover, estrogen

replacement to ovariectomized rats has been reported to restore compensatory synaptogenesis

into the hippocampus following lesioning of the entorhinal cortex (Stone et al., 1998). Some

scientists go so far as to believe that estrogen is intimately tied to cognition, enhancing memory

(Wickelgren, 1997), influencing mood (Fink and Sumner, 1996), and determining problem-solving

ability (Kimura, 1996). Estrogen may even prove to be an effective drug for Alzheimer's

disease, as several clinical trials have suggested that estrogen supplementation in female
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Alzheimer's patients can improve memory performance and delay the onset of dementia

(Wickelgren, 1997).

If estrogen does indeed have such roles in cognition, do memory, mood, and/or I.Q.

fluctuate during estrus/menstrual cycles? And what to make of the facts that men have half

the amount of circulating estrogen as pre-menopausal women, and that following menopause,

the main source of estrogen in women, the ovaries, shut down? Do estrogen supplements improve

cognitive ability in post-menopausal women without Alzheimer's disease?

All of these questions are interesting ones, to be sure, but more pertinent to this thesis is

the question of how estrogen might elicit long-lasting modifications of hippocampal excitatory

synapses. Studies performed by Catherine Woolley and Bruce McEwen are not only provocative

in this regard, but were performed in a blind, well-controlled fashion. Their findings (in adult

female rats) are two: First, elevated estradiol levels, either naturally occurring during the

estrus cycle or administered to ovariectomized rats, appear to increase dendritic spine and

synapse density of hippocampal CA1 pyramidal cells (Woolley et al., 1990; Woolley and

McEwen, 1992; Woolley and McEwen, 1994). Second, estradiol reportedly caused a selective

increase in the NMDAR component of synaptic transmission between CA3 and CA1, suggesting a

model in which the new dendritic spines induced by estradiol may contain predominantly or

only NMDA receptors (Woolley et al., 1997). This model is reminiscent of a model for synapse

formation during development discussed in Chapter 3, namely that a significant proportion of

young synapses may be functionally “silent" because they contain only NMDARs, and that

AMPARs may appear as the synapse matures. This developmental model is consistent with my

findings and the findings of others (Durand et al., 1996; Hsia et al., 1998; Isaac et al., 1997; Wu

et al., 1996). Certainly the possibility of estradiol inducing synapse formation in the adult

brain was an intriguing one.

A direct prediction of the studies of Woolley and McEwen was that ovariectomy should

increase the ratio of AMPARs to NMDARs on CA1 pyramidal cells: ovariectomy would cause a
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drastic reduction in estradiol levels, and therefore a decrease in the number of new,

predominantly NMDAR-containing synapses. I assessed the AMPAR/NMDAR ratio

electrophysiologically, by pharmacologically isolating each component of transmission (see

Ch. 3 Methods). Although I did observe a trend toward an increased AMPA/NMDA ratio in

ovariectomized rats, the difference was not significant (Figure 5-1).

Since there was the possibility that the short estrus cycle (4-5 days) of the rat

introduced noise into my measurements, I performed a second study comparing ovariectomized

rats which were implanted with either placebo or estradiol slow-release pellets. As a

positive control for elevated estradiol levels, I examined vaginal smears from all animals (see

Methods). Vaginal smears in rats at different stages of estrus have quite different patterns

(Waynforth and Flecknell, 1992), and I found that all rats implanted with estradiol pellets

displayed smears characteric of the estrus phase, while all placebo-implanted rats showed

diestrus or metestrus phase characteristics. Several days following pellet implantation

(Woolley and McEwen typically sacrificed animals 2-3 days following estradiol

administration), I again measured the AMPA/NMDA ratio, and found no significant difference

(Figure 5-3). If additional synapses are formed in response to estrogen without a change in the

relative number of AMPA and NMDA receptors, one might also expect an increase in the

functional connectivity between CA3 and CA1. I compared field input-output relations and

multiplicity values between the two groups, and again found no significant difference (Figure 5

4A,B). Nor was there any difference in mEPSC amplitude or frequency (Figure 5-4C). While

the efficacy of the estradiol pellets was confirmed with vaginal smears, there was the

possibility that my failure to observe an effect of estradiol was due to the specific timecourse of

plasma estradiol concentrations that I induced. Since Woolley and McEwen administered

estradiol via subcutaneous injections, we wondered if the use of pellets might have resulted in a

different timeourse. Therefore, as a final attempt to address this question, I requested estradiol

prepared in sesame oil directly from the McEwen laboratory. Once again, however, estradiol
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did not cause a selective increase in the NMDAR component; in fact, in this group of

experiments, if anything the NMDAR component was selectively decreased (Figure 5-5).

Therefore, despite the multitude of published reports of estrogen's effects on synapse

density and NMDAR upregulation on hippocampal neurons (Murphy and Segal, 1996; Stone et

al., 1998; Woolley et al., 1990; Woolley and McEwen, 1992; Woolley and McEwen, 1994;

Woolley et al., 1997), my data cannot support such roles for estrogen. Given the controlled

(vaginal smears) and blind nature of my second study, as well my use of an estradiol solution

successfully used by other investigators in my third study, I argue that on the timescale of days,

estrogen's effects on the functional properties of CA3-CA1 synapses are not discernible.

I subsequently discussed my results with C. Woolley. She was quite dismayed to learn

that I did not observe a change in the AMPA/NMDA ratio in estradiol-treated animals,

because: 1) she felt that the mode of estrogen delivery (pellet versus oil) should not be critical

(she mentioned that certain investigators within the McEwen laboratory use estradiol pellets

and see increases in dendritic spine density, and 2) she recognized that her method of assessing

changes in NMDAR-mediated transmission through comparisons of NMDA i■ o relations across

slices may have introduced excessive variability. In fact, Woolley plans to measure the

AMPA/NMDA ratio as I did in my study, namely at positive potentials in the whole-cell

recording mode. She emphasized the high degree of variability observed in spine density

experiments; certainly, her ability to correlate spine density changes with possible changes in

the AMPA/NMDA ratio will be very helpful. Woolley was of the opinion that differences in

the stress of animals prior to sacrifice are unlikely to explain the discrepancy between our

results, since adrenal steroids have not been found to affect spine density. She mentioned that

in future experiments she may study rats which have been exposed to elevated estradiol for

many weeks, with the hypothesis that perhaps after longer periods of time, increases will be

seen in AMPAR-mediated synaptic transmission as well.
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Future studies may also wish to examine potential roles of other steroid hormones; for

example, one recent study points to a possible role of DHEA in regulating the growth of

developing neurons (Compagnone and Mellon, 1998).
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Figure 5-1. Effect of ovariectomy on the AMPA/NMDA ratio.

