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Abstract

Calcium imaging, current clamp recording, electron microscopy and confocal microscopy were used to
explore the reliability of synaptic transmission in cultured cortical neurons.
The coupling between action potentials and rises in calcium at distal release sites was first evaluated.
Local domains of enhanced calcium influx occurred at axonal varicosities that appeared to be functional sites of
transmitter release. Single somatic action potentials reliably resulted in calcium transients at all presumed release
sites, including those on distal collaterals. Variability in the amplitude of presynaptic calcium transients at
individual boutons was estimated to be less than 20%. The coupling of somatic action potentials to calcium influx
at distal release sites is a reliable process, although non-linearity in the relationship between calcium influx and
transmitter release may amplify the effects of small fluctuations in calcium influx.
Next we compared action potential conduction reliability in axons and dendrites. Extracellular medium
with low sodium or dilute tetrodotoxin decreased action potential amplitude recorded in the soma without
influencing axonal conduction. In contrast, the calcium transient measured along dendrites was markedly reduced
in both low sodium and in dilute tetrodotoxin. These data provide further evidence that strongly excitable axons are
functionally compartmentalized from weakly excitable dendrites. Modulation of sodium currents or membrane
potential by neurotransmitters or repetitive firing is more likely to influence neuronal firing prior to action potential
generation than the propagation of signals to axonal terminals.
Finally, we tested the hypothesis that functional differences between synapses are associated with
ultrastructure. Using imaging techniques, we measured dendritic miniature synaptic calcium transients attributed to
the spontaneous release of single transmitter quanta. Identified neurons were then processed for serial transmission
electron microscopy. At sites of N M D A receptor-mediated quantal calcium transients, we measured spine volume,
synaptic contact area, and vesicle number. The number of vesicles at a synapse did not correlate with spontaneous
activity. However, synapse size correlated positively with the amplitude of the N M D A component of the quantal
postsynaptic response, suggesting that the number of postsynaptic receptors may place a limit on the postsynaptic
response. Therefore, modulation of quantal amplitude may involve processes that alter synapse size.
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I. I N T R O D U C T I O N

A central problem of neuroscience is the question of how the brain represents experience. The concept of
the synapse evolved through anatomical and physiological work, most notably by Cajal and Sherrington (Shepherd
& Erulkar, 1997). The idea was put forth that a synapse was a chemical connection — a highly regulated one —
endowing the brain with much of its computational power and hence memory-forming capability. Karl Lashley
and colleagues lesioned cortex in animals and found that the resulting memory impairment depended upon the
amount (rather than the specific area) of cortex that was lesioned. This suggested that in mammals, memory
storage was distributed throughout cortex rather than centralized to specific "memory" structures. (Lashley, 1929;
Singer, 1993; Milner et al., 1998). Based on this converging data between psychology and neuroscience, Donald
Hebb (1949) proposed 2 important ideas that have become the dominant cellular model of information storage.
First, neurons do not store information by themselves; rather, information is represented in "cell assemblies":
circuits of individual neurons whose activities are somehow coordinated into spatiotemporal patterns of neuronal
activity. This distributed processing, combined with a massive degree of interconnectivity between neurons, could
in theory explain essentially unlimited storage capacity. However, Hebb's second major contribution was to
formalize, given such massive interconnectivity and hence an unlimited number of possible brain circuits, how
paths could be laid down; that is, how specific circuits could be formed and modified with experience (Hebb, 1949;
Traub et al., 1998). Simultaneous activity between pre- and post-synaptic elements will strengthen a synapse.
Equally important, asynchronous activity will weaken a synaptic contact (Goodman & Shatz, 1993). "Neurons that
fire together, wire together." And neurons that don't, wont. This theory of synaptic plasticity has since become the
dominant theory of how information is acquired and stored in the brain.
The key assumption that drives most work on neuronal plasticity today, including my thesis, is
that the locus of plastic change is at the synapse. But non-synaptic forms of neuronal plasticity can and do exist. In
the sea snail Hermissenda crassicomis, a classically-conditioned aversion response is represented in large part by
increased input resistance in the type-B photoreceptors in addition to a change in synaptic strength (Alkon et al.,
1990). And in the mammalian brain, many short-term activity-dependent changes can be encoded in changes in
membrane excitability, for example the site of action-potential initiation (Golding & Spruston, 1998). Synaptic
activity is indeed essential for these changes, but the plastic change is not necessarily "stored" at the synapse. But a
vast literature indicates that the synapse is highly regulated and extraordinarily flexible: the plastic synapse
remains the dominant form of neuronal plasticity.

The reliability of synaptic transmission
A great deal of investigation into the mechanisms of synaptic plasticity and has led to two important conclusions.
First, single synapses can function and be modified independently or in very small numbers (Bliss & Collingridge,
1993; Frey & Morris, 1997; Engert & Bonhoeffer, 1997). Second, synapses in the C N S are unreliable: the
postsynaptic response to a constant pre-synaptic stimulus varies from trial to trial at a single synapse and that the
reliability of single synapses can be selectively up- or down-regulated (Sayer et al., 1990; Malinow, 1991; Raastad
et al., 1992; Gulyas et al., 1993; Malinow, 1994; Stevens, 1994; Allen & Stevens, 1994; Stevens & Wang, 1994,
1995; Bolshakov & Siegelbaum, 1995). Additionally, in both culture and slice preparations, the probability of
evoked transmitter release is not uniform between sites (Rosenmund et al., 1993; Hessler et al., 1993; Murthy et al.,
1997; Auger & Marty, 1997). These observations suggest that an understanding of the mechanisms that regulate
synapse reliability is essential to understanding the mechanisms of synaptic plasticity.
There are several potential sources of synaptic unreliability. For example, variability may exist in the
threshold or locus of action potential generation (Golding & Spruston, 1998). Or failure of action potential
conduction at axonal branch points or within a branch may occur (Wall, 1995; Luscher et al., 1996; Mackenzie et
al., 1996; Debanne et al., 1997. Variability could further exist in the C a influx in response to action potentials
that do arrive at a terminal (Mackenzie et al., 1996). Following C a influx, the coupling of C a influx to vesicular
release may be variable and hence modifiable (Allen & Stevens, 1994; Stevens & Wang, 1995; Sudhof, 1995).
The number of vesicles or their size may be heterogeneous (Frerking et al., 1995) as could the extent of transmitter
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diffusion (Barbour & Hausser, 1997;Rusakov & Kullmann, 1998). Additionally, many postsynaptic
mechanisms could contribute to response heterogeneity, including changes in receptor availability and sensitivity
and the distribution of active dendritic conductances (Liao et al., 1995; Isaac et al., 1995; KulLman & Siegelbaum,
1995; Auger & Marty, 1997; Nusser et al., 1997, 1998a). A n understanding of synaptic reliability is central to
understanding synaptic plasticity and perhaps memory itself. Therefore, a brief review of the dominant models of
plasticity is followed by a description of the experiments in this thesis that investigate synapse reliability.

Long-term Potentiation, the Hippocampus and Memory
The predominant mammalian cellular model of synaptic plasticity is long-term potentiation (LTP), an
increase in synaptic strength following a high activity burst (Bliss & Gardner-Medwin (1973); Bliss & Lomo,
1973; Bliss & Collingridge, 1993; Nicoll & Malenka, 1995; Kullman & Siegelbaum, 1995). This high activity
burst is often produced by patterns of intensive electrical stimulation modeled to represent the bursts of
endogenous neuronal activity associated with novel or salient environmental situations. The most commonly
studied synapse in the hippocampus is at the Schaffer-Collateral-CAl synapse, the last of the three synapses in the
hippocampal circuit, between CA3 pyramidal and CA1 pyramidal neurons (Bliss & Collingridge, 1993; Nicoll &
Malenka, 1995; Kullman & Siegelbaum). This synapse has been widely and thoroughly studied, although much
remains controversial. For example, although it is known that C a influx through the N M D A subtype of glutamate
receptor is necessary for L T P induction, (Collingridge et al., 1983; Neveu & Zucker, 1996), the locus of L T P
maintenance is unknown. In some reports, L T P can be entirely accounted for by changes in the reliability of
transmitter release (Stevens & Wang, 1994; 1995; Bolshakov & Siegelbaum, 1996; Goda & Stevens, 1996). In
these studies, minimal stimulation or dual cell recording is used so that a small number of synapses (perhaps one)
contribute to the excitatory post-synaptic current (EPSC). Following L T P , although an increase is seen in the
average EPSC, this is accounted for by a decrease in the number of response failures with no change in the average
amplitude of successful responses. Other experimenters have reported varying degrees of pre-synaptic change
from experiment to experiment (Strieker et al., 1996b). Yet other studies using different techniques such as the
progressive use-dependent block technique, release probability has been found not to change following L T P
(Manabe & Nicoll, 1994; Mainen et a l , 1998).
2 +

One such model that argues for a change in post-synaptic reliability is the silent synapse model (Liao et
a l , 1995; Issac et al. 1995, Durand et a l , 1996). Synapses that are silent at resting membrane potential (e.g. no
A M P A response at -60 mV) often exhibit an N M D A response when held at positive holding potentials (to remove
the M g block of the N M D A receptors). Following L T P , the EPSCs at -60 m V now contain an A M P A
component, suggesting that previously silent A M P A receptors were uncovered by the L T P induction protocol (Liao
et a l , 1995; Issac et a l , 1995). Two reports of no change in glial glutamate currents following L T P provide further
evidence for a post-synaptic change (Luscher et a l , 1998; Diamond et a l , 1998). A different but not necessarily
mutually exclusive model is that the NMDA-receptors at apparently AMPA-silent synapses are in fact sensing
glutamate diffusion from other synapses (Kullmann et a l , 1996; Asztely et a l , 1997; for review see Kullmann &
Asztely, 1998).
2 +

A large body of literature, most compellingly case studies of human amnesiacs, has established that the
hippocampal complex is necessary for the encoding of new memories (Scoville & Milner, 1957, Squire & ZolaMorgan, 1991; Corkin et a l , 1997; Milner et a l , 1998). This points to the major disadvantage of using the
hippocampus as a model memory system: the information contained in these circuits is highly complex; the
precise nature of the information that is processed by the hippocampus is controversial and not well understood
(Sherry et a l , 1992; Squire, 1993) Therefore, attempts to examine the behavioural relevance of L T P have been
equivocal. A definitive link between L T P and memory requires three findings: first, a disruption of learning
following blockade of L T P ; second, an impairment of learning following saturation of L T P ; and third, forgetting
following L T P de-potentiation. The first link, blockade, has been well established, first through pharmacological
blockade (Morris et a l , 1986) and more recently by elegant temporally-restricted, tissue-specific genetic
approaches (Tsien et a l , 1996a, 1996b; McHugh et a l , 1996; Rotenberg et a l , 1996; Mayford et a l , 1997). The
second link — that saturation prevents learning — has been more difficult to demonstrate, however evidence is
accumulating (McNaughton et a l , 1986; Castro et a l , 1989; Barnes et a l , 1994; Moser et a l , 1998). The third
link, that, L T P de-potentiation leads to forgetting, has not yet been demonstrated.

3

Long-term Potentiation in Fear Conditioning
Although the architecture of the hippocampus lends itself well to the electrophysiological study of L T P ,
the relationship between hippocampal L T P and memory is not yet clear. Other brain systems, most notably the
fear-conditioning circuits in the amygdala have great promise for understanding the behavioural relevance of L T P
because the plasticity can be studied in a well defined anatomical circuit that mediates a well characterized form of
learning (Rogan & Ledoux, 1996). In fear conditioning, a conditioned stimulus, for example a light or tone, is
associatively paired with a noxious unconditioned stimulus, for example, foot shock. Following this pairing, the
previously neutral tone stimulus elicits fear (measured in a number of ways, such as increased freezing behaviour
or increased startle response to a loud sound). These thalamo-amygdalar synapses undergo N M D A receptordependent L T P during fear conditioning (Gewirtz & Davis, 1997; Rogan, Staubli & Ledoux, 1997; McKernan &
Shinnick-Gallagher, 1997) and show increased auditory-evoked potentials following stimulation-induced L T P
(Rogan & Ledoux, 1995). Although saturation and de-potentiation experiments have yet to be carried out, this
system promises to provide a strong link between synapse reliability, L T P and memory.

Long-term Potentiation in Pain Transmission
Long-term potentiation is also thought to play a key role in the transmission and integration of sensory
information, including pain. Monosynaptic excitatory synaptic transmission between dorsal root afferent C-fibres,
many of which are nociceptors, and neurons in the superficial laminae of the spinal cord has been shown to
increase following brief tetanic stimulation. This potentiation is NMDA-receptor dependent and is observed in
both the N M D A and A M P A receptor components of the currents (Randic et a l , 1993; Dickenson et a l , 1997;
Willis, 1997; Svendsen et a l , 1998). Synaptic potentiation in the dorsal horn probably serves a transient
protective role by sensitizing pain pathways following acute injury. Persistent increased superficial dorsal horn
excitability to normally innocuous inputs is thought to play a large role in chronic pain states (Melzack, 1993; Dray
et a l , 1994; Woolf & Doubell, 1994; Pockett, 1995; Tolle et a l , 1996; Baranauskas & Nistri, 1998). New
therapeutic strategies for chronic pain involving NMDA-receptor antagonists are currently being tested (Baron et
a l , 1998)

Synaptic reliability and short-term plasticity
Synaptic reliability is relevant not only to understanding long-term forms of plasticity, but also synaptic
changes that occur on a shorter time scale. The recent history of a synapse has been shown to influence its
reliability over a time scale of milliseconds to minutes (Fisher et a l , 1997). Such short-term plasticity involves
pre-synaptic changes in reliability and depends critically on Ca receptors of varying affinity that are differentially
responsive to spatiotemporal patterns of Ca accumulation (Zucker, 1996; Fisher et a l , 1997). These short-term
changes in synapse reliability are thought to allow for the dynamic rearrangement of neuronal circuits and may act
as a filter of low-frequency neuronal signals (Zucker, 1996; Lisman, 1997; Tsodyks & Markram, 1997).
2+

2+

In summary, changes in synaptic reliability are thought to underlie mechanisms of synaptic plasticity.
There are several potential sources of synaptic unreliability, including: (a) action potential generation; ( b ) action
potential propagation; (c) variability in presynaptic C a influx in the terminal, ( d ) unreliability in the coupling of
C a influx to vesicular release and (e) heterogeneity in the post-synaptic response to release of neurotransmitter.
2 +
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In this thesis I describe experiments to test many of these potential sources of reliability in cultured
cortical and hippocampal neurons. In C h a p t e r 2 of this thesis, I describe the use of C a imaging to assay the
reliability of action potential conduction along the axon (source b ) and to examine variability in pre-synaptic C a
influx (source c). C h a p t e r 3 uses this technique to examine source b in more detail by exploring the difference in
action potential conduction reliability between axons and dendrites of cortical and hippocampal neurons.
2 +

2 +
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Chapter 4 of the thesis describes the development of techniques to address source e, heterogeneity of
the post-synaptic response. Until recently, attempts to measure the amplitude of individual post-synaptic responses
have relied on quantal analysis, originally developed for the analysis transmission at the neuromuscular junction
(NMJ; del Castillo & Katz, 1954; Boyd & Martin, 1956). At reduced external C a , the endplate (postsynaptic)
potential was recorded in response to repeated single presynaptic stimulation. The amplitude of the endplate
response fell into discrete quantal size categories (Boyd & Martin, 1956). The power of this approach is that
changes in release probability or in postsynaptic responsiveness could be clearly separated. For example, an
increase in release probability manifests itself as a decrease in the number of failures (0 m V trials); no change is
seen in the amplitude of the unit quantal response. In contrast, a change in postsynaptic sensitivity results in no
change in the number of responses that fall into each of the discrete size categories, but the unit quantal response
will increase; for example, the peaks, instead of falling at discrete intervals of 0.4 mV might fall at discrete
intervals of 0.6 mV.
2+

