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Mechanisms underlying Synaptic Plasticity in area CA1 of the

Hippocampus

Gregory Olaf Hjelmstad

Despite extensive research, the mechanisms underlying expression of long-term
potentiation (LTP) have remained elusive. Specifically, it is unclear whether LTP is due
to an increase in the quantal amplitude (g), the probability of release (p,), the number of
active release sites (n), or some combination of these parameters. In this study, we have
taken a number of approaches using both extracellular and whole-cell recording
techniques in the hippocampal slice preparation to address this issue.

We have compared the effects of LTP and long-term depression (LTD) on two
subtypes of ionotropic glutamate receptor, termed a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors. Our
results indicate that LTP and LTD are not due to a presynaptic change acting on co-
localized receptors.

We have also shown that activated Ca2+/calmodulin dependent kinase II (CaM
Kinase II), when injected into the postsynaptic cell, causes an enhancement which mimics
LTP. This enhancement causes a decrease in the synaptic failure rate, indicating a change
in p, or n, but also an increase in the size of spontaneous EPSCs, indicating an increase in
q.

These same changes were seen with pairing-induced LTP at putative single-site

recordings. Furthermore, the change in failures was more consistent with a change n than
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with p,. In contrast to some reports (Stevens and Wang, 1994; Bolshakov and
Siegelbaum, 1995), we saw no evidence for a change in p, alone accounting for LTP.

Finally, we have examine whether p,changes with LTP using a measure that
assays the proportion of synapses that are refractory following a stimulus, which should
be equivalent to the mean p,. Again, we see no evidence for a change in p, with LTP or
with LTD. Furthermore, LTP does not interact with a pharmacological manipulation that
increases p,, which would be expected if LTP were due to an increase in p;,.

In conclusion, these data indicate that LTP is associated with both a change in g
and n, but not a change in p,. These changes are consistent with a model where AMPA

receptors are inserted into both functional (AMPA containing) and silent (NMDA-only)

synapses.
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A brief survey of the history of synaptic plasticity

Towards the end of the 19" century, the pragmatist William James put forward
the basic premise that “the phenomena of habit in living beings are due to the plasticity of
the organic materials of which their bodies are composed.” (James, 1890). In other
words, there is a biological basis underlying, and, in fact, responsible for the formation of
our habits. So, too, learning processes and the formation of memory are based on similar
biological plasticity. But how should this plasticity take place... and specifically where?

This question is not new and merits a historical review. Certainly, the metaphor
for plasticity that James invoked, of learning as the wearing down of a pathway, was not
particularly novel. As we will see, it shows up in the thinking of Descartes. What is
more important was James’ materialistic localization of this metaphor to the biology of
the brain.

The localization of the memory to the brain can be traced back to the 5™ century
BC when the Greek scholar, Alcmaeon, localized both sensory perception and thought to
the brain (Finger, 1994). Plato, also, placed his “rational soul”, the part of the soul
responsible for memory and learning, in the brain. For several hundred years though, this
would be a minority view. Most, including Aristotle, felt that the mind was, in fact,
situated around the heart.

This viewpoint dominated until the 2nd century AD, when the physician Galen
wrote extensively about the brain and argued strongly against the cardiocentric view. His

arguments were accompanied by compelling experimental data:



...If you press so much upon a [cerebral] ventricle that you
wound it, immediately the living being is without movement and
sensation, without spirit and voice, not otherwise than is seen to
happen in men whose heads have been pierced. ...lest if we press the
brain a little too much, the victim is rendered without sensation and
without all voluntary movement; this does not happen if we press the

naked heart. (in Clarke and O’Malley, 1996; p. 16)

Specifically, Galen felt that “it seems to be acceptable that the soul itself resides
in the body of the brain where it produces reasoning, and the memory of sensible images
is preserved there.”

Galen’s teachings were preserved throughout the Middle Ages, but his conclusion
that the tissue of the brain is the seat of the soul would not persist. Instead, the theory that
prevailed for over a thousand years, well into the 17™ century, was that the mental
functions of sensation, imagination and memory are stored in animal spirits which were
divided between the different ventricles of the brain.

The 17" century would see a fundamental shift in the study of the brain, due
primarily to Rene Descartes. The work of Descartes played an important role in all
subsequent philosophy of mind and towards the development of neuroscience. His view
that the nervous system acts in a machinelike fashion was a stepping stone for the
philosophies of materialism that would follow. In fact, we can see premonitions of

William James in Descartes’ concept regarding the recollection of memory:



Thus when the soul desires to recollect something, this desire
causes the gland, by inclining successively to different sides, to thrust
the spirits towards different parts of the brain until they come across
that part where the traces left there by the object which we wish to
recollect are found; for these traces are none other than the fact that the
pores of the brain, by which the spirits have formerly followed their
course because of the presence of this object, have by that means
acquired a greater facility than the others in being once more opened
by the animal spirits which come towards them in the same way.

(Descartes, 1649/1931).

Interestingly, Descartes did not extend this materialism to the conscience
experience. While he viewed animals as merely automata, his human machine required a
controller, or a soul, which interacted with the brain, was influenced by the brain, but was
fundamentally separate from the brain. Descartes placed this point of interaction between
the mind and the brain in the pineal gland.

Thomas Willis, a second major figure from the 17" century, did not agree with
Descartes’ concept of the mind. Willis, who had trained as a doctor, argued that the
actions of memory and the mind are situated in the cerebral cortex. Willis, though,
perhaps like many in his time, acquiesced to the hegemony of the Church, and relegated
to the brain only our corporeal soul, or our animal functions, leaving our higher rational

thought to some higher domain (Clarke and Dewhurst, 1996).



As illustrated in the above examples, the philosophy of the mind is obviously
constrained by our understanding of the biology of the brain. Over the course of the next
two hundred years, considerable development in our understanding of the biology of the
brain occurred. Concomitant with this increased understanding came a growing
acceptance of materialist philosophies to explain the actions of the mind.

Towards the end of the 18th century, Galvani showed that nerve impulses were
electrical in nature, putting an end to the concept of ‘animal spirits’ flowing through
hollow tubes. The study of lesions in patients led to the understanding of localization of
brain function (although this viewpoint was carried to an extreme by Joseph Gall and the
phrenologists of the late 18" century). The development of microscopy allowed for the
visualization of neurons, culminating in the work of Golgi and Ramén y Cajal. Their
work, in addition to that of Charles Sherrington, who coined the term “synapse” for the
gaps seen between nerves and between nerves and muscle, resulted in the neuron
doctrine: the theory that the brain is composed of individual nerve cells, as opposed to a
syncytium. From this theory came the concept that the site of plasticity underlying the
formation of memory might occur at the site of communication between individual
neurons: in other words, at the synapses.

Sherrington also provided us with the first example of synaptic plasticity.
Studying the flexion reflex, Sherrington described a decrease in the reflex with repeated
stimuli. Sherrington showed that there was no change in the muscle or in the motoneuron
innervating it. Therefore, he concluded that the change was due to fatigue in the specific

synapses onto the motoneuron that were being stimulated. (Sherrington, 1906).



A second form of synaptic plasticity was described during the 1940’s at a wide
variety of synapses including the neuromuscular junction (Feng, 1941), sympathetic
ganglia (Larabee and Bronk, 1947), and spinal cord (Lloyd, 1949). The basic
phenomenon had, in fact, been described in 1858 by J. M. Schiff (described in Hughes,
1958) prior to the discovery of the synapse. Simply, following a tetanus, or a high-
frequency train of stimuli, there appeared to be a brief increase in the synaptic
transmission as monitored by the excitatory postsynaptic potential (EPSP) to a single
stimulus. This potentiation typically lasted on the time scale of seconds to minutes and
was termed post-tetanic potentiation (PTP). It would later be shown that PTP is due to
an increase in transmitter release (del Castillo and Katz, 1954b) due to an accumulation
of calcium in the nerve terminal (for review see Zucker, 1989). At the time, this was

considered a potential mechanism to describe learning (Hughes, 1958).

With the rise of behaviorism in the 20™ century, came an increased understanding

of learning processes, specifically, that of classical conditioning. Donald Hebb (1949)
synthesized these developments with the current understanding of the brain, and put

forward a theory for neuronal plasticity:

When an axon of cell A is near enough to excite a cell B and
repeatedly or persistently takes part in firing it, some growth process or
metabolic change takes place in one or both cells such that A’s

efficiency, as one of the cells firing B, is increased. (p. 62)



In other words, to adequately describe learning, a model mechanism should
require the coincident activity of both the pre- and postsynaptic cell. While not excluding
the incontrovertible relevance of both neuronal fatigue and PTP to behavior, neither
possesses this property nor do they act on the time scale necessary to correlate with
memory.

It was not until 1973 that a long lasting form of synaptic plasticity fitting Hebb’s
design was actually described in the mammalian central nervous system (Bliss and Lgmo,
1973). Using a high-frequency tetanus similar to that given to elicit PTP, Bliss and Lgmo
found a synaptic enhancement between the axons of the perforant path and the granule
cells of the dentate gyrus which could last for several hours. This form of plasticity
would later be called long-term potentiation (LTP) and has remained the most plausible

form of synaptic plasticity to underlie learning and memory.

Properties of Long Term Potentiation

Since LTP was first reported, it has subsequently been described at a large variety
of excitatory synapses. Most of the research has focused on the synapses between the
Schaffer collateral/commissural fibers and the pyramidal cells of the CA1 region of the
hippocampus and many of the properties and underlying mechanisms of LTP at this
synapse have been elucidated (Bliss and Collingridge, 1993; Malenka and Nicoll, 1993).

It has been shown that activation of the NMDA receptor is necessary in the
triggering of LTP (Collingridge et al., 1983). Furthermore, it has been established that it
is the calcium permeability of the NMDA receptor that is important, and that LTP

requires a postsynaptic rise in intracellular calcium (Lynch et al., 1983; Malenka et al.,
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1988). In fact, LTP can be mimicked by artificially increasing Ca** in the postsynaptic
cell (Malenka et al., 1988; Neveu and Zucker, 1996).

The properties of the NMDA receptor are consistent with it being involved in a
Hebbian form of plasticity. To activate, the NMDA receptor requires coincidentally,
binding of glutamate and depolarization, which is required to remove Mg?* from the
receptor pore. Thus, the NMDA receptor will only open when the presynaptic cell fires in
conjunction with depolarization of the postsynaptic cell.

An understanding of many of the properties that LTP exhibits emerges from an
understanding of the function of the NMDA receptor. These basic properties include
associativity, cooperativity, and input specificity (Bliss and Collingridge, 1993).
Associativity means that an small input, normally too weak to induce LTP by itself, is
potentiated when it is activated simultaneously with a larger input. This occurs because
the small input alone is incapable of overcoming the Mg®* block on its NMDA receptors,
but this can be removed when the larger input depolarizes the postsynaptic cell.
Cooperativity simply means that two sub-threshold inputs activated simultaneously
become superthreshold for both inputs. Again, this is due to the voltage dependence of
the NMDA receptors. Finally, LTP is input specific. In other words, an input which is
not activated during the tetanus should not be enhanced, because removing the Mg?* from
an NMDA receptor is insufficient to activate it—the binding of glutamate to the receptor
is also required. It should be noted that the notion of input specificity has come under
attack. Recent work claims that following LTP, unpaired inputs onto nearby cells may
also get enhanced (Bonhoeffer et al., 1989; Shumann and Madison, 1994). Even

unstimulated inputs onto the same postsynaptic cell may be enhanced following LTP



(Engert and Bonhoeffer, 1997). How LTP spreads to these other synapses is unclear, as
are the effects of such a phenomenon on neural processing.

The events following the induction of LTP are much less understood. It has been
shown that kinase activity is necessary, for LTP is blocked by the non-specific kinase
antagonist H-7 (Malenka et al., 1989). Which kinase is important is less clear. Peptide
inhibitors to both PKC (Malinow et al., 1989) and calcium/calmodulin-dependent
kinase II (CaM-kinase II), (Malenka et al., 1989; Malinow et al., 1989) block LTP.
Phorbol esters, which activate PKC, potentiate synaptic transmission (Malenka et al.,
1986), but this potentiation has properties not associated with LTP (Muller et al., 1988;
Gustafsson, et al, 1988). Furthermore, LTP can be induced in mutant mice lacking the y
subtype of PKC (Abeliovich et al. 1993). On the other hand, LTP is impaired in o-
calcium-calmodulin kinase I (CaM KII) mutant mice (Silva et al., 1992), although not
completely absent. Furthermore, expression of a constitutively active form of CaM KII
using vaccinia virus in acute hippocampal slices showed evidence consistent with an
enhancement in synaptic transmission and LTP induction was impaired (Pettit et al.,
1994). It is possible that both kinases may play a role in the induction of LTP (Wang and
Kelly, 1995).

The final mechanism of expression has remained extremely controversial,
specifically whether LTP is due to a change in a pre- or post-synaptic mechanism. One
method to resolve this is the use of quantal analysis. Quantal analysis essentially attempts
to fit a statistical model to synaptic transmission and is based on the principle that an
EPSP is composed of a number of elementary units, or quanta. In synaptic transmission,

this elemental unit is considered to be a single synaptic vesicle filled with



neurotransmitter. The basics of quantal analysis were developed by del Castillo and Katz
at the neuromuscular junction (Del Castillo and Katz, 1954a), and by Katz and Miledi
(Katz and Miledi, 1963) and Motoy Kuno (Kuno, 1964) at central synapses. In this
theory, the fundamental components of neurotransmitter release are defined as the quantal
amplitude (g) or the size of the postsynaptic response to a single quantum (or vesicle),
and the quantal content (m), the number of quanta released. The quantal content can
further be divided into (p,), the probability of release of a quantum at each release site (n).

One measure that is commonly used in quantal analysis is the coefficient of
variation (CV), a measure of the variability from trial to trial which gives an
approximation of the quantal content (CV=m "’ if p, << 1 and is uniform between sites
[del Castillo and Katz, 1954a]). Studies have shown that LTP is accompanied by a
decrease in the coefficient of variation (Bekkers and Stevens, 1990; Malinow and Tsien,
1990; Manabe et al., 1993) consistent with an increase in the quantal content.

Another method to estimate the quantal content measures the occurrence of
synaptic failures. A standard EPSP is a summation of the variable response of many
release sites. By reducing the mean quantal content (e.g. decreasing the stimulus strength,
thus lowering the number of release sites), one often observe trials where there is no
detectable EPSP. Since the release process is variable, on some occasions following a
stimulus, no vesicles are released. The proportion of synaptic failures, or the failure rate
can then be used to calculate the mean quantal content. If only a single release is being
stimulated (i.e. n = 1), the failure rate (p,) will give a direct measure of p, (p, = 1- pp). On
the other hand, if one is stimulating a large number of release sites each with a very low

p: (i.e. a Poisson distribution), then m = -In(py) (del Castillo and Katz, 1954a).
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Most studies agree that LTP can be associated with a decrease in the proportion
of synaptic failures (Malinow, 1991; Kullmann and Nicoll, 1992), again, consistent with
an increase in the quantal content. Interestingly, LTP does not appear to be exclusively
due to an increase in m. There has also been evidence for an increase in the quantal
amplitude (Malinow, 1991; Kullmann and Nicoll, 1992; Larkman et al., 1992; Laio et al.,
1992). Consistent with this is evidence showing an increase in the amplitude of miniature
EPSCs, presumptive uniquantal spontaneous events (del Castillo and Katz, 1954a; Boyd
and Martin, 1956), following the induction of LTP (Manabe et al., 1992).

There are many caveats about interpreting quantal analysis data, especially at
central synapses where the parameters of release have not been well-established (Korn
and Faber, 1991; Faber and Korn, 1991; Edwards, 1991). Specifically, difficulties arise
in associating changes in quantal parameters to specific pre- or postsynaptic functions
(Malenka and Nicoll, 1997). For instance, an increase in the quantal content could be due
to an increase in the probability of release at a given synapse, increasing the number of
synapses that release glutamate onto the postsynaptic cell (i.e., unmask presynaptically
silent synapses) or by uncovering postsynaptic silent synapses. On the other hand, a
change in quantal amplitude could be due to a change in the number or properties of the
glutamate receptors, or to an increase in the amount of glutamate packaged into each
vesicle (provided that the postsynaptic receptors are not saturated by a single vesicle).
Nevertheless, a thorough understanding of the quantal changes associated with LTP can
be used to narrow the possible mechanisms underlying this phenomenon.

A final property about LTP is that it can be reversed by prolonged low frequency

stimulation (LFS). In addition to depotentiating previous LTP, LFS also depresses naive

11



pathways in juvenile animals. This phenomenon is called long-term depression (LTD)
(Malenka and Nicoll, 1993). LTD, like LTP, requires the activation of NMDA receptors
and the influx of Ca?* (Dudek and Bear, 1992; Mulkey and Malenka, 1992). With LTD,
the Ca”* influx required is smaller, and appears to activate protein phosphatases as
opposed to kinases (Mulkey et al., 1993; Mulkey et al., 1994). Thus, LTD may act by
dephosphorylating the same substrate which is phosphorylated during LTP. Because
LTD appears to be a direct reversal of LTP, understanding the expression mechanisms of

one should provide valuable information about both forms of plasticity.
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CHAPTER TWO

GENERAL METHODS
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Specific methods are provided within each chapter, but a number of the

methodologies were uniform throughout this work. Therefore they are contained here.