A trend toward a lower AMPA/NMDA ratio in sham-ovariectomized (n

ovariectomized (n = 5) rats was observed (P - 0.2).

3) versus
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Figure 5-2. Vaginal smear patterns from placebo- and estradiol-treated rats.

Representative vaginal smears are shown from rats implanted with either placebo (A) or

estradiol (B) pellets. Note the granola appearance of polymorphonuclear leucocytes in (A),

versus the cornflake appearance of cornified epithelial cells in (B).
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Figure 5-3. Effect of estradiol treatment on the AMPA/NMDA ratio.

There was no difference in the AMPA/NMDA ratio between rats implanted with placebo (n =

5) or estradiol (n = 9) pellets (P - 0.9).
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Figure 5-4. Estradiol treatment does not affect functional connectivity between CA3 and CA1,

mEPSC amplitude or frequency.

(A,B) Functional connectivity was unaffected by estradiol treatment, as measured by field

input-output slope (A, n = 10 and 7, respectively, P × 0.2) and multiplicity (B, n = 7 and 8,

respectively, P → 0.2).

(C) No effect was observed on mEPSC amplitude or frequency (placebo: n = 7, estradiol: n = 8, P

> 0.8 for both comparisons).
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Figure 5-5. Effect of estradiol/sesame oil injections on the AMPA/NMDA ratio.

Estradiol/sesame oil did not cause a decrease in the AMPA/NMDA ratio as would be expected

from (Woolley et al., 1997). In contrast, an increase was observed (P<0.05). Cells from animals

treated with estradiol/sesame oil (n = 8) were compared with all cells from Figure 5-3 (n = 14).
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Methods

Adult (2-4 months) female Sprague-Dawley rats were used. Experimental methods and

analysis were similar to those described in Chapter 3. Of the three studies (ovariectomy vs.

sham-ovariectomy, estradiol vs. placebo pellet, and McEwen-prepared estradiol vs. placebo

pellet), the investigator was blind only during the second (estradiol vs. placebo pellet) study.

Ovariectomies (or sham-ovariectomies) were performed by veterinary technicans at

Charles River ((800) 522 7287) or Simonsen ((408) 847 2002); normally, a 7-day rest period

preceded shipping to UCSF, though for the studies using McEwen-laboratory-prepared

estradiol, the waiting period was reduced to 4 days.

Pellet implantation was performed 7-9 days following ovariectomy, and recordings

were made 4-12 days post-implantation. Pellets (173-estradiol, cat #NE-121, 1.7 mg/pellet,

3mm diameter; Innovative Research of America, Sarasota, FL (800) 421-8171,

http://www.innovrsrch.com) were implanted using a 10 Gauge Precision Trochar (cat #MP-182,

Innovate Research of America) subcutaneously, with one pellet implanted on each side of the

back of the neck under light anesthesia. As such, plasma estradiol levels would be predicted to

reach - 1 ng/mL, compared to ~ 100 pg/mL at estrus in the rat (Dr. Shafie, IRA, personal

communication). To perform vaginal smears, a Q-tip was dipped in water, inserted deep into

the vagina, and twisted several times. Then the swab was spread onto a glass slide, air dried,

and dipped into a filtered, 0.1% (50mg/50m L) aqueous solution of methylene blue. A stream of

distilled water onto the opposite face of the slide served to remove excess methylene blue.

After again allowing the slide to air dry, it was coverslip-mounted with Fisher Permount, and

examined under a low-power microscope (Waynforth and Flecknell, 1992).

For experiments using McEwen-laboratory-prepared estradiol, estradiol benzoate

(Steroloids, Inc.) was dissolved in sesame oil (2 mg/10 mL) by the McEwen laboratory and

shipped to our laboratory. Four days following ovariectomy, a subcutaneous injection (0.1 mL)

i
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Chapter 6:

A test of the effects of enriched versus deprived rearing environments.

In neurobiology and psychology, the concept of “critical periods" in development is

well-established. I was interested in the general question of whether learning and experience

during development can cause long-term changes in the number of functional connections in

neuronal circuits. There have been reports that learning at the behavioral level can increase

synapse number in the associated brain area; for example, motor learning may increase the

number of synapses in cerebellar cortex (Black et al., 1990). My working hypothesis was that

early learning experience might influence the number of functional connections through the

actions of neurotrophic factors, hormones, and/or LTP mechanisms. Indeed, in LTP, some

investigators have reported an increase in total synapse number on hippocampal neurons up to

eight hours following induction (Chang and Greenough, 1984; but see Sorra and Harris, 1998);

the number of functional synapses could also be changed through the silencing and unsilencing of

synapses (Malenka and Nicoll, 1997) or through the partitioning of existing synapses into

multiple, independent units (Bolshakov et al., 1997).

I focused on the effects of early experience on the excitatory CA3-CA1 connection of

hippocampus of rats. Since in rodents, the hippocampus has been shown to be critical for

spatial learning (McHugh et al., 1996; Thinus-Blanc et al., 1991), I reared rats in either a

spatially complex or reduced environment. Exposure to enriched environments has been

reported to increase synapse number and dendritic branching in the cerebellum and occipital

cortex both during development (Floeter and Greenough, 1979; Greenough et al., 1985; Turner and

Greenough, 1985) and adulthood (Green et al., 1983; Saito et al., 1994). In early studies of the

hippocampus, enriched early experience was reported to increase hippocampal size, dendritic

Z
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branching and spine number, and the size of synapses (reviewed in Rosenzweig and Bennett,

1996). More recent studies have shown that exposure to enriched environments can increase the

efficacy of synaptic transmission (Green and Greenough, 1986) and the number of granule cell

neurons (Kempermann et al., 1998; Kempermann et al., 1997) in the dentate gyrus. Most

relevantly, spatial training in a complex environment for 2-4 weeks in adult rats was reported

to increase dendritic spine density on CA1 pyramidal cells (Moser et al., 1997).