Attempts to apply quantal analysis to the C N S have met with difficulty (Redman, 1990; Korn & Faber,
1991; Stevens, 1993). In the CNS, the unit quantal response may be smaller and more variable; also background
noise is higher, making it more difficult to resolve clear peaks in the amplitude distribution. A further problem is
that many synapses, separated by considerable electrotonic distances, are involved. Since conventional
electrophysiological methods record integrated electrical responses at the soma, the irregular geometry, electrotonic
effects and the large number of synapses onto a CNS neuron make it difficult to separate out variance within a site
from variance between sites (Wahl et al., 1995; Edwards, 1995a). Even more problematic is the observation that
the amplitude distribution of spontaneous miniature events in the C N S can be skewed or multi-peaked (Edwards et
al., 1990; Liu & Tsien, 1995; Frerking et al., 1995; Auger et al., 1998), suggesting different models for quantal
release than at the N M J : either some process allows simultaneous release of more than one vesicle, or vesicles may
vary in transmitter content. Alternatively, transmitter could occasionally spill into a neighboring synaptic cleft, or
postsynaptic receptors could be grouped in quantal clusters that are either activated or not activated by transmitter
release (Edwards, 1995 a, b; Kullman & Siegelbaum, 1995). It is widely acknowledged that more needs to be
learned about the quantal response in the C N S before the correct assumptions can be applied to a proper analysis.
Methods of measuring the behaviour of single synapses are needed in order to be sure that the properties that are
being measured are in fact due to a single C N S synapse and not contaminated by one of the other complicating
factors (Malinow, 1995).
Consequently, other attempts have been made to measure the response of single C N S synapses directly.
Minimal stimulation experiments attempt to stimulate a single presynaptic fibre and hence a single synapse
(Rastaad et al., 1992). These techniques have promise (Stevens & Wang, 1994, Dobrunz & Stevens, 1997) but
require strict selection techniques; and may thus only assay synapses with certain initial properties such as low
initial release probability. Dual recording studies have become an extremely powerful technique for inferring
properties of putative single synapses, particularly in electrotonically compact neurons such as cerebellar granule
cells (Miles & Poncer, 1996). Other techniques include the focal application of sucrose or K / C a t o putative
single boutons (Bekkers and Stevens, 1990; Liu and Tsien, 1995); these techniques allow control of the synapses
that are being measured, but elicit vesicular release through non-physiological means. Murphy et al. (1994, 1995)
used dendritic C a imaging under conditions that favor C a entry through the N M D A receptor to visualize the
N M D A receptor mediated component of spontaneous miniature transmitter release. Using this technique, it was
possible to measure the frequency of spontaneous release at single dendritic site, and the variability intrinsic to that
site (Murphy et al., 1994, 1995). Although all these approaches are promising, they share one potential weakness:
what appears, at the light microscope level to be a single synapse may in fact be a site with more than one release
site. Therefore, investigations that appear to be assessing variability at single synapses may in fact be measuring
contaminating variability from differing numbers of release sites. Chapter 4 describes techniques used to
routinely assess the function and ultrastructure of putative synaptic sites in order to indeed confirm the presence of
single synapses.
+
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The relationship between synaptic structure andfunction.
In addition to confirming single release sites, chapter 4 builds upon a large literature that suggests that the
structure of a synapse may play a role in how it functions. Since the early 1980's, many studies have reported
correlations between morphological changes and functional plasticity at both invertebrate and mammalian
synapses. For example in the marine mollusk Aplysia California,
Bailey and Chen (1983) reported increases in the
number, size and distribution of vesicles in the sensory neurons of synapses following simple learning tasks such as
habituation and sensitization. Also, following long-term habituation, the amount of release machinery decreased
compared to control synapses (Bailey & Kandel, 1993). Increases have been observed in the number of synaptic
connections following sensitization (Bailey & Chen, 1988). A similar change in the number and composition of
release sites is seen following activity-dependent enhancement of transmission at the crayfish neuromuscular
synapse (Lnenicka et al., 1986; Wojtowicz et al., 1994).
The activity-dependent formation of new synapses likely involves the destabilization of existing synapses
by internalization of cell adhesion molecules (Bailey et al., 1992) and CREB-dependent synapse-specific protein
expression (Bartsch et al., 1995; Martin et al., 1997). In Drosophila, a similar mechanism may occur at central
synapses involved in memory formation (Yin et al., 1995, 1996) and at glutamatergic synapses of the
neuromuscular junction (Schuster et al., 1996a, 1996b; Davis et al., 1996; Davis & Goodman, 1998).
At mammalian synapses, a large number of studies have also suggested that structural change
accompanies various forms of plasticity such as L T P , enriched environments or various learning paradigms (Carlin
& Siekevitz, 1983; Calverly & Jones, 1990; Kandel & Bailey, 1993; Edwards, 1995). For example, following
L T P , changes have been reported both in pre-existing synapses (Desmond & Levy, 1986b, 1988, 1990; Geinisman
et al., 1996) in synapse number (Lee et al., 1981; Geinisman et al., 1982; Chang & Greenough, 1984; Desmond &
Levy, 1986a) and in synapse distribution through the dendritic tree (Moser et al., 1997). Many of these studies
have been equivocal, however, for two reasons. First, methodological issues have been raised about the sampling
procedures used in these studies; unless serial sectioning is used, most synapse estimation techniques have been
biased (Coggeshall & Lekan, 1996). Second, since the experimental design was necessarily between-subjects and
the exact synapses that underwent potentiation were not identifiable, it has not been possible to attribute any
differences observed or not observed to the exact synapses that were modified. More recent studies with different
techniques have confirmed that the formation of new synapses may be occurring in hippocampal L T P (Bolsakov et
al., 1997;Maetal. 1998).
Chapter 4 of this thesis describes the measurement of physiology and ultrastructure at the same synapse.
We have developed methods to routinely study single identified synapses and subsequently process the same
synapses for confocal and electron microscopy. These techniques make it possible to compare structure and
function directly at the same synapses. We used this methodology to test the hypothesis that larger synapses have
larger amplitude quantal responses. We further asked whether vesicle number was a determinant of the frequency
of spontaneous vesicular release at identified synapses.

6

II. R E L I A B L E C O U P L I N G B E T W E E N S I N G L E A C T I O N P O T E N T I A L S A N D D I S T A L F U N C T I O N A L
R E L E A S E SITES.

Introduction
The axon of a pyramidal neuron of the hippocampus or cortex is a single, highly branched process (Cajal,
1911). Along this process there are thousands of regularly spaced aggregates of specialized proteins that make up
the sites of neurotransmitter exocytosis termed en passant synapses (Peters et a l , 1991). Although the recent direct
application of patch clamp recording techniques to the dendrites of CNS neurons has suggested new computational
roles for dendrites (Stuart and Sakmann, 1994; Spruston et a l , 1995; Magee and Johnston, 1995), the behavior of
individual release sites on a single mammalian axon has eluded direct physiological analysis due to their
electrotonic isolation and small caliber. Previous studies of presynaptic Ca dynamics in mammalian neurons have
been limited to measurements of the averaged C a response over a relatively large area. These studies have
defined the pharmacology of presynaptic Ca influx (Wu and Saggau, 1994a; Wu and Saggau, 1994b), and
changes in transient amplitude and residual C a in phenomena such as long term potentiation and facilitation
(Regehr et a l , 1994; Wu and Saggau, 1994c, Mintz et al. 1995). By using high resolution Ca imaging of cultured
cortical neurons we have examined single neurotransmitter release sites to determine whether the properties of
action potential-evoked Ca influx contribute to the stochastic or unreliable nature of CNS synaptic transmission
(Raastad et a l , 1992; Rosenmund et a l , 1993; Hessler et a l , 1993; Stevens and Wang, 1994). There are several
potential sources of this unreliability in synaptic transmission, including: (a) variability in the threshold for action
potential generation; (b) failure of action potential conduction at axonal branch points or within a branch; (c)
variability in Ca influx in response to action potentials that do arrive at a terminal, (d) unreliability in the coupling
of C a influx to vesicular release and (e) heterogeneity in the post-synaptic response to neurotransmitter release
(Wall, 1995; Allen and Stevens, 1994; Malinow, 1994; Stevens and Wang, 1995, Liao et a l , 1995). To address the
first three potential sources of synaptic variability, we combined high resolution Ca imaging with current clamp
recording from presynaptic neurons. This approach has allowed us to confirm that action potentials are generated
and presumably conducted along initial segments of the axon; we can therefore rule out one potential source of
variability, allowing us to measure the variability due to other sources. Our results indicate that action potentials
are faithfully conducted to presynaptic terminals and consistently result in C a influx at release sites despite the
presence of axonal branches. Variability in the magnitude of the presynaptic Ca transient between repeated trials
of action potentials was low (less than 20%) but significantly different from that due to noise.
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Experimental procedures
Cell culture and electrophysiology
Cortical neurons and glia were dissociated from 17-18 day gestation rat fetuses, placed in culture, and allowed to
mature for 17-26 days in vitro (Mackenzie et a l , 1996). In all experiments the whole cell recording configuration
(Hamill et a l , 1981) was used to fill neurons with fura-2 or fluo-3/Mag-fura (Minta et al. 1989, Ragu et al. 1989).
The patch pipette solution contained (in mM): 0.75-1.0 fura-2 K salt (Grynkiewicz et a l , 1985), 140 K M e S 0 , 5
M g A T P , 0.3 G T P , 10 NaCl, and 10 NaHEPES (pH =7.2). In experiments using fluo-3, 750 u M K salt was used in
combination with 500 u M Mag-fura (Mag-fura used to view basal fluorescence). Imaging was performed with a
63X water immersion Zeiss objective on a movable upright Zeiss Axioskop microscope. The current clamp
recording method was used for all experiments done with the upright microscope. Resting membrane potential
typically ranged from -50 to -60 mV. Membrane potential was adjusted to -60 m V by injection of a small negative
or positive current, and overshooting action potentials were produced by injection of positive current (5 ms
duration). In all trials of action potentials, records of membrane potential were inspected carefully to determine
whether the action potential changed shape over time or whether stimulation failed. Cells which fired more than
one action potential during a 5 ms current injection were not analyzed. Experiments were terminated if a
progressive change in the action potential shape occurred, or if resting membrane potential changed by more than
10 mV. Experiments involving higher resolution axonal imaging (as indicated) were performed on a Axiovert
inverted microscope using a Zeiss 100X oil 1.3 N . A . objective. Fura-2 loading with this system was performed
under the whole cell recording mode using patch clamp pipettes (-10-12 MOhm, containing 5-10 m M fura-2, 150
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m M KCI and 10 m M HEPES). After the neurons were loaded (-2 min of perfusion), patch clamp pipettes were
removed and the cells were allowed to recover in the presence of T T X for about 1-2 h (Murphy et al., 1995).
Calibration parameters for fura-2 were determined in vitro. Using intracellular perfusion with known amounts of
fura-2 we estimated that 750-1000 u M fura-2 approximates the amount microinjected. Pyramidal-type neurons
were used for imaging experiments and were identified by their somatic size, shape, and prominent dendritic
process. The axon of the neuron was identified (see Results) and positioned in the center of the video field.
Extracellular stimulation with a -2-4 MOhm patch pipette filled with bathing solution and positioned over the cell
body but not in contact with the cell (usually near the origin of the axon) was used elicit action potentials. The
stimulus parameters were 0.2 ms and 10-90 V . The stimulus voltage varied considerably between different cells
and electrodes and was presumably due to distance from the neuron or the electrode characteristics. For a given
cell a threshold was estimated and the stimulus voltage was adjusted so it was typically 50% above threshold.
Experiments with extracellular stimulation were terminated if threshold increased by more than 50% during an
experiment or if a rise in resting [Ca ]j occurred. Once threshold was exceeded increases in stimulation did not
result in a further rise in the presynaptic Ca transient indicating that it is an all or none phenomenon (data not
shown). The following extracellular solution was used to isolate the effects of action potential stimulation from
spontaneous synaptic activity (Murphy et al., 1994) (in mM) 137 NaCl, 5.0 KCI, 2.5 C a C l , 1 M g C l , 0.34
N a H P 0 ( 7 H 0 ) , 10 NaHEPES, 1 N a H C 0 , picrotoxin 0.01-0.1, A P V 100 u M , C N Q X 3 u M and 22 glucose (pH
7.4 and -340 mosm). Cells were switched to this solution at least 10 min before imaging. With the exception of
the data in figure 5 and the example in figure 6 (which used 5 m M CaCl and was not noticeably different from
other experiments) all experiments used 2.5 m M extracellular C a C l .
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For experiments in which the postsynaptic effect of evoked responses were measured, C N Q X and A P V
were omitted from the recording medium and 10-20 n M T T X was added to the bath the block polysynaptic evoked
activity and to suppress spontaneous activity (Fields et al., 1991). The patch pipette solution for these experiments
contained (in mM): 0.5-0.75 fura-2 K salt, 126.0 CsMeSO„, 5.0 M g - A T P , 0.3 G T P , 1.0 QX-314, 10.0 KCI and
10.0 H E P E S (pH =7.2). For simultaneous measurements of synaptic currents and evoked dendritic Ca transients,
we used a Zeiss 100X, 1.3 numerical aperture objective and positioned the cell body of a fura-2 filled neuron at the
edge of the microscopic field so that the dendritic field was visible in the video field. Extracellular presynaptic
stimulation was performed as described above. A l l experiments were conducted at room temperature.
+

2+

FM1-43 imaging
F M 1-43 recycling was performed as previously described in Reuter (1995) with the exception that action
potentials used to stimulate exocytosis were delivered to only the cell that was also imaged using fura-2 to avoid
background uptake. Fura-2 and F M 1-43 fluorescence were measured in the same neuron by alternating between
380 nm (fura-2) and 490 nm ( F M 1-43) excitation filters with the use of a 535/40 band-pass filter and a combined
fluorescein/fura-2 dichroic mirror (Chromo Technologies). Using this configuration no fura-2 signal was detected
at gain settings and filter combinations used to detect F M 1-43 fluorescence. For presentation purposes, F M 1-43
images were reversed (negative) and subjected to a pixel threshold.