Preparation of hippocampus

Hippocampal slices were prepared from 2-6 week old Sprague-Dawley rats or 3-5
week old male Hartley guinea pigs. The animals were anethesized using halothane,
decapitated and the brain removed into chilled ACSF saturated with 95%0,/5%CO,. The
ACSF contained: 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl,, 1.3 mM MgSO,, | mM
NaH,PO,, 26.2 mM NaHCO;3, and 11 mM glucose. Each hippocampus was then isolated
from the rest of the brain, placed on a piece of agar and glued to a plexiform holder. This
was placed into chilled ACSF on the base of a vibratome (Ted Pella Co.). 400 micron
thick transverse slices were cut, placed into a holding chamber and allowed to rest for 1-2
hours. Slices were then transferred to a standard superfusing chamber and positioned
underneath a nylon net, or placed on a poly-D-lysine coated coverslip and placed onto a
Axioscope microscope with infrared illumination. Slices were perfused with ACSF at
approximately 2 ml/ min at room temperature or at 27-28 °C. In experiments using a
GABA, antagonist, a cut was made between the CA3 and CA1 regions to prevent
epleptiform activity in the CA1 area.

Three general methods of recording were used, field recordings, whole-cell

recordings and perforated-patch whole-cell recordings.



Field recordings

Field recordings were typically performed by placing a 3-5 Mohm electrode filled
with normal Ringers into the Stratum radiatum roughly parallel to the stimulating
electrode (bipolar stainless steel). The signal was then recorded with either an
Axoclamp-2A in bridge mode or an Axopatch-1D in the i=0 mode (both from Axon
Instruments). The initial slope of the field EPSP was measured, rather than the peak
amplitude to avoid contamination from either the population spike or from inhibitory

inputs (if picrotoxin was not present in the Ringer solution).

Whole cell recordings

For whole cell recordings, 2-5 Mohm electrodes were used. The contents of the
internal solution varied and are provided in the specific methods for each chapter.
Gigaohm (typically ~10 GQ) seals were achieved using either the blind-technique or by
visually patching onto a cell. The blind-technique has been well described (Blanton et al.,
1989), and simply involves looking for a change in the resistance of the recording pipette
while advancing through the cell body layer. To visually patch, a single pyramidal cell is
localized in the cell body layer (Figure 1) and the electrode is maneuvered with its
contents under positive pressure until a dimple or a discoloration of the cell is observed
due to the stream of internal solution from the pipette. In general, there were no obvious
differences between the two methods, although the visual method could be used only at
superficial cell layers. As a result, cells obtained from this method often had higher input
resistances and wash-out of LTP appeared to occur more rapidly, consistent with the idea

that many of the cell’s processes had been severed in the cutting procedure.
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During the recordings, cells were held in voltage clamp mode using an Axopatch-
1D (Axon Instruments). Cells were held at a holding potential of —60 to —75 mV. Series

resistance was monitored continuously online by measuring the peak transient to a 4 mV

step (filtered at 10 kHz).

Perforated patch recordings

Perforated patch recordings were made using amphotericin-B (Rae et al., 1991).
For these recordings, the pipette solution contained (in mM): 117.5 Cs-gluconate, 20
HEPES, 0.2 EGTA, and 0.48 mg/ml amphotericin-B (pH 7.2). The amphotericin-B
solution was prepared as described (Rae et al., 1991) and was made-up every 2-3 hours
during experiments. Data collection commenced only when the series resistance had
stabilized, typically 20-40 minutes after seal formation. While the series resistance of
perforated patch recordings are significantly larger than standard whole cell (38 MQ * 4;
n=21), perforated patch recordings eliminate the problem of “wash-out” seen with
standard whole cell where the ability to induce LTP disappears after 5-15 minutes of

whole cell access, presumably due to the loss of some necessary constituent from the cell.

Data analysis

Data was filtered at 2-3 kHz, sampled at 5-10 kHz and analyzed online using
software developed in the laboratory by D. K. Selig. EPSC amplitudes were measured
using a window at the peak of the event (1-4 ms for AMPAR- and 4-10 ms for NMDAR-
mediated events) relative to the baseline taken immediately before the stimulus artifact.

Synaptic failure rates were estimated by the method employed by Liao et al. (1995).
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Briefly, the failure rate was calculated as twice the proportion of events with an amplitude
of greater than zero. This assumes that the failures were distributed around a mean of
zero and that the signal to noise ratio of the EPSCs was large enough so that the smallest
events when superimposed on the noise would always be less than zero. This method
was compared with visually identifying successes and failures and gave comparable

results.

Appendix — Analysis of different methods for measuring EPSCs

A number of various methods have been employed in the analysis of minimal
stimulation data. These include peak measurements, integrals and template fitting. A
critical analysis and comparison of these methodologies has not been undertaken.
Therefore, a number of different methods of analysis were performed, first on a
computer-derived data set, and then to several recordings to determine if there are any
differences between these methods.

An artificial data set of one hundred trials was created by adding noise randomly
taken from a gaussian distribution (mean=0; standard deviation=1) to an EPSC-shaped
signal (random amplitude with mean=5) (Figure 2). The signal was measured by various
methods and the noise was measured by using the same method on the underlying noise
traces alone. The signal to noise ratio (S/N) was calculated by taking the mean of the
signal divided by the standard deviation of the noise. As would be expected, measuring a
single point at the peak of the EPSC results in an S/N of 5 (5.0 £ 0.3; n=3).

The first method uses a standard peak amplitude measure. This is accomplished

by taking a 2 ms average at the peak of the EPSC and subtracting from this a similar



period from the baseline just prior to the onset of the EPSC. By taking an average of
many points, the standard deviation of the noise is reduced, therefore increasing the S/N
ratio (15.6 £ 0.5) (Figure 3A).

The second method was to take an integral measure of the EPSC, again after
setting the zero point of the entire trace based on a 2 ms period in the baseline. What is
immediately apparent is that the S/N of the integral measure is much lower than for the
peak measurement (6.2 = 0.1). This is obvious, since the tail of the EPSC, which has
very little signal, and therefore a very small S/N, is given as much weight as the peak.

A third method that has been employed (Boshakov and Sieglebaum, 1995) is to
use a roving peak finder. This method searches for the highest point in the trace, within a
given window, and takes a 2 ms average around that peak. This method is advantageous
when measuring a data set that has a high variability in the time-to-peak. Because we are
measuring a computer-derived data set, this method results in a S/N ratio similar to that
of the 2 ms peak (13.0+0.7).

The final method employed in this study is to use a template matching paradigm.
In this case, the covariance between the raw EPSC and the data set was determined. This
method also produced a S/N comparable to the peak measurement (14.3 +0.4).

Since we knew that actual size of the EPSC, we were able to perform a second
measure and test how well the measured values for the EPSCs correlated to the actual
amplitude (Figure 3B). The peak and template methods give the highest degree of
correlation, while the integral method clearly had a lower amount of correlation.

We next performed a similar analysis on a number of actual data sets. Five data

sets of 100 traces each were used. Only data sets where the successes could be clearly
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distinguished from the failures were used. In this case, the S/N was calculated by
dividing the mean amplitude of the successes (or potency) by the standard deviation of
the noise. A second parameter was also calculated, the mean of the failures as compared
to the potency of the successes. This second measurement gives a measure of the
potential offset of the failures peak, which could have considerable effects on the
determination of failure rates.

A comparison of the S/N ratio for the various methods is shown in Figure 4.
Again, it is clear that the measurement of integral is worse than the other methods (p <
0.05, repeated measures ANOVA with Tukey’s posthoc analysis), but the other methods
appear comparable. The offset analysis shows an additional point. Using a roving peak
method gives a significantly worse offset than either the peak or template methods (p <
0.05).

There appears to be no difference between using a peak or a template measure.
There is a difference though, when it comes to the effects of spontaneous noise. Figure 5
shows a trace from a data set where a spontaneous event occured just prior to the
stimulus. The peak measurement gave a value of —2.2 pA (the standard deviation of the
noise was 0.43 pA), thus, this sweep would be classified as a success. The template
method, though, gave a value of 0.12 (the standard deviation of the noise for this method
was 0.16). Therefore, using a template, this sweep would be correctly classified as a
failure.

In conclusion, while the integral and the roving peak method have obvious flaws,
there appears to be little difference between utilizing a peak measurement or a template

method on the S/N ratio. The template method does have the an increased ability to
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identify spontaneous events that occur near the stimulus, but this can also be achieved by

visually inspecting each sweep for the presence of spontaneous events.
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Figure 1. Image of CAl region of hippocampus.

Digitized image of a hippocampal slice using an Zeiss Axioscope with a 40X objective
and infrared illumination transferred onto a PC computer using a video capture board
(ATI technologies). The paler region is the pyramidal cell body layer. Notice that

individual cell bodies as well as their dendritic processes can be easily distinguished.

21



22



Figure 2. Illustration of a computer-derived data set.

A. Computer derived EPSC before noise traces are superimposed. EPSC has an
amplitude of 5 pA.

B. Sample noise trace. Each point in the noise trace was sampled from a distribution
with a mean of 0 and a standard deviation of 1 pA.

C. Resulting trace after superposition of noise.
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Figure 3. Effects of different analysis methods on the S/N ratio and r* for the data set
described in Figure 2. Each analysis method was performed on the same data set of 100

traces. Error bars are s.e.m of measurements from three separate data sets.
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Figure 4. Effects of different analysis methods on the S/N ratio and noise offset for
recorded data sets.

A. Signal to noise ratio for different methods is calculated as the potency of the events
divided by the standard deviation of the noise.

B. Noise offset is calculated as the average of the noise as a percentage of the potency. A

large noise offset will make it more difficult to accurately assess the true failure rate.
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Figure S. Effects of spontaneous noise on measurements.
A spontaneous event that occurred prior to the stimulus would be classified a success by
an amplitude measure, but a failure by a template measure. Superimposing the raw data

trace with the template (average of all traces) shows that the response occurred prior to

the stimulus artifact.
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CHAPTER THREE

INDEPENDENT MECHANISMS FOR LONG-TERM DEPRESSION
OF AMPA AND NMDA RESPONSES

31



Summary

While the mechanisms responsible for long-term potentiation (LTP) and long-
term depression (LTD) of excitatory synaptic responses mediated by AMPA (o-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid) receptors (AMPARSs) have been
extensively characterized, much less is known about the regulation of NMDA (N-methyl-
D-aspartate) receptors (NMDARSs) by synaptic activity. In hippocampal CA1 cells,
prolonged low frequency afferent stimulation depresses synaptic responses mediated by
either NMDARs or AMPARs. However, this apparently similar LTD is accompanied by
a change in the coefficient of variation (CV) of only the AMPAR mediated synaptic
responses; the CV of the NMDAR mediated synaptic responses is unaffected. Moreover,
by varying the pattern of synaptic stimulation the responses mediated by one receptor
subtype can be modified without affecting the responses mediated by the other. These
results indicate that the mechanisms underlying activity-dependent plasticity of NMDAR
mediated synaptic responses are different from those responsible for plasticity of

AMPAR mediated synaptic responses.

Introduction

Long-term potentiation (LTP) and long-term depression (LTD) of excitatory
synaptic transmission in the mammalian brain are long lasting, activity-dependent
changes in synaptic efficacy thought to be important for learning, memory, and neural
development. At most excitatory synapses that exhibit LTP and LTD, synaptic responses

are mediated by two distinct subtypes of ionotropic glutamate receptors, termed AMPA
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(o-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid) and NMDA (N-methyl-D-
aspartate) receptors (AMPARs and NMDARs) after their specific exogenous ligands.
The changes in synaptic efficacy that define LTP and LTD are routinely measured by
examining basal synaptic responses, which are predominantly mediated by AMPARs. In
contrast, NMDARs, because of their strong voltage-dependence, contribute minimally to
basal synaptic responses at the resting membrane potential but nevertheless serve an
essential role in triggering LTP and LTD (Malenka and Nicoll, 1993). Moreover,
NMDARs are important contributors to the neuronal injury and death seen in many
neurologic disorders, presumably due to their ability to raise intracellular Ca** (Lipton
and Rosenberg, 1994).

Despite these well-established roles for NMDARSs, relatively little is known about
their regulation by synaptic activity. For example, the factors that determine whether or
not NMDAR mediated synaptic responses in CA1 pyramidal cells undergo LTP have not
been well defined (Asztely et al., 1992; Clark and Collingridge, 1995; Kauer et al., 1988,
Muller and Lynch, 1988; O’Connor et al., 1995; Perkel and Nicoll, 1993). Here we
present evidence that NMDAR mediated synaptic responses can be depressed by specific
patterns of afferent activity and that this plasticity has a mechanism distinct from that

underlying plasticity of AMPAR mediated synaptic responses.

Methods

Hippocampal slices were prepared from 2-6 week old Sprague-Dawley rats. All
experiments were conducted at 23-28°C. Pharmacologically isolated NMDAR

EPSPs/EPSCs were recorded by lowering MgSO, to 0.1 mM and adding 0.1-.2 mM
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picrotoxin and 10 uM CNQX or DNQX. For the experiments shown in Figure 4 the
superfusing solution contained: 119 mM NaCl, 4 mM KCl, 4 mM CaClg, 4 mM MgSO,,
1 mM NaH,PO,, 26.2 mM NaHCO;, 11 mM glucose,and 0.1 mM picrotoxin. For the
experiments in Figures 7 and 10, the whole cell pipette solution contained 117.5 mM
cesium gluconate, 17.5 mM CsCl, 8 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM
Mg-ATP, and 0.3 mM GTP (pH=7.2, 280-290 mOsm). For the experiments in Figure 11,
the pipette solution also contained tetraethyl-ammoniumchloride (10 mM) and QX314 (5
mM) and CsCl replaced Cs gluconate. Data in the text and in the figures are presented as
mean percent of control (set to 100%) + SEM. The change in EPSP/EPSC magnitude
was calculated by averaging over a 10 min window taken 20-30 min after the LTD/LTP
induction protocol and comparing this value to the control input in the same slice or to
the 10 min baseline period.

For the experiments in Figures 8 and 9, 50 uM D-APV was applied at the end of
each experiment to isolate the fiber volley and stimulus artifact. This was subsequently
subtracted from all sweeps to prevent any contamination of the slope measurements. The
NMDAR EPSPs were normalized with respect to the baseline AMPAR EPSPs and the
two inputs were then directly compared by setting the control NMDAR EPSPs to 100%
and scaling the test NMDAR EPSPs accordingly.

1/CV? was calculated as p*/c” where 1 is the mean and 6 is the standard deviation
of the EPSC amplitude and was determined for successive epochs of 10-30 EPSCs
throughout each experiment. 1/CV? of each input was then normalized with respect to the
average value taken over the initial 10 min baseline. EPSC amplitudes were measured

using a window at the peak of the event (1-3 ms for AMPAR- and 4-10 ms for NMDAR-
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mediated events) measured relative to the baseline taken immediately before the stimulus
artifact. For the experiments in Figure 10, 1/CV? of the AMPAR EPSCs or NMDAR
EPSCs in the test input was then directly compared to that in the control input by setting
the average normalized value for 1/CV? of the control input over the 10 minutes
following the LTD/LTP induction protocol to 100%. For the experiments in Figure 11,
1/CV? for each input was calculated after the experimental manipulation (20-30 min after
LFS or 10-20 min after adenosine application) and compared directly to 1/CV? of the

baseline EPSCs in that input.

Results

Before presenting our results, it is important to discuss briefly why the
examination of changes in NMDAR-mediated synaptic responses in brain slice
preparations is subject to much greater experimental error than examination of AMPAR-
mediated synaptic responses. The foremost difficulty is caused by the strong voltage
dependence of the NMDAR-mediated response. NMDAR-mediated currents are minimal
at membrane potentials more negative than -70 mV and exhibit a region of negative slope
conductance from approximately -70 mV to -40 mV (Hestrin et al., 1990). Thus, to
record NMDAR-mediated responses the cell is often depolarized to a level at which small
changes in membrane potential, either due to changes in the recording conditions or due
to changes in the AMPAR-mediated synaptic responses, can strongly influence the
magnitude of the response. In theory, voltage-clamp recording eliminates this problem
but because of the extensive dendritic arborization, it is doubtful that perfect voltage

control of synapses is achieved when recording from pyramidal cells in slice preparations
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(Spruston et al., 1993). One method that helps to minimize this problem is to record
NMDAR-mediated currents at positive holding potentials where the current-voltage (IV)
relationship is linear and voltage-dependent conductances are largely inactivated (Perkel
and Nicoll, 1993). Alternatively, extracellular magnesium (Mg?*) can be removed
substantially reducing the voltage dependence of the NMDAR-mediated response. The
NMDAR channel is also highly permeable to Ca®* and thus a second problem is that any
repeated measurement of NMDAR-mediated synaptic currents is accompanied by a
change in intracellular Ca®* that may itself cause gradual modifications of the synaptic
responses (Rosenmund and Westbrook, 1993a; Tong and Jahr, 1994).

Because of these significant technical difficulties, we have taken several different
but complementary experimental approaches to examine whether NMDAR-mediated
synaptic responses change during LTD. In an initial set of experiments, we recorded
extracellular field potentials from hippocampal slices to examine whether synaptic
activity could depress pharmacologically isolated NMDAR-mediated synaptic responses
(NMDAR EPSPs) recorded in reduced extracellular Mg2+ (0.1 mM) from CA1 pyramidal
cells. Prolonged low-frequency afferent stimulation (LFS; 1 Hz for 5-7 min), which
elicits homosynaptic LTD of AMPAR-mediated synaptic responses (AMPAR EPSPs)
caused a depression of the NMDAR EPSP (7714% of control; n=8) that, like LTD of
AMPAR EPSPs, was input specific (Figure 6) (Dudek and Bear, 1992; Mulkey and
Malenka, 1992).

To determine whether the depression of NMDAR EPSPs required a rise in
postsynaptic Ca®*, again like LTD of AMPAR EPSPs (Mulkey and Malenka, 1992) we

loaded cells with the Ca®* chelator BAPTA (10 mM) using standard whole-cell recording
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techniques. While control cells showed robust LTD of NMDAR EPSPs (Figure 7A;
60+7%, n=9), LFS did not elicit LTD of NMDAR EPSPs in cells filled with BAPTA
(Figure 7B; 120+7%, n=7) even though surrounding cells in the same slices exhibited
LTD as assayed by the simultaneously recorded field NMDAR EPSPs.