I reared rats from age 12 days to 2-3 months (i.e., 9 days prior to weaning until young

adulthood) in "enriched" or “deprived" conditions:

Enriched Deprived

Cage dimensions: 2.4' x 2.3' x 2.0' 1.2" x 0.67' x 0.67'

Explorable surface area: 30 sq. ft. 4.1 sq. ft.

Cage companions: 5 0

Enriched rats played with tubes, rearrangeable plastic mazes, running wheels, puzzles with

food rewards, seesaws, and a toy which would play an Elvis tune upon pressing of a button.

Deprived rats were solitarily confined to a bare cage, with barriers placed between neighboring

cages to prevent view of neighbors. Standard rodent feed was provided ad libitum, though the

enriched group's diet was diversified with cat and parrot feed as well as yogurt chips. After

two months rats were sacrificed for electrophysiological comparison. If rearing in the complex

environment did indeed increase synapse density in the CA1 region, one would expect that basal

synaptic transmission between CA3 and CA1, and perhaps also the multiplicity of CA3-CA1

cell pair connections would increase.

I compared the field input-output relation between the two groups, and found no

significant difference (Figure 6-2A, n = 2 per group). Nor was there a difference in mEPSC

.
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frequency (Figure 6-3A, n = 3 per group). Although a trend toward increased multiplicity and

mEPSC amplitude in enriched rats was observed (Figure 6-2B and Figure 6-3B, n = 3 per group

for both comparisons), the small magnitude of the differences, as well as the inconsistency with

the lack of a difference in the field input-output relation, were not promising enough to warrant

further study.

Before conclusions can be drawn, a larger number of animals in each group should be

studied. To explain the lack of significant differences between the animals I studied, one could

imagine that new synapses were indeed formed as a result of environmental enrichment, but

that many of these synapses were functionally “silent"; in future experiments, one might

measure the AMPA/NMDA ratio in CA1 cells to address this possibility. In addition, future

studies would be facilitated if assessments of spine density could be performed in the same

animals/cells in which electrophysiological assessments were made.

~
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Figure 6-1. Enriched environment for rearing rats.

(A) This photograph illustrates the large size of the cages used, and the use of all surfaces of

the cage for exploration. Rats were housed 6 per cage.

(B1) A close-up of a rat (left) approaching a rearrangeable plastic maze.

(B.) Two rats make use of a running wheel.
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Figure 6-2. Effects of rearing in an enriched environment on the functional connectivity between

CA3 and CA1.

(A) No effect was observed on the slope of the field input-output relation (P - 0.8).

(B) A trend toward an increase in the multiplicity was observed in enriched rats (P - 0.1).
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Figure 6-3. Effects of rearing in an enriched environment on mEPSC amplitude and frequency.

(A) No effect was observed on mEPSC frequency (P º 0.9).

(B) A trend toward an increase in mEPSC amplitude was observed in enriched rats (P - 0.1).
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Methods

Sprague-Dawley rats were housed in "enriched" or “deprived" environments as

described in Results. In particular, enriched rats received a diet consisting of 50% rodent feed,

25% basic cat food, and 25% parrot “rainbow” feed, plus occasional yogurt chips. Animals were

separated by gender shortly after weaning (21 days), and only females were studied. Deprived

rats were housed individually at weaning, and aluminum foil was placed between cages.

Experimental methods and analysis were similar to those described in Chapter 3. The

investigator was not blind to the animals' rearing environments.
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Chapter 7:

A comparison of hippocampal CA1 excitatory circuitry in aged and young adult animals.

It is generally agreed that, to varying degrees, the capacity to learn and remember

declines with advanced age, presumably due to changes in brain structures including the

hippocampus (Barnes and McNaughton, 1985; de■ oledo-Morrell et al., 1988; Grady et al., 1995).

Changes in neuron number in the pyramidal cell layers of hippocampus are unlikely to account

for aging-related cognitive changes, as the number of CA3 and CA1 cells appears to remain

constant from before birth (when cell division ceases; Bayer, 1980) to very advanced ages

(Gallagher et al., 1996; Rapp and Gallagher, 1996). I therefore examined whether

electophysiologically measurable changes might occur in the circuitry between existing cells.

I asked whether the circuit changes I observed from birth to young adulthood (see

Chapter 3) stabilized until old age, or whether aging brought about new changes. Rats two

years of age were studied, an age at the limit of the animals' life span. No difference in CA3

CA1 cell coupling was found between young adult and aged animals, as the multiplicity values

are quite similar (Figure 7-1A; n = 7, aged; young adult data from Figure 3-6E, P × 0.7). A

representative experiment from an aged animal is depicted in Figure 3-1B, in which it can be

seen that TTX application causes a decrease in spontaneous EPSC amplitude comparable to that

seen in young adults. PPF was also indistinguishable between young adult and aged animals, as

shown in Figure 7-2A. In normal Ca"/Mg”, aged animals displayed PPF of 1.42 + 0.078 (n = 7),

which is not significantly different from young adults (1.51 + 0.11; n = 9, P × 0.5). The

AMPA/NMDA ratios and NMDA kinetics for both age groups are also similar (Figure 7-2B; n =
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8 aged, young adult data from Figure 3-7, P × 0.6 for both), as are mEPSC amplitude and

frequency (Figure 7-3; n = 7, aged, P × 0.4 for both comparisons).

Thus, surprisingly, I found that the connectivity between CA3-CA1 cell pairs in aged

rats is indistinguishable from young adults, as are the average PPF, AMPA/NMDA ratio,

NMDAR kinetics, and quantal size. If the number of CA1 cells to which individual CA3 cells

project declines with advanced age, this change would have been missed by my multiplicity

analysis. However, such a change would be expected to result in a decrease in mEPSC frequency,

which was not observed. Thus, the basic properties of CA3-CA1 excitatory circuitry do not

appear to change in aged rats.