Imaging and analysis
A fiberoptically coupled intensified C C D camera with a Gen III intensifier tube was used for all
experiments (Stanford Photonics, Palo Alto C A ) in combination with a Epix 4M12-64 M B frame grabber board.
Images and electrophysiological data were analyzed using custom routines written in the program IDL (Research
Systems Inc.). Plots of [Ca ]i versus time were produced off-line, either from single video frames (30/sec) or 3
frame averages as indicated (see figures). Following analysis, data was discarded if basal C a levels were found to
2+
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significantly rise during the course of an experiment or if we observed progressive changes in the amplitude of
[Ca ]| attributed to factors such as spike broadening. Since the evoked synaptic currents have slow components
(that were attributed to the rises in Ca ), the first 100 ms of a synaptic current was averaged for correlation with
evoked C a transients. To improve the signal to noise ratio for Ca transients we averaged the first 500 ms of the
Ca transient in response to presynaptic or action potential stimulation (in fluo-3 experiments the first 333 ms was
used). Comparison of Ca transients between different regions of dendrite or axon was performed on background2+
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subtracted 380 nm excitation fura-2 fluorescence in which values were divided by a 0.5 sec baseline period ( F )
0

that preceded action potential or presynaptic stimulation (expressed as F / F * 100). Although statistical comparisons
0

were made on changes in raw fluorescence values, these values were converted to a change in [Ca ]i using a
2+

380nm excitation self-ratio for presentation by conservatively assuming a resting C a

2 +

level of zero and by using

the following equation:
(1-F/FQ) / ( F / F - F

c /FminCa) * D-

K

K

0

m a x

a

assumed to be 200 n M

d

Calculation of [Ca ]| by ratio to the isobestic point of fura-2 (360 nm) indicated that with 750 u M K fura-2, the
[Ca *], approached zero resting levels (values usually below 40 nM). These low resting levels were conceivably
due to buffering by the relatively high concentration of fura-2, and suggested that the assumptions of the self-ratio
were valid. Due to the characteristics of the objective and light path used (which had relatively poor 360 nm light
intensity) we found images produced by 380 nm/360nm ratio to be less accurate than a 380 nm fura-2 self ratio.
2+
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Analysis of variability in presynaptic calcium transients
Statistical testing was performed on the raw data to avoid artefactual increases in variance when
expressing data as a fluorescence ratio ( F / F * 100). Variance was determined by fitting average responses tothe
response of each individual trial, thus generating distributions of scaling factors that reflect the underlying response
variance. This fitting procedure was the most robust given the baseline variance in the data. The advantage of this
method was that the analysis used a least mean squares fitting procedure that fit the entire curve rather than only
the peak. In this curve fitting procedure, an averaged Ca transient (for a particular release site) was scaled by a
multiplication factor (a baseline offset constant was also used) for optimal fit to single "noisy" response trials
(using routines in Microcal Origin). This procedure was repeated for constructed responses that were generated by
adding averaged responses to baseline periods, creating data with defined variance (that of baseline only for
comparison). Scaling factors required for best fit of the averaged data to the noisy responses were compared by F test as described in the Results. The fitting analysis was performed prior to any nonlinear scaling of signals (to
account for saturation of fura-2 with Ca ). This was a necessary precaution in order to avoid artefactual increases
in noise due to nonlinear scaling of fluorescence changes to [Ca ], as fura-2 approached saturation. This error
tended to underestimate rather than account for changes in [Ca ]; due to saturation of fura-2, although it was likely
to be minimal due to the relatively small changes in [Ca *],. Although each cell was carefully examined for time
dependent changes in total fluorescence, resting [Ca ]j and action potential properties it was possible that
significant run down or run up of responsiveness could account for the variability we observed. Therefore we
excluded any axonal sites that showed potentially time dependent changes in Ca transient amplitude. This was
accomplished by performing a linear regression analysis on amplitude scaling factors versus trial number for each
site. Sites that showed a significant negative or positive correlation (p<.05) with trial number were excluded from
the analysis even though these changes were local to each bouton, were observed in both real and constructed data,
and within the same cell varied in the sign of the slope. For a total of 50 sites examined (100 regression analyses
for both the actual and constructed data sets) 10 showed a significant correlation. For the remaining sites
examination of the slopes derived from linear regression of the scaling factors versus trial number (40 sites
correlations all p>.05) indicated that no consistent negative or positive correlation was apparent as slopes derived
for real and constructed values were not significantly different by unpaired t-test (p<.05).
0
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Sources of error in variance ofpresynaptic calcium transients.
To investigate whether there were potentially artefactual sources of variance associated with measurement
of presynaptic Ca transients we determined if our C C D detection system became more noisy in response to the
changes in light levels associated with the fura-2 signal attributed to single action potentials. In contrast to the
increase in the variance (of raw fluorescence changes) observed between action potential stimulus trials compared
to the baseline, we observed a small but significant decrease in variance due to a 15 % reduction in light levels that
was comparable to the observed fura-2 fluorescence changes (pixel value SD's: 1.11 to 0.98, n=200, p < .05). To
obtain these values, light levels were adjusted with a stabilized D C power supply to match those present during an
2+
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experiment (similar results were obtained by reducing fluorescent light levels with a neutral density filter).
Detection system noise was examined at various levels of light, in order to predict the level of noise at a given pixel
value (proportional to the square root of the pixel value plus a constant amount of dark noise). This decrease in
variance associated with the detection system and the properties of light would cause us to slightly underestimate,
rather than account for, the increase of variability associated with single action potentials (using fura-2). In the
case of preliminary data using fluo-3, the increased variability associated with action potential stimulation was
significantly higher than that attributed to light noise alone (fluo-3 fluorescence increases with [Ca ],). As changes
in detector noise were small and could not account for the observed increases in variance following action potential
stimulation, we did not attempt to correct data to account for this error. Other sources of noise such as fluorescence
lamp flickering were minimal (for the experiments and trials analyzed) compared to camera noise, as judged by
performing cross-correlations between different regions of background fluorescence. In a few experiments arc
lamp flickers were observed in the occasional stimulus trial, these flickers resulted in obvious highly correlated
increases in fluorescence intensity at all sites. Rather than attempt to correct for these events (which may in itself
introduce noise) we removed these trials from the analysis.
2+

Electron Microscopy
During recording, selected neurons were perfused with 0.24 mg/ml biocytin and 8 mg/ml neurobiotin.
Cultures were then fixed with 4% paraformaldehyde and 0.2-0.5% glutaraldehyde in 0.1 M Sorensen's N a
phosphate buffer (pH 7.2-7.4, 1.5 h, room temperature (RT)), rinsed briefly in Dulbecco's phosphate-buffered
saline (DPBS), permeabilized in 0.2% Triton X-100 in DPBS (4 min, RT), washed with DPBS (3-5 volumes over 5
min, RT) and blocked in 2.5% normal goat serum in DPBS (4-12 h, 4°C). Cultures were washed with DPBS (3-5
volumes over 15 min, RT), incubated with Vector Labs A / B reagent (avidin/biotinylated peroxidase complex) (30
min-1 h, RT), washed with DPBS (3-5 volumes over 30 min, RT), then incubated in 0.5 mg/ml diaminobenzidine
(DAB) 0.015% H 0 in DPBS 0.025% N i C l (5-20 min, RT, intensity monitored to prevent over-staining).
Extensive DPBS washing (5 volumes over at least 30 min, RT) was followed by further fixation in 2.5%
glutaraldehyde in 0.1 M Sorensen's Na phosphate buffer (pH 7.2-7.4, 1 h, on ice), washing in the same buffer (3
volumes over 30 min, on ice), storage overnight in fresh buffer (4°C), then post-fixation in 1% O s 0 in the same
buffer (1 h, on ice). Following a final buffer wash (3 volumes over 30 min, on ice), cultures were dehydrated in a
graded ethanol series (50, 70, 85, 95, 100%) and flat embedded in Spurr resin on Aclar plastic. Following
polymerization, areas containing single stained neurons were excised, separated from the Aclar and mounted on
blank blocks. Serial sections of -70 nm thickness were collected on Formvar-coated single slot grids, stained with
2-3% aqueous uranyl acetate followed by Reynold's lead citrate (Reynolds, 1963), then examined at 80 keV in a
Zeiss E M 10C S T E M .
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Results
Spatially resolved action-potential evoked axonal Ca^ transients.
+

For the majority of imaging experiments neurons were loaded with 750 u M fura-2 K salt (Grynkiewicz et
al. 1985) and in some cases fluo-3 (Minta et al. 1989) using the whole cell recording method (Hamill et al. 1980).
Although this high concentration of Ca probe would be expected to buffer peak Ca transients and to prolong
their decay, this dye concentration was required to resolve axonal processes over background fluorescence.
Relatively high affinity Ca probes (such fura-2 or fluo-3) were used to image the response to single action
potentials in presynaptic terminals, in order to maximize changes in fluorescence signals in relation to baseline
noise.
+
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To resolve the presynaptic Ca response to single or patterned action potentials we needed to identify
axons unequivocally by tracing the process from the soma to distal collaterals. We were able to accomplish this
using two microscopic systems The first, using a 100X oil immersion objective, allowed us to obtain high
resolution images in previously micro-injected cells; in these experiments, axonal responses were evoked using
local extracellular stimulation. In other experiments, as indicated, we used a movable upright microscope with a
63X water immersion objective, which allowed us to trace the axon and to evoke and measure action potentials in
2+
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current clamp mode. Axons were identified according to several criteria which are illustrated in Figure 1 A ,
(composite image). A n axon was identified as a unique process which originated from the soma or from a
proximal dendrite. Unlike the dendrites of most neurons we examined, the axon lacked spines (although small
branches were apparent) and could be traced well beyond the dendritic field of the neuron (Fig. 1 A). In addition,
we observed collateral branches which were perpendicular and appeared to maintain a constant diameter over their
length, characteristic of CNS axons. The axons and their collaterals also showed varicosities at regular intervals
indicative of release sites, as shown in Fig. 1 A . Only one process originating at the soma and fitting the above
description was found in each of the 119 neurons examined.
By using digital imaging with high temporal and spatial resolution, we were able to evaluate the spatial
properties of Ca transients in response to single or patterned action potentials in identified axons. Figure 1A
shows averaged traces of Ca response at four sites for four different stimulation patterns. We consistently
2+
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Fig. 1. Spatially resolved Ca transients in axons in response to action potentials.
2+

(A)

Composite image of a fura-2 filled cultured cortical neuron: image obtained after an experiment involving
simultaneous current clamp and C a imaging. Axon is shown leaving the soma and extending for at least 500
um. Dashed line indicates area imaged during the experiment. Scale bar 25 urn. (b) Averaged fura-2 image
of the main branch of the axon (-100-225 um from soma) showing a branch point of the main axon and two
thinner collateral branches. Numbered arrows indicate 4 sites where Ca changes were quantified (2.4 x 2.4
Um sites.) Scale bar 10 um. (c) Quantification of Ca responses to action potentials. (Left) Records of the
response to 1, 2 ,3 or 4 action potentials, at 4 axonal sites averaged over 3 trials, expressed as a change in
[Ca ]|. Current steps were initiated at the time indicated by arrows. Images of fura-2 fluorescence were
collected at 30Hz and averages of 3 buffers were calculated, background subtracted, and bleach corrected offline as described in the methods. (Right) Current clamp records illustrating stimulation protocols (1,2,3 or 4
depolarizing 5 ms current steps, 10 Hz): horizontal lines to the right indicate the line style for each stimulation
protocol in the plotted records (left).
2 +
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(B)

Highly localized Ca response at an axonal varicosity. (Top left) Composite fura-2 fluorescence
averaged image obtained with fura-2 filled pipette visible. Boxed area (broken line) indicates area imaged
during the experiment. Scale bar 25 um. (Top right) Averaged fura-2 image of the cell at rest indicating sites
that were quantified (2.4 x 2.4 um) in the Ca traces below (indicated by arrows; one dendritic site is not
shown). High responding site indicated by asterisk. Scale bar 5 um. (Bottom) Records of change in [Ca ];
versus time for 8 different sites (5 axonal and 3 dendritic): each trace represents one site; one dendritic site is
not shown. One axonal site, identified by asterisk, demonstrates a greater Ca response to action potential
stimulation. Traces were averaged responses of 6 trials of different stimulation protocols (1,4 and 8 action
potentials, 10Hz). Ca data were collected at 30 Hz, background subtracted, bleach corrected and filtered with
a boxcar average of 3 points for presentation.
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observed the largest responses to single action potentials at varicosities on the smaller collateral branches of the
axon, such as sites 2 and 3 (compare to sites 1 and 4 on the main branch of the axon). Although sites such as 1 and
4 showed very little response to single action potentials, we were able to evoke a consistent response by increasing
the number of action potentials. A particularly dramatic example of spatial heterogeneity in these Ca responses is
shown in figure IB, in which a single axonal varicosity consistently shows a Ca response several fold greater than
other dendritic or axonal sites (response to 1,4 and 8 action potentials, averaged, accounting for the slow upstroke).
Interestingly, responsive varicosities (in Fig. 1A & B) were observed at locations which were more distal to areas
that showed smaller or no response; therefore these differences were not due to a failure of action potential
conduction at the less responsive sites due to electrotonic filtering. "Hot spots" of C a entry at presumed
neurotransmitter release sites and heterogeneity in responsiveness between sites was detected using either fura-2
(data above and Fig. 5) or fluo-3 (data not shown n=3 cells). Axonal C a transients were attributed to the
generation of action potentials as trials with threshold stimulation only produced Ca transients when action
potentials also occurred.
2+
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Functional sites of vesicular release show local Ca^ transients.
+

In order to determine if the presynaptic C a transient is confined to an axonal varicosity, we examined
averaged images of responses with high spatial resolution using a 100X (1.3 N A ) oil immersion objective. The
averaged image in figure 2A indicated that Ca transients were largely restricted to the varicosity and were
considerably smaller on the flanking process that connected en passant synapses. Electron microscopic analysis of
parallel cultures indicated that similar varicosities contained -50 nm synaptic vesicles, as shown in figure 2A. To
determine whether the local C a domains that we observed were occurring at functional release sites, we used F M
1-43, a marker of vesicular turnover, in combination with C a imaging of the same sites. Figure 2B demonstrates
the close correspondence observed between localized Ca transients and vesicular dynamics. Although all three
sites demonstrated a consistent Ca response to action potentials, the Ca transient was consistently larger at site 2
(8 action potentials, 10 Hz, accounting for the slow upstroke). This site selectively showed loading of F M 1-43
during two 15 sec trains of 20 Hz action potential stimulation suggesting that it is a functional vesicular release site
( F M 1 -43 loading shown in black). To reduce background associated with the loading of other cells, the
stimulation was confined to the fura-2 labeled neuron by using intracellular current injection. Examination of
neighboring regions indicated only low levels of F M 1-43 uptake in unstimulated cells, suggesting selectivity. A
second example of selective F M 1-43 loading is shown in figure 2C. The left panel shows a raw fluorescence
image of a dendrite, an axon and a collateral axonal branch containing two varicosities. The middle panel shows a
(negative) image of F M 1-43 loading: the greatest loading occurred at the dark spots indicated by the arrowheads.
The right panel is a superposition of the two panels; again, the sites of greatest vesicular turnover coincided with
the collateral varicosities that consistently demonstrated the largest Ca transients (sites 2 and 4). Selective loading
of axonal varicosities with F M 1-43 was observed in 4 neurons. Although we observed loading of these sites in
response to trains of action potentials, we did not assay for unloading in these examples since the collecting of C a
data resulted in loss of F M 1-43 fluorescence and presumed unloading of the release sites. In two neurons, selective
unloading of the F M 1-43 staining at axonal varicosities was observed during a 15 sec. train of 20 Hz. stimulation
with 50% unloading occurring within 5 sec (data not shown).
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F i g . 2. F u n c t i o n a l sites o f vesicular release show local C a t r a n s i e n t s .
2+

(A)

High spatial resolution imaging of Ca transients at a single varicosity obtained using a lOOx objective.
( T o p ) Averaged image of a fura-2-filled axon showing one varicosity. Scale bar 10 um. ( M i d d l e ) Enlarged
images of the varicosity showing the change in [Ca ]i in response to extracellular stimulation; paired pulse,
105 ms interval; average of 5 stimulation trials. (Bsln) mean change in [Ca ]j immediately before stimulation,
averaged over 500 ms (compared to a separate baseline period). (Stim) mean change in [Ca ]j for a 500 ms
period immediately following stimulation. The color scale corresponds to a change in [Ca ]j from 0-50 nM.
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A boxcar filter of 2 x 2 pixels was applied to each image. ( B o t t o m ) Electron micrograph of an axonal process
from a different set of cultures showing that varicosities of similar morphology contain synaptic vesicles. The
dark structures correspond to dendritic spines from a biocytin-filled neuron. Scale bar 0.5 um.
(B)

Co-localization of F M 1-43 loading and local Ca transients at axonal varicosities (obtained using a 63 x
objective). ( L e f t ) Superposition of an averaged fura-2 fluorescence image with a (negative) image of F M 1-43
loading: FM1-43 loading appears as a dark (black) spot which co-localizes with the varicosity at site 2 (inset).
Scale bars: 5um; inset 2 um. ( R i g h t ) Change in [Ca ]; versus time, in response to 2 action potentials
delivered 105 ms apart in current clamp (at time indicated by arrows). Records are shown for 3 axonal sites
quantified as in figure IB. The largest Ca transient was seen at site 2, the site of F M 1-43 loading. ( C ) Colocalization of F M 1-43 loading and vesicular Ca transients from another cell (obtained using a 63x
objective). ( T o p left) Averaged fluorescence image. Scale bar 5 um. ( T o p m i d d l e ) Negative image of F M
1-43 loading; the darkest sites (those showing the greatest loading) are indicated by arrowheads. ( T o p r i g h t )
Superposition of the 2 panels showing co-localization of varicosities and F M 1 -43 loading. ( B o t t o m ) Traces
of change in [Ca ]; versus time in response to paired action potentials (current clamp) at 4 axonal sites and one
dendritic site (site 5). The largest Ca transients were observed at the varicosities (sites 2 and 4) showing F M
1-43 loading.
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Dependence of axonal Ca?