Although these experiments demonstrate that LFS elicits LTD of NMDAR EPSPs
in pharmacologically altered conditions, an important issue is whether such changes occur
following the generation of LTD of AMPAR EPSPs under more physiological conditions,
since NMDAR currents are altered by lowering extracellular Mg2+. To address this
question, we compared the magnitude of the NMDAR EPSP in two independent inputs in
the same slice after inducing LTD of AMPAR EPSPs in one of the two inputs. This
technique has the advantage that any change in NMDAR function due to the
measurements themselves should affect both inputs equally as will any non-specific
change in the preparation during the course of the experiment. An important requirement
for this approach is that within a slice the pharmacologically isolated NMDAR EPSP is
similarly proportioned to the AMPAR EPSP in both inputs. Figure 8A shows a summary
of experiments in which, after first recording stable AMPAR EPSPs in standard solution,
we isolated NMDAR EPSPs by changing the perfusing solution to one in which MgSO4
was reduced to 0.1 mM and CNQX (10 uM) and picrotoxin (100 uM) were added. When
normalized to the baseline AMPAR EPSPs, the NMDAR EPSPs in the two inputs were
virtually identical. This is more easily seen in Figure 8B where we have scaled the
NMDAR EPSPs in the test input by the size of the NMDAR EPSPs in the control input.

Confirmation of the assumption that two independent and random inputs in a slice

activate the same proportion of NMDARs and AMPARSs permitted the generation of LTD
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of the AMPAR EPSP in one path and subsequent comparison of the NMDAR EPSPs
between the two paths to determine whether LTD of NMDAR EPSPs had occurred.
Figure 9A demonstrates that generation of homosynaptic LTD with LFS causes a
decrease in both the NMDAR EPSPs and AMPAR EPSPs (59+5 and 7244%
respectively, n=8). When the NMDAR antagonist D-APV (50 uM) was present during
the induction protocol, LTD of both the NMDAR and AMPAR EPSPs was blocked (n=4,
data not shown).

Using the same experimental design, we also examined LTP and found that unlike
LTD, LTP did not result in a similar change in the AMPAR EPSP and NMDAR EPSP.
A high frequency tetanus (100 Hz, 1 sec given twice) caused an increase in the AMPAR
EPSP that was larger than that of the NMDAR EPSP (19518 and 122+8% respectively,
n=7, p<0.002) (Figure 9B). Interestingly, this same tetanus administered following LTD
appeared to potentiate the NMDAR EPSP (Figure 9C, n=6) to a greater extent than when
applied to a naive input (Figure 9B). Since in this experiment we were unable to
measure directly the NMDAR EPSPs immediately following the LFS, to test this
impression we compared the NMDAR EPSPs following the repotentiating tetanus (Figure
9C) to the interaction of the LFS alone (Figure 9A) and the tetanus alone (Figure 9B). If
there were no interaction between the two stimuli, we would have expected that the input
which was depressed by 41% to be potentiated by 22% giving a value of 72% ((100-
41)-1.22)) compared to the actual NMDAR EPSP value of 110+21%. This interaction
was tested statistically using a two-factor ANOVA and found to be significant (p<0.05)

suggesting that the tetanus was capable of reversing the LTD of the NMDAR EPSP.
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What mechanisms might account for the differential modulation of NMDAR
EPSPs and AMPAR EPSPs by synaptic activity? One method that can be used to address
this question relies upon the coefficient of variation (CV), an index of the trial-to-trial
variability in synaptic responses. Manipulations that change synaptic efficacy with
parallel changes in 1/CV?, a measure derived from CV, are customarily attributed to
presynaptic changes in quantal content. On the other hand, manipulations that change
synaptic efficacy without affecting 1/CV? are assumed to occur via a postsynaptic change
in the sensitivity to released neurotransmitter (del Castillo and Katz, 1954a; Bekkers and
Stevens, 1990; Kamiya et al., 1991; Malinow and Tsien, 1990; Manabe et al., 1993; but
see Faber and Korn, 1991). To determine whether 1/CV? of AMPAR and NMDAR
mediated synaptic currents (AMPAR EPSCs and NMDAR EPSCs) changes during LTD,
we used standard whole-cell voltage-clamp recording techniques and an experimental
design similar to that just used for the experiments presented above. Generation of LTD
(Figure 10A) in the test input (6119%, n=8) caused a significant decrease in 1/CV? of
AMPAR EPSCs (72+8%) (Figure 10B). NMDAR EPSCs were then isolated in the same
control and test inputs by applying CNQX to the slice and depolarizing the cell to positive
potentials (+40 mV). In agreement with the field experiments (Fig 9A), the NMDAR
EPSC:s in the test inputs were smaller than those in the control inputs (71+8%; n=8)
(Figure 10A;). However, 1/CV? of the NMDAR EPSCs did not change (96+16%)
(Figure 10B).

We also examined 1/CV? following the generation of LTP by pairing
depolarization with LFS (1 Hz, 5 min) (Figures 10C and D) and in agreement with

previous results found that 1/CV? of the AMPAR EPSCs increases following LTP
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(198+30%; n=8) (Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Kamiya et al.,
1991; Manabe et al., 1993; Kullmann, 1994). Despite the large increase in the AMPAR
EPSC in the test input (231£23%), the NMDAR EPSCs in the two inputs were identical
(Figure 10C). Furthermore, as recently reported (Kullmann, 1994), 1/CV? of the
NMDAR EPSCs was unchanged by LTP (112+20%) (Figure 10D).

To ensure that under these experimental conditions, we could in fact detect a
change in 1/CV? of NMDAR EPSCs when a change in transmitter release occurred, we
examined paired-pulse facilitation (PPF) which is due to a presynaptic increase in quantal
content (Katz and Miledi, 1968; Zucker, 1989). PPF caused a parallel increase in 1/CV?
of both the NMDAR EPSCs (187£17%; n=6) and AMPAR EPSCs (214141%) when
1/CV? of the responses to the second stimulus was compared to 1/CV? of the responses to
the first stimulus (Figure 10E). Thus, the lack of change of 1/CV? of NMDAR EPSCs
during LTD and LTP is unlikely to be the result of an inability to detect such a change.
We also observed that, in the same input, 1/CV? of NMDAR EPSCs (118+14; n=27) was
considerably larger than 1/CV? of AMPAR EPSCs (3814) (Figure 10F), confirming
previous observations (Kullmann, 1994).

These findings—that LTD of NMDAR EPSCs was not associated with any
decrease in 1/CV?, while a clear decrease in 1/CV? did occur at the same synapses with
LTD of AMPAR EPSCs—were surprising and suggest distinct mechanisms of expression
for LTD of each component. Because of the novelty and potential importance of this
conclusion, we performed further experiments that allowed direct comparison of 1/CV? of
NMDAR EPSCs in a single input both before and after generation of LTD. Figure 11A-

C shows that LFS elicited robust LTD of pharmacologically isolated NMDAR EPSCs
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(66+5%; n=8) that were recorded in perfusing solution containing low Mg** (0.1 mM).
However, as in the previous experiments, LTD did not cause any change in 1/CV?
(Figure 11C). Subsequent application of adenosine (0.5 uM), which presynaptically
inhibits transmitter release (Dunwiddie and Haas, 1985; Prince and Stevens, 1992),
caused both a comparable depression of the NMDAR EPSC in the control input (64+4%)
relative to that of the test input in these same cells and, importantly, a proportional
decrease in 1/CV? (68+7%). Thus, in these cells the measure was sufficiently sensitive to
detect changes in neurotransmitter release. These results provide additional evidence that
activity-dependent modulation of NMDAR EPSCs occurs in the absence of detectable
changes in 1/CV>.

Using a variety of experimental approaches, we have demonstrated that LTD of
NMDAR mediated synaptic responses is generated by LFS. An interesting and important
related question concerns the possible functional significance of LTD of NMDAR
responses. Previous work has demonstrated that modest activation of NMDARs by
synaptic activity (Fujii et al., 1991; Huang et al., 1992) or via pharmacological
manipulations (Coan et al., 1989; Izumi et al., 1992) in older slices increases the
threshold for induction of LTP. To test whether this might be due to a depression of
NMDAR EPSPs, we performed experiments to measure changes in the NMDAR EPSP
caused by patterns of synaptic activity similar to those reported to increase the LTP
induction threshold (Fujii et al., 1991; Huang et al., 1992) and delivered under similar
experimental conditions. We found that such manipulations clearly decreased NMDAR
EPSPs (Figure 12A) (70£9%; n=7). Like the increase in LTP induction threshold (Huang

et al., 1992), the depression of NMDAR EPSPs was blocked when D-APV (50 uM) was
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present during the conditioning stimulus (Figure 12B) (931£13%; n=6), occurred in the
absence of any change in the AMPAR EPSP (Figure 12C, left side) and showed partial
recovery over the course of an hour (Figure 12C, right side) (86+5%; n=7). A second
stimulation protocol that increases LTP induction threshold (Fujii et al., 1991) was also
found to depress NMDAR EPSPs (7419%; n=7) in the absence of any long-lasting

change in AMPAR EPSPs (Figure 12D).

Discussion

We have demonstrated that different patterns of synaptic activity can depress
NMDAR-mediated responses. Although superficially these changes resemble LTD of
AMPAR-mediated responses, two lines of evidence strongly suggest that the underlying
mechanisms are fundamentally different. First, synaptic activity can selectively affect one
response without affecting the other. The AMPAR EPSP/EPSC can be potentiated with
little or no change (Figures 9B and 10C) in the NMDAR EPSP/EPSC (Kauer et al., 1988;
Muller et al., 1988; Asztely et al., 1992; Perkel and Nicoll, 1993; Kullmann, 1994) and
the NMDAR EPSP can be depressed in the absence of any change in the AMPAR EPSP
(Figure 12). Differential regulation of NMDAR and AMPAR EPSPs/EPSCs by synaptic
activity has also been observed in the nucleus accumbens (Kombian and Malenka, 1994).

Second, even when synaptic activity causes similar decreases in NMDAR and
AMPAR EPSCs, 1/CV? of the AMPAR EPSCs decreases while that of NMDAR EPSCs
remains unchanged. Classically, changes in 1/CV? are attributed to a change in p,, the
probability of transmitter release and/or a change in n, the number of transmitter release

sites. Thus, in the absence of information about 1/CV? of NMDAR responses, it was
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reasonable to propose that a change in 1/CV? of AMPAR responses during LTP (Bekkers
and Stevens, 1990; Malinow and Tsien, 1990; Kamiya et al., 1991) or LTD (Bolshakov
and Siegelbaum, 1994) indicated that a change in quantal content had occurred.
However, assuming NMDARs and AMPARs are co-localized at synapses (Bekkers and
Stevens, 1989; McBain and Dingledine, 1992; Stern et al., 1992; Burgard and Hablitz,
1993), the differential change in 1/CV? of AMPAR- and NMDAR-mediated responses
during LTP and LTD forces an alternative explanation. A prominent possibility is that
some synapses may contain NMDARSs but not functional AMPARSs (Kullmann, 1994).
This would result in release of transmitter at these sites going undetected under normal
recording conditions when only AMPAR-mediated responses are monitored. Moreover,
any change in the number of synapses containing functional AMPARs would be
accompanied by a change in 1/CV? even though this would be due to a postsynaptic, not a
presynaptic, change in n. According to this model, LTP and LTD would be caused, at
least in part, by the up- or down-regulation of functional AMPAR clusters at some of the
activated synapses (Edwards, 1991; Kullmann and Nicoll, 1992; Lisman and Harris,
1993; Manabe et al., 1993; Kullmann, 1994). In contrast, the lack of change in 1/CV? of
NMDAR EPSCs during LTP or LTD is difficult to explain by a similar mechanism and
instead suggests that synaptic activity modifies NMDAR EPSCs uniformly across
activated synapses.

It is important to note that the CV of synaptic responses may be influenced by
factors in addition to the classic trial-to-trial variations in quantal content (Faber and
Korn, 1991; Kullmann, 1994). These include trial-to-trial fluctuations in quantal

amplitude at individual synapses (due to presynaptic and/or postsynaptic factors) and
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variability in quantal amplitude between different release sites. For the main conclusions
of this work, it is unclear how these additional sources of variance might account for the
observed lack of change in 1/CV* of NMDAR EPSCs during LTD and LTP.

Several other laboratories have reported that NMDAR EPSPs can be depressed by
synaptic activity using various protocols and recording conditions different than those
used in these experiments (Gean and Lin, 1993; Xiao et al., 1994; Xie et al., 1992). We
have confirmed that NMDAR responses can be depressed but, importantly, have also
demonstrated that this occurs when LTD of AMPAR EPSPs is generated under normal
recording conditions. Moreover, we have provided evidence (see Figure 12) suggesting
that the depression of NMDAR responses may cause or at least contribute to the increase
in the threshold for LTP caused by certain patterns of synaptic stimulation (Fujii et al.,
1991; Huang et al., 1992). The exact mechanisms by which NMDAR responses are
depressed are unknown but candidate processes include modulation of Ca’*-dependent
protein kinases and phosphatases (Chen and Huang, 1992; Kelso et al., 1992; Markram
and Segal, 1992; Urushihara et al., 1992; Lieberman and Mody, 1994; Wang and Salter,
1994; Tong et al., 1995) as well as changes in the cytoskeleton (Rosenmund and
Westbrook, 1993b).

In contrast to the current data on LTD, whether NMDAR responses are
potentiated to the same degree as AMPAR responses by manipulations that elicit LTP
remains the subject of active debate (Kauer et al., 1988; Muller and Lynch, 1988; Asztely
et al., 1992; Perkel and Nicoll, 1993; Kullmann, 1994; Clark and Collingridge, 1995;
O’Connor et al., 1995). Although the reasons for the differences in experimental results

between laboratories remain unclear, the results presented in Figure 9 provide additional
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complexity in that they suggest that the prior history of activity at synapses may influence
the extent to which NMDAR responses are modified by subsequent synaptic activity.
Similar observations have been made for plasticity of AMPAR responses (Christie and
Abraham, 1992; Fujii et al., 1991; Huang et al., 1992; Wexler and Stanton, 1993) as well
as for synapses on goldfish Mauthner cells (Yang and Faber, 1991).

Independent of the underlying mechanisms, the ability of synaptic activity to
modify NMDAR responses has additional functional implications. For example, the
modification of NMDARs, and thus the relative contribution of AMPARs and NMDARs
at specific synapses, may be important for normal information processing, since
NMDARs play important roles in the transfer of sensory information and in the
generation of motor rhythms (Daw et al., 1993; Grillner et al., 1991). Additionally,
changes in NMDAR function would be expected to influence not only the magnitude, but
also both the direction and time course of synaptic weight changes elicited by a given
pattern of synaptic activity (Malenka and Nicoll, 1993; Malenka, 1994). Such changes
may be particularly important during development (Carmignoto and Vicini, 1992;
Hestrin, 1992; Crair and Malenka, 1995) and, as suggested above, may contribute to
adjustments in the threshold for synaptic modification that have been incorporated into

some biologically based neural network models (Bienenstock et al., 1982; Bear et al.,

1987).
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Figure 6. LTD of the isolated NMDAR EPSP can be induced by low-frequency
stimulation and is input specific.

Graph illustrates the effect of prolonged low-frequency stimulation (LFS; 1 Hz for 5-7
min) on pharmacologically isolated NMDAR EPSPs (n=8). LTD occurred only in the
input receiving the LFS. The sample traces are averages of 6 consecutive responses taken

at the times indicated.
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Figure 7. LTD of the isolated NMDAR EPSP requires a rise in postsynaptic Ca**
A. LFS elicits LTD of the NMDAR EPSP in both the cell and the simultaneously

recorded field EPSP (n=9).

B. Loading cells with BAPTA (10 mM) blocks the generation of LTD by LFS, although

LTD was generated in the simultaneously recorded field EPSP (n=7).
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Figure 8. The NMDAR EPSP is on average the same between two inputs.

A. The magnitude of the NMDAR EPSP is on average the same when compared
between two inputs (@ and 0) in the same slice. After obtaining stable AMPAR EPSPs in
the two inputs (n=7), a superfusing solution containing CNQX (10 uM), picrotoxin (100
uM) and lowered Mg (0.1 mM) was applied and the initial slope measurement advanced
and widened to measure the slower, pharmacologically isolated NMDAR EPSP.

B. The NMDAR EPSPs are scaled to the control input and plotted on the same graph as

the AMPAR EPSPs in the same inputs (same data as in A).
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Figure 9. Changes in the NMDAR EPSP following generation of LTD and LTP under
normal conditions.

A. LTD of AMPAR EPSPs (elicited by 1 Hz stimulation for 10 min, given twice
separated by 10 min) is accompanied by a decrease in NMDAR EPSPs (n=8).

B. LTP of AMPAR EPSPs (elicited by a tetanus of 100 Hz, 1 sec given twice) is not
accompanied by a significant change in NMDAR EPSPs (n=7).

C. Following the generation of LTD using LFS, both AMPAR and NMDAR EPSPs are

repotentiated by tetanic stimulation (n=6).
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Figure 10. 1/CV* of AMPAR EPSCs but not NMDAR EPSCs changes during LTD and
LTP.

A. LFS causes LTD of both AMPAR and NMDAR EPSCs. An example (A; and A;) and
summary (n=8) (A3) of experiments in which LFS (1 Hz for 5 min at -40 mV) was
applied to one input while holding the cell at -90 mV. 15-20 minutes after LFS, CNQX
(10 uM) was applied and the cell was depolarized to +40 mV to record NMDAR EPSCs.
Sample traces (A) (20 consecutive responses) were taken at the times indicated.

B. Changes in 1/CV?of the AMPAR and NMDAR EPSCs following the generation of
LTD. Only 1/CV? of the AMPAR EPSCs in the test input changed with LTD (* indicates
p<0.02).