There are several possible explanations for this result. First, other mechanisms may

underlie the decline in cognitive function during aging. Second, since there is a large

variability in the degree of cognitive decline with aging, with some aged animals performing

equally well as young adults (Rapp and Amaral, 1992), future experiments should correlate the

behavioral status of individual animals with physiological measures. Third, the relatively

short lifespan of rodents may not allow for aging-related changes which may occur in humans

over the course of decades.
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igure 7-1. Aged animals, when compared to young adults, show similar multiplicity values.

(A) Summary graph of the multiplicity in aged animals vs. young adults.

(B) Average EPSCs from a representative experiment, demonstrating that TTX application in

aged animals causes a decrease in spontaneous EPSC amplitude comparable to that seen in

young adults. º
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Figure 7-2. PPF, AMPA/NMDA ratio, and NMDAR kinetics are similar in young adult and

aged animals.

(A) PPF is similar in young adult and aged animals for both normal and elevated Ca"/Mg”

ratios.

(B) Neither AMPA/NMDA ratios nor NMDAR EPSC kinetics reveal significant differences

between young adult and aged animals.
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Figure 7-3. mEPSC amplitude and frequency are not significantly different between young adult

and aged animals.

Mini amplitude (A) and frequency (B) are not significantly different.

*

e*.

1: ..

Q_*

s
-

sº

144



mEPSC amplitude
12 —

8 —

<
Cl

4 —

0 —
-

2-3 months 2 years

mEPSC frequency
1.2 —

2-3 months 2 years

145



Methods

Aged (2 years) rats were purchased from a private vendor (Camm Research Lab

Animals, Wayne, NJ, (201) 694-0703). Comparisons were made with same-strain, young adult

(2-3 months) data from Chapter 3. Experimental methods and analysis were similar to those

described in Chapter 3.
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Chapter 8:

Synaptic transmission deficits and neurodegeneration in mouse models of Alzheimer's disease

Abstract

Alzheimer's disease (AD) is associated with the degeneration of synapses and neurons

in brain regions considered essential for cognitive functions. Products of the amyloid precursor

protein (APP) may play a key role in the disruption of neuronal circuits in AD. The prime

suspect among these molecules is the A3 peptide, a major component of amyloid plaques in AD

brains (Hardy, 1997; Yankner, 1996). However, debate continues about whether AB is sufficient

to induce neuronal degeneration in vivo and whether AB-induced neurotoxicity requires the

extracellular deposition of fibrillar AB aggregates (Gómez-Isla et al., 1997; Irizarry et al.,

1997; Lambert et al., 1998; Terry, 1996). To address these questions, we analyzed transgenic

mouse models in which amyloidogenic forms of the human APP are expressed in neurons.

Electrophysiological recordings from the hippocampus revealed a marked deficit in synaptic

transmission and an increase in the ratio of NMDA/AMPA receptor-mediated synaptic currents

in APP transgenic mice compared with non-transgenic controls. These functional changes were

associated with a significant loss of presynaptic terminals and neurons. To dissociate the effects

of AB from those of other APP products, we altered the ratio of AB/APP expression by

mutagenesis of the transgene. Functional and structural neuronal alterations correlated better

with AB levels than with APP levels and were evident months before the transgenic mice

developed extracellular amyloid deposits. These results indicate that neuronal overproduction
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Introduction

Deficits in hippocampal-dependent behavioral tasks have been observed in a number of

different APP transgenic models (D'Hooge et al., 1996; Hsiao et al., 1996; Moechars et al., 1996;

Moran et al., 1995). However, information on electrophysiological alterations in such mice is

limited to a single investigation of long-term plasticity in a model expressing a truncated form

of APP (Nalbantoglu et al., 1997). To characterize the effect of human APP/AB on synaptic

transmission in the hippocampus, we analyzed a line of transgenic mice (H6) (Wyss-Coray et

al., 1997) in which the platelet-derived growth factor (PDGF) B chain promoter directs high

level neuronal expression of an alternatively spliced minigene encoding 717, F-mutant human

APP695, APP751 and APP770 (Rockenstein et al., 1995). Because the 717, f substitution (APP770

numbering) has been linked to familial AD (FAD) in a kindred in Indiana (Murrell et al., 1991),

human APP (happ) carrying this mutation will subsequently be referred to as APPina. High

level neuronal expression of the PDGF-APPind fusion gene in another line of transgenic mice (line

109) has previously been shown to result in the development of AD-like neuropathology,

including prominent amyloid plaques, dystrophic neurites, and gliosis (Games et al., 1995;

Masliah et al., 1996). Similar central nervous system (CNS) alterations were subsequently

identified also in transgenic models expressing FAD-mutant APPs from other promoters (Hsiao

et al., 1996; Sturchler-Pierrat et al., 1997).

Results

Transgene expression levels in brains of APPing mice from line H6 were similar to those

of mice from line 109 (Fig. 1a and b) (Johnson-Wood et al., 1997; Rockenstein et al., 1995).

Immunostaining with an haFP-specific antibody (8E5) revealed widespread neuronal happ
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expression in brains of mice from line H6 with maximal levels found in the neocortex and

hippocampus (data not shown). Hippocampal levels of happ and AB increased with age (Fig.

1b), and deposition of AB in the form of AD-like amyloid plaques was age-dependent (Fig. 1g

and d). No amyloid plaques were found in APPina mice from line H6 at 2-5 months of age (n =9),

whereas 9 (45%) of 20 transgenic mice from this line showed amyloid plaques at 8-10 months of

age.

Because an impairment of long-term potentiation (LTP) has previously been reported in

transgenic mice in which a truncated form of h/APP was expressed in neurons (Nalbantoglu et

al., 1997), we measured LTP in hippocampal slices of APPina mice. No impairments of LTP were

identified in APPing mice (Fig. 2a and b). At 30 minutes after induction, LTP was 167 + 13% in

APPind mice (n = 9) and 163 + 13% in non-transgenic controls (n = 7) (P - 0.8; age: 8-10 months). To

ensure that the LTP in these mice is stable, in a subset of experiments LTP was monitored until 1

hour after induction (Fig. 2b); it averaged 199 + 27% in 8-month-old APPind mice (n = 3).