+

transients on extracellular Ca^

+

and on high voltage-activated Ca^

+

channels.

The axonal Ca transients were completely abolished in nominally zero extracellular C a ; this effect was
2+

2+

reversible as shown in figure 3A, suggesting that the Ca transients are due predominantly to C a
2+

2 +

influx (n= 5

cells). Therefore we examined the effects of high voltage activated ( H V A ) Ca channel antagonists on the axonal
2+

Ca transients. We used a combination of 3 toxins to block the multiple types of H V A channels that have been
2+

shown to play a crucial role in synaptic transmission (Takahashi and Momiyama, 1993; Castillo et a l , 1994;
Wheeler et a l , 1994; Dunlap et a l , 1995). Combined application of co-agatoxin I V A (200 nM), co-conotoxin
G V I A (ImM) and to-conotoxin MVIIC (ImM) consistently reduced axonal Ca influx at varicosities by 40-70 %
2+

in response to action potential stimulation (n= 5 cells). Figure 3B illustrates traces of averaged change in [Ca ]i in
2+

response to pairs of action potentials at 11 axonal sites in one neuron. C a

2 +

influx was consistently largest at 2

varicosities that were, located more distally from the soma than other sites along the axon (sites 1 and 2); combined
application of the toxins reduced C a

response on the order of 70% at these varicosities. Although heterogeneity

2 +

in responsiveness between different axonal sites was observed under control conditions, all sites examined were
sensitive to the antagonists.

Stochastic fluctuations in evoked synaptic activity measured postsynaptically using Ca?

+

imaging.

The spatial heterogeneity in presynaptic Ca transients in response to action potential stimulation (Fig. IB
2+

and Fig. 2B,C) suggested a mechanism underlying the reported variability in postsynaptic responsiveness
(Rosenmund et a l , 1993; Hessler et a l , 1993). To determine directly whether evoked responsiveness varied both
between and within single synapses, we measured local post-synaptic C a

2 +

changes in response to local presynaptic

stimulation. Postsynaptic neurons were filled with fura-2 under whole-cell recording and maintained at a -35 mV
holding potential to decrease the M g b l o c k of N M D A receptors. Figure 4A shows the change in [Ca ] along a
2+

2+

;

small dendritic region for two individual trials in response to a local presynaptic stimulation (single shock) by a
microelectrode (electrode indicated by an asterisk in Fig. 4B). In trial 4, stimulation resulted in a local C a

2 +

transient at site 2 while site 1 failed to respond; conversely, in trial 11, site 1 showed a local response to stimulation
while site 2 failed to respond. Over 16 trials performed with a suprathreshold stimulus we determined that the two
sites showed markedly different probabilities (P

sile

,=0.63 and P

2 0.19) of a postsynaptic response (defined as
=

site

being 2 SD above baseline). The responsiveness of the two dendritic sites appeared to be attributed to factors
unique to each site since a cross-correlation of the Ca transient amplitudes (for the two sites) did not indicate any
2+

significant relationship (r=0.27, p > .05). The difference in probability between sites was statistically significant as
determined by the Chi-squared test (p < .05).
Inspection of the records of postsynaptic current confirmed that the extracellular stimulation resulted in a
synaptic response in every stimulation trial. The average postsynaptic current in the presence and absence of A P V
is shown in Fig 4B. As there were at least 2 post-synaptic sites that were responsive to presynaptic stimulation, for
each trial responses at site 1 and 2 were averaged for correlation with synaptic currents. There was a significant
correlation between the Ca response and the magnitude of the inward synaptic current (r=0.64; p < .05; the first
2+

100 ms of the current integrated) for the 16 trials performed in the absence of the N M D A receptor antagonist A P V .
Application of A P V abolished the Ca transients and reduced the slow component of the synaptic current response;
2+

therefore, the slow N M D A receptor mediated component of the synaptic current appeared to underlie the
postsynaptic Ca transients.
2+

Figure 4C demonstrates the variability in Ca response at sites 1 and 2. Figure 4C(a) shows superimposed
2+

traces of Ca response versus time at sites 1 and 2 for 16 trials. Both sites show a large variability in postsynaptic
2+

responsiveness following presynaptic stimulation. In the case of site 1, a statistically significant increase in
variance over baseline was observed despite the exclusion of trials that did not result in a significant Ca transient
2+

(p < .05, F-test), suggesting that the postsynaptic variability is due to additional factors other than failure of
transmission. Significant variability (p < 0.05 F-test) in postsynaptic evoked activity for the sites discussed above
was observed when responses were expressed as a ratio to baseline fluorescence from which values of [Ca ]j were
2+
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Fig. 3. Dependence of axonal Ca transients on extracellular C a a n d on high voltage-activated C a
2+

2 +

2 +

channels.
(A)

(Left) Averaged fura-2 image (100 X) showing a dendrite and an axon with varicosity (enlarged in middle
panel, arrowhead). Scale bars: 5mm left panel; 2mm middle panel. (Right) Change in [Ca ]j at the
varicosity (measured over a 1.4 x 1.4 um area) during normal extracellular Ca (2.5 m M , Bsln), during
zero Ca and, following wash, in response to extracellular stimulation (arrow). The plots are averages of
four trials, paired-pulse extracellular stimulation, 105 ms interval. Response was reversibly abolished by
0 Ca .
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2+
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(B)

(Left) Averaged fura-2 image indicating 11 axonal sites (1.4 x 1.4 um area) that were quantified to
determine dependence of axonal Ca transients on high voltage activated Ca channels. Site 8 is closest
2+

2+

to the soma. The inset shows sites 1, 2 and 3 at higher magnification. The inset is 15 um x 20 nm.
(Right) Traces of change in [Ca ]i versus time in response to paired extracellular stimulation during
2+

control (thin lines, average of 8 trials) and after combined application of n-agatoxin I V A (200 nM) + o>
conotoxin G V I A (ImM) + co-conotoxin MVIIC (ImM), thick lines, average of 10 trials. (Bottom)
Change in [Ca ] averaged over 500 ms post-stimulation, for the 11 sites, before and after addition of
2+

i;

toxins.
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Fig. 4. Stochastic fluctuations in evoked synaptic activity measured postsynaptically using C a

(A)

2 +

imaging.

Images of changes in dendritic [Ca ], averaged over 500 ms before and after extracellular stimulation of
presynaptic fibres for trials 4 and 11. Two responsive sites were identified and are indicated by arrowheads.
Trial 4: stimulation resulted in a local Ca transient at site 2; Trial 11: stimulation resulted in a local C a
transient at site 1. Scale bar 5 um. The color scale corresponds to a change in [Ca ] from 0-100 n M ; for
presentation purposes, a 2 n M threshold increase in C a was applied to the images shown, and a boxcar filter
of 2 x 2 pixels was applied to each image.
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(B)

(Left) Combined bright-field and fluorescence image showing dendrite and position of presynaptic
stimulating electrode, indicated by the asterisk. (Inset) Averaged fura-2 image illustrating the sites exhibiting
the localized Ca responses illustrated in A . Scale bar 10 um. (Right) The postsynaptic current recorded
following presynaptic stimulation, averaged over 17 trials prior to addition of A P V and averaged over 6 trials
following addition of A P V . The slow component of the EPSC is reduced following addition of A P V . The
average response in the presence of A P V was scaled to the amplitude of the control response. The stimulus
artifact was removed for presentation.
2+

(C)

(a) Record of change in [Ca ], versus time, superimposed for 16 trials, for sites 1 and 2 in the absence of
A P V . A single presynaptic stimulation was delivered at the time marked by the arrow, (b) Baseline and
stimulated C a response versus trial for sites 1 and 2 over 17 trials before A P V addition and 6 trials following
A P V addition; responses are 500 ms averages.
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calculated (as above and in Fig 4), or if changes in raw fluorescence were fitted to an average response (see
Experimental Procedures as in Fig. 6). Figure 4C(b) plots the magnitude of Ca response (averaged over 500 ms)
at each site as a function of trial. Trials were observed in which both sites responded (e.g. trial 9), only site 1
responded (e.g. trial 11) or only site 2 responded (e.g. trial 4). Statistically significant heterogeneity in evoked
postsynaptic responsiveness was observed in 3 other neurons that were analyzed. To investigate to what extent
variability in the amplitude of the presynaptic Ca transient contributed to this observed postsynaptic
heterogeneity, we determined the reliability of presynaptic C a influx.
2+

2+

2 +

Reliable coupling between single somatic action potentials and elevation in calcium at presumed presynaptic
release sites.
At presumed neurotransmitter release sites with a relatively high signal to noise ratio (> 2.5) we examined
the reliability of coupling between single action potentials and a rise in C a . Figure 5 (top right) presents records
of change in [Ca ], versus time at 6 sites in response to single action potentials for 30 trials (every third trial overplotted). Sites 3, 4 and 5 each showed a significant increase in variance following single action potential
stimulation (data fit as in Fig. 6; F-test, p < .05). Figure 5 (bottom) plots the 500 ms average of the Ca response
(and of baseline) across the 30 trials for each of the 6 sites. Although some sites (1, 4, 5, and 6) showed occasional
response failures, that we defined as a response within 2 SD of baseline, these failures were relatively uncommon.
For example, although site 3 exhibited a high level of response variability, we did not observe failure within 30
trials of single action potentials. In all 71 low-noise axonal sites from 8 cells examined, we observed 43 response
failures in 994 total trials, or 4.3%. Using a fitting procedure described in figure 6, a similar low level of apparent
failures was observed: 15 failures in 709 trials, or 2.1% (50 sites). These failures were not attributed to lack of
action potential generation or propagation for two reasons: first, in all cases, action potentials were recorded in
current clamp mode; second, Ca responses were observed in the same trial in neighboring distal regions.
Conceivably these apparent failures are due to variation in response due to noise as they were infrequent and
usually occurred at the sites with lower signal to noise properties.
2+

2+

2+

2+

Variation in presynaptic calcium transients in response to single action potentials.
Initial experiments suggested that variability in presynaptic Ca transients during evoked synaptic
transmission was small compared to the variability we measured postsynaptically (in dendrites, see Fig. 4) and
could be occluded by the high baseline noise. Therefore we confined analysis to experiments and axonal sites with
the highest signal to noise properties (ratio > 2.5). Variability in responsiveness was evaluated separately for each
site by comparing the variance in baseline before stimulation to the variance in response after action potential
stimulation. For each trial we constructed simulated responses (with baseline variance) by adding the average C a
transient for that site to a baseline period for that trial (Fig 6A). We then compared the variability in the
constructed (baseline) data to the variability of the real (response to stimulation) data using a curve fitting
procedure. The actual responses and the constructed responses were fitted by scaling the averaged Ca transient
(Fig. 6A(c), thick trace) using an amplitude scaling factor. The amplitude scaling factor was a measure of the
difference of each curve (corresponding to a single trial) from the mean response; for example, a scaling factor of
1.0 meant that a trial had an amplitude that was identical to the mean. A C V for the scaling factors was calculated
by dividing the SD of the scaling factors by the mean scaling factor (mean scaling factor=l .0). The C V of the
constructed response scaling factors ( C V ^ J , a measurement of the variability due to baseline noise alone,
averaged 19%, indicating a relatively high signal to noise ratio (~5 as 100%/CV = signal to noise). Scaling
factors for actual (real) response trials were compared to constructed responses using an F-test. Figure 6A(a) and
(b) illustrates traces of raw fura-2 fluorescence (above) and traces of fitted average responses (below) for both
constructed and real data. For the records from the presumed release site shown in figure 6A(a), the amplitude
scaling factors were significantly more varied for the real responses than for the constructed responses. For the
release site illustrated in figure 6A(b), there was no significant difference in the variance of the amplitude scaling
factors between real and constructed responses by individual F-test. Examination of all low noise presumed release
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Fig. 5. Reliable coupling of single action potentials to axonal Ca transients.
2+

(Top left) Averaged fura-2 fluorescence image showing 6 individual numbered axonal sites where
responses were quantified (2.4 x 2.4 um area) over 30 trials Scale bar 10 um.
(Top right) Records of change in [Ca ]j versus time for 6 individual sites for 30 trials: every third trial is
2+

plotted for clarity.
(Bottom) Baseline and stimulated axonal Ca response (500 ms averages) plotted across 30 trials for the
6 sites. Dotted lines indicate 2 SD's above baseline (used as a response criterion). Note: raw fluorescence
data was converted to [Ca ]j to compare C a influx between sites. This procedure will likely exaggerate
variability in C a transients (see Experimental Procedures and Fig. 6 for variability analysis using raw
data).
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Fig. 6. Variation in the amplitude of presynaptic Ca transients in response to single action potentials.
2+

(A)

(a) Constructed and real Ca responses to a single action potential from a presumed release site exhibiting
significant variability in response. Constructed responses were generated by adding (for each trial) segments
of baseline to a mean response. Top: Records of raw fura-2 fluorescence versus time over-plotted for 24
individual trials. The single action potential was delivered at the time indicated by arrow. Bottom: Overplotted fitted traces (24 trials) for real and constructed data corresponding to the "noisy data" shown above
illustrating the variability in the scaled traces. For the purposes of presentation, each trace was offset (< 5 raw
pixel value) to overlay the baseline periods, (b) Constructed and real Ca responses to a single action
potential from a presumed release site exhibiting no significant change in variance of response. Top: raw fura2 traces; Bottom: fitted traces, (c) Illustration of the fitting procedure for a single trial for the site shown in (a).
For both the constructed and real responses, the raw trace (thin line) was fitted by multiplying an averaged
trace (thick line) by a scaling factor (real data on right), (d) Scale factor versus trial for constructed and real
data for the site shown in (a); each point represents the magnitude of the amplitude scaling factor used to fit
the average curve to the raw curve for a given trial. The dotted line illustrates the average scale factor (1.0);
the solid line illustrates the slope of the regression versus trial, illustrating possible run up or run down over
time. For this site, the C V , was 26.9% and the C V _ was 13.6%; subtraction of variance due to steady state
changes (estimated by regression) did not greatly alter these values (CV , =26.5%, CV |„=13.0%)
2+

2+

rea

n s

rea

(B)

bS

Frequency distribution of the ratio of the variance of the real data divided by the variance of the
constructed data (s ,/ s ^ ) for the 40 putative release sites examined from 5 cells using fura-2 (583 total
trials of single action potentials). A ratio=l represents no difference in variance between real and constructed
traces for a given site; a ratio > 1 represents increased variance in the real data compared to baseline
(constructed) data. The mean ratio was equal to 2.7 and the median was 2.3; 32 of 40 sites had a ratio > 1.
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sites imaged with fura-2 indicated that for 12 of 40 sites (30%; 5 cells) the actual scaling factors were significantly
more varied than the constructed scaling factors (p < .05; F-test); none of the 40 sites showed a statistically
significant decrease. Since the level of significance was set at .05, 2 of the 12 significant observations could have
been spurious.
Although 12 of 40 sites showed individual significance by F-test, at sites that lacked significance we
observed that scaling factors for real data were often more varied than constructed data (see example in Fig.
6A(b)), suggesting that a larger proportion of boutons may show varying responses. To better evaluate variability
at individual boutons, we constructed a histogram of variance ratios to express the variance of the real data as a
proportion of the variance of the constructed data (s
/ s ^ ; s is the SD of the scaling factors) for each of 40
putative release sites examined (Fig 6B). If there was no consistent difference between the real and the constructed
baseline variance, the mean of the distribution should be 1 with an equal number of observations greater than and
less than 1. In contrast, we observed a skewed distribution with a mean of 2.7, a median of 2.3, and 32 of 40
observations greater than 1. A / test indicated that the mean of the distribution was significantly different from 1 (p
2

2

real

< .0001). The significance by t test was not merely due to the 12 of 40 sites that showed significantly greater
variability in s , than s
by individual F-test since exclusion of these values resulted in a mean ratio of 1.7 (s ,
/ s ^ ) , which was also significantly different from a mean of 1 (p < .001). A second method used to analyze the
distribution of variance ratios was to convert the variance ratio at each site to a percentile of its F-distribution (the
entire population could not be fitted to a single distribution because of uneven trial numbers between cells). From
the distribution of the percentiles, we found the median percentile score was 0.91. That is, 50% of the sites had a
variance ratio in the upper 9% of the F-distribution, which was unlikely to have occurred by chance (Chi-square, p
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< .00001). After exclusion of the individually significant sites (by F-test), the non-significant sites had a median
percentile score of 0.78, which was also significant by Chi-square (p < .00005). Thus although not significant by
individual F-test, analysis of group data on these sites indicates significantly greater variability in s , than s
that cannot be attributed to random behavior. The lack of significance using the F-test at some sites (28 of 40)
could be due to the relatively low number of trials and to high noise levels compared to the small increase in
variance associated with single action potentials (Zar 1984). Consistent with the distribution analysis, when the 40
presumed release sites were examined together, the average CV^ for baseline constructed responses was smaller
than the average C V , attributed to actual responses (average ± SD, C V ^ : 18 ± 5 %; C V : 26 ± 9%, p < .00001,
F-test). As the C V of the actual responses reflects both baseline and Ca transient variability, we assumed that the
variability attributed to baseline (estimated from constructed responses) and the variability attributed to C a
transients were additive by the equation:
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(1)

CV^SqrttCV^CV^ )
2

Solving the equation for CV

2+
Ca

indicated that the Ca transient in the absence of baseline variation would on
2+

average have a C V of 19 %. Thus results using fura-2 indicate that variability in the magnitude of the presynaptic
Ca transient due to single action potentials is on average low, but consistently above that attributed to baseline
2+

alone. As F-tests on individual boutons indicated that some sites had significantly greater variability in C a

2 +

transients than others, it is possible that these sites may constitute a sub-population of more variable sites. In this
scenario the 12 of 40 sites (30%) that showed significantly greater s
remaining sites, that as a group show significance, have a C V

2+
C a
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of 13%.