C. LTP of AMPAR EPSCs occurs without a change in the NMDAR EPSCsT An
example (C, and C,) and summary (n=8) (C;) of experiments in which LTP of AMPAR
EPSCs was generated in one input by a pairing protocol (1 Hz for 5 min at 0 mV). 15-30
minutes after pairing, NMDAR EPSCS were isolated as in A. Sample traces (C,) were
taken at the times indicated.

D. Changes in 1/CV? of the AMPAR and NMDAR EPSCs following LTP. Only 1/CV?
of AMPAR EPSCs in the test input was changed by LTP (* indicates p<0.005).

E. Paired-pulse facilitation (interstimulus interval=50 ms) causes an increase in 1/CV? of
both AMPAR and NMDAR EPSCs (n=6). (* indicates p<0.05, AMPA; p<0.005,
NMDA)

F. 1/CV? of AMPAR EPSCs is much less than that of NMDA EPSCs recorded in the

same input (n=27). (* indicates p<0.0001)
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Figure 11. 1/CV? of pharmacologically isolated NMDAR EPSCs is unaffected following

generation of LTD.

A. An example (A;) of an experiment in which LFS (1 Hz, 10 min holding cell at -40
mYV) was applied to one of two inputs. Thirty minutes following LFS, adenosine (0.5
uM) was applied. Sample traces (A,) were taken at the times indicated.

B. Summary (n=8) of experiments like that in A. B shows the effects of LFS applied to
the test input. B, shows the effects of adenosine (0.5 uM applied 30-45 minutes after the
LFS) on the control input.

C. Changes in 1/CV? of NMDAR EPSCs in the control and test inputs following

generation of LTD and following application of adenosine. (* indicates p<0.002)
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Figure 12. Synaptic activity can depress the NMDAR EPSP without affecting the
AMPAR EPSP.

Brief bursts of stimulation (10 Hz for 10 sec applied 6 times) depress the NMDAR EPSP
(n=7; A), an effect that is blocked when D-APV (50 uM) is present during the 10 Hz
stimulation (n=6; B) and which causes no significant or long-lasting changes in the
AMPAR EPSP (n=7; C).

Repetitive periods of LFS (2 Hz, for 5 min) can also depress the NMDAR EPSP without
inducing any long lasting change in the AMPAR EPSP (n=7; D). All experiments were

performed and analyzed as described for the experiments in Figure 8.
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CHAPTER FOUR

CAM-KINASE II AND LTP ENHANCE SYNAPTIC TRANSMISSION
BY THE SAME MECHANISM
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Summary

Calcium-sensitive kinases are thought to play a role in long-term potentiation
(LTP). To test the involvement of calcium/calmodulin-dependent kinase II
(CaM-kinase II), a truncated, constitutively active form of this kinase was directly
injected into CA1 hippocampal pyramidal cells. Inclusion of CaM-kinase II in the
recording pipette resulted in a gradual increase in the size of excitatory postsynaptic
currents (EPSCs). No change in evoked responses occurred when the pipette contained
heat-inactivated kinase. The effects of CaM-kinase II mimicked several features of LTP
in that it caused a decreased incidence of synaptic failures, an increase in the size of
spontaneous EPSCs, and an increase in the amplitude of responses to iontophoretically
applied AMPA. To determine if the CaM-kinase II-induced enhancement and LTP share
a common mechanism, occlusion experiments were carried out. The enhancing action of
CaM-kinase II was greatly diminished by prior induction of LTP. In addition, following
the increase in synaptic strength by CaM-kinase I, tetanic stimulation failed to evoke
LTP. These findings indicate that CaM-kinase II alone is sufficient to augment synaptic
strength and that this enhancement shares the same underlying mechanism as the

enhancement observed with LTP.

Introduction

Repetitive activation of excitatory glutamatergic synapses results in a long-lasting
enhancement in synaptic strength, referred to as long-term potentiation (LTP). The most
widespread form of LTP requires the activation of postsynaptic N-methyl-D-aspartate

receptors (NMDARs) and a rise in postsynaptic Ca”*. Considerable evidence suggests
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that the rise in Ca®* activates Ca®*-dependent kinases (Bliss and Collingridge, 1993;
Lisman, 1994; Larkman et al., 1995; Nicoll and Malenka, 1995) . In particular the
Ca**/calmodulin-dependent kinase II (CaM-kinase II), which is present at extremely high
concentrations in the postsynaptic density (Kennedy et al., 1983; Kelly et al., 1984), is an
attractive candidate for mediating the effects of Ca®*. Many lines of indirect evidence
support a role for this kinase in mediating the effects of Ca** on synaptic strength
(Lisman, 1994; Nicoll and Malenka, 1995) . A direct approach to investigating a role for
CaM-kinase Il in LTP is to determine its effects on synaptic strength and LTP when the
concentration of activated kinase is elevated in postsynaptic cells. Recently two groups,
one using vaccinia virus in acute hippocampal slices (Pettit et al., 1994) and one using
mouse genetics (Mayford et al., 1995), have expressed constitutively active forms of this
enzyme. In the vaccinia virus experiments (Pettit et al., 1994) evidence consistent with
an enhancement in synaptic transmission was presented, and LTP induction was
impaired. In contrast, in the transgenic mouse experiments (Mayford et al., 1995) no
change in synaptic transmission or in the ability to generate LTP was found. Aside from
the apparent discrepancies in these reports, it is difficult in these experiments to entirely
exclude indirect effects associated with the use of expression systems. In the present
experiments we have examined the effects of CaM-kinase II by directly injecting a

constitutively active form of this enzyme into the postsynaptic cell.

Methods

Hippocampal slices prepared from 3- to 5-week-old male Hartley guinea pigs or

2- to 3-week-old Sprague Dawley rats. All bathing solutions contained picrotoxin
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(100 uM). Field electrodes contained 1 M NaCl and intracellular electrodes contained 2
M potassium-acetate with either 1 uM activated CaM-kinase II or heat-inactivated
CaM-kinase II as control. The tips of whole-cell pipettes were filled with a solution
containing (in mM): 123 Cs-gluconate, 15.5 CsCl, 10 HEPES, 10 Cs-EGTA, 8 NaCl,

1 CaCl2, 2 Mg-ATP, 0.3 Na3-GTP, 0.2 cAMP, 10 D-glucose and 10 pM microcystin-LR
(pH 7.3 with CsOH, 280-290 mosM). These patch electrodes were then backfilled with
the same solution containing either 200 nM activated CaM-kinase II or heat-inactivated
CaM-kinase II. Cells were maintained at a membrane potential between -70 and -85 mV.

To evoke synaptic responses, stimuli (100 ps duration at a frequency of 0.05-

0.1 Hz) were delivered through fine bipolar stainless steel electrodes placed in stratum
radiatum. For two pathway experiments, two stimulating electrodes were placed on
either side of the recording electrodes. To elicit LTP tetani (4 trains of 100 pulses

[100 Hz] at 20 sec intervals) were delivered at test stimulus intensity. AMPA responses
were evoked by iontophoretically applying AMPA (negative 75-150 nA, 1 s) every 120 s
with an electrode containing 10 mM AMPA (pH 8) placed close to the cell body layer.
For the first 2-3 min after break-in, AMPA pulses were applied more frequently and the
iontophoretic current adjusted to obtain 100-200 pA responses.

Minimal stimulation recordings were stimulated at a frequency of 1 Hz. No
attempts were made to obtain recordings from only a single site. Instead, a stimulus level
was chosen which resulted in synaptic failures on 50% or more of the responses. Failure
rates were estimated by the method described in Chapter Two for successive epochs of
180 stimuli. Pipette solutions were exchanged using a 2PK+ perfusion kit (Adams &

List Assoc.). Fast green (1%) was included in the solution to verify diffusion into the
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cell, which took approximately 8-10 minutes (Figure 13). Unless otherwise stated, values
given in the text are means + s.e.m and significance was assessed using either a paired or
unpaired Student’s ¢ test.

Baseline values of EPSPs, EPSCs and iontophoretic responses were obtained from
averages of responses during the first two to three minutes (time O on each graph) or for
the perfusion experiments the 6 min prior to the time of perfusion and defined as 100%
for subsequent analyses. For all experiments neurons injected with activated or heat
inactivated CaM-kinase II were interleaved during daily sessions. The CaM-kinase II (o
subunit) was truncated at residue 316 to give a monomeric (30-40 kDa) enzyme,
expressed in baculovirus/Sf9 cells, and purified as described (Mikherji et al., 1994) . The
kinase (2 uM) was converted to its constitutively active form (30-40% of Ca®-
independent) by autothiophosphorylation as described (McGlade-McCulloh et al., 1993).
Inactivated kinase was heated for 10 min at 100° C prior to addition to the
autothiophosphorylation reaction. All kinase samples were diluted 2-fold (intracellular
recording) or 10-fold (whole-cell recording) in pipette solution just before use and were
maintained on ice. Aliquots were renewed within two hours after their preparation. After
some experiments, kinase activity of the internal solution containing the diluted activated

CaM-kinase II was measured and found to retain 80% of its original activity.

Results

We first tested the effects of the activated CaM-kinase 1I enzyme by adding it to
the whole-cell pipette solution (200 nM) and measuring the amplitude of excitatory

postsynaptic currents (EPSCs) over time. While a clear growth in the size of the EPSC
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was seen in some cells, the effect was variable and could not be systematically studied.
In an attempt to increase the reliability of this effect we included the phosphatase
inhibitor microcystin-LR (10 uM) in the pipette solution. Under these conditions a very
consistent growth in the size of the EPSC was observed (Figure 14). The size began to
increase significantly within 6-8 min after establishing the whole-cell recording, and the
maximum effect occurred at approximately 15-30 min (Figure 14B, filled circles). The
average size of the EPSC reached 164+16% (n=8) of the initially recorded EPSC. CaM-
kinase II had no effect on the cells' passive membrane properties. To ensure that the
enhancement resulted from the CaM-kinase II and not from nonspecific effects or from
the microcystin-LR, interleaved recordings were made with the identical internal
recording solution, except that heat-inactivated kinase (200 nM) was used instead of the
active kinase. Under these recording conditions, no enhancement was observed
(105+£6%, n=15) (Figure 14B, open circles).

To gain more insight into the mechanisms involved in the CaM-kinase II-induced
enhancement, we carried out experiments using minimal stimulation so that we could
record failures of evoked responses (Kullmann and Nicoll, 1992; Liao et al., 1992; Isaac
etal., 1995) . In these experiments, the pipette was internally perfused under visual
control to deliver the CaM-kinase II in a temporally controlled manner (see Methods). In
the example shown in Figure 15, the stimulus intensity was initially adjusted so that it
produced mostly failures. After a stable baseline was established, perfusion of the pipette
with CaM-kinase II was initiated and about 10 min later the failure rate began to decrease
accompanied by an increase in the mean size of the response (Figure 15B). A summary

of 5 experiments with the active kinase (Figure 16A; closed circles) demonstrates that the

65

LIPS
ESRL AL T
L

o
mu:;.;‘,w ‘m!‘yﬂ
AT L FINE bt L]

:.}u::x:f-‘
gl
-""-’"L:m:(
, )
By et
an dhomese
., Ly,
BRBTNAR T SN
4
e
mmeacu il

. -
I
—
—



failure rate on average decreased by 27+10% (P<0.02), while the heat- inactivated kinase
had no significant effect on either the failure rate (Figure 16A; open circles) or on the
mean size of the EPSC (Figure 16B) (n=5). Consistent with the decrease in failure rate
we also found that, associated with the increase in the evoked response, the frequency of
spontaneous EPSCs increased 32 + 6% (n=4) (compared to 6+4% [n=3]) for the heat-
inactivate CaM-kinase II (P<0.02) (data not shown).

The results presented thus far can be explained by either an increase in the
probability of transmitter release (Stevens and Wang, 1994) and/or an all-or-none
upregulation of clusters of AMPA receptors (AMPARs) (Liao et al., 1995; Isaac et al.,
1995) . Indeed, we also found that CaM-kinase II increased the size of the spontaneous
EPSCs (Figure 17A) (active = 36 + 3%, n=4; inactive = 624%, n =3 [P<0.002]). This
observation suggested that CaM-kinase II might be enhancing the EPSCs, at least in part,
by increasing the sensitivity of AMPARS to synaptically released glutamate. This
possibility was tested directly by monitoring the responses of CA1 cells to
inotophoretically applied AMPA. The response to AMPA slowly increased when the
recording pipette contained CaM-kinase II (151+10% measured at 40-50 min, n=8)
(Figures 17B, and C, filled circles), but not when it contained the inactive form
(101£14%, n=8) (Figures 17B; and C, open circles) (P<0.02). These results indicate that
CaM-kinase II, applied directly into the cell, can increase the sensitivity of AMPARSs, an
effect that likely contributes to the enhancement of the EPSC.

Are the effects of CaM-kinase II related to LTP? To address this question we
designed occlusion experiments in which the effects of CaM-kinase II on control

synapses were compared to its effect on synapses expressing LTP. In these experiments,
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two independent inputs onto the same population of pyramidal cells were monitored with
field electrode recordings (Figure 18A). A saturating level of LTP was induced in one of
the pathways (S1), while the other pathway (S2) served as a control (Figure 18A). Once
LTP was observed to be stable (typically within 60 min), a whole-cell recording was
made from a cell within the population sampled by the field electrode (Figure 18B). The
effect of CaM-kinase II on the LTP expressing pathway was then compared to the effect
on the control pathway (Figures 18B, and B;), while continuing to monitor the field
EPSPs from both pathways (Figure 18B3). Figures 18B; and B, demonstrate that
CaM-kinase II had its normal enhancing effect on the control pathway, but was without
effect on the pathway expressing LTP. A summary graph of all the experiments (Figure
19) clearly demonstrates that the enhancing action of CaM-kinase II was markedly
attenuated on synapses expressing LTP (an increase of 17+9%, n=6 versus 67+16%, n=6,
measured at 40-55 min from tetanized and untetanized pathways, respectively, P<0.0001)
(Figure 19B,). The average amplitude of the CaM-kinase II-induced potentiation was less
than that for saturated LTP (compare Figures 19A, and B,). This most likely is due to the
variable loading of the cells with the kinase, as suggested by the fact that the potentiation
observed in some of the loaded cells was equivalent to that observed with saturated LTP
(data not shown). To verify that this selective effect was, in fact, due to the

CaM-kinase II, a series of control experiments, in which heat-inactivated enzyme was
used, were interleaved with the above experiments (Figure 19B,) (n=6) and no change in
the EPSCs in either pathway occurred. The simultaneously recorded extracellular
responses to both the control and LTP expressing pathways remained constant in all of

these experiments (Figure 19A,).
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In a final set of experiments we performed the reverse occlusion experiment in
which we first potentiated the synapses with CaM-kinase II and then asked if this
potentiation affected the ability to induce LTP. Whole-cell recording techniques could
not be used for this experiment, because the ability to induce LTP washes out over the 10-
30 min period required for the CaM-kinase II effect to stabilize. We therefore loaded
sharp microelectrodes with the enzyme (1 pM). Because this method of loading neurons
with CaM-kinase II was less successful than that used with the whole-cell approach, we
only examined the ability to generate LTP in those cells in which CaM-kinase II caused
an enhancement. Figure 20A; shows a summary graph of these cells (n=5). In these
experiments we also simultaneously monitored field potentials, so that the magnitude of
LTP in the field could be compared to that generated in the cell. While tetanization
caused substantial LTP in the field (Figure 20A,), it produced no LTP in the cells loaded
with CaM-kinase II (Figure 20A) (208 + 40% vs. 79 + 33% of baseline, P<0.0001 for
field potential and intracellular recordings, respectively). In a series of control
experiments with the heat-inactivated enzyme, the magnitude of the LTP in the cells
(Figure 6B) was similar to that recorded in the field (Figure 20B;) (n=5). These findings
provide further evidence that LTP and CaM kinase II enhance EPSCs by the same

underlying mechanisms.

Discussion

The hypothesis that CaM-kinase II mediates the effects of the NMDAR-dependent
rise in postsynaptic Ca* that triggers LTP is attractive and is based on a variety of

experimental approaches. First, biochemical studies have shown that the kinase can act

68

Yy,
R SL
'.J‘

":"'El.w:l"u!m

PITTRETTING il i)

- g R -l

e, g
-,

ypint? a-t

[EPeT R O]
-, ",g..cIQ o
-.Wuaw Ji.
RN §TRTL A
¥
RIS ISR o2 L



as a molecular switch, conferring properties that are advantageous for long-lasting storage
of changes initiated by brief Ca** signals (Lisman, 1985; Miller and Kennedy, 1986;
Lisman, 1994). Second, manipulations that interfere with CaM-kinase II function
interfere with LTP. These experiments include the use of inhibitors ( Malenka et al.,
1989; Malinow et al., 1989; Ito et al., 1991; Wyllie and Nicoll, 1994) and the knockout of
the o subunit of CaM-kinase II in mice (Silva et al., 1992). Third, LTP is associated with
an increase in the activity of the Ca* independent form of CaM-kinase II (Fukunaga et al.,
1993). Fourth, recent experiments established that one of the targets for CaM-kinase Il is
the AMPAR itself. Thus, activated CaM-kinase II can phosphorylate AMPARSs in the
postsynaptic density, and can enhance responses to AMPAR agonists in cultured
hippocampal neurons (McGlade-McCulloh et al., 1993) and acutely isolated dorsal root
ganglion neurons (Kolaj et al.,1994). Responses evoked by activating GluR 1 receptors
expressed in oocytes are also enhanced by CaM-kinase II (Yakel et al., 1995).