In contrast, extracellularly recorded excitatory postsynaptic potentials (field EPSPs)

revealed a striking deficit in basal synaptic transmission between hippocampal CA3 and CA1

cells of APPind mice, from a ~50% deficit in 1- to 4-month-old mice to a more than 80% deficit at

8-10 months of age (Fig. 2C and d). The average rate of decline of this measure of synaptic

efficacy in APPnd mice was 4.1 + 1.5% per month (P<0.01, by linear regression analysis). This

decrement in synaptic transmission cannot be explained by a decrease in the probability of

transmitter release (p.), since paired-pulse facilitation (PPF), which correlates inversely with

the probability of transmitter release (Dobrunz and Stevens, 1997; Manabe et al., 1993; Zucker,

1989), remained unchanged (Fig. 2e). Nor can this decrement be explained by a change in the

responsiveness to transmitter at individual synapses, as the average amplitude of miniature

excitatory postsynaptic currents (mePSCs) was also similar in transgenic mice and non

transgenic controls (Fig. 2e). Part of the observed decrease could be explained by a decrease in

cell-to-cell connectivity, since we found that the average number of active synapses at

remaining CA3-CA1 connections decreased by 20% in 8-10-month-old APPind mice (Fig. 2f).
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The more than 80% decrease in the input-output relation in APPind mice suggests a large

decrease in the total probability of functional connections between CA3 and CA1 cells. In

principle, this could be due to a loss of neurons in CA3 and/or a loss of neurons and synapses in

CA1. We therefore looked for such alterations in these areas. Significant losses of

synaptophysin-immunoreactive presynaptic terminals and MAP-2-positive neurons were

detected in the CA1 region of APPind mice already at 2-3 months of age; neuronal loss in the CA3

region of APPina mice became statistically significant only in older animals (Fig. 3). The loss of

hippocampal neurons identified in APPina mice from line H6 is in contrast to the lack of neuronal

loss in mice from line 109 (Ref. (Irizarry et al., 1997) and Masliah, unpublished observations),

which express the same construct (Rockenstein et al., 1995). Strain differences may explain this

discrepancy. Line 109 was maintained on an outbred background (C57BL/6 x DBA/2x Swiss

Webster), whereas line H6 was established on a hybrid background (C57BL/6 x DBA/2).

Experiments to further investigate this possibility are in progress.

A larger magnitude of physiological deficits was observed in APPind mice than the

percent decrease in synapse and neuron number. There are several possible explanations for this

discrepancy: 1) There may be a loss of dendritic spines which precedes neuronal loss. If this is

the case, presynaptic terminals may lack apposing spines. Future experiments may wish to

compare dendritic spine density between transgenic and non-transgenic animals; 2) Some

presynaptic terminals may be anatomically, but not functionally present, i.e., they may no

longer capable of releasing transmitter; 3) Some neurons may be anatomically present, but no

longer able to maintain hyperpolarized resting potentials. Future experiments may wish to

assess the resting potentials in many cells from both transgenic and non-transgenic animals; 4)

Some postsynaptic sites in transgenic animals may experience a complete removal of AMPARs

(such that no difference in mEPSC size is observed). These synapses would have almost no

contribution to field EPSPs.

Because the expression of AB in brains of APPnd mice is tightly linked to the expression

of h/APP (Fig. 1c), it is difficult to know whether the functional deficits identified in these
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mice are due to AB or to other happ products. To begin to address this complex issue, we

analyzed a second line of transgenic mice (J9) that has substantially lower happ levels but

higher AB levels in the brain than line H6. The PDGF-driven happ minigene expressed in line

J9 encodes not only the 717 v.r mutation but also the 670k.N/671 M-1 (“Swedish") mutation that

has been linked to FAD in a kindred in Sweden (Mullan et al., 1992). The Swedish mutation has

previously been shown to increase the production of AB (Citron et al., 1992; Younkin, 1995). Its

expression in APPs, ind mice from line J9 resulted in a significant elevation of hippocampal

A3/h/APP ratios compared with those observed in APPind mice (Fig. 4a-c). Synaptic

transmission was compared between APPind mice and APPswind mice at 2-4 months of age, an age

at which no amyloid deposits were detected in either of these lines (Fig. 1e and data not

shown). The increase in A■ levels and decrease in overall happ levels in APPswind mice were

associated with a significant increase in synaptic transmission deficits between CA3 and CA1

cells (Fig. 4d). These results highlight the neurotoxic potential of AB and make it unlikely that

full-length or o-secreted happ caused the neuronal deficits observed in APPina mice from line

H6. It cannot be excluded that the relative decrease in potentially neuroprotective o-secreted

h/APP (Furukawa et al., 1996; Masliah et al., 1998) in APPswing mice from line J9 (Fig. 4c) may

have contributed to the increased synaptic transmission deficits observed in this line.

The excitatory postsynaptic current (EPSC) evoked by excitatory synapses has two

components, generated by the NMDA and AMPA (o-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate) subtypes of glutamate receptors. Interestingly, the deficits in synaptic

transmission in APPind and APPswind mice were associated with an increased ratio of NMDA

versus AMPA components of the EPSC (Fig. 5). In principle, this could be due to an upregulation

of NMDA receptors or to a downregulation of AMPA receptors on CA1 cells. However, miniature

EPSCs, which were mediated by AMPA receptors since recordings were made at -70 mV, did not

decrease in amplitude in APPine mice (Fig.2e). This observation argues against a

downregulation of AMPA receptors and makes an upregulation of NMDA receptors more likely.

Consistent with this interpretation, acute application of recombinant A■ selectively
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upregulated NMDA receptor-mediated, but not AMPA receptor-mediated, synaptic

transmission in hippocampal slices (Wu et al., 1995). A[-induced upregulation of NMDA

receptors could contribute to excitotoxicity and neuronal degeneration (Rothman and Olney,

1995). NMDAR upregulation may also decrease the threshold for LTP induction in APPina

animals. Future experiments may wish to address the possibility by using induction protocols

which are near the threshold for generating LTP.