Apparent variability in the presynaptic Ca transient was not attributed to a consistent run down or run up
of responsiveness over trials as boutons which showed a significant time dependent change in response (p < .05)
were excluded from analysis (see Experimental Procedures and Fig. 6A(d)). For the remaining sites with a poor
correlation with trial number (p > .05), an unpaired t test revealed no significant difference between constructed
and real data in the average slope derived from linear regression analysis. This indicated that any potential error
was probably due to random factors and would affect C V , and C V ^ equally. Furthermore, the error was small
and was estimated to account for less than 5% of C V
and C v
(see Fig. 6A(d)). Therefore, steady changes in
responsiveness could not account for the observation that s , was significantly greater than s ^^ (Fig. 6B). As an
additional test, in two representative cells, we examined whether the amplitude scaling factors (for the C a
responses) were significantly correlated between different axonal sites within the same cell across trials of action
potentials (144 total pair wise comparisons). In only 8 of 144 cases did we observe a significant correlation (p <
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.05), suggesting that the observed variability in scaling factors was unique to each site and presumably not
attributed to changes in recording conditions or action potential propagation (see examples in Fig. 5). The low
degree of correlated activity between sites is likely spurious as constructed data sets also showed a small number of
significant correlations (4 of 144 pair wise comparisons).

Discussion

Local domains of calcium influx at neurotransmitter release sites.
Using fluorescence microscopy on cultures of cortical neurons, where light scattering due to out of focus
fluorescence is minimal, we have been able to trace the axon of a mammalian central neuron from the soma to
distal release sites on collateral branches. Measurement of C a influx in response to single action potentials
indicated that axonal varicosities have enhanced C a influx when compared to the large main branches of the axon
or the segments of axon collaterals that occur between release sites (Figs. 1 A , 2A, 2B & 5). Conceivably, this
could be due to differences in surface area to volume ratio of the regions imaged (Smith et al., 1993). However,
when sites along collateral branches were compared, we observed that varicosities, which had higher fura-2
fluorescence and presumably larger volume, showed larger responses than neighboring regions of similar or
smaller volume (Figs. IB, 2A, 2B, 2C & 3B), arguing against hot spots of Ca elevation due merely to surface to
volume ratio. The presence of release sites at these varicosities was determined morphologically at both the light
and electron microscopic level. Although we could identify the release sites we could not determine whether some
axonal varicosities contained multiple release sites (Harris, 1995). Subcellular fractionation studies and
immunocytochemistry suggest that there are mechanisms to selectively concentrate the machinery for
neurotransmitter release at en passant synapses (Sheng et al., 1994). Furthermore, theory and experimental
observations suggest that there should be a close correspondence between presynaptic C a channels and release
sites (Pumplin et al., 1981; Adler et al., 1991; Zucker, 1993). Our study indicates that the function of voltage gated
Ca channels is enhanced at the sites of neurotransmitter release and suggests that Ca channels may fall into the
same category as proteins of the release apparatus that undergo selective targeting. Although the axonal C a
transient was enhanced at release sites, changes in Ca concentration also occurred along the segment of axon
between sites of neurotransmitter release (Fig. 2A,B). In the dendritic experiments (Fig. 4A), evoked post-synaptic
Ca transients diffused from a point source; in contrast in the axon, C a concentration between varicosities
increased too rapidly and homogeneously to have spread from sources at nearby varicosities, suggesting that C a
channels must be located along the intervening segments. Conceivably, C a channels at sites other than release
sites could function in the propagation or regulation of the action potential, or processes such as axonal transport.
Our findings in en passant central synapses are consistent with reports from invertebrate neuromuscular junction
and sympathetic neurons in which increased C a channel function at nerve terminal arborizations have been
observed (Smith and Augustine, 1988; Robitaille et al., 1990; Smith et al., 1993, Delaney et al. 1991, Toth et al.
1993). Unlike these previous studies, we demonstrate the concentration of Ca channel function at en passant presynaptic elements that occur in the mammalian C N S and are involved in forms of activity dependent plasticity
(Sorra and Harris, 1993; Harris, 1995).
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The observed overlap of sites of functional vesicular turnover and sites of enhanced C a influx supports
previous studies that have used F M 1-43 as a marker for functional presynaptic terminals (Betz and Bewick, 1992;
Ryan and Smith, 1995; Reuter, 1995; Liu and Tsien, 1995). These studies have also shown overlap between F M 143 uptake and presynaptic markers such as synapsin 1 (Betz and Bewick, 1992; Ryan et al., 1993). In some
experiments we did observe axonal varicosities that showed localized Ca transients yet failed to take up F M 1-43
in response to a short train of action potentials (data not shown). This observation raises the possibility that factors
other than C a influx regulate vesicular turnover consistent with the recent study of Malgaroli et al. (1995).
However, due to complicating factors such as a poor signal to noise in the F M 1-43 uptake experiments (due to
apparent diffuse glial uptake) and the possibility that fura-2 may buffer rises in intracellular C a a n d reduce
vesicular turnover (at some synapses) we are cautious in concluding that differential uptake of F M 1-43 occurs in
our system (Betz and Bewick, 1993). However, despite these caveats our results indicate that vesicular turnover
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and apparent neurotransmitter release can occur under the conditions of our imaging experiments, as evidenced
by the specific loading and unloading of boutons labeled with F M 1-43.

Local variability in evoked postsynaptic calcium transients.
Synaptic transmission occurring at individual mammalian C N S synapses is an unreliable process, as
evoked synaptic stimulation often fails (del Castillo and Katz, 1954; Malinow and Tsien, 1990; Stevens and Wang,
1994; Malinow, 1994). Previous studies have used C a imaging postsynaptically to evaluate the reliability of
evoked synaptic transmission (Malinow et al., 1994; Yuste and Denk, 1995). These studies observed stochastic
failures (Yuste and Denk, 1995) and apparent differences in response probability between synapses (Malinow et
al., 1994). However these studies were limited in that it was not possible to resolve multiple postsynaptic sites
simultaneously (Yuste and Denk, 1995) and in some cases involved multiple presynaptic stimuli (Malinow et al.,
1994). Using a similar postsynaptic imaging approach, we have extended these studies by observing differences in
responsiveness, including failure, between adjacent synaptic sites on the same dendritic branch. Our studies
directly demonstrate selective regulation of response probability with single presynaptic stimuli. Analysis of the
current records indicated that each stimulus resulted in a postsynaptic response, suggesting that the differences
were not due to failure to generate an action potential. However, we cannot exclude the possibility that the
synapses we observed were innervated by two different axons with different thresholds for action potential
generation. The relatively high signal to noise ratio of our images allowed us to demonstrate variability in the
evoked response despite the exclusion of trials in which failures occurred, consistent with imaging of miniature
synaptic activity and recordings of postsynaptic currents elicited at single boutons (Murphy et al., 1995; Liu and
Tsien, 1995).
2+

Reliable conduction through axonal arbors.
Imaging of axonal arbors indicated that virtually every action potential generated at the cell soma
penetrates even distal collateral branches to result in a Ca transient at all presumed release sites. These results
indicated that failure of axonal conduction is not a source of unreliability in C N S evoked synaptic transmission.
Our direct imaging of the axon extends previous studies of paired pulse facilitation that demonstrated that even if
the first response fails paired pulse facilitation still occurs (Stevens and Wang, 1995) with the observation that this
reliability in the Ca transient occurs at all boutons. In some experiments when baseline noise levels were high
(30-60% C V ; noise not attributed to stimulation) we observed that some axonal sites appeared to show frequent
failures (-50%) in response to action potential stimulation. Conceivably these apparent failures were due to
overlap between the distribution of the noise and the responses to single action potentials. When cells with higher
signal to noise were analyzed we observed that single action potentials produced a rise in [Ca ]j 2 SD's above
baseline in 96% of trials (see results and Fig. 5), indicating reliable coupling between single action potentials and
presynaptic Ca transients. Although failures were rare with single action potentials, with high frequency
stimulation we observed saturation of the presynaptic Ca response with increasing numbers of action potentials
(1, 2,3 , and 4; see Fig. 1A). Non-linearity in axonal C a responses to paired pulse stimulation has been previously
described (Wu and Saggau, 1994c), however, this effect may be due to saturation of fura-2 in response to trains of
action potentials (Regehr and Atluri, 1995). We are currently in the process of comparing axon collaterals to main
branches to determine whether distal branches are more likely to exhibit frequency dependent response failure.
Branch-point failure has been reported for both axonal and dendritic action potential conduction (Wall, 1995;
Spruston etal., 1995).
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Variability in presynaptic calcium transients at individual release sites and implications for release probability.
By capturing relatively low noise images of C a influx into the axons of cultured cortical neurons we
observed that most release sites undergo a stereotyped, relatively constant increase in C a levels in response to
single action potentials. Using a fitting procedure we estimated that variability in the presynaptic C a transient was
in the of range of 15-20% (Fig. 6 and Results). Although the variability associated with presynaptic Ca transients
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was small, several observations indicated that this variability was not due to factors associated with the detection
of fluorescence (for discussion see Experimental Procedures). Furthermore, the variability observed with fura-2
does not appear to be an underestimate due to possible saturation of fura-2 (Regehr and Atluri, 1995), as
preliminary experiments with fluo-3, a lower affinity probe, indicate a similar low level of variability in the range
of 15% (3 cells 5 boutons, data not shown). At synapses that did show a significant amount of Ca transient
amplitude variability, we determined whether the source of fluctuations in [Ca ]j transient amplitude was due to
factors common to all synaptic sites by correlating the amplitudes of different sites along the same axon across
trials (see results). Significant correlations between sites were rare and sites in which the amplitude of the C a
transient correlated with trial number were excluded from the analysis, suggesting that the variability at a given site
was due to properties unique to each site. Thus Ca transient variability at a single release site could be due to
stochastic properties of a small number of Ca channels opening as a consequence of a single action potential
(Pumplin et a l , 1981; Smith and Augustine, 1988). If Poisson statistics are assumed, a C V of 15-20% could be
attributed to the stochastic properties associated with the opening of -50 presynaptic C a channels at a single
release site. Alternatively, moment to moment changes in a biochemical process such as phosphorylation or G protein modulation could lead to variability in Ca response at a single axonal site. Although variability in the
presynaptic Ca transient was low (-15-20%), it would be sufficient to affect synaptic transmission given the
suggested power relationship between C a influx and transmitter release (Dodge and Rahamimoff, 1967;
Augustine and Charlton, 1986; Heidelberger et a l , 1994, Mintz et al. 1995).
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To evaluate the extent to which small changes in presynaptic Ca transient amplitude could affect
transmitter release we calculated the range of postsynaptic responses expected for 10% variability in the
presynaptic Ca transient for a linear and 4th power relationship between C a influx and neurotransmitter release.
In the case of a 4th power law, a 10% variation in the presynaptic Ca transient would lead to a postsynaptic
response which varied by up to 35%. Measurements of variability in postsynaptic evoked responses range from
-20% (Jonas et al. 1993) to -50% (this system see Fig. 4; Bekkers and Stevens 1990, Raastad et al. 1992,
Volgushev et al. 1995). These results indicate that a small amount of variability in the presynaptic Ca transient
could contribute to the observed variability in postsynaptic responsiveness. However, variability in postsynaptic
responses is not likely to be entirely controlled at the level of the presynaptic Ca transient because miniature
synaptic currents recorded from a single synapse can also vary in amplitude (Murphy et al. 1995, Frerking et al.
1995, Liu et al. 1995). Furthermore, Ca transients measured with high affinity probes over a relatively large
volume (as we have done) reflect the amount of Ca that enters the terminal and not necessarily the flux that
triggers transmitter release. Although a 3-4 power relationship between Ca entry and release would suggest that
small changes in the number of C a channels would have a large effect on neurotransmitter release, it is also
possible that the observed small fluctuations in Ca transients reflect the recruitment of channels that do not
interact cooperatively to induce transmitter release. This scenario would lead to a linear relationship between the
observed fluctuations and release, as co-operativity between C a channels is required to observe a power
relationship between Ca and transmitter release (Mintz et al 1995, Augustine et al. 1990). Nevertheless, our
experiments suggest that the coupling of somatic action potentials to distal functional release sites is a reliable
process as virtually all action potentials produce an elevation in Ca within - 70-80% of maximal values. The
existence of a relatively heterogeneous complement of Ca channels (assayed by influx) between synapses (Fig. 1,
and Reuter 1995) and the low but consistent level of variability at a single synapse (Fig. 6) suggest fruitful future
experiments in which the relationship between presynaptic Ca dynamics and release are simultaneously measured
at a single synapse. The reliable action potential propagation described in the axon in this chapter is explored more
fully in the next chapter by comparing axonal and dendritic action potential propagation under conditions expected
to lower the conduction safety factor.
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III. H I G H S A F E T Y F A C T O R F O R A C T I O N P O T E N T I A L C O N D U C T I O N

A L O N G A X O N S B U TN O T

DENDRITES.