The present results demonstrate that in hippocampal pyramidal cells in situ
CaM-kinase II enhances EPSCs and that this enhancement is due, at least in part, to an
enhancement of AMPAR sensitivity, thus extending previous results in cultured neurons
(McGlade-McCulloh et al., 1993) and spinal cord neurons (Kolaj et al.,1994).
CaM-kinase II also caused an increase in the frequency of spontaneous EPSCs and a
reduction in the number of failures of evoked responses. These results can be explained
by a presynaptic enhancement in transmitter release (Stevens and Wang, 1994) and/or an
all-or-none upregulation of clusters of AMPARSs ( Isaac et al., 1995; Liao et al., 1995).
The finding that the enhancement of responses to exogenously applied AMPA was of

similar magnitude to that observed with the evoked EPSC favors the latter hypothesis.
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Most importantly, occlusion experiments establish that the synaptic enhancement evoked
by CaM-kinase II shares the same underlying mechanism as LTP. Two reports recently
appeared that examined the effects of over expression of constitutively active
CaM-kinase II on LTP. One study found that over expression with vaccinia virus in the
hippocampal slice impaired the ability to induce LTP (Pettit et al., 1994) , while the other
study using transgenic mice found no impairment in LTP (Mayford et al., 1995) , even
though significant effects on LTD were observed. The results of our acute experiments
are more consistent with the former study.

Based on the use of inhibitors it has been proposed that protein kinase C activity
(PKC) ( Linden and Routtenberg, 1989; Malinow et al., 1989; Wang and Feng, 1992;
Hvalby et al., 1994) and tyrosine kinase activity (O’Dell et al., 1991) are also required
for LTP. Since our results indicate that CaM-kinase II alone mimics LTP, either
CaM-kinase II can, in some unknown manner, activate these enzymes, or certain levels of
basal PKC and tyrosine kinase activity are required in order for CaM-kinase II to cause a
synaptic enhancement.

In summary, the present results indicate that the enhancement of synaptic strength
caused by postsynaptic injection of activated CaM kinase II shares the same underlying
mechanism(s) as LTP. It would appear that elucidating the substrates targeted by
CaM-kinase II should shed considerable light on the molecular mechanisms underlying
LTP. A likely target is the AMPAR itself, which is colocalized in the PSD with CaM-
kinase II. Therefore, defining the mechanism by which CaM-kinase II increases

AMPAR function should be particularly informative.
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Figure 13. Perfusion of the Dye Fast Green occurs in 8-10 Minutes
IR images of hippocampal slice at specified times following introduction of the dye Fast

Green into the patch pipette (time=0) using a patch perfusion system.
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Figure 14. The Activated Form of CaM-kinase II Potentiates Evoked EPSCs Recorded
in Hippocampal CA1 Neurons.

A. The average of 6 consecutive EPSCs obtained during whole-cell recordings at the
indicated times following break-in are shown. Recordings were made with pipette
solutions containing activated (upper traces) or heat-inactivated CaM-kinase II (lower
traces). EPSCs are superimposed to the right.

B. Graph of summarized data illustrating the time course of EPSC amplitudes (see
Methods for normalization procedure), in the presence of activated (filled circles) or heat-

inactivated (open circles) CaM-kinase II.
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Figure 15. Individual Example showing the effects of CaM-kinase II perfusion on
EPSCs evoked with minimal stimulation .

A. Individual example shows the decrease in failure rate following exchange of the
pipette solution with one containing activated CaM-kinase II. Time O is defined as when
the solution reaches the tip of the electrode.

B. Average of 100 (top) or composite of 6 consecutive traces (bottom) at times indicated.
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Figure 16. CaM-kinase II induced potentiation is associated with a change in the number

of synaptic failures

A. Summary of failures for experiments using activated (filled circles) or heat-

inactivated CaM-kinase II (open circles).

B. Average amplitude of all events (including failures) for the same set of experiments.
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Figure 17. Postsynaptic sensitivity to AMPA is increased by CaM-kinase II.

A. Amplitude of spontaneous events increases with CaM-kinase II potentiation.
Cumulative amplitude distributions (A;) comparing events collected 2-10 min (open
circles) and 40-48 min (filled circles) after break-in with a CaM-kinase II containing
pipette. Averages of events shown in panel A, are shown in A, superimposed (upper
traces) and scaled (lower traces).

B. Chart records of membrane current from voltage-clamped CA1 pyramidal cells held at
-75 mV show responses to brief iontophoretic pulses of AMPA. The presence of
activated but not heat-inactivated CaM-kinase II potentiated AMPA responses 45 min
after recordings were initiated.

C. Plots of summarized data illustrating the time courses of the mean amplitude of
AMPA-induced current expressed as percentage of the mean control amplitude, in the
presence of either activated (filled circles) or heat-inactivated CaM-kinase II (open

circles).
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Figure 18. CaM-kinase II-induced potentiation of evoked EPSCs is occluded at synapses
expressing saturated LTP.

A. Two independent inputs (S1 and S2) onto the same population of CA1 neurons were
alternatively stimulated. LTP was induced by tetanic stimulation of S1; S2 served as the
control input. Average of 15 consecutive traces (A;) from a representative experiment
were taken at the indicated times. (A;) Normalized field EPSP slopes evoked in the
tetanized pathway (S1; filled circles) and in the untetanized control pathway (S2; open
circles). Two tetanizations were given in this experiment (see arrows).

B. Simultaneous recordings of whole-cell EPSCs obtained with a pipette containing
CaM-kinase II (B, and B,) and field potentials (B;) performed 80 min after having
induced LTP (A,). EPSCs and field EPSPs were normalized to the initial responses at the
beginning of the whole-cell experiment (dotted baseline). Panel B; shows representative

EPSCs recorded at the indicated times from the two independent pathways.
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Figure 19. Summary data showing occlusion of LTP by the CaM-kinase II-induced
potentiation.

A. The time course of changes in extracellular field EPSPs. A, illustrates LTP was
induced in S1, but not S2, prior to whole-cell recordings; and A, the stability of field
EPSPs during the whole-cell recordings (normalized to the initial recordings at the
beginning of whole-cell experiments). Arrow indicates the time of the first tetanus given
to S1.

B. Graph illustrating potentiation of EPSC amplitudes by CaM-kinase II only in the
untetanized control pathway (S2; open circles) (panel B;). EPSCs did not change when
the pipette solution contained heat-inactivated CaM-kinase II (B;). Because there was no
difference in the magnitude of LTP induced in the two sets of experiments (active

kinase = 117+11% [n=6]; inactive kinase = 102+10% increase [n=6]), the data from these

experiments were combined in A.
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Figure 20. Summary data from occlusion experiments examining LTP at synapses
already potentiated by activated CaM-kinase II.

A. Time course of EPSP changes recorded with intracellular electrodes containing CaM-
Kinase II (A,) with simultaneous recordings of field potentials (A,).

B. Similar experiments using heat-inactivated CaM-Kinase Il as a control. Arrow
indicates the tetanus given at time O min. Slopes of EPSPs in LTP were then re-
normalized 5 min before the tetanus (dotted baseline). Insets show averaged EPSPs taken
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Summary

Despite extensive investigation, it remains unclear whether presynaptic and/or
postsynaptic modifications are primarily responsible for the expression of long-term
potentiation (LTP) in the CA1 region of the hippocampus. Here we address this issue by
using techniques that maximize the likelihood of stimulating a single axon and thereby
presumably a single synapse before and after the induction of LTP. Several basic
properties of synaptic transmission were examined including the probability of
neurotransmitter release (p,), the quantal amplitude (g), and the potency, which is defined
as the average size of the postsynaptic response when release of transmitter does occur.
LTP was routinely associated with an increase in potency, whereas increases in p, alone
were not observed. LTP was also reliably induced when baseline p, was high indicating
that synapses with high p, can express LTP. These results suggest that the mechanism for
the expression of LTP involves an increase in g and is difficult to explain by an increase

in p, alone.

Introduction

Long-term potentiation (LTP), an activity-dependent, long-lasting increase in
synaptic strength, has received considerable attention because of its potential role in
learning and memory. However, confusion exists concerning whether the locus of
expression of LTP in hippocampal CA1 pyramidal cells is primarily presynaptic or
postsynaptic (Kullmann and Siegelbaum, 1995). One approach that has been used by
several laboratories involves the technique of minimal stimulation in the CAl region in

which the stimulus is reduced to a level so that only a single or a few fibers are activated.
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In most of these studies (Malinow and Tsien, 1990; Kullmann and Nicoll, 1992; Larkman
et al., 1992; Liao et al., 1992; Stevens and Wang, 1994; Bolshakov and Siegelbaum,
1995; Stricker et al., 1996b) LTP was associated with a decrease in the incidence of
synaptic failures, a result that has been attributed to an increase in the probability of
transmitter release (p,). Evidence was also presented that an increase in quantal amplitude
(g) accompanied LTP (Foster and McNaughton, 1991; Kullmann and Nicoll, 1992;
Larkman et al., 1992; Liao et al., 1992), a result that, in contrast, is consistent with a
postsynaptic modification.

Recently, an alternative explanation has been offered for the change in failures
associated with LTP (Isaac et al., 1995; Liao et al., 1995): silent synapses that lack
functional AMPA receptors may exist and be converted to functional synapses following
the induction of LTP. Such a scenario provides a postsynaptic mechanism that can
explain almost all of the electrophysiological changes observed during LTP. However,
results from two recent reports, based primarily on minimal stimulation in either the CA1
region (Stevens and Wang, 1994) or in the CA3 pyramidal cell layer (Bolshakov and
Siegelbaum, 1995) appear to be incompatible with a significant postsynaptic contribution
to LTP since no change in g was observed. Instead it was proposed that LTP must be due
solely to a robust increase in p,.

One possible explanation for the discrepancy between the results obtained with
minimal stimulation is that in those studies suggesting a change in g, more than one fiber
was stimulated whereas in the studies reporting only changes in p,, multiple fibers were
never inadvertently activated. Since several other lines of evidence suggest that LTP is

associated with postsynaptic changes (Davies et al., 1989; Manabe et al., 1992; Oliet et
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al., 1996), we have reinvestigated the quantal changes that occur during LTP when every
effort is made to activate only a single fiber, and presumably a single synapse. In contrast
to some recent results (Stevens and Wang, 1994; Bolshakov and Siegelbaum, 1995), we
find that when LTP is examined with single fiber stimulation, it is routinely associated

with a significant increase in g and cannot be explained by an increase in p, alone.

Methods

Transverse hippocampal slices were prepared from 12-18 day-old Sprague-
Dawley rats. 100 uM picrotoxin was included in the external solutions during all
experiments. The composition of the whole-cell solution was 107.5 mM cesium
gluconate, 20 mM Hepes, 0.2 mM EGTA, 5 mM QX-314-bromide, 8 mM NaCl, 10 mM
tetracthylammonium chloride, 4 mM MgATP, and 0.3 mM GTP (pH 7.2). For both
whole-cell and perforated patch-clamp recordings only cells with initial seal resistances
greater than 10 GQ were used. Cells were held at -60 mV unless otherwise stated and
series resistance was monitored continuously during recordings as described in Chapter
Two. For perforated patch-clamp recordings data collection commenced only when the
series resistance had stabilized, typically 20-40 minutes after seal formation. The mean
series resistance values were: whole-cell = 13.2 £ 2.6 MQ, n =8; perforated patch-
clamp =33.0 £ 2.0 MQ, n = 13. EPSCs were evoked at 0.67 Hz (whole-cell) or 0.33-0.5
Hz (perforated patch) using a patch electrode filled with external solution as a stimulating
electrode. It was placed in stratum radiatum as far away as possible (1-3 mm) from the
recording site. During perforated patch recording experiments, it was difficult to find a

response that met criteria for a single fiber response and it was often necessary to change

90

SR ITTION

"i»mﬂ!""l“‘”
JOXTISTH SR
»’u.u,'!‘,lifﬁ’
Byt e
b emmir
B
W i
RSN SA
i

i
2
—
'



stimulation position while recording in order to do so (success rate was 13 of 24 stimulus
positions tested). Once afferent stimulation was commenced, it was maintained at the
same frequency without interruption for the entire experiment. LTP was induced by
depolarizing the cell to -10 mV (whole cell) or +10 mV (perforated patch) for 100
consecutive stimuli.

At the end of the majority of experiments (18 of 21 cells), CNQX (10 pM) was
applied and the contribution of the stimulus artifact to evoked EPSCs subtracted. The
magnitude of LTP was calculated by averaging all of the responses (successes and
failures; 400-1000 total) beginning 5 min after the LTP induction protocol and comparing
this to the average of all the responses collected during the baseline period (150-200
events). Potency (Stevens and Wang, 1994) was defined as the mean amplitude of the
EPSC (calculated by averaging all trials together) divided by the number of trials
classified as successes (i.e. 1 - failure rate). If only a single release site is being activated,
potency will be the same as quantal size (g). For all data analysis and data presentation in
figures, the events collected for the 5 minutes following the pairing protocol were not
used. For calculation of the paired pulse potency and for failure rates during single axon
tests, both visual classification of failures (Stevens and Wang, 1994) and the method
described above (Liao et al., 1995) were used. In the cells in which paired pulse data was
collected, an epoch of 100 paired pulse stimuli (inter-pulse interval 40-70 msec) was
delivered either immediately prior to, or during the baseline period and was then
discontinued. Another epoch of 100 paired pulse sweeps was also collected following
pairing. Data are expressed as mean + S.E.M. Simple binomial and Poisson distributions

were used to model the data.
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Results

We first investigated the properties of LTP with putative single fiber activation
using standard whole-cell recording and minimal stimulation. By reducing the
stimulation intensity until no response was detected on approximately 50% of the trials,
we assumed, as previously reported, that we were predominantly recording EPSCs from
one fiber and perhaps even a single release site (Stevens and Wang, 1994; Allen and
Stevens, 1994; Stevens and Wang, 1995). In the example shown in Figure 21, the initial
failure rate was 0.73 and the calculated potency was 4.5 pA. LTP was induced (Figure
21A, Pairing) by holding the cell at -10 mV for 100 stimuli while stimulation was
maintained at baseline frequency. This method avoids any possible frequency-dependent
changes in axon excitability or stimulation electrode properties. As illustrated in Figure
21B, and 21B,, robust LTP was elicited (312%) which was accompanied by a marked
increase in potency (to 8.7 pA, 195% of baseline, Figure 1B3) but only a modest decrease
in the failure rate (to 0.58; 79% of baseline failure rate). Figure 21C shows amplitude
histograms of the events recorded prior to (thin line) and following (thick line) LTP
induction. The most salient feature of this graph is that the small events (~2-5 pA) which
make up the majority of the successes during the baseline period have largely disappeared
and have shifted to larger amplitudes (~7-25 pA). This shift in the amplitude distribution,
which indicates an increase in potency (Figure 21B3), is consistent with an increase in g
during LTP. The “peakiness” in the distribution of the small events seen in this and
subsequent histograms is, most likely, a sampling artifact due to the relatively small

number of events in each bin rather than reflecting quantal peaks due to stimulation of
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multiple synapses (Magleby and Miller, 1981; Walmsley, 1995; Frerking and Wilson,
1996). Even if we assume that a large number of release sites were activated during the

baseline, for a uniform increase in p, to account for the observed shift in the amplitude

distribution, the failure rate would have had to decrease to less than 0.1 during LTP rather

than the observed rate of 0.58.

Similar results were observed in a total of 8 cells in which LTP (258 + 30%) was
evoked. LTP was accompanied by a significant increase in potency in all cells (194
22%) and a modest reduction in the failure rate in some cells (0.60 + .04 during baseline,
0.47 = .04 during LTP). Figure 22A shows the ratio of potencies before and after LTP
induction (Potency Ratio) plotted as a function of the magnitude of LTP. The horizontal
line represents the expected relationship for a change in p, alone at a single release site,
the upper diagonal line represents a change in g alone, and the lower diagonal line a
change in p, alone for a Poisson distribution (a worst case scenario in which the
assumption is that a large number of low p, sites were being activated). Figure 22A
shows the ratio of success rates before and after LTP induction (SR Ratio) plotted as a
function of the magnitude of LTP. In this graph, the diagonal straight line represents the
expected relationship for a change in p, alone at a single release site, the curved line the
expected relationship for a change in p, alone for a Poisson distribution, and the
horizontal line the expected relationship for a change in g alone. Whether or not a single
or multiple release sites were activated in each of these experiments, these data indicate
that LTP was unlikely to have been generated by a change in p, alone but instead must

have involved changes in g and possibly n.
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Since the whole-cell experiments produced results different from those previously
reported using similar techniques (Stevens and Wang, 1994; Bolshakov and Siegelbaum,
1995), we decided to take the additional steps of using stimulus intensity ramps (Raastad,
1995) and paired pulse analysis (Stevens and Wang, 1995) to maximize the likelihood of
stimulating a single axon and most likely a single synapse (Sorra and Harris, 1993). With
standard whole-cell recordings the ability to induce LTP “washes out” within 10-15
minutes (Malinow and Tsien, 1990), and there was insufficient time to perform these
single fiber/single synapse tests satisfactorily and still be able to induce LTP. We
therefore used amphotericin-B perforated patch-clamp recording techniques (Rae et al.,
1991) that allowed us to generate LTP more than an hour after the start of an experiment.
Figure 23 shows the data from the beginning of a typical experiment in which the
stimulus intensity was increased in a stepwise manner by about 7% (.02 V) every 25
stimuli. The EPSC amplitudes and failure rates show a threshold at a stimulation
intensity of 0.30 V, and the next two successive increases in intensity did not produce any
further increase in mean EPSC amplitude or a reduction in failure rate. This plateau in
the response despite continued increases in stimulus intensity strongly implies that a
single axon contacting the recorded cell was being activated reliably (Raastad, 1995;
Raastad et al., 1992). It is possible that with this technique, we are stimulating additional
fibers that either do not contact the recorded cell or make synapses that are pre- or
postsynaptically silent.