It is tempting to speculate that the disruption of neuronal connectivity we identified in

the hippocampus of APPina and APPswing mice may relate to cognitive impairments seen in

humans with AD. Our finding that neuronal overproduction of AB can profoundly impair

synaptic transmission even in the absence of extracellular amyloid deposits could explain some

of the discrepancies observed between plaque load and functional deficits in AD. Our results

also suggest that inhibition of plaque formation may not be enough to prevent amyloid

neurotoxicity in vivo, and that inhibition of neuronal AB production may be required to achieve

this therapeutic goal.
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Figure 8-1. Expression levels of transgene products and age-related AB deposition in brains of

APPind mice.

a Representative autoradiograph showing comparable happ mRNA levels in brains of

APPing mice from line 109 and line H6 (non-tg; non-transgenic control). Entire

hemibrains were analyzed by RPA to determine steady-state mRNA levels. The

leftmost lane shows signals of undigested (U) radiolabeled riboprobes (identified on

left); the other lanes contained the same riboprobes plus either tRNA (D; no specific

hybridization) or brain RNA samples, digested with RNases. Protected mRNAs are

indicated on the right. The happ probe detects human but not mouse APP; it also

recognizes a SV40 segment of transgene-derived mRNAs (labeled “S”).

b Hippocampal levels of the following human antigens were quantitated by ELISAs in 3

month-old and in 10-month-old transgenic mice from line H6 (n = 7-8 per age group):

full-length hAPP plus secreted happ cleaved at the o-secretase site (APP-FL/o),

total AB, and A31-42. “P × 0.05. For several of the data points, the small error bars

were occluded by the symbols. An additional 10-month-old transgenic mouse showed

exceptionally high AB levels (APP- FL/o: 1642 nM; total AB; 8398 nM; A31-42: 6824

nM); this outlier was excluded from the statistical analysis.

C Hippocampus of a 4-month-old APPina mouse (line H6). No AB deposits were detected by

3D6 immunostaining.

d Hippocampus of a 10-month-old APPºd mouse (line H6) displaying multiple 3D6

positive A3 deposits.

{ º

154



b
- APP-FL■ o A■■ 1–42_2000, eA5 (total) OA51-42 aloo

> +

S. __------I
§ 1000+ “” 803,
§ N * Jan &

3 150 H -ºn

5 .*I, 440 3.
Ö 100H ...” #2 9.

---.”
- P* so gº 20-5

& O

º

155



Figure 8-2. Normal LTP but severe impairment in synaptic transmission between hippocampal
CA3 and CA1 cells in APPind mice (line H6).

d LTP was measured in 8-10-month-old APPind mice (9 slices from 5 mice) and non-transgenic

controls (7 slices from 3 mice) at 30 min after induction. Inserts show average EPSPs at

5 min before and 50 min after LTP induction in representative experiments from an 8
month-old APPºd mouse and an age-matched non-transgenic control. Scale: 0.2 mV
(non-transgenic), 0.1 mV (APPinº); 10 ms. fBPSP = field EPSP.

b In a subset of these APPind mice (n = 3), LTP was monitored until 1 h after induction.
C The responsiveness of CA1 cells to increasing afferent fiber stimulation (slope of input

output (i/o) relation; see Methods) was determined in APPina mice and non-transgenic
controls to assess the strength of basal synaptic transmission. Each data point
represents average results obtained in 17 to 87 slices obtained from 4 to 15 mice. For
each age group, results were normalized to the mean value obtained in non-transgenic
mice. Statistically significant differences were identified by Duncan's test between
transgenic and non-transgenic mice (P<0.05 at 3-4 weeks, P × 0.01 at 2-4 and 8-10
months) and between 2-4-month-old and 8-10-month-old transgenic mice (P<0.01).

d Representative fBPSPs at increasing stimulus strengths are shown for a non-transgenic and

an APPina mouse, illustrating that far higher stimulation strengths are required to
elicit synaptic responses in APPind mice. The fiber volley (arrow) is an indirect
measure of the number of axons activated.

e Paired-pulse facilitation (PPF) and quantal size were measured in CA1 cells of 8- to 10
month-old APPind mice and non-transgenic controls. PPF was expressed as the ratio
(0.2/ OI) of the average amplitudes of EPSCs evoked by a pair of closely spaced
stimuli. Quantal size was determined as the mean amplitude of miniature EPSCs
(mEPSCs). p.A = picoamps. Each column represents average results from 6-8
hippocampal slices prepared from 2-4 mice.

f The number of active synapses at CA3-CA1 cell pair connections was assessed by
comparing the mean amplitude of action potential-driven spontaneous EPSCs to that
of miniature EPSCs (see Methods for details). Each column represents average results
from 6-7 hippocampal slices prepared from 2-3 mice at 8-10 months of age. “P º 0.03.
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Figure 8-3. Loss of presynaptic terminals and neurons in the hippocampus of APPºnd mice (line

H6).

Vibratome sections of transgenic and non-transgenic brains were labeled with antibodies

against a marker of presynaptic terminals (synaptophysin) (a-c) or a marker of neuronal

cell bodies and dendrites (MAP-2) (d-f). Presynaptic terminals were assessed in CA1 (a)

and neurons in CA1 and CA3 (d). n = 9-11 mice per age range and genotype. *P* 0.05 by

Tukey-Kramer posthoc test (compared with age-matched non-transgenic controls).

Transgenic mice with prominent loss of presynaptic terminals in CA1 (c) or of neurons in

CA3 (f) were selected for illustration. Such damage was never observed in the

corresponding brain regions of non-transgenic littermate controls (b, e).
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Figure 8–4. Effect of increasing the AB/APP ratio on synaptic transmission deficits.

d Autoradiograph depicting an RPA analysis of cerebral haFP levels in APPine (line H6)

and APPs, ind (line J9) mice (n = 4 mice/line; age: 2-4 months). The APP probe used here

detects human but not mouse APP; it also recognizes a SV40 segment of transgene

derived mRNAs (S). Conventions otherwise as in Fig. 1a.

b The signals shown in panel (a) were quantified by phosphorimager analysis and

expressed as happ to actin ratios to correct for variations in RNA content/loading. * *

P & 0.01.