Introduction
A number of recent studies have contributed to the emerging view that neurons are comprised of
compartments of differing electrical excitability, both in the generation and propagation of active conductances.
Dual electrode and imaging studies suggest that action potential (AP) generation does not normally occur in
dendrites (Stuart & Sakmann 1994, Hausser et al. 1995); in contrast, the axon at or near the hillock is the site of
generation, suggesting greater excitability in the axon. AP's that are initiated in the axon can invade dendrites and
back-propagate along them in a manner that is sensitive to branching and decrements over distance (Stuart et al.
1997). In contrast, single AP's conduct reliably along axons to terminals, indicating that the distal axon is also
strongly excitable (Allen & Stevens 1994, Stevens & Wang 1995, Luscher et al. 1996, Mackenzie et al. 1996).
Several lines of evidence suggest A P conduction may fluctuate and be modifiable in an activity-dependent
manner. First, conduction block has been observed in the spinal cord, particularly following extended periods of
high-frequency activity (LUscher et al. 1994, Wall 1995). Second, Na channels, which play a dominant role in A P
generation and propagation, can be modulated by second messengers, including protein kinases and G-proteins (Li
et al. 1993, M a et al. 1994, Catterall 1993). Third, several recent reports suggest the possibility that blockade of
A P conduction may contribute to fluctuations of synaptic responses. For example, intense activity in principal cells
of the cerebellum and hippocampus results in decreased inhibition onto those cells from presynaptic inhibitory cells
(Llano, Leresche & Marty 1991, Pitler & Alger 1994). In hippocampus, for example, intense postsynaptic activity
can lead to failure of evoked but not spontaneous IPSC's through postsynaptic Ca influx, a retrograde messenger
and possibly involving presynaptic axonal conduction block (Alger et al. 1996). In cerebellar Purkinje cells,
fluctuations of inhibitory currents can occur as a result of a presynaptic mechanism downstream of A P generation,
possibly including fluctuations in A P propagation (Vincent & Marty 1996).
+

2+

Although membrane excitability can be modified, it is unclear how such changes could affect neuronal
function. For example, Na channel modification could influence A P generation, the propagation of AP's to
terminals, or the local depolarization of presynaptic terminals. Furthermore, it is unclear whether different
neuronal compartments are equally sensitive to changes in N a channel function. For example, somatic and
dendritic compartments are reported to have similar N a channel densities and yet differ in excitability (Stuart &
Sakmann 1994, Magee & Johnson 1995, Schwindt & Crill 1995, Hoffman et al. 1997). Using Ca imaging, we
assessed the excitability of the C N S axon under limiting conditions expected to reduce the safety factor (lowering
of the external Na concentration). These fine distal axonal branches of mammalian C N S neurons are not directly
accessible to patch clamp or intracellular electrodes. Although brain slice preparations would be preferable for this
study, Frenguelli and Malinow (1996) found that high concentrations of extracellular C a a n d intracellular fura-2
were required to reliably view Ca dynamics in single boutons in response to a single A P in a slice preparation.
Studies performed in cerebellar slices (Callewaert et al. 1996) using more physiological conditions were restricted
to initial segments of axons, required averaging of trials and were unable to resolve single boutons.
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Using cultures of cortical neurons in which Ca dynamics at single boutons can be reliably measured
(Mackenzie et al. 1996) we observe that despite a 60% reduction in somatic spike amplitude, reliable conduction of
single and pairs of AP's was maintained along main and collateral branches of axons. In contrast, along dendrites,
although active propagation persisted, the Ca transient, an indicator of the degree of depolarization, was greatly
reduced. These results suggest that along the axon there is a large degree of conduction safety leading to reliable
terminal depolarization and Ca influx. Consequently, agents that modify Na channel function, such as
modulating neurotransmitters, are unlikely to exert their effects by altering axonal conduction reliability. In the
dendrite, a graded relationship exists between the weakly propagating A P and C a influx.
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Experimental Procedures.
The cell culture, whole cell recording and imaging procedures were as described in the previous chapter,
except that fluo-3 was used exclusively and imaging was performed with a 100X 1.3 N A Zeiss objective on a Zeiss
Axiovert microscope with a custom made stage that permitted movement of the preparation during patch clamp
recording. Experiments were performed in current clamp mode using an Axopatch 200A. In order to synchronize
voltage records with video frames, we used a sampling rate of 200 us which may have underestimated the peak of
the AP. Resting membrane potential ranged from -55 to -65 mV; a calculated liquid junction potential of 12mV
was not corrected for (Neher 1995a).

Perfusion of low-sodium solution
Computer-triggered solenoid valves (Neptune Research, Northboro, M A ) were used to control a gravityfed double-barreled 0 tube (900 um diameter; flow rate 0.75 ml/min) containing normal and low Na solutions.
+

Using a 2.5 X objective and a phenol red containing test solution, the 0 tube was placed approximately 4 mm from
the centre of the chamber so that its contents rapidly exchanged the bath solution of an area (approximately 4 mm )
2

surrounding the cell of interest. As shown in figure 7A (not to scale), a compartment of the 0 tube contained
+
normal Na (150 Na ) HBSS; the other side contained low Na HBSS (40 m M ; ionic substitution with N-methyl-Dglucamine). Figure 7 illustrates that the local perfusion system is able to alter the ionic composition of the
extracellular environment surrounding the neuron; this was rapid and reversible. Examination of somatic records
of membrane potential revealed that the perfusion system established a low Na environment around the soma of
the cell (Fig 7B, note truncated AP). However, it was also important that the solution was exchanged on distal
axonal and dendritic processes. The following points argue that distal axonal and dendritic processes experienced
+

+

+

rapid and reversible solution exchange. First, we used a large diameter 0 tube that perfused the solution, and hence
quickly exchanged it, over several millimetres, clearly encompassing the areas where most distal measurements
were made (< 500 um from the soma). Second, following placement of the cell of interest into the field of view
but before establishing a whole-cell recording, we used a phenol-red containing HBSS in one barrel of the
perfusion system to confirm both rapid delivery from one barrel and efficient clearance from the other. Third, the
dendrite served as a positive control, since dendritic regions that were as distal as axonal regions imaged were also
affected by low Na perfusion. Fourth, a zero Ca solution used in the perfusion system blocked Ca transients
evoked by AP's in distal branches without altering A P generation in 6/6 neurons (data not shown). 150 N a and 60
Na trials were alternated with a 15 s inter-trial interval; solution exchange for the following trial occurred at the
beginning of this 15 s period. (Using the phenol red-containing medium, we calculated that the [Na ] following
perfusion was 80 m M within 330 ms and reached a steady state of 60 m M within 2.5 sec). Between trials of data
acquisition, cells were bathed with buffer containing 150 N a . Using the double-barreled perfusion system, we
observed a small (2-5 %) increase in basal fluo-3 fluorescence under low Na conditions (presumably due to
blockade of N a / Ca exchanger). This increase in basal fluorescence was approximately 10% of the increase
observed in response to 1 A P and therefore did not appreciably saturate the C a indicator. This is illustrated for
one axonal bouton in figure 7(F), which shows changes in raw fluo-3 fluorescence in response to two somatic
AP's for an axonal site 174 um from the soma. In contrast, in preliminary experiments in which continuous (bath)
application of low N a medium was used, we observed a robust rise in basal C a concentration, thus requiring the
theta tube application method.
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Imaging and analysis
Imaging was performed as described in the previous chapter. Change in fluo-3 fluorescence (excitation 480/40
nm) was used to measure axonal and dendritic C a dynamics in response to N a AP's elicited at the soma (Jaffe et
al. 1992, Markram et al. 1995). We believe these intracellular Ca transients reflect A P conduction through an
imaged axonal segment because of the following observations: complete block of axonal Ca transients in l u M
T T X (Fig.l4B); the Ca signal was proportional to the number of AP's delivered (Fig. 1 & Fig. 8C), the C a
transients were blocked by removing extracellular Ca (Fig. 3 A) and a lack of C a transients following
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Fig. 7. Local perfusion of 60 m M extracellular N a reversibly reduces action potential amplitude.
+

(A)

Cartoon of reversible perfusion system (not to scale). A large-bore double-barreled 0-tube permitted rapid
exchange of the extracellular solution surrounding the neuron of interest and its processes. Calcium
indicators were loaded using intracellular dialysis, and records of membrane potential were made in the
current clamp recording mode.

(B)

Low N a solution reversibly reduced the A P amplitude. Traces of membrane potential versus time over+

plotted for 38 alternating trials of 150 m M and 60 m M extracellular N a .
+

(C)

Records of membrane potential recorded at the soma during a typical experimental sequence illustrating
the reversible delivery of the low N a solution. Trials of 1 or 2 A P were alternated between 150 m M and
60 m M external N a .
+

+

(D)

Input resistance was not significantly different between 60 m M and 150 m M extracellular N a . Records of
somatic membrane potential following delivery of 500 ms current steps of -400, -200, 0, 200 & 400 pA in
150 m M N a , 60 m M Na and Wash (150 m M Na ).
+

+

(E)

+

+

The voltage-current relationship showing steady-state membrane potential as a function of current step
(incrementing by 100 pA). Input resistance in 60 Na was 98.8 ± 2.7 % of input resistance in 150 N a
+

+

(n=3 cells, range 144-218 Mil). AP's were elicited from a membrane potential of -60 m V (B-C); the true
membrane potential was likely more negative because of a 12 mV liquid junction potential (see methods).
(F)

Traces illustrating raw fluo-3 fluorescence versus time in the axon 174 |im from the soma following 2
somatic AP's 50 ms apart. The thick trace is the mean response and thin traces are 12 over-plotted trials.
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stimulation that was subthreshold for A P generation (Fig. 13B). Furthermore, given the high indicator
concentrations used, the Ca signal is likely dominated by Ca influx rather than handling (Neher 1995b). To
view processes under baseline conditions and to correct for process volume and cell loading (see below), the
fluorescent Ca indicator furaptra (excitation 380 nm) was co-injected with fluo-3 into cells, furaptra was chosen
for its high fluorescence signal at basal C a , its low affinity for Ca that produces little buffering, and its welldistinguished spectra that did not contaminate fluo-3 signals (Ragu et al. 1989). Plots of fluo-3 fluorescence versus
time were produced off-line from single video frames corresponding to 33 ms intervals. Following analysis, data
were discarded if basal Ca levels were found to rise significantly during the course of an experiment or if
progressive changes in the amplitude of the Ca transient were observed due to factors such as spike broadening.
The integral of the Ca transient was termed the Ca response. Ca responses were calculated for individual trials
for 1.4 x 1.4 um regions along dendrites and axons (including individual terminals). Percentage change in fluo-3
fluorescence (AF/F)*100 was calculated by dividing the change in fluo-3 fluorescence (mean F over 333 ms
following stimulation - baseline F) by the mean fluo-3 fluorescence measured during baseline. This AF/F
measurement was used for analyses in which fluctuations were measured within individual sites across trials. For
analyses of the spatial profile of axonal and dendritic Ca transients, responses were corrected for differences in
compartment volume and potential irregularities in illumination or detection by dividing the change in fluo-3
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2

2+

fluorescence by background-subtracted basal furaptra fluorescence and expressed as a ratio of change in fluo-3
divided by furaptra fluorescence ( A F / F ) . A single exponential fit was used to determine the decrement of the
Ca transient along a region of dendrite.
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To detect possible conduction failure in 60 N a , two analyses were applied. First, for each site, we
compared the average Ca response across trials in 150 Na to average Ca response in 60 N a (paired t-test). For a
given axonal or dendritic site, this test would be most sensitive to consistent decrements in the amplitude of C a
transients across trials. At dendritic sites, a large (in some cases complete) decrement of the C a response in 60
Na was observed. In contrast, at axonal sites, we observed a small albeit significant decrease in Ca response in
60 N a ( ~ 90 % of 150 Na ). However, it is possible that tests evaluating differences in the mean are not sensitive
to a single or a few aberrant responses and is therefore insensitive to possible intermittent failure in one or a few
trials. In contrast to the mean, the variance of the C a response across trials is sensitive to single or a few outlying
observations. We therefore applied an F-test (ratio of the variance across trials in 150 Na to the variance across
trials in 60 Na ) to detect occasional conduction failures. To verify that this method was sensitive to single failures,
for each experiment, simulated data sets were created for each site that were identical to Ca responses in 150 N a
but with a known number of failures created in the data set by subtracting the mean response from individual trials.
This "failure test" allowed us to confirm that, had conduction failures (and consequent Ca transient failure)
occurred, the analysis would have the sensitivity to detect them. This statistical ability to detect a single
conduction failure was used as a criterion to select axonal sites with adequate signal to noise properties for
analysis: sites that were excluded showed no sign of failure, but were simply too noisy to conclusively
demonstrate a lack of failure within the number of trials performed. Neighboring sites on small contiguous
segments of axon (3-20 nm in length) with low signal to noise were averaged in some experiments to improve the
signal to noise ratio.
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Results
Reliable axonal conduction in 150 mM and 60 mM Na tex

Conduction reliability along axonal and dendritic processes was monitored by measuring Ca transients in
these compartments following A P generation at the soma (Fig. 7A). Figure 7B illustrates 38 over-plotted A P
waveforms in 60 m M and 150 m M extracellular Na (alternating trials). Delivery of extracellular solution
2+

+

containing 60 Na resulted in a reversible 60 % decrease in the amplitude of the A P . Figure 7C illustrates a typical
experimental sequence, with alternating trials of one and two AP's (1 A P & 2 AP) in 60 Na and 150 N a . For 2
A P the interval between the steps was 50 msec. In 60 N a , input resistance to somatic current steps was not
significantly different from control solution (Figure 7D, E) and basal fluo-3 fluorescence was not appreciably
altered in 60 m M N a due to the rapid and reversible perfusion (Fig. 7F, and see methods).
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To assess the reliability of A P propagation along axons in 60 N a , AP's were generated and recorded at
the soma while intracellular Ca transients were measured (monitoring changes in fluo-3 fluorescence) at sites
along the axon. Figure 8A shows a basal fluorescence image of a segment of main and secondary axon. Figure 8B
illustrates superimposed traces of fluo-3 fluorescence versus time at 3 axonal sites in 150 N a versus 60 N a . As
we reported previously, in 150 m M N a , single AP's reliably evoked Ca transients on every trial (Mackenzie et
al. 1996). In 60 m M N a , Ca transients persisted despite a truncation of the AP, suggesting reliable axonal
conduction in 60 N a . Figure 8C plots the integral of the Ca transient across trials for 1 and 2 AP's in 60 Na and
150 Na for an axonal site. Ca responses in 150 and in 60 Na were greater than 2 standard deviations above
baseline variation (Fig. 8C). To investigate whether axonal Ca responses in 150 N a varied with distance, we
performed a regression analysis (Ca response versus distance) on 27 sites from 4 cells that were within 9 0 - 1 7 5
um of the soma. The slope of the regression line was 0.08 ± 0.1 % / um (i.e. 8 % increase in A F
/F
over 100
um) indicating a small but non-significant tendency toward increased Ca responses at more distal sites in 150 m M
Na (regression coefficient r = 0.12, p = .55).
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Reliable A P conduction as assayed by Ca transients was also observed at highly branched tertiary
processes that contained most of the synaptic boutons (Fig. 9). These varicose boutons, previously characterized as
functional vesicular release sites, exhibited larger Ca transients than neighboring regions of axon (Mackenzie et
al. 1996). Figure 9 plots the mean Ca transient at 3 presumed boutons following 1 and 2 A P in both 150 and 60
m M extracellular N a . Consistent with the proximal axon, reliable conduction was observed on synaptic boutonrich tertiary axonal branches, both in 150 Na and 60 N a . A slightly reduced (~ 10%) Ca transient in 60 Na was
observed at both proximal and distal components of the axon; the degree of reduction did not differ between
compartments (p > .05, unpaired t-test, distal 59 sites versus 46 proximal sites from 8 neurons).
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Conduction reliability along axons was statistically tested using 2 analyses (n = 8 neurons). First, at each
axonal site, the difference in average Ca transient (60 Na vs. 150 Na ) was evaluated with a t-test. Across 105
sites pooled from 8 neurons, the mean C a response in 60 Na was significantly lower than the response in 150 N a
(90 ± 1 5 % of response in 150 N a ; p < .001, paired t-test). This is illustrated in the plot of the mean C a response
in 60 Na versus 150 Na shown in figure 10A for 1 A P , where a larger number of observations are below the unity
line (p < .01, chi-square), indicating a general tendency toward smaller responses in 60 N a . The analysis by t-test
thus indicated that the mean AP-evoked C a transients in 60 Na was only minimally affected. However, it was
unclear whether this analysis would detect a failure of conduction within a small number of trials since the paired ttest is somewhat insensitive to single outlying observations. In contrast, a comparison of variance in 150 and 60
Na would be sensitive to intermittent conduction failure (see methods and below). Axonal sites with high signal to
noise ratio were identified and an F-test was applied to compare the variance in the amplitude of Ca transients
across trials in 150 Na and 60 Na at these high signal to noise sites. This variance analysis revealed increased
variance at only 3 of 105 axonal sites; hence intermittent axonal conduction failure was not observed under the low
N a condition expected to promote failure (see below)
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Axonal sites have sufficient signal to noise ratio to detect intermittent failure
To determine whether the variance analysis would have been sensitive to occasional conduction failure,
we created simulated "failure" data sets from 150 Na data. For each axonal site, the mean Ca response was
subtracted from a single trial to create data with one (artificial) failure (Fig. 10C). As predicted, adding one
simulated failure to the control (150 Na ) data set only minimally perturbed the mean response (not reaching
statistical significance by t-test). In contrast to the analysis of the mean, creation of a single failure resulted in a
significant increase in variance at 38 of 105 axonal sites from 8 neurons (4 hippocampal and 4 cortical), indicating
that it was possible to detect a single failure at these sites had one occurred. This analysis indicated that the 38 sites
had signal to noise properties which were sufficient to detect a single failure. When 60 N a medium was compared
with 150 Na medium (simulated failure removed), only 3 of the 38 axonal sites showed a significant increase in
variance (p < .05). Thus, at most sites where we were confident that we would have reliably measured increased
variance, no increase in variance was seen in low N a , suggesting no increase in the number of conduction
failures. Analysis of conduction reliability of 2 AP's was carried out similarly, except that "single failure"
simulated data sets were created by subtracting half of the mean response from one trial (equivalent to 1 AP). For
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Fig. 8. Reliable action potential-evoked Ca transients along the axon in low extracellular N a .
2+

+

(A)

Basal fluorescence image of a region of axon 80 - 220 um from the soma of a cortical pyramidal neuron.