Similar single axon tests were performed in 16 cells using perforated patch
recording. Because the interpretation of the data from these experiments is critically

dependent on the reliable activation of a single axon contacting the recorded cell, every
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effort was taken to ensure that this occurred in all cells used for data analysis. To
minimize any possible time dependent effects on axon excitability, the order in which the
stimulus intensities were changed while performing the single axon test was varied
between cells (see Raastad, 1995): seven were performed in successive stimulus intensity
increments, four in successive decrements, and five in random order. The stimulus
intensity at the middle of the plateau was selected for data collection. In three of the
cells, the stimulating patch electrode was pressed onto the CA3 cell body layer as
previously described (Bolshakov and Siegelbaum, 1995). In addition, in a subset of cells
(n=8) paired pulse stimulation was used to address whether a single release site was being
activated (Stevens and Wang, 1995). The reasoning behind this approach is that paired
pulse stimulation presumably only affects p,: if two release sites are being activated, the
potency of the responses to the second stimulus will be greater than the potency of the
first because the increase in p, on the second response will increase the likelihood that
both sites will release simultaneously. This manipulation also permitted us to determine
whether we were activating the fiber reliably. If a significant fraction of the observed
failures was due to axon excitation failures, the potency of the second response would be
smaller for trials in which the first response was a failure versus trials in which the first
response was a success (Stevens and Wang, 1995). By taking these precautions and
performing these analyses, we have maximized the likelihood that only a single axon
contacting the recorded cell is being stimulated reliably. If a cell failed either the single
axon test or the paired pulse test it was not used for further data analysis.

Figure 24 shows one example of the changes that occurred at a putative single site

following the induction of LTP. Both the individual data points (Figure 24A) and the
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amplitude histogram (Figure 24C) show that there was a clear increase in potency (Figure
24B;: 8.1 pAto 17.1 pA) and that virtually all of the small (<10 pA) events disappeared
following LTP induction and were replaced by larger events. Despite this dramatic
increase in potency, the failure rate (the area under the peak centered at 0 pA) did not
decrease following LTP. Thus, in this cell, all of the LTP can be attributed to an increase
in potency, which is equivalent to g if only a single site is involved, with no apparent
change in p,. Similar results were observed in four of the eight cells in which LTP was
generated (see summary in Figure 27).

An example that is typical of the changes that occurred in the remaining four cells
is shown in Figure 25. After performing the single axon test a baseline of 200 responses
was obtained. Following the induction of LTP there was an increase in the potency
(Figure 25C3, 2.0 pA to 9.5 pA) and a shift to the left in the amplitude distribution
(Figure 25D). There was also a decrease in the failure rate (from 0.78 to 0.55), which
could be attributed to an increase in p, and/or an increase in n. Examination of the paired
pulse data can help distinguish between these possibilities. Figure 26A shows that during
the baseline, paired pulse facilitation was elicited by the two stimuli but that the potency
remained the same (paired pulse potency ratio=0.95) suggesting that a single, functional
release site was being activated (Stevens and Wang, 1995). However, after LTP
induction the paired pulse potency ratio increased to 1.27 (Figure 26B). This could not
have been caused by a change in p, at a single release site and suggests that in this cell
LTP may have been associated with an increase in n in addition to an increase in g. Very
similar results were also obtained in a second cell in which paired pulses were given for a

period during the baseline and following the induction of LTP: the baseline paired pulse
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potency ratio was 1.00 and increased to 1.21 during LTP again suggesting that an increase
in n had occurred (data not shown).

Figure 27 shows a summary of the eight cells which met criteria for reliable
stimulation of a single axon. In four of these cells, paired pulses were applied during the
baseline period and the paired pulse potency ratio was not greater than 1, implying that a
single, functional synapse was being stimulated. In panel A, the change in potency
following LTP is plotted as a function of the magnitude of LTP. The diagonal line is the
expected relationship for a change in g only, the horizontal line for a change in p, only at
a single release site, and the curved line for a change in p, only for a Poisson distribution.
It can be seen that LTP was accompanied by an increase in potency in all eight cells (i.e.
all points are above the horizontal line). In panel B, the change in the rate of successes
following LTP is plotted as a function of the magnitude of LTP. In this graph, the
horizontal line is the expected relationship for a change in g only, the diagonal line for a
change in p, only at a single release site, and the curved line for a change in p, only for a
Poisson distribution. This graph illustrates that in four of the cells there was no
significant increase in the success rate. In the other four cells the success rate did
increase. While in these cases it is impossible to rule out that an increase in p,
contributed to the LTP, even assuming a Poisson distribution, an increase in p, alone
cannot account for the results.

It has been reported that synapses with a p, >~0.8 cannot express LTP, a finding
that has been used as evidence that an increase in p, alone is responsible for LTP
(Bolshakov and Siegelbaum, 1995). To test this hypothesis directly in a final set of

perforated patch experiments, we increased the concentration of Ca”* in the external
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medium to 5 mM (Mg®* was unchanged) to raise p, and attempted to elicit LTP. Under
these conditions, the success rate was increased dramatically to 0.84 + 0.05 (n=5) yet LTP
was induced in all 5 cells (2471+58%). Figure 28 shows the results from one of these
cells. Consistent with a high success rate at this site, paired stimuli elicited a paired pulse
depression (Figure 28D,) but no change in potency (Figure 28D,). Following the pairing
protocol during which the cell was depolarized to +10 mV, stable LTP was induced
(figure 28A, B, and B,). This was accompanied by a large increase in potency (Figure
28B;: potency increased by > 4 fold), a dramatic shift in the amplitude distribution to
larger events (Figure 28C) and no significant decrease in the failure rate. Thus, as in
several of the cells recorded in 2.5 mM external Ca2+, there was a dramatic increase in
potency and no apparent change in p,. A summary of these experiments (Figure 29)
emphasizes that, despite the very high baseline Pr, LTP could be reliably induced and was

not dependent on the initial p,.

Discussion

The ability to examine LTP at a single synapse would be an extremely powerful
approach for determining its mechanism of expression because theoretically it allows the
three classic parameters of synaptic transmission, p,, n, and g, to be determined directly.
Recent studies (Stevens and Wang, 1994; Bolshakov and Siegelbaum, 1995) have
provided evidence that such an approach is possible and that with this approach increases
in p, alone are responsible for LTP. These results, however, have been difficult to
reconcile with a number of other studies suggesting that changes in g and n occur during

LTP (Davies et al., 1989; Foster and McNaughton, 1991; Kullmann and Nicoll, 1992;
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Larkman et al., 1992; Liao et al., 1992; Manabe et al., 1992; Isaac et al., 1995; Liao et al.,
1995; Oliet et al., 1996; Stricker et al., 1996b). We have therefore re-examined LTP at
putative single synapses primarily using perforated patch-clamp recording techniques that
allowed sufficient time to carry out various tests that maximized the likelihood that we
were stimulating a single fiber prior to inducing LTP. We found that in all 13 of the cells
that met our criteria for single axon stimulation, LTP was accompanied by an increase in
potency and that a change in p, alone could not account for the results. Identical results
were obtained in an additional eight cells in which standard whole-cell recording was
used but for which time did not permit rigorous tests for single axon stimulation.

Anatomical data suggest that most (>70%) individual axons in the CA1 region
make a single contact with the dendritic tree of an individual CA1 pyramidal cell (Sorra,
and Harris, 1993). Thus, stimulation of a single fiber, in most instances, should activate a
single synapse on the cell being examined. An important unresolved issue is whether at a
single release site, the quantal variability is large or small. The large variability in
response size typically observed with minimal stimulation has been interpreted as
reflecting the release of muliple quanta (Kullmann, and Nicoll, 1992; Liao et al., 1992;
Stricker et al., 1996a). However several recent studies, including the present one, in
which particular attention has been paid to maximizing the stimulation of a single fiber,
favor the conclusion that considerable quantal variability exists at a single release site
(Stevens and Wang, 1994; Raastad, 1995; but see Bolshakov and Siegelbaum, 1995).

If a single synapse is being examined, potency, defined as the mean amplitude of
responses when transmitter release occurs (Stevens and Wang, 1994), is equivalent to q.

However if multiple synapses are being sampled, an increase in potency could be due in
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part to an increase in p, at a number of these sites. Several lines of evidence argue against
this scenario explaining our results. First, in all cells in which paired pulse facilitation
was elicited prior to LTP, the potency ratio was not greater than 1. If multiple release
sites were being activated, the potency in response to the second stimulus should be larger
than that in response to the first (Stevens and Wang, 1995). It is important to
acknowledge, however, that this paired pulse test has limitations in terms of its sensitivity
such that activation of additional sites with small quantal sizes or low p, conceivably
could be missed (Stevens and Wang, 1995; Malinow and Mainen, 1996). Second,
assuming a Poisson distribution as a worst case scenario, the changes observed during
LTP cannot be accounted for by an increase in p, alone. Third, the magnitude of the
decrease in the failure rate, when this occurred, was never sufficient to account for the
shift in the amplitude distributions from small to larger events.

The change in failure rate, however, could be explained by an increase in the
number of functional synapses (n). Indeed, the changes in the paired pulse potency ratio
observed in two cells following LTP induction are consistent with this possibility. Such a
mechanism could account for all the data sets in which the number of failures decreased,
and agrees with recent reports of changes in n contributing to LTP (Kullmann, 1994;
Isaac et al., 1995; Liao et al., 1995; Stricker et al., 1996b).

None of our results, however, definitively rules out a contribution of an increase
in p, to LTP. Formally, it is still possible that changes in p, alone could account for the
results. In one scenario a selective increase in the p, at a synapse with a large quantal size
and a p, that was close to zero prior to LTP would have to be coupled with a dramatic

decrease in p, at a synapse with a much smaller quantal size and high p, during the
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baseline period. A second possible explanation is that a large component of the failures
are actually failures to excite the axon and that a large number of synapses are being
inconsistently activated. However, this seems very unlikely because, as previously
mentioned, an analysis of the paired pulse data revealed that there was no correlation
between release occurring in response to the first and second stimuli of the pair.

Perhaps the strongest evidence indicating that an increase in p, alone cannot
account for LTP is the finding that LTP can still be elicited at synapses which at baseline
exhibit very high success rates (Figure 5). One reason this may not have been observed in
a previous study of high p, synapses (Bolshakov and Siegelbaum, 1995) could be that
perforated patch recording techniques were not used and “wash-out” occurred (Malinow
and Tsien, 1990).

However, wash-out cannot explain the discrepancy between this study and two
previous studies which report no change in potency during LTP was observed (Stevens
and Wang, 1994; Bolshakov and Siegelbaum, 1995). It is not clear what accounts for this
difference. The non-linear effects of series resistance on small EPSCs are not well
understood, but very high (>80 MQ) can produce histograms with discreet peaks between
successes and failures (Liithi, A., personal communication). Furthermore, it is unclear
what effect series resistance may play on potency measures. Neither of the previous
studies report values for series resistance. Alternatively, some systematic bias, on the part
of either group, may underlie this discrepancy. Resolution of this issue may provide
important insights into the underlying mechanisms responsible for the expression of

NMDA receptor-dependent LTP in the hippocampus.
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Figure 21. LTP monitored with whole-cell recording and minimal stimulation is
associated with an increase in potency.

A. Individual response amplitudes during the course of an experiment (A-C from one
experiment). Time O (not shown) is the time at which the whole cell recording
configuration was established.

B. Traces from the experiment in A: (B), left panel) Average (n=100) of responses
during baseline. (B, right panel) 9 superimposed consecutive responses from the
baseline. (B>, left panel) Average of responses during LTP (10 min. after pairing to the
end of the recording). (B, right panel) 9 superimposed consecutive responses during
LTP. (B3) superimposed averages of successes only during baseline (smaller trace) and
LTP (larger trace; same epochs as used for averages in B; and B,).

C. Amplitude histograms (bin width = 0.5 pA) of all baseline data (thin line), and all data

from 5 mins after the end of pairing (thick line).
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Figure 22. Summary data for eight whole-cell experiments (each coded with a symbol
that is consistent for both graphs)

A. Potency ratio plotted as a function of LTP magnitude. Horizontal line is the expected
relationship for a change in p, only at a single site, upper diagonal line for a change in g
only, and lower diagonal line for a change in p, only for a Poisson distribution. The extent
of the solid portion of the lower diagonal line represents the largest amount of LTP that
can be generated using this model for the greatest experimentally observed change in
failures. The shaded areas indicate the portions of the graph in which an increase in p,
alone could account for LTP.

B. Success rate (SR) ratio (LTP/baseline) plotted as a function of LTP magnitude.
Horizontal line represents the expected relationship for a change in g only, diagonal line
for a change in p, only at a single release site, and curved line for a change in p, only for a

Poisson distribution.
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Figure 23. Example of a single axon stimulation test monitored with perforated patch
recording.

A. Individual (®) and mean ( ; 17 responses) EPSC amplitudes for each stimulus
intensity during stepwise decreases in stimulus intensity (solid line).

B. Success rate as a function of the stimulus intensity.

C. Averaged EPSCs (25 responses) for each stimulus intensity.
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Figure 24. Example of LTP monitored with perforated patch recording and single axon
stimulation that was associated with an increase in potency and no decrease in failure rate
A. Individual response amplitudes during the course of an experiment. Time O (not
shown) was the time at which a 10 GQ seal was established.

B. Traces for the above experiment: (B, left panel) Average of responses (n=100)
during the baseline. (B, right panel) 9 superimposed consecutive traces from the
baseline. (B, left panel) Average of responses (n=100) during LTP (10 min after
pairing). (B,, right panel) 9 superimposed consecutive responses during LTP. (B3)
Superimposed averages of successes only during baseline (smaller trace) and LTP (larger
trace; same epochs as used for averages in B; and B,).

C. Amplitude histograms (bin width = 0.5 pA) of all baseline data (thin line) and all LTP

data from 5 min after the end of pairing (thick line).
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Figure 25. Example of LTP monitored with perforated patch recording and single axon
stimulation that was associated with an increase in potency and a decrease in failure rate
A. Individual response amplitudes during the course of the experiment. Time O was the
time at which a 10 GQ seal was established.

B. Traces for the above experiment: (B, left panel) Average of responses (n=100) during
the baseline, (B, right panel) 9 superimposed consecutive traces from the baseline. (B,,
left panel) Average of responses (n=100) during LTP (10 min after pairing). (B, right
panel) 9 superimposed consecutive responses during LTP. (B3) Superimposed averages of
successes only during baseline (smaller trace) and LTP (larger trace; same epochs as used
for averages in B, and B»).

C. Amplitude histograms (bin width = 0.3 pA) of all baseline data (thin line), and all

LTP data from 5 min after the end of pairing (thick line).
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Figure 26. Paired pulse stimulation indicates an increase in n during LTP.

A. Paired pulse stimulation data during baseline. (Left panel) Average (n=100) of
responses to paired pulse stimuli (70 ms interval) collected during the baseline. (Right
panel) Superimposed averages of successes only to the first stimulus and second stimulus
during baseline paired pulse stimulation.

B. Paired pulse stimulation data during LTP. (Left panel) Average (n=100) of responses
to paired pulse stimuli collected during LTP (30 min after pairing) (Right panel)
Superimposed average of successes only to the first stimulus and second stimulus when

paired pulse stimulation was applied during LTP.
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Figure 27.  Summary data for all eight perforated patch LTP experiments in 2.5 mM
Ca”* (each data set is coded with a symbol which is consistent for both graphs).

A. Potency ratio plotted as a function of the LTP magnitude. Horizontal line is the
expected relationship for a change in p, only at a single site, diagonal line for a change in
q only, and curved line for a change in p, only for a Poisson distribution. The solid
portion of the curved line represents the greatest LTP that could be generated using the
largest experimentally observed change in failure rate.

B. Success rate (SR) ratio plotted as a function of LTP magnitude. Horizontal line
represents the expected relationship for a change in g only, diagonal line for a change in
pronly at a single release site, and curved line for a change in p, only for a Poission
distribution. The shaded areas indicate the portions of the graph in which an increase in p,
alone could account for LTP. The symbols containing a plus sign represent experiments

in which the stimulation electrode was placed on the CA3 cell body layer.
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Figure 28. LTP can be induced even when p, is high.

A. Individual response amplitudes during the course of the experiment. Time O was the
time at which a 10 GQ seal was established.

B. Traces for the above experiment: (B, left panel) Average of responses (n=100) during
the baseline, (B, right panel) 9 superimposed consecutive traces from the baseline. (B,,
left panel) Average of responses (n=100) during LTP (10 min after pairing). (B,, right
panel) 9 superimposed consecutive responses during LTP. (B3) Superimposed averages of
successes only during baseline (smaller trace) and LTP (larger trace; same epochs as used
for averages in B, and B»).

C. Amplitude histograms (bin width = 1.0 pA) of all baseline data (thin line), and all

LTP data from 5 min after the end of pairing (thick line).
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Figure 29. Summary graph of five perforated patch experiments in S mM Ca”* in which

baseline success rate is plotted as a function of LTP magnitude.
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CHAPTER SIX

SYNAPTIC REFRACTORY PERIOD PROVIDES A MEASURE OF
PROBABILITY OF RELEASE IN THE HIPPOCAMPUS
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Summary

Despite extensive research, much controversy remains regarding the locus of
expression of long-term potentiation (LTP) in area CA1 of the hippocampus, specifically,
whether LTP is accompanied by an increase in the probability of release (p,) of synaptic
vesicles. We have developed a novel method for assaying p, which utilizes the synaptic
refractory period—a brief 5-6 ms period following release where the synapse is incapable
of transmission (Stevens and Wang, 1995). We show that this assay is sensitive to a
battery of manipulations that affect p,, but find no change following either NMDA

receptor-dependent LTP or long-term depression (LTD).

Introduction

Long-term potentiation is a use-dependent increase in synaptic efficacy that may
play an important mechanistic role in learning and memory. For pyramidal cells in area
CA1 of hippocampus, the essential induction mechanisms underlying LTP have largely
been determined and involve calcium entry through NMDA receptors on the postsynaptic
cell (Bliss and Collingridge, 1993; Nicoll and Malenka, 1995). The site of expression for
LTP, however, has remained controversial and it is still unclear whether LTP is due to an
increase in the postsynaptic responsiveness to a quantum of released glutamate (g), to an
increase in the presynaptic probability of release (p,) to an increase in the number of
active synapses (n), or some combination of these (Nicoll and Malenka, 1995; Kullmann
and Siegelbaum, 1995).