C Hippocampal levels of human APP-FL/o, total AB, and A31-42 were determined by

ELISAs in APPina (H6) and APPswind (J9) mice (n = 8 mice/line; age:2-4 months). ** P ×

0.001. Note that the happ-FL/o ELISA does not detect 3-secreted happ. This may

explain, at least in part, why happ expression levels in APPswind mice appear to be

lower by ELISA than by RPA analysis.

d Comparison of deficits in field input-output relations in 2-4-month-old APPina (H6) and

APPswind (J9) mice. For each line of transgenic mice, results were expressed as the

percent deficit relative to the mean value obtained in non-transgenic controls. The

APPina analysis shown here was based on the same raw data as the analysis of 2- to 4

month-old APPnd mice included in Fig. 2C. These data were compared with results

obtained in 18 slices prepared from three age-matched APPswind mice.
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Figure 8-5. The relative contribution of NMDA receptors to synaptic transmission is

significantly increased in APPina (H6) and APPswind (J9) mice.

a The ratio of amplitudes of NMDA receptor-mediated to AMPA receptor-mediated EPSCs

in individual CA1 cells was determined. For each age group, results were normalized

to the mean value obtained in non-transgenic mice. Each data point represents data

from 12-27 slices from 3–9 mice. At all ages analyzed, APPing mice showed an increase

in the mean NMDA/AMPA ratio compared with non-transgenic controls (P<0.01).

There was an age-related increase in NMDA/AMPA ratios in transgenic (P<0.01) but

not in non-transgenic mice. APPswind mice showed a larger increase in the

NMDA/AMPA ratio than APPing mice (P<0.05). P values were determined by

Duncan's test.

b Example EPSCs recorded in two representative CA1 cells from a 9-month-old APPing

mouse and an age-matched non-transgenic control. EPSCs were scaled such that the

AMPA receptor-mediated EPSCs from each cell are of equal amplitude. Scale bar: 20
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Methods

Transgenic mouse lines.

The PDGF-APPina (PDAPP) transgene (Games et al., 1995; Rockenstein et al., 1995) and

the generation of PDGF-APPing line H6 (Wyss-Coray et al., 1997) have been described. The

Swedish mutation was introduced into the PDGF-APPind transgene by PCR primer modification,

and the correctness of PCR-amplified regions was confirmed by sequencing, essentially as

described (Rockenstein et al., 1995). Microinjection of the PDGF-APPswind transgene into

(C57BL/6 x DBA/2) F2 one-cell embryos, identification of transgenic founders by slot blot

analysis of genomic DNA, and selection of the APPs, ind expresser line J9 by RPA analysis were

carried out according to previously described procedures (Games et al., 1995; Rockenstein et al.,

1995). Transgenic lines were maintained by crossing heterozygous transgenic mice with non

transgenic (C57BL/6 x DBA/2) F1 breeders. All transgenic mice were heterozygous with respect

to the transgene. Non-transgenic littermates served as controls.

Mice were euthanized by decapitation under halothane anesthesia or by transcardial

saline perfusion under anesthesia with chloral hydrate. Brains were removed rapidly, and

dissected into regions to be snap-frozen immediately for later RNA and protein analyses, drop

fixed in phosphate-buffered 4% paraformaldehyde at 4°C for 24 to 72 h for neuropathological

analysis, or used immediately for electrophysiological experiments.

RNA analysis.

RNA extractions and mRNA quantitations by solution hybridization RPA were performed as

described previously (Rockenstein et al., 1995), using 10 pig of total RNA per sample in

combination with the following *P-labeled antisense riboprobes [protected nucleotides

(Genbank accession number)]: happ [nt2468-2657 (X06989) of happ fused via Not I linker with

nt2532-2656 (M24914) of SV40); actin [nt480-559 (X03672) of mouse 3-actin].
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Human APP and A■ ELISAs.

Homogenization of snap-frozen hippocampi in guanidine buffer and ELISA

quantitations of human APP-FL/o, total AB and A31-42 were performed as described

previously (Johnson-Wood et al., 1997).

Detection of AB deposits.

Vibratome sections were incubated overnight at 4°C with biotinylated mouse

monoclonal antibody 3D6 (diluted to 5 Lig/ml), which specifically recognizes A3-s (Johnson

Wood et al., 1997; Wyss-Coray et al., 1997). Binding of primary antibody was detected with

the Elite kit from Vector Laboratories (Burlingame, CA) using diaminobenzidine and H2O, for

development. Sections were counterstained with 1% hematoxyline, and imaged with a Vanox

light microscope (Olympus) using a 2.5x objective. Four sections were analyzed per mouse.

Electrophysiology.

Hippocampal slice preparation and recording were performed as described (Hsia et al.,

1998). The artificial cerebrospinal fluid (ACSF) contained (in mM): 119 NaCl, 2.5 KCl, 2.5

CaCl2, 1.3 Mg2SO4, 1.0 NaH2PO4, 26.2 NaHCO3, 10 glucose. Experiments were performed in

the presence of picrotoxin (0.1 mM). Whole-cell recording electrodes were filled with a

solution containing (in mM): 122.5 Cs-gluconate, 11 EGTA, 10 CsCl, 10 HEPES, 8 NaCl, 10

glucose, 1 CaCl2, 4 Mg-ATP, and 0.3 Nas-GTP. Unless otherwise specified, cells were voltage

clamped at -70 mV.

Basal synaptic transmission was assayed by determining input-output relations using

extracellular field potential recordings in the stratum radiatum of CA1; the input was the peak

amplitude of the fiber volley, and the output was the initial slope of the EPSP. Long-term

potentiation was induced using four tetani delivered 20 s apart, each at 100 Hz for 1 s.

Paired-pulse facilitation was elicited using an interstimulus interval of 40 ms. The

multiplicity of CA3-CA1 connections was assessed as described (Hsia et al., 1998). Briefly, in
º
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ACSF with an elevated ratio of Ca":Mg” (CaCl, = 4.0 mM, MgSO= 0.5 mM), the mean

amplitude of responses to spontaneous action potentials in individual CA3 cells is divided by

the mean amplitude of miniature EPSCs recorded in the presence of the sodium channel blocker

tetrodotoxin (0.5 puM). The quotient approximates the average number of functional synapses

made by individual CA3 cells onto the recorded CA1 cell. The NMDA/AMPA ratio was

determined by holding cells at +50 mV. The peak amplitude of the average NMDA receptor

mediated EPSC was divided by the peak amplitude of the average AMPA receptor-mediated

EPSC recorded in the presence of the NMDA receptor antagonist D-APV (50 puM), essentially as

described (Hsia et al., 1998).