(B)

Records of Ca response (A fluo-3 / basal furaptra; A F
2+

4 8 0

/F

380

) versus time for 3 axonal sites (1.4 x 1.4

um), over-plotted for 7-9 trials of: 1 A P , 150 m M vs. 60 m M Na (left panel); 2 A P , 150 m M vs. 60 m M
+

Na (right panel).
+

(C)

Ca response integral (A fluo-3 / basal furaptra; A F / F ; y-axis) plotted over repeated trials (x-axis) for
axonal site 3. Ca transients were evoked by 1 A P and 2 A P in 150 m M Na (squares) and 60 m M N a
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(circles). Dashed line represents 2 standard deviations above baseline variation.
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Fig. 9. Reliable axonal conduction to distal release sites in 60 m M N a .
+

Left: Basal fluorescence (furaptra; F

380

) image illustrating varicose boutons on a segment of tertiary axon greater

than 250 um from the soma (cortical).
Right: Records of Ca response (A fluo-3 / basal furaptra; A F / F ) versus time for 3 axonal sites, averaged
over 8 trials of: one A P (1 AP), 150 m M vs. 60 m M Na ; two AP's (2 AP), 150 m M vs. 60 m M N a .
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Fig. 10. Group data showing reliable axonal conduction in 60 m M N a .
+

(A)

Mean Ca response ( A F / F
* 100 %) in 60 m M Na (y-axis) versus mean response in 150 m M Na (xaxis). Pooled data from 105 axonal sites from 8 neurons for 1 A P . Diagonal line represents unity
(response in 60 m M N a = response in 150 m M Na ).
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(B)

Coefficient of variation ( C V = S.D. / mean) in 60 m M N a vs. C V in 150 m M N a . Diagonal line
represents unity (equal C V ' s j n the two conditions).

(C)

Ca response integrals evoked by 2 A P at an axonal site plotted across 7 trials in the following conditions:

+

+

2+

0 = 150 Na (real data set); • = 60 Na (real data set); A = simulated failure data (constructed from 150
Na data by subtracting the mean Ca response, in 150 m M N a trials, from trial # 6). A significant
increase in variance between 150 Na (real) and the "failure" data set was observed (F-test, p < .05) as
indicated by the asterisk. Without the simulated failure, no significant difference in variance was
observed between 150 N a and 60 N a at this axonal site, indicating reliable axonal conduction.
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2 AP's, 15 sites from 5 neurons were found to have sufficient signal to noise to permit detection of a failure of
one AP. N o significant difference in variance was observed when AP's evoked in 60 and 150 Na medium were
+

compared at these sites. Therefore, at most axonal sites that were determined to be capable of detecting conduction
failure, no indicative increase in variance was observed.
At many axonal sites, the signal to noise ratio was too poor to conclusively demonstrate no significant
change in variance with a single A P conduction failure (6-12 trials). To compare variance in the two conditions,
the coefficient of variation ( C V = S.D. / mean) of Ca responses in 60 Na was plotted versus C V in 150 N a , as
shown in figure 10B. We used the C V in order to control for the slight decrease in variance expected in the 60 N a
group due to the smaller average C a responses (Fig. 10A). A tendency toward increased variance in 60 Na would
appear as a shift of the C V distribution above the unity line. C V ' s were distributed randomly above and below the
unity line (54 above, 51 below; p > .05, chi-square). Therefore, at all axonal sites, there existed no general
tendency toward a greater C a response variance in 60 Na than in 150 N a . We did not observe statistically
significant differences between cortical and hippocampal pyramidal neurons in the magnitude of the axonal C a
response in high or low N a . Analysis of the variance across trials thus suggested no increase in conduction failure
in 60 or 150 m M N a in both hippocampal and cortical axons (data not shown). Therefore, in both cell types we
observed Ca influx along the axon attributed to reliable and non-attenuating A P conduction in both 150 and 60
m M Na .
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Dendritic calcium transients evoked by action potentials are reduced by lowering Na f.
eX

Since axonal conduction (as assayed by C a imaging) was reliable under conditions o f lower external N a ,
we next investigated whether propagation of single or pairs of AP's along dendrites was altered by similar
manipulations. Figure 11A (left panel) shows a basal fluorescence image (furaptra excitation wavelength) of a
representative pyramidal neuron indicating the main dendrite where Ca measurements were made. Ca transients
evoked by single and paired AP's were measured along the length of the dendrite (using the 480 nm excitation
wavelength of fluo-3 for dynamic Ca measurements). Figure 1 IB illustrates traces of average dendritic C a
transient (evoked by 2 AP) versus time in 150 Na and 60 N a . In 150 N a , dendritic Ca transients decreased with
distance from the soma with a length constant of 150 um (Fig. 11C). However, the decrement with distance of the
Ca response along the dendrite was greater in 60 Na than in 150 Na (length constant = 53 nm, Fig. 1 ID)
following either 1 or 2 A P .
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To investigate whether dendritic Ca responses for group data in 150 Na varied with distance, we
performed a regression analysis (Ca response versus distance) on 30 sites from 4 cells that were within 7 5 - 1 6 0
um of the soma. The dendritic Ca response in 150 m M Na was negatively correlated with distance (R= - 0.78, p
< 10"; decrementing 43% over 100 um). This differs from the spatial profile of the group axonal Ca responses
(results, above), which did not change significantly with distance. Figure 12 presents group data summarizing the
Ca responses in 60 m M Na (as a ratio of response in 150 m M Na ) in both the dendrite and axon. Along the
axon (Fig. 12A), Ca influx in response to both 1 and 2 AP's was unchanged in 60 m M N a . In contrast, along the
dendrite (Fig. 12B), a reduction in the 60 N a / 1 5 0 Na response ratio was observed over a distance of 4 0 - 160 um
for both 1 and 2 A P .
2+

+

2+

2+

+

6

2+

2+

+

+

2+

+

+

+

Ca^ transients in distal dendrites are mediated by TTX-sensitive Na channels.
+
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Since low Na medium selectively decreased the Ca responses along the dendrite, we sought to further
characterize the residual dendritic C a response. To explore whether the remaining Ca response in 60 N a
depended on regenerative potentials mediated by TTX-sensitive Na channels, dendritic Ca transients to
subthreshold and suprathreshold stimulation were measured in 1 u M T T X . Figure 13 A illustrates the C a response
averaged over a region of dendrite 30-80 um from the soma (more distal regions would produce a weak signal).
The threshold for A P generation in this cell, determined before addition of T T X , and again following washout, was
-600 pA (5 ms. of current injection). Figure 13 A (left panel) illustrates the average dendritic Ca response, in
T T X , of one or two 5 ms current steps of 300, 700 or 1000 pA. Ca responses to 300 pA current injection were
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Fig. 11. Spatial p r o f i l e o f a c t i o n - p o t e n t i a l evoked C a
extracellular N a .

2 +

transients along dendrites i n 150 a n d 60 m M

+

(A)

Basal fluorescence image (F ) of a cortical spiny pyramidal neuron illustrating the area where C a

2 +

380

transients were imaged.
(B)

Ca transients ( F / F ) evoked by two AP's (50 ms interval) for the indicated dendritic sites in 150
m M N a (thin traces) and 60 m M N a (thick traces). Average of 9 trials in each condition.
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Ca response ( F
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) to two AP's (y-axis) vs. distance from soma along the dendrite (x-axis) in 150

m M N a ( • ) and 60 m M N a
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(D)
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(•).

response along the dendrite in 60 N a expressed as a ratio of response in 150 N a .
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Fig. 12. Relative change in the action-potential evoked Ca transient in 60 versus 150 m M Na along axons
2+

+

and dendrites.

(A)

Axon: Average axonal Ca response in 60 m M Na as a function of distance from the soma, expressed as
2+

+

a ratio of response in 60 to response in 150 m M N a . 0=2 AP's; • = ! A P ' (8 cells).
+

(B)

Dendrite: Average dendritic Ca response ratio (60 to 150 m M Na ), as a function of distance from the
2+

soma (6 cells). L>2 AP's; • = ! A P .
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Fig. 13. Dendritic action potential-evoked Ca transients depend on TTX-sensitive Na channels.
2+

(A)

+

Change in dendritic C a transients (AFluo-3 / furaptra; A F / F ) averaged along a segment of dendrite
30-80 um from the soma. Left panel: Ca responses in the presence of l u M T T X to 5 ms somatic
current steps of 300, 700 & 1000 pA (1 current step: light bars; 2 current steps 50 ms apart: dark bars).
Right panel: Ca responses A F / F ) to current steps of 300 pA (subthreshold) and 700 pA
(suprathreshold) following washout of T T X . Light bars are responses to 1 current step and dark bars are
responses to 2 current steps; note 6-fold change in y-axis scale.
2 +

4 8 0

380

2+

2+

4 8 0

(B)

380

Spatial profile along the dendrite of TTX-sensitive and TTX-insensitive Ca transients evoked by current
2+

steps of: 1000 p A in the presence of T T X ( A ) , 300 pA following washout of T T X ( • , subthresh.) and
700 p A current steps following washout ( • , 2 AP).

Inset: expanded y-axis illustrating the spatial profile

of the TTX-insensitive component ( A , compared to subthreshold responses following washout ( • ) .
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not significantly different from baseline (p > .30, t-test). Following 700 and 1000 pA stimulation, Ca responses
were significantly above baseline variation (p < .05, t-tests). Following washout of T T X , suprathreshold
stimulation that now generated AP's resulted in Ca responses that were 15 to 20-fold greater than responses in
T T X , as illustrated in figure 13A, (right panel, note 6-fold change in scale on y-axis). Again, no measurable C a
responses were observed following one or two 300 pA current steps (apparently below threshold). Figure 13B
illustrates the spatial profile of Ca responses along the same region of dendrite following two current steps of:
1000 pA in T T X ; 700 pA after washout (suprathreshold: 2 AP); and 300 pA after washout (subthreshold). Figure
13B illustrates that Ca responses to somatic current injection in T T X were markedly reduced along the length of
the dendrite (Fig. 13B, inset). Thus the spatially decreasing responses observed under control and low N a
conditions were dependent on TTX-sensitive Na channels. Similar results were observed in 2 other cells. A C a
spike did not contribute to the residual Ca response, nor was there evidence of a Ca spike in the somatic voltage
records (data not shown).
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2+

2+

2+
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+
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Conduction safety factor in axonal and dendritic compartments in dilute TTX
To address potential concerns that the low N a could also affect other Na -dependent processes such as
pumps and exchangers (Bouron & Reuter, 1996), we used a low dose of T T X (20 nM) to attenuate the N a spike to
a similar degree as 60 m M N a
(range 45-57% amplitude reduction in 20 n M T T X ) . Figure 14A illustrates
examples of Ca transients along the dendrite and axon in response to 1 A P . In the dendrite, the Ca response
greater than 100 um from the soma was significantly reduced in dilute T T X (compared to control) and decreased
with further distance. In contrast, the Ca response in the axon at distances greater than 100 um from the soma
persisted in 20 n M T T X . In the axon, the C a response was reversibly blocked by 1 u M T T X . Following T T X
washout, Ca transients were restored in both the axon and dendrite. Figure 14B presents group data of the
normalized Ca response from 23 sites from 5 cells (axon) and 39 sites from 5 cells (dendrite) that were more than
100 nm from the soma.
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Reliable axonal action potential propagation in neurons from hyperpolarized potentials.
A-type K channels have been shown to regulate excitability in dendrites of CA1 pyramidal neurons by
limiting A P generation and limiting A P back-propagation in dendrites (Hoffman et al. 1997). A recent report has
also suggested that A-type K channel could regulate A P conduction in the axon (Debanne et al. 1997). We
therefore examined axonal A P conduction from hyperpolarized potentials expected to remove inactivation of the
A-type K channels and thereby increase their effect (Segal & Barker 1984, Wu & Barish 1992), possibly leading
to conduction failure. Single or pairs of AP's were elicited by somatic current steps from -60 m V or from -100
mV. Figure 15A illustrates a basal fluorescence image of three representative secondary and tertiary axonal sites.
Figure 15B plots traces of fluo-3 fluorescence versus time in response to pairs of AP's from resting and
hyperpolarized potentials. No difference in the Ca transient was observed at hyperpolarized potentials. Figure
15C illustrates traces of membrane potential recorded at the soma following AP's evoked from -60 m V and -100
mV. Figure 15D plots the average Ca transient elicited by 1 A P from -lOOmV versus average Ca transient from
-60mV for 10 axonal sites from the neuron illustrated in figure 15A. The average Ca response from -100 mV was
not significantly different from the -60 m V response (p > .05, t-test). Similar results were obtained in 5/5 neurons.
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Fig. 14. Selective i m p a i r m e n t o f d e n d r i t i c b u t not a x o n a l action p o t e n t i a l evoked C a r e s p o n s e i n 2 0 n M
2+

TTX.

(A)

Top: Records of average change in Ca response AFluo-3 / furaptra; A F / F ) versus time in response
to 1 A P for 3 dendritic sites at varying lengths from the soma. Baseline: dashed lines; T T X 20 n M thick
solid lines; Washout: thin solid lines. Below: Average change in fluo-3 fluorescence versus time in
response to 1 A P at an axonal segment 270 um from the soma. Line symbols as in dendritic traces.
Axonal response to current step in 1 u M T T X indicated by arrow.

(B)

Group data (Mean ± SEM) for axon (left, 5 cells) and dendrite (right, 5 cells).
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Fig. 15. Reliable axonal action potential conduction from hyperpolarized potentials.
(A)

Basal fluorescence image illustrating secondary and tertiary axonal branches and associated boutons > 250
um from the soma (hippocampal).

(B)

Traces of change in D fluo-3 / furaptra ( A F / F ) fluorescence versus time following 2 AP's elicited
from -60 m V (thin trace) and -100 m V (thick trace). Traces are average of 8 trials (-60 mV) and 11 trials
(-100 mV) for 3 axonal sites.

(C)

Traces of somatic membrane potential illustrating 2 AP's 50 ms apart elicited from -60mV (left) or from 100 mV (right).