A number of approaches have been utilized specifically to determine whether or

not LTP is accompanied by an increase in p,. Paired-pulse facilitation (PPF), a
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phenomenon which is sensitive to changes in the presynaptic probability of release
(Manabe et al., 1993; Dobrunz and Stevens, 1997) does not appear to change with LTP
(Manabe et al., 1993; Asztely et al., 1996; but see Schultz et al., 1994). It has been
argued, however, that LTP might alter probability of release in a novel way that does not
interact with PPF. A second method for determining a change in p, has looked at the
relative change in the AMPA receptor versus the NMDA receptor-mediated components
of synaptic responses following LTP. While an increase in p, should affect both
components equally, many reports show little or no change in the NMDA component
following LTP (Kauer et al., 1988; Muller and Lynch, 1988; Asztely et al., 1992; Perkel
and Nicoll, 1993; Kullmann, 1994; Selig et al., 1995; but see Clark and Collingridge,
1995; O’Conner et al., 1995 ) arguing against an increase in p, alone accounting for LTP.
However, it has been proposed that the spillover of glutamate from one synapse to
another could, in part, be responsible for this observation (Kullmann et al., 1996).

A third method for examining changes in p, during LTP utilizes the NMDA
receptor open channel blocker, MK-801. MK-801 causes a use-dependent decrease in the
NMDA receptor-mediated EPSC, the rate of this decrease being proportional to p,
(Rosenmund et al. 1993, Hessler et al., 1993). In theory, this assay is a fairly direct
measure of p, but whether there is a change in the rate of decline of the NMDA receptor-
mediated EPSC in the presence of MK-801 following LTP is controversial (Manabe and
Nicoll, 1994, Kullmann et al., 1996). Furthermore, changes in NMDA receptor
properties could cause a change in the MK-801-induced decay rate and therefore be
mistaken for a change in p,. Finally, several groups have attempted to look directly at

quantal parameters by recording from only one or a few release sites. Conclusions from
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these experiments have varied ranging from LTP being due solely to a change in p,
(Stevens and Wang, 1994, Bolshakov and Siegelbaum, 1995) to LTP being due to a
change in g and n (Chapter 5). Analysis of these data are confounded by the inherent
difficulty in ensuring that one has a stable recording from only a single release site.
Because of this continuing debate and the limitations inherent in each of the
approaches described above, we have continued to work on developing new methods that
allow estimates of p,. In this paper, we describe a novel method of estimating p, which is
based on the finding that individual synapses exhibit a short absolute refractory period
following transmitter release during which the synapse is incapable of transmission
(Stevens and Wang, 1995). This method, based on comparing the size of EPSCs in
response to paired pulse stimulation at different intervals, is independent of PPF, does not
rely on a measurement of the NMDA receptor-mediated EPSC, and also is independent of
the number of synapses being sampled (i.e. does not require that one is recording from
only one release site). To test the usefulness of this novel assay of p, we first performed a
series of manipulations that change p, in a predictable fashion. We then used this method

to study changes in p, during NMDA receptor-dependent LTP and its counterpart, LTD.

Methods

Hippocampal slices were prepared from 2-4 week-old Sprague-Dawley rats, 0.1
mM Picrotoxin was included in the external solution during all experiments. For the
experiments illustrated in figures 2-7, 1 uM CNQX was included to reduce EPSC
variance. Whole-cell recording pipettes (2-4 MQ) were filled with a solution containing:

107.5 mM Cs-gluconate, 20 mM HEPES, 0.2 mM EGTA , 8 mM NaCl, 10 mM TEA-C],
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4 mM Mg-ATP and 0.3 mM GTP (pH 7.2 with CsOH, osmolarity adjusted to 270-280).
Cells were held at -65 to -75 mV during the recordings. Series resistance was monitored
online throughout the experiment. Stimulation of Schaffer collateral/commissural
afferents (.25 Hz, whole cell, .033 Hz, field, perforated patch) was performed using either
a stainless steel or Platinum-Iridium bipolar electrode.

Minimal stimulation recordings were performed by reducing stimulus strength
until most stimuli resulted in synaptic failures. Single sites were determined on the basis
of having a uniform onset latency and waveform and by comparing the potency of single
responses to the potency of paired responses at 30 ms (Stevens and Wang, 1995).
Successes and failures to both initial and paired pulses were assayed visually. A scaled
average EPSC to single stimuli was subtracted from the responses elicited by paired
stimuli at short (5-10 ms) intervals to determine whether any detectable response

occurred in response to the second stimulus.

Results

We began by investigating the properties of synaptic transmission at short paired-
pulse intervals while recording EPSCs from putative single release sites. Consistent with
published results (Stevens and Wang, 1995), at longer intervals (>20 ms) the potency,
defined as the amplitude of the responses when they occur, were equal for the first and
second stimulus, indicating that we were recording from a single site. Additionally, there
was no difference in p, following a success or a failure on the first stimulus (Fig. 30A)—
in either case, the subsequent response was facilitated (p,’), presumably due to residual

calcium in the terminal (Zucker, 1989). At short (5 msec) paired pulse intervals we
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observed that when release of neurotransmitter occurred in response to the first stimulus,
no response was elicited by the second stimulus; that is the synapse exhibited an absolute
refractory period lasting several milliseconds (Fig 30A and B). When a failure occurred in
response to the first stimulus, the subsequent EPSC responded with a facilitated
probability of release comparable to that seen at longer intervals.

This synaptic refractory period is not due to an inability to identify responses at
short intervals. Even at intervals of 5 ms, EPSCs in response to the first pulse could be
distinguished from EPSCs in response to the second stimulus by the clear onset of the
EPSC (figure 30B,). At longer intervals where EPSCs occasionally occurred in response
to both stimuli, the response to the second could be clearly identified as a deflection on
the falling phase of the first EPSC (figure 30B,). Finally, if these double responses were
occurring at shorter intervals but were being misidentified as single responses to the first
pulse, we would expect to see some difference in the shape or decay of the EPSC which
was not observed (figure 30B3).

The recovery curve following a response to the first pulse was best fit by an
exponential curve with an offset (ty) of 6.2 £ 0.5 ms and a time constant of 3.4 + 0.7 ms.
These values are consistent with previously reported data (Stevens and Wang, 1995).
Figure 30C shows measurements of the potency, defined as the amplitude of the
responses when they occur, normalized to the potency of the first response. There was no
significant difference (repeated measures ANOVA) in the potency of the second response
following a failure or following a success down to 10 ms. This indicates that at least at
intervals of 10 ms or longer, AMPA receptor desensitization is not causing a decrease in

the EPSC amplitude.
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These data are most consistent with a scenario where following a synaptic release
there is a 5-6 ms refractory period where the synapse can not transmit. Assuming that this
synaptic refractory period is a common feature of all excitatory synapses on CA1l cells,
we predicted that if we were recording from a population of synapses, following an EPSC
some proportion of the synapses would be in this refractory period and that this fraction
should reflect the probability of release. For example, if p, = 1.0, all of the synapses
would release and therefore would be refractory at 5 ms. The amplitude of an evoked
EPSC at that time would be zero (figure 31A, dashed line). As p, decreases, fewer
synapses would be refractory, leaving more synapses available to release at 5 ms.

Figure 31-32 show a simulation of the expected amplitude of an EPSC generated
by 40 release sites (i.e. 40 synapses assuming one release site per synapse) in response to
the second of paired stimuli given at various short intervals. Figure 31A shows the
simulated curves when p, ranges from 0.3 to 0.5. When we normalize these curves to the
EPSC amplitude at a 30 ms interstimulus interval (figure 31B), it becomes clear that the
amplitude at 5 ms is equivalent to (1- p,) (a derivation of this is provided in the
Appendix). Simulations changing the number of synapses (i.e. release sites) over a
similar range, shown in figure 32, did not differ following normalization (figure 32B).
Similarly, changing the magnitude of PPF or g had no effect on the normalized curve (not
shown).

As a first test of the validity of this approach when simultaneously assaying
multiple synapses, we recorded standard EPSCs in response to paired pulse stimulation at
variable intervals. As shown in figure 33, the EPSCs (after subtraction of the first

response) could be fit quite well (r* = 0.975, p < 0.01) with a curve that used the time
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constants measured in figure 30 and which was generated by allowing only p, and the nq
product to vary (p, = 0.44, nqg = -92 pA).

P, is unlikely to be uniform at all synapses (Hessler et al., 1993; Isaacson and
Hille, 1997; Rosenmund et al., 1993; Murthy et al., 1997), a fact that may have important
effects on the interpretation of quantal measurements (Faber and Korn, 1991). The effect
that intersite variability in p, has on our analysis is shown in figure 34. If the amount of
PPF is inversely proportional to p, across all synapses, the variability in p, will have no
effect on our measure (figure 34, horizontal line on X axis). On the other hand, if the
facilitation function is less than inverse, we will tend to overestimate the true p,. The "
maximal possible error (figure 34, dotted line) is in the unlikely condition that the
magnitude of PPF is constant at all synapses despite their initial p,. A recent estimate for
the facilitation function (Dobrunz and Stevens, 1997) results in the dashed line. Even o
then, when the coefficient of variation of p, is 50%, our error in calculating p, is only

15%.

§% fx B3

The refractory period for synaptic transmission at a single synapse has been
g
attributed to a refractory period for vesicle exocytosis (Stevens and Wang, 1995).
However our data do not allow us to rule out contributions from other mechanisms such
as postsynaptic receptor desensitization. Importantly, for the purposes of this study, it is
not critical to delineate the mechanism(s) responsible for the refractory period. That is,
this method of measuring p, based on the paired-pulse ratio of EPSCs is only dependent

on the existence of a refractory period and should work independent of the underlying

mechanisms responsible for it.

127



To test directly the applicability of using the refractory period to assay p,, we
determined whether this measurement is sensitive to experimental manipulations of p;,.
We assayed p; by interleaving EPSCs evoked with paired pulses separated by 5 ms and 30
ms. Py, our estimate of p,, was then determined by

_._ EPSC(5)
Pee EPSC(30)

where EPSC(5) and EPSC(30) are the amplitudes of the paired pulse at 5 and 30
ms respectively after subtracting the EPSC evoked by the first pulse.

Initially, we examined the effects of 4-AP, a drug which enhances transmitter
release by blocking presynaptic potassium currents (Heuser et al., 1979; Llinés et al.,
1976). At a concentration of 50 uM, 4-AP caused a marked enhancement in the EPSC
amplitude (Figure 35A) and similarly, a large increase in pcyc. This increase in pegc Was
seen in 5/5 cells (Figure 35B), and averaged 197.6 *+ 28.6% of baseline. A similar
increase in EPSC amplitude and in p.,. was observed following application of the A,
adenosine receptor antagonist, 8-cyclopentyl-1,3-dimethylxanthine (CPT) (10 pM,
applied in the presence of a basal level of 0.5 pM adenosine) (figure 36, n=4).
Cadmium, a non-specific Ca?* channel blocker caused a large decrease in the size of the
EPSC and also caused a decrease in our calculation of p, (Figure 37, n=4). In contrast,
increasing the stimulus strength, which increases n but should not affect p, did not cause a
change in p.. (figure 38, n=6).

We were concerned that perhaps our calculation was simply assaying for changes
in PPF, which are known to correlate with changes in p, (Manabe et al., 1993). To test

this, we examined the effects of applying the membrane permeant calcium buffer EGTA-
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AM (200 uM) (figure 39). This caused a decrease in the amplitude of the EPSC and,
unlike other pharmacological manipulations that decrease p,, also decreased (rather than
increased) PPF (1.78 + .07 before, 1.32 + .09 after application, n=4). This decrease in
both PPF and release probability is consistent with the ability of EGTA-AM to buffer
calcium in the presynaptic terminal (Castillo et al., 1996; Borst and Sakmann, 1996).
Importantly, p..c also decreased during EGTA-AM application demonstrating that this
measure is not simply reflective of changes in PPF.

Having established that our assay is sensitive to changes in p,, we examined what
effects NMDA receptor-dependent LTP and LTD have on pcy. Fig 40A shows a typical
example of LTP induced by a pairing protocol. The EPSC amplitude increased by 75%
yet there was no change in pgyc (0.34 + 0.04, baseline; 0.36 £ 0.02, LTP). A summary of
6 cells is shown in figure 40B. Following LTP, the amplitude increased to 216 + 30 % of
baseline but p.,. remained constant (102 + 7% of baseline) as did PPF (99 + 6%). In two
of these cells, a tetanus (100 Hz for | sec given twice) was used to induce LTP with
similar results to those obtained when LTP was induced using a pairing protocol.

LTD also had no effect on p.yc. (n=6) (figure 41). Prolonged low-frequency
stimulus paired with depolarization to -40 mV, which elicits an NMDA receptor-
dependent LTD, caused a depression in the EPSC amplitude to 72 + 4% of baseline. Py,
on the other hand, remained at 100 + 5% of baseline (figure 41B).

A summary of all of our experiments is shown in figure 42. All of the
experimental manipulations of p, caused a significant change in pcy.. A regression
analysis of the individual experiments gave a highly significant correlation (r’=0.82, p <<

0.01, df=15). LTP and LTD, on the other hand, had no effect on this assay of p,. This
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suggests that these forms of LTP and LTD are not due to a change in probability of
release, but are more likely due to changes in g and/or in n.

It is theoretically possible that if there is a very high variability in p, across
synapses, LTP could be due to a selective increase in p, only at synapses with low p,.
This would cause a reduction in the variability across synapses, and a concomitant
reduction in the error due to that variability. However, to account for our data, it would
be necessary to have a CV of p, of 100% or greater in the baseline and a CV of near 0%
following LTP. This would also require that the magnitude of PPF is nearly constant
across all synapses, a suggestion that is incompatible with recently published experiments
examining PPF at putative single release sites (Dobrunz and Stevens, 1997).

Nevertheless because of the on-going debate concerning the role of increases in p,
during LTP, we performed additional experiments which addressed this issue. We
reasoned that if LTP is due primarily to an increase in p,, then synapses with high p,
should exhibit LTP that is smaller than synapses with lower p,. This prediction has been
tested previously by a number of investigators and the experiments have yielded
confusing results. Several groups found that raising extracellular Ca** had no effect on
the magnitude of LTP (Muller and Lynch, 1989; Asztely et al., 1994; Isaac et al., 1996).
On the other hand Schulz (1997) reported a significant decrease in the magnitude of LTP
when elicited in high extracellular Ca®*. It also has been argued that LTP cannot be
elicited in neonatal slices under normal conditions because p, is close to 1 but can be
elicited if p, is lowered experimentally (Bolshakov and Siegelbaum, 1995). To re-address
this issue we raised p, by first applying 4-AP to the slice. We then performed a pairing

protocol to elicit LTP using perforated patch recording techniques. It was necessary to
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use perforated patch recording because the ability to induce LTP often washes out when
doing standard whole cell recording (Malinow and Tsien, 1990) and a true test of the
influence of raising p, on LTP required that we compare the saturated level of LTP
reached under high p, versus control conditions. Figure 43A shows a comparison of the
LTP elicited in cells recorded in our standard experimental conditions and the LTP
elicited while perfusing the slice with 4-AP (50 uM) which increases the mean p, by 2
fold. It can be seen that the LTP was essentially identical in these two conditions (377 +
47% versus 390 + 29% of baseline in control versus 4-AP conditions).

We also performed the converse experiment. That is, if LTP is primarily due to
an increase in p,, experimental manipulations that increase p, should have less of an effect
at synapses that have undergone LTP than control synapses. Indeed, it has been
demonstrated that synapses with low p, are more sensitive to manipulations that increase
pr, such as 4-AP, than high p, synapses (Hessler et al., 1993). To directly compare the
effects of 4-AP on potentiated versus control synapses in the same preparation, we
recorded field EPSPs in response to stimulation of two independent pathways. In one
pathway, we induced LTP repeatedly (figure 43B, arrows) until the LTP was saturated
(i.e. a subsequent tetanus caused no further increase in the EPSP). This protocol induced
robust LTP (257 + 23%; n=6). After turning the stimulus strength down, so that the
potentiated and control field EPSPs were of similar size, we added 4-AP (50 uM) to the
bath. Similar to its effects on whole-cell EPSCs, this concentration of 4-AP caused a
more than two-fold increase in the field EPSPs. More importantly, the effect of 4-AP on
the two paths was indistinguishable (285 + 26% vs. 293 + 47% for LTP and control paths

respectively, n.s. paired t-test). This demonstrated lack of an interaction between LTP
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and p; in this and the preceding experiment provides further evidence against a significant

role for a change in p, underlying LTP.

Discussion

We have confirmed (Stevens and Wang, 1995) that following transmitter release
at putative single release sites, there is a brief refractory period during which the synapse
cannot transmit. Utilizing this observation, we developed a novel measure that assays
probability of release from a population of synapses by comparing the change in synaptic
strength elicited by paired stimuli given at a short and longer interstimulus interval. This
method of calculating p, was sensitive to an array of manipulations that are known to
modify p, but did not change following the generation of NMDA receptor-dependent LTP
or LTD.