In a separate series of experiments, we tested whether slice preparation itself could

exacerbate excitotoxicity in transgenic slices and thereby lead to the observed deficits in basal

synaptic transmission. Hippocampal slices were prepared from three 8- to 9-month-old APPind

mice either in the presence (n = 11) or absence (n = 9) of the glutamate receptor antagonist,

kynurenate (10 mM). Slopes of input-output relations were measured after removal of

kynurenate. Pretreatment of slices with kynurenate did not prevent the impairment of input

output relations in transgenic slices (P - 0.7).

Assessment of neurodegeneration.

To determine the integrity of presynaptic terminals and neuronal cell bodies, vibratome

sections were incubated overnight with monoclonal antibodies against synaptophysin (1 pg/ml;

Boehringer-Mannheim, Indianapolis, IN) or MAP2 (1 pg/ml, Boehringer), followed by

incubation with FITC-conjugated horse anti-mouse IgG (1:75, Vector). Sections were then

transferred to SuperFrost slides (Fisher Scientific, Tustin, CA), and mounted under glass

coverslips with an anti-fading media (Vector). The sections were imaged with a laser scanning

confocal microscope (MRC1024; Bio-Rad Laboratories, Hercules, CA), as described previously

(Games et al., 1995; Masliah et al., 1996), at a magnification of 630x. The three-dimensional

numerical densities (expressed as counts per mm') of synaptophysin-immunoreactive
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presynaptic terminals and MAP2-immunoreactive neuronal cell bodies in the CA1 and CA3

subfields of the hippocampus were determined using a modification of the stereological

“disector" (Everall et al., 1997). A confocal image of synaptic boutons (disector grid: 105.26 pum”)

or neurons (disector grid: 2546.19 pum”) was obtained, and then a second image was captured at

the same x- and y-coordinates but at a greater depth (0.9 pm for synapses and 2 plm for neurons).

The two images were superimposed, and the number of immunolabeled objects traversing both

planes was counted. Twelve such disectors were spaced randomly through three serial

hippocampal sections per mouse (avoiding overlap between disectors) and analyzed. The mean

counts obtained from 12 disectors per case were used for subsequent statistical analyses.

Statistical analysis.

For all experiments, mice and brain tissue samples were coded to blind investigators

with respect to genotype. Unless indicated otherwise, data were expressed as mean + SEM.

Significance (O. = 0.05) was determined by Student's t test (pairwise comparisons), single-factor

ANOVA followed by the Tukey Kramer or Duncan's procedure (multiple comparisons), or the

Pearson product-moment correlation coefficient t test (regression analyses).
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Conclusion and Future Directions

From birth to adulthood, excitatory synaptic connectivity between hippocampal CA3

and CA1 cells undergoes a marked strengthening. I have demonstrated that part of this

strengthening takes place through an approximate doubling in the number of active synapses

between CA3-CA1 cell pairs (the "multiplicity"). Of enormous interest would be the

identification of molecules which initiate and mediate the establishment of new functional

synapses during this period of development. trkB receptors, despite their abundance and the

abundance of BDNF in the hippocampal CA1 region, do not appear to be required for the early

development of this circuit (Chapter 4). To be sure, there is the possibility of compensation; in

addition, trkB receptor activation may be important later in development. This latter

possibility can be addressed in the future by region-specific or inducible-promoter knockout

mice, which should have increased viability. My attempts to mimic the developmental

increase in multiplicity through PKA activation were unsuccessful, despite promising reports

from another laboratory (Chapter 4). Surely protein synthesis - be it activated by PKA or

other mechanisms - must be necessary during the development of a neuronal circuit. But

whether protein-synthesis dependent synaptic changes can be observed in vitro on the

timescale of several hours remains an open question (see also Chapter 2). While there have

been several reports which have probed various aspects of purportedly protein-synthesis

dependent forms of plasticity (Deisseroth et al., 1996; Deisseroth et al., 1998; Frey and Morris,

1997; Stoop and Poo, 1995), I would submit that a priority should be placed upon developing a

reproducible in vitro model which can be used by a wide variety of investigators.

I found that once the adult state of CA3-CA1 connectivity is established, it is quite

stable, since no significant changes were apparent in response to estrogen elevation (Chapter 5),
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differences in rearing environment (Chapter 6), or aging (Chapter 7). The experiments

involving estrogen were particularly disappointing, both because the data which provided the

impetus for our study seemed convincing (Murphy and Segal, 1996; Woolley and McEwen, 1992),

and because I addressed the problem in multiple ways. I will be particularly interested in

following work in this field to see where estrogen is thought to act, and what downstream

pathways are found to be involved in estrogen-mediated changes. Already there has been one

study which reports that estrogen increased dendritic spine density on hippocampal pyramidal

cells indirectlly, through a blockade of GABA-mediated synaptic transmission (Murphy et al.,

1998). Also, perhaps future studies will reveal important roles for other steroid hormones.

The physiological effects I observed in mice transgenic for human mutant APP were

quite pronounced (Chapter 8). These results prompted an anatomical analysis of hippocampi

from these mice, which revealed a loss of synapses and cells that together mostly likely

account for the observed physiological deficit. I suggest that, in this murine model for

Alzheimer's disease, the important phenotype is neurodegeneration and neuronal loss rather

than deficits in synaptic plasticity, and that it is the molecular mechanisms which lead to

neuronal loss upon which we should focus our future attention, both with the use of transgenic

mice and other preparations. First, attention should be focused on 3-secretase, for by blocking

formation of Aß, neurodegeneration and neuron loss may be prevented at the source. Existing AD

model mice should be used to determine in what manner cells die, and then, using the type of

cell death observed as a starting point, candidate molecules which have been found to interfere

with that form of cell death could be tested as potential therapeutic agents. Additionally,

bigenic mice, transgenic both for APP as well as for cell death molecules, could be created.

Neurological diseases, particularly those with familial forms, are ideally suited for study

using transgenic mice, and with hope therapies will be discovered using murine models in the

very near future.
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