The existence of a synaptic refractory period following release has been proposed
(Betz, 1970; Korn et al., 1984; Triller and Korn, 1985) and is a necessary correlate of the
one-vesicle hypothesis which states that, following an action potential, no more than one
vesicle can be released from an individual release site (Korn et al., 1982; Korn et al.,
1994). Indeed evidence has been presented (Stevens and Wang, 1995) consistent with a
release-dependent process lasting up to 10 ms during which subsequent exocytosis at that
release site cannot occur. While our data are consistent with a presynaptic locus for this
refractory period, we cannot rule out that the refractoriness may be due to a postsynaptic
mechanism resulting in EPSCs that are so small they are classified as failures. For

instance, the postsynaptic receptors may still be bound by the glutamate released on the
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first pulse. These receptors would have to be in a desensitized state, since the synaptic
conductance should be complete within a few milliseconds (Jonas and Spruston, 1994).
However, the reported time constants for entry into (~10 ms) and recovery from (~50 ms)
desensitization in hippocampal pyramidal neurons (Colquhoun et al., 1992) are too slow
to account for either the decay of a single EPSC or our measured refractory period.
Nevertheless, whatever the mechanism(s) responsible for the refractory period, an
attractive feature of our method of calculating p, is that the underlying mechanism is
immaterial; only the observation that a synapse does not transmit twice within 5 ms
pertains.

Although we have demonstrated that our assay is very sensitive to changes in p,
the change in p., . with pharmacological manipulations did not correlate perfectly with
the change in EPSC amplitude—that is, the slope of the regression line in Figure 42 is
less than one. There are a number of possible reasons for this modest discrepancy. First,
as has been pointed out, variability in p, across synapses may cause an overestimate in our
measure of p; if PPF is less than inversely correlated with p,. Furthermore it is likely that
manipulations that increase p, preferentially act on lower p, synapses and thus decrease
the CV of p,. This would result in an underestimate of the true change in p,. How much
variability there is between synapses is unclear. Recent studies utilizing FM1-43 in
cultured hippocampal cells provide estimates ranging from 33% (see figure 4 in Isaacson
and Hille, 1997) to greater than 50% (Murthy et al., 1997). Second, our method assumes
that the probability of release following a failure at 5 ms is the same as the probability of
release at 30 ms. This may not be the case at all synapses for a number of reasons. For

instance, it is possible that facilitation is not a step function, but develops over time or

133



there may be additional refractory mechanisms involved that are not dependent on the
release of a vesicle (e.g. calcium channel inactivation or an extended period of action
potential refractoriness in some axons). Third, it is possible that a change in p, may not
account for the entire change in EPSC amplitude although it seems unlikely that this
would be true for all of our pharmacological manipulations. Finally, our model assumes
independence between release sites, which, if not true, may also cause an underestimation
of the true changes in p;.

Despite these potential sources of error, all of our control pharmacological
manipulations showed highly significant changes in p,c whereas LTP and LTD showed
no change at all. Furthermore, there was no difference between the initial p.y, of the
control experiments (0.48 + 0.05; excluding the CPT experiments which were performed
in a basal level of adenosine and therefore had a lower pcqc) and the LTP/LTD
experiments (0.50 £ 0.05) indicating that the degree of error was similar in both groups.
Indeed, if the error we observed with known changes in p; is taken into account, we end
up with a corrected pey. of 0.34 + 0.03, a value that is quite similar to estimates of p, in
the literature from paired recordings or with minimal stimulation (Malinow, 1991; Allens
and Stevens; 1994; Stevens and Wang; 1995; Isaac et al., 1996; Raastad and Lipowski,
1996; Dobrunz and Stevens, 1997).

While the most straightforward explanation of these results is that LTP is not
accompanied by an increase in p;, an alternative explanation can be put forward to
account for our results. For instance, a reduction in the error associated with pcac

following LTP might counteract an actual change in p,. However, this scenario seems
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improbable. To counteract a change in p, sufficient to account for LTP, the initial error
would have to start at >100% and, following LTP, be reduced to virtually 0%.

Although we were confident that our assay can accurately measure changes in p,
when they occur, we performed additional experiments which directly tested two
straightforward predictions of the hypothesis that LTP is due primarily to an increase in
pr. First, we asked whether the magnitude of LTP is less at synapses that have a high p,,
In agreement with our previous work (Chapter 5, Figures 28 and 29) we found that the
magnitude of LTP was unaffected by significantly increasing p,. Second, we asked
whether application of 4-AP, a manipulation that increases p, and has been shown to have
less of an effect at high p, synapses (Hessler et al., 1993), has less of an effect at synapses
expressing LTP when compared to control synapses in the same preparation. Consistent
with a previous report that examined the effects of increasing extracellular calcium on
potentiated versus control synapses (Muller and Lynch, 1989) there was no difference in
the effects of 4-AP on the two sets of synapses. These results provide additional evidence
that LTP at synapses on CA1 pyramidal cells is not due to significant increases in the
probability of transmitter release.

While the present results argue against an important role for changes in p,
contributing to the expression of LTP (and LTD), this set of experiments does not rule out
the involvement of other presynaptic mechanisms. For example, LTP could involve the
activation of presynaptically silent synapses (Malenka and Nicoll, 1997), a mechanism
that would cause an increase in n. Similarly, an increase in quantal size due to
modification of postsynaptic receptor number and/or function is not readily

distinguishable from an increase in the amount of transmitter in a vesicle at a synapse
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whose receptors were not saturated by exocytosis of the contents of a single vesicle.
Currently we favor a model where postsynaptic glutamate receptor function and number
is modulated during LTP, perhaps accompanied by structural changes that ultimately

could affect both sides of the synapse.

Appendix

Probability of release was estimated by interleaving paired pulses at 5 ms and 30
ms with a single pulse. The ratio of the amplitude at 5 ms to the amplitude at 30 ms (after
subtracting the initial response), was subtracted from one to give pcac. This calculation
was performed on each series of stimuli and averaged into 2.5-4 minute bins.

The minimal stimulation data in figure 1A was fit with the following functions:
S(t), the time-dependent probability of release following a success, and F(t), the time-
dependent probability of release following a failure, where t is the interpulse interval. For

the time range of 5-30 ms, F(t) = p,’, the maximal facilitated probability of release, and

S®=(l-e *)-p/
where tg is the absolute refractory period and T the time constant of recovery.

The curve to fit multiple synapses is a simple summation. A synapse that initially
fails will add q-F(t). A synapse which releases will add q-S(t). Since the number of
synapses which release on a given stimuli is equal to the product of n and p, and the
number that fail is the product of n and (1-p), the EPSC amplitude at an interval t is:

EPSC(t)=n-(1-p,)-q-F(t)+n-p, -q-S(t)
At very short intervals, all of the synapses that have released are refractory and S(t) =0,

So:
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EPSC(5)=n-(1-p,)-q-p¢
at longer intervals:
EPSC(30)=n"p,-q-S(30)+n-(1-p,) q-p/
but at this interval, the synapses that released are no longer refractory and S(30)=p,’.
Therefore,
EPSC(30)=n-q-p/
Taking the ratio of EPSC(5) to EPSC(30) gives:

EPSC(S5) _(-p.)-n-q-p’

=(1-
EPSC(30) nqpe OGP
Finally, solving for p, leaves:
—1- EPSC(5)
j EPSC(30)

Since probability of release and quantal amplitude are most likely not equal from

site to site, a more appropriate equation for the ratio of paired pulse intervals would be:

(li)n ,
Epsc(s) <P

EPSC(30) 2 ,
pr; - q;

1

The reducibility of this equation depends on the relationship between p, and the

amount of PPF. If the relationship is less than inverse, an error in pg,c Will result.
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Figure 30. Minimal stimulation of single sites reveals a synaptic refractory period.

A. Probability of release (p;) of the second of a pair of EPSCs plotted against the paired
pulse interval depending on whether the initial stimulus resulted in a success (open
diamonds) or a failure (filled circles) (n=4). Dashed line is the mean p, of the initial
EPSCs (shaded area provides S.E.M.). Horizontal line (p,’) is the facilitated release
probability determined by the data at 15 and 30 ms intervals. The curved line is the
average of the best fit from each experiment for data following an initial success.

B. Traces from a single experiment: (B;) Average of all trials at a 5 ms interpulse
interval that responded with an EPSC to the first or to the second stimuli. (B,) Average
of all trials at a 10 ms interpulse interval that responded with an EPSC to the first, second
or to both stimuli. (B;) aligned decay phase of EPSCs in B illustrates that no responses
to both stimuli were hidden in the EPSCs.

C. Potency (mean amplitude of successes only) normalized to the initial EPSC potency
as a function of the paired pulse interval for the second EPSCs following either a success
(open diamonds) or a failure (filled circles). Shaded squares is the potency for the initial

EPSCs.
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Figure 31. Computer simulations illustrate the sensitivity of paired pulse intervals to
changes in p, for multiple site recordings.

A. Calculated amplitude of a paired EPSC as a function of paired pulse interval for
various initial values of p, with constant values of n (40), g (5§ pA) and paired pulse
facilitation (1.5). The dashed line is the extreme example where all of the synapses
release on the first pulse.

B. Amplitude normalized to the amplitude at 30 ms reveals the relationship between p,

and the normalized amplitude of paired pulses at short intervals.
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M="dgure 32. Computer analysis of changes in the number of release sites.
€ " hanges in n affect the amplitude of the second EPSC (A) but do not reveal a similar

x< 1ationship at short paired pulse intervals when normalized (B).
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Figure 33 Actual data is fit well by the calculated curve.
Second EPSC:s elicited at various intervals are well fit by a curve in which only ¢ and p,

were allowed to vary. The upper panel shows the raw data prior to subtraction of the

initial EPSCs. Data is average of 20 trails at each interval.
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Figure 34. Estimate of a possible error in the calculation of p, (pca.) due to the
variability in p, from site-to-site.

The variability between synapses will result in a possible overestimation of p, depending
on the relationship between paired pulse facilitation and p,. This error is bound by the
two extreme cases where PPF is constant across all synapses (dotted line) and PPF is
inversely proportional to p, (solid line at zero). The dashed line is the error given a recent

estimate for the PPF function (Dobrunz and Stevens, 1997).
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Figure 35. The potassium channel blocker 4-AP causes an increase in the calculated p,.
A. Individual experiment showing the effects of application of 50 uM 4-AP on the
amplitude of the initial EPSCs (upper graph) and on the calculated p, (lower graph). The
dashed lines give the average of all baseline data. Open squares are averages of 15
individual series of trials.

B. Average of five individual experiments showing changes in both amplitude and pc,c

following 4-AP application.
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Figure 36. P, changes following application of 10 uM CPT in the presence of a basal

level of 0.5 uM adenosine increases both the EPSC amplitude and p,c (n=4)
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Figure 37. Application of 5-10 mM Cadmium decreases both the EPSC amplitude and

Pealc (n=4)
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Figure 39. Application of 200 uM EGTA-AM, which decreases PPF causes a decrease

in pearc indicating that p., . is not simply reflecting changes in PPF (n=4)
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Figure 40. Long-term potentiation has no effect on pc.

A. Individual experiment showing changes in the amplitude of the initial EPSCs and the
calculation of p, following pairing induced LTP (100 stimuli at 1 Hz with the cell
depolarized to 0 mv). The dashed lines give the average of all baseline data. Open
squares are averages of 10 individual series of trial.

B. Average of six individual experiments shows changes in amplitude but not in pc,ic
following LTP induction. In two of these experiments LTP was induced by a 100 Hz

tetanus with the cell held at O mv.
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Figure 41. NMDA receptor-dependent long-term depression has no effect on pcac.

A. Individual experiment showing changes in the amplitude of the initial EPSCs and
calculation of p, following LTD induced by prolonged low-frequency stimulation (5
minutes at 1 Hz) while the cell was held at -40 mv. Dashed lines are the average of all
baseline data.

B. Average of six individual experiments shows changes in amplitude but not pg,ic

following induction of NMDA receptor-dependent LTD.
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Figure 42. Summary of all manipulations plotted as the ratio of p.,. (following
manipulation to baseline) to the ratio of EPSC amplitude. The dashed line is a linear

regression through all individual control experiments where p, was manipulated
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Figure 43. Long-term potentiation does not interact with a manipulation increasing p;.
A. Using perforated patch recordings, a similar magnitude of LTP occurs under control
conditions (open squares, n=4) and in the presence of 50 uM 4-AP (filled diamonds,
n=4). LTP was elicited with two episodes of pairing (100 stimuli at 1 Hz., cell
depolarized to +10 mV).

B. A summary of six field experiments showing that application of 50 uM 4-AP has a
similar effect on a test pathway where LTP has been saturated and an independent control
pathway. LTP was saturated by repeated 100 Hz tetani (each arrow is two 100 Hz tetani

for 1 sec separated by 15 sec).
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CHAPTER SEVEN

GENERAL CONCLUSIONS
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The phenomenon of long-term potentiation provides a plausible biological
mechanism to describe the changes that occur during learning and memory. Because of
this, it is important to understand the specific mechanisms underlying LTP, as they may
have a profound influence on our understanding of how the nervous system works.

Our work has concentrated on elucidating the particular quantal changes that
underlie LTP. We have shown that while LTP can be associated with a change in the
synaptic failure rate and the coefficient of variation, indicating that LTP is associated with
an increase in quantal content, these changes are not easily compatible with an increase in
the probability of release underlying LTP.

The comparison of LTP and LTD on the AMPA and the NMDA receptor-
mediated currents indicates that these two currents do not change uniformly. This is most
easily explained by separate post-synaptic mechanisms underlying the two processes
(although it is important to add that simplicity—or for that matter parsimony—does not
ensure that ones explanation is correct). The argument that spillover of glutamate from
neighboring synapses occurs (Kullmann and Sieglebaum, 1995; Kullmann et al., 1996)
has been used to explain the differential amounts of LTP on AMPA and NMDA receptors
and the difference in 1/CV?on the two components. Nevertheless, it does not explain the
reversal of NMDA LTD (Figure 9) or the ability to depress the NMDA component in the
absence of LTD of the AMPA component (Figure 12).

Injection of CaM kinase II into hippocampal CA1 pyramidal cells causes a
potentiation that both mimics and occludes LTP. While we saw a decrease in the
proportion of synaptic failures (Figures 15-16), we also observed an increase in the

mEPSC amplitude and in the sensitivity to iontophoretically applied AMPA (Figure 17).
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Furthermore, the increase to applied AMPA was similar in magnitude to the total amount
of potentiation seen. One explanation of these data is that the change in failure rate was
due to the uncovering of postsynaptic silent synapses (Liao et al., 1995; Isaac et al. 1995).
Nevertheless, other explanations can be proposed. For instance, the iontophoresis data
may be due, in part, to an increase in the sensitivity of extrasynaptic receptors, leaving
room for an increase in p, to explain the failure rate.

When recording from presumptive single sites, LTP could be induced without a
concomitant reduction in synaptic failures (Figure 24), indicating that, at least in some
cases, LTP was due solely to a change in the quantal amplitude. In those cases where a
change in quantal content also occurred, it was inadequate to explain all of the
potentiation that we observed. From this data, we clearly have evidence for a change in
quantal amplitude, in part, underlying LTP. From these data alone, though, we cannot
determine whether the change in quantal content is due to a change in probability of
release or in the number of synapses being activated, although the analysis of paired-pulse
potency indicated that the change occurred in n (Figure 26). We would propose that in
some experiments we were recording from only a single release site, whereas in others,
we were additionally stimulating a silent synapse, which was converted following the
induction of LTP.

It is important to note that these data are inconsistent with two reports in the
literature (Stevens and Wang, 1994; Bolshakov and Sieglebaum, 1995), which report that
LTP at single sites is not accompanied by a change in potency, and therefore is
exclusively due to an increase in p,. There is no apparent explanation for this discrepancy

between our laboratories—the two data sets do not appear to overlap (compare Figures 22
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and 27 with Figure 4 from Stevens and Wang, 1994)—but it is plausible that some
systematic bias, either in techniques or data analysis, is responsible for the discrepancy.

We attempted to circumvent this issue by utilizing a different approach. By
analyzing the refractory period following synaptic stimulation, we have shown that LTP
is not accompanied by an increase in the mean probability of release. This result is
consistent with studies that observe no change during LTP in either paired-pulse
facilitation (Manabe et al., 1993; Asztely et al., 1996; but see Schultz et al., 1994) or the
use-dependent blockade of NMDA receptors with MK-801 (Manabe and Nicoll, 1994,
but see Kullmann et al., 1996). While observing no change in p,, our LTP was
accompanied by a change in 1/CV?. Therefore, we would conclude that the change in
quantal content observed with LTP is due to a change in the number of active synapses.

It should be noted that, aside from the iontophoresis data, from these results alone
we are unable to distinguish a presynaptic change in n from a postsynaptic change in n.
Furthermore, we cannot distinguish the difference in a presynaptic change in n from a
presynaptic change in probability of release only at synapses with extremely low initial p;.
While the latter issue is basically semantic, the first issue of primary importance, and may
be difficult to resolve. The fact that NMDA-only synapses can be potentiated so that
AMPA responses are present where they were not before (Liao et al., 1995; Isaac et al.,
1995) is difficult to resolve with a presynaptic mechanism, but it can be done (Kullmann
and Sieglebaum, 1995; Malenka and Nicoll, 1997). This requires that one assumes there
is spillover of glutamate onto NMDA receptors at neighboring synapses and that the

silent synapse has a release probability of zero (or near zero). The spillover would
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activate the NMDA receptor during pairing, which could then send a retrograde
messenger to enhance the release probability at the synapse.

In conclusion, we find that LTP is associated with changes in two quantal
parameters, g and n. Several hypotheses can explain these results by a single mechanism.
For instance, LTP could occur by the addition of new AMPA receptors to synapses
already containing receptors (resulting in a g change) or to postsynaptically silent
synapses (resulting in an n change). Alternatively, a change in the affinity of the AMPA
receptors at a given synapse may change during LTP, with silent synapses occurring when
the initial affinity and/or the glutamate concentration is too low to cause receptor
opening. On the other hand, there may be multiple mechanisms underlying the
expression of LTP.

Ultimately, the answer to whether LTP is associated with a pre- versus a post-
synaptic change will not be answered by quantal analysis, which can only implicate a
specific parameter of synaptic transmission. Instead, direct evidence showing changes in
the amount of neurotransmitter release or changes in the number or properties of AMPA

channels during LTP will be required.
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