(D)

Average C a

4 8 0

2 +

380

response (-100 mV) versus average C a

2 +

response (-60 mV). Diagonal line represents unity

where the -60 m V response equals the -100 m V response.
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Discussion
We have explored the propagation of AP's along axons and dendrites of hippocampal and cortical neurons
by measuring C a transients along distal regions of axon and dendrite following somatic current steps. We have
previously reported that single somatic AP's reliably result in C a influx along all branches of axons. This C a
influx occurred predominantly through high voltage activated C a channels and was enhanced at distal functional
release sites along secondary and tertiary axonal branches (Mackenzie et al. 1996). Here, we have compared the
reliability of axonal and dendritic propagation under normal and under limiting conditions expected to reduce
conduction safety factor. Axons and dendrites act as separate compartments of differing excitability in normal
external N a ; furthermore A P conduction is differentially sensitive to a reduction in the flux of Na ions along
axonal and dendritic compartments.
2 +

2 +

2 +

2 +

+

+

Reliable axonal conduction of truncated action potentials in low Na or dilute TTX
+

A l l axonal sites continued to show reliable C a transients following somatic AP's in reduced extracellular
Na ; this was observed on distal portions of axon as far as we could resolve (> 400 um from the soma) on both
main and collateral branches (Fig. 8,9). Despite a substantial decrease in A P amplitude in 60 N a , C a transients
were still reliably observed at axonal terminals (Fig. 7B,C). Two analyses were used to test for the occasional
failure of the axonal Ca response to a single AP. First, we analysed 38 sites with sufficient signal to noise to
detect intermittent failure (Fig. 10C); at these sites variance analysis indicated that intermittent A P failure does not
occur, which is consistent with Dityatev & Clamann (1996). Second, for all 105 sites from 8 cells examined, we
measured the coefficient of variation (CV) in 150 N a versus the C V in 60 N a and found no consistent tendency
toward increased variance in low N a ( F i g . 10B), suggesting reliable A P conduction in 60 m M N a .
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At most axonal sites a small decrease in C a transient amplitude was observed in 60 m M N a
(Fig.
9,10). However, this decreased Ca response was more likely due to decreased C a influx in the terminal than to
conduction failure for 4 reasons. First, Ca transients in 60 Na were only reduced by 10%, were significantly
greater than noise (no stimulation), and did not show failure (Fig. 8,10). Second, a response decrement with
distance was not observed (Fig. 8). Third, at all sites, Ca transients evoked by 2 A P in 60 Na were greater than
those evoked by 1 A P in 150 Na (Fig. 8,9). Fourth, Ca responses to 1 A P in 60 Na were significantly above
noise levels (Fig. 8,9). Thus, in 60 m M N a , AP's successfully conducted to axonal sites. Rather than reflecting
conduction failure, the decreased axonal Ca transient in 60 Na may have reflected a direct effect of the N a
substitute on the C a channels or could have been a result of a decreased depolarization in 60 N a . The reduction
in A P amplitude may have limited the activation of specific classes of Ca channels.
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Axonal C a responses to 2 AP's were less than two-fold larger than Ca responses to 1 A P (~ 90% of an expected
doubling of the single A P response). However, it is unlikely that this could be due to intermittent conduction
failures since the analysis of response variance (Fig. 10) showed no increased variance in response to 2 AP's vs. 1
AP, indicating reliable conduction. In addition analysis of single sweeps (Fig. 8 & 10), indicates that with 2 AP's
the C a response does not drop to the level mediated by a single AP. Therefore, although there is some attenuation
of the C a signal mediated by a second A P which could be attributed to a variety of factors including dye
saturation or Ca channel inactivation (Forsythe et a l , 1998), it cannot be accounted for by intermittent failure. To
address potential concerns that the low N a manipulation could also affect other Na -dependent processes such as
pumps and exchangers, we also used dilute T T X (20 nM) to attenuate the N a spike to the same degree as 60 m M
external N a . Ca responses following somatic AP's also persisted under these conditions (Fig. 13), confirming
reliable axonal conduction.
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Our results therefore suggest that modulation of Na channels may influence whether the neuron reaches threshold
as well as the degree of presynaptic terminal depolarization rather than the conduction of AP's along axons.
However, other ions such as C a and K may play a role in influencing axonal conduction safety, particularly
during high frequency trains, as demonstrated recently in dorsal root ganglion neurons (Luscher et al. 1996). To
investigate the role of A-type K channels, we compared AP-evoked Ca transients from resting and
hyperpolarized potentials. Hyperpolarized potentials would be expected to remove steady-state inactivation of A type K channels and increase their effect (Segal & Barker 1984, Wu & Barish 1992). We observed no change in
the magnitude of Ca transients (Fig. 15), suggesting that an (inactivated) A-type K conductance played little role
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+
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in the modulation of axonal A P conduction. This contrasts with a recent report that an A-type K conductance
regulates axonal A P conduction in hippocampal CA3 - CA1 cell pairs (Debanne et al. 1997). However, since our
method is limited to imaging only a portion of the axon at a time, conduction failure could have been occurring on
other possibly more distal branches that we were not imaging, but that would have been detected in the Debanne et
al. 1997 study. Furthermore different patterns of axonal branching could have contributed to the differences
observed. As for dendritic A P conduction, recent findings of Hoffman et al. (1997) demonstrated the regulation of
dendritic excitability by an A-type K channel. We acknowledge that a potential role for Ca ions could have been
lessened by the high concentration of fluo-3 that was required to a achieve a sufficient signal to noise ratio in
recordings. Therefore, it is possible that exogenous Ca buffering may have reduced the activation of C a dependent K channels, thereby increasing the reliability of A P conduction. To determine whether conduction
reliability was enhanced by Ca buffering we increased the contribution of K channels during A P repolarization
by using a low (1 mM) extracellular K medium (to increase the K driving force). We did not observe A P failure
in the axon in 3 of 3 neurons in preliminary experiments. Additional experiments in high extracellular C a
medium (5 mM) were performed to directly increase C a influx (and potential activation of K channels) with no
apparent effect on conduction failure (n=4 neurons; data not shown).
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Decreased dendritic action potential propagation in low external Na

+

We measured Ca transients due to back-propagating AP's along the main dendrite of cortical and
hippocampal neurons in 150 Na and 60 N a . In proximal dendritic regions (-30 - 50 um from the soma), the C a
transients were similar in magnitude to Ca responses in the axon (Fig. 8,11), consistent with reports by Calleweart
et al. (1996) and Llano et al. (1997). In the dendrite, the Ca response decreased with distance from the soma with
a length constant of 150-220 um (Figs. 11-13). The degree of attenuation of the Ca transient evoked by a single
A P along the apical dendrite appears to vary according to the cell type, age and recording conditions (Yuste et al.,
1994; Schiller et al. 1995; Spruston et al., 1995, Schiller et al. 1997, Svoboda et al. 1997), presumably reflecting
the differential distribution and activation of ion channels and shunting conductances (Westenbroek et al. 1992,
Jaffe et al. 1992, Migliore 1996, Tsubokawa & Ross 1996). Rather than focus on factors controlling dendritic backpropagation, we have chosen to compare dendritic and axonal sensitivity under conditions of low safety factor (low
extracellular Na ). In proximal dendritic regions (-30 um from the soma), A P evoked Ca responses in 60 N a
were reduced by -10% when compared to responses in 150 N a . This slight attenuation observed at the proximal
dendrite is likely due to the effects of Na substitution and not conduction, as discussed above. However, when
more distal regions were examined, the amplitude of the Ca response decreased with distance in 150 Na and to a
greater extent in 60 m M Na (Fig. 11,12).
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To test whether the residual C a transient in 60 N a depended upon N a channels, we measured C a
responses along the dendrite to suprathreshold somatic current steps in the presence of 1 u M T T X in 150 N a . In
T T X , Ca responses were considerably attenuated along the length of the dendrite; responses were less than 5 % of
the 150 Na response obtained following washout of T T X (Fig. 13). The spatial profile in T T X contrasted with the
profile in 60 N a , where Ca transients at more proximal dendritic regions were considerable, up to 90% of their
amplitude in 150 Na (Fig. 11). Therefore, most of the Ca response that remained in 60 Na depended upon T T X sensitive Na channels. Dendritic Ca responses to AP's differed from axonal responses in their spatial profile in
normal external N a and in their sensitivity to a reduction of N a influx.
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Implications for neuronal activity
We report here a marked difference in conduction reliability between axons and dendrites of hippocampal
and cortical neurons. Action potential propagation at low frequency is more resistant to reductions in the safety
factor in the axon than in the dendrite. This resistance to degradation of the action potential in the axon supports
the suggestion that the axon functions as a more excitable electrical compartment (Mainen et al., 1995; Rapp et al.,
1996). The implications of this for neuronal processing are considered more fully in the general discussion. In the
next chapter, the information processing of another neuronal compartment, the dendritic spine, is explored.
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IV. U L T R A S T R U C T U R A L C O R R E L A T E S O F Q U A N T A L C N S S Y N A P T I C

FUNCTION.

Introduction
Studies using electron microscopy (EM) have indicated that the morphology of cortical excitatory
glutamatergic synapses is highly variable (Harris et a l , 1992). Bouton size, vesicle number, vesicle diameter and
postsynaptic spine volume vary widely within a relatively homogenous population of neurons (Pierce & Lewin,
1994; Schikorski & Stevens, 1997). It has been hypothesized that structural differences between synapses underlie
some of the functional differences that are observed between neurons (Calverly & Jones, 1990; Lisman & Harris,
1993; Edwards, 1995). Accordingly, it is necessary to assess both synaptic structure and function at single C N S
synapses. A few reports have combined E M and paired cell electrophysiology to measure the properties of single
release sites (Gulyas et a l , 1993; Buhl et a l , 1994; Buhl et a l , 1997), but these experiments could not compare
multiple synapses within a single neuron. To compare multiple synapses along a region of dendrite we have
measured spontaneous synaptic events (using C a imaging) at identified synapses in cultured cortical neurons and
subsequently processed the same specimens for serial transmission E M . Ca transients in individual spines can be
resolved in an acute brain slice (Petrozzino et a l , 1995; Yuste & Denk, 1995; Schiller et a l , 1998), but subsequent
identification of the same synapses with E M would be problematic due to the higher spine density in the slice.
Also, the 3-dimensional (3-D) nature of neuronal dendrites in situ, as opposed to more planar dendrites found in
culture, makes simultaneous imaging of multiple synapses within a slice difficult. Using C a imaging, we have
measured the N-methyl-D-aspartate ( N M D A ) receptor-mediated component of spontaneous miniature excitatory
postsynaptic currents (mEPSCs), termed the miniature synaptic Ca transient, (MSCT; Murphy et a l , 1994, 1995).
Sensitivity to the N M D A receptor antagonist D , L - A P V suggests that under the conditions we have used, C a
transients associated with miniature synaptic activity are largely attributed to N M D A receptors (Murphy et a l ,
1994). We have previously reported a positive correlation between M S C T amplitude and mEPSC amplitude
(Murphy et a l , 1995), indicating that C a imaging can be used to evaluate the local characteristics of synaptic
events. Following M S C T imaging, we performed serial reconstruction of transmission E M images to identify
synapses at the origins of the Ca transients. This enabled the ultrastructural characterization of the specific
synapses where M S C T s were measured. We report that the number of vesicles present in a presynaptic terminal
does not correlate with M S C T frequency. Furthermore, we find no relationship between M S C T frequency and the
number of docked vesicles. However, M S C T amplitude is positively correlated with attributes of synapse size,
including synaptic contact area and spine volume.
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2+

2 +

2+

2+

2+

2+

Experimental procedures
Primary cortical cultures were prepared as described in chapter 2. Whole-cell recording was used to load
neurons with fluo-3 and furaptra. The patch pipette solution contained (in mM): 3-5 fluo-3 K salt, 5 furaptra K
salt (relatively C a insensitive and used to view basal fluorescence), 92 K M e S 0 , 20 NaCl, 5 M g - A T P , 0.3 GTP,
10 HEPES, and 0.3-0.8 % Biocytin H C l (pH = 7.3). After neurons were loaded, the electrode was removed and the
cells were allowed to recover in the presence of 0.3 u M tetrodotoxin (TTX) containing saline for 1-2 hr. The
concentration of fluo-3 loaded into the cell was estimated to be 300-500 uM. The following extracellular solution
was used to measure the Ca component of mEPSCs (in mM): 137 NaCl, 5 KC1, 5 C a C l , 0 M g C l , 0.34
N a H P 0 ( 7 H 0 ) , 10 NaHEPES, 22 glucose, 1 N a H C 0 , 0.2 picrotoxin, 0.0003 T T X , pH 7.4 (Murphy et a l ,
1994).
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Imaging and analysis
Imaging was performed as described in chapter 3. To view processes under baseline conditions and to
correct for process volume and cell loading (see below), the fluorescent C a indicator furaptra (excitation 380 nm)
was co-injected with fluo-3. This fluo-3 / furaptra combination was used because the affinity of the calcium
indicator fura2 is too high to accurately measure MSCTs. Our experiments indicate that fluo-3 provides better
dynamic range and signal linearity than fura2. A single furaptra image (average of 30 images acquired over 1 s)
2+
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was taken for every trial following 10 s of fluo-3 data acquisition. We then placed measurement boxes which
were identical to those used for fluo 3 measurements over a spine or dendrite of interest. The furaptra signal was
corrected for auto-fluorescence by subtracting the background pixel value adjacent to a dendritic region.
Background fluorescence was highly stable and did not exhibit changes which resemble those during M S C T s . By
keeping the soma of the cell (a source of unbleached dye) out of the illumination path of the microscope we were
able to minimize photo-bleaching. Photo-bleaching was minimal: we observed very little change in furaptra
fluorescence over consecutive trials and this change was not progressive.

Furaptra was chosen for its high

fluorescence signal at basal C a , its low affinity for Ca with little attendant buffering, and its distinctive spectra
2+

2+

that did not contaminate fluo-3 signals. For presentation purposes (and not quantification) the grayscale images in
Figs 16 and 20 were deconvolved using an iterative routine based on a Gaussian approximation of the point spread
function of the microscope used. Ca signals were considered M S C T s if at least 4 consecutive fluorescence
2+

measurements were 1 SD above baseline fluorescence; the initiation time was defined as the first point above
baseline. The initiation site of the M S C T was identified by the earliest rise in fluorescence. In almost all cases, the
site of M S C T initiation was associated with a clear morphological feature such as a varicosity or spine. C a

2 +

responses were calculated for individual trials within 1.4 - 2.0 nm regions surrounding sites of M S C T origin
2

(spines). One complication with using Ca imaging to measure synaptic responses is that because spines differ in
2+

size, the amount of C a

2 +

flux and not necessarily the intra-spine compartment concentration of C a

level of N M D A receptor activity and mEPSC amplitude. We therefore quantified C a

2 +

2 +

reflects the

responses in two ways: first,

raw change in fluo-3 fluorescence (AF ); and second, change in fluo-3 fluorescence scaled to spine volume ( A F
480

/ F

3 8 0

; basal furaptra fluorescence). The first measure, A F

4 8 0

was assumed to be directly proportional to C a

(INMDAJJ since our experiments use a high concentration of fluo-3 C a

2 +

2 +

480

flux

indicator, which is likely to be the dominant

cellular Ca buffer and will therefore efficiently capture incoming C a a n d indicate flux (Neher,- 1995b).
2+
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However, dendrites of cultured neurons exhibit an irregular profile along the Z axis of focus. If absolute measures
of fluorescence intensity are used, sub-optimal focus will lead to errors in quantification. To provide a correction
for sub-optimal focus, we have included a second low affinity calcium probe in the pipette solution-furaptra F380
(insensitive to M S C T C a

2 +

fluxes). In this case observed fluorescence values of both AF480 a I N M D A and F380 a

volume (vol; see below) were reduced by a factor proportional to F380 / F380max, the ratio of the observed F380
to a theoretical maximal in focus F380max. (see equations 1 & 2). Therefore, for the data shown we used the
second method of quantification, AF480/F380, which substantially reduced errors due to focal differences. By
using the fluorescence ratio (a measure of Ca concentration) we did not need to determine the actual in focus
2+

values of AF480 and F380 (see equation 3). As larger spines have a greater volume and hence larger F380, the use
of AF480 / F380 ratios would cause us to underestimate, rather than account for, observed differences in C a

2 +

response (INM ) between spines of different volume (see equation 4). For example, if all spines had identical
DA

AF480 / F380 ratios (and thus Ca concentration) during MSCTs, then the larger spines must have had a N M D A
2+

current that was of relatively higher amplitude (equations 3 & 4). Similar correlations between synapse size and
response amplitude were observed with both methods of measurement (data not shown). Relative C a
amplitude (mean or median scaled) was used to calculate correlations between C a

2 +

2 +

transient

response amplitude and

synapse size because differences in the absolute calibration of the AF480 / F380 ratios between the specimens
would artefactually increase the variability of correlations.

(1)

AF480 a 1 , ^ * ( F380 / F380max )

(2)

F380 cc vol * ( F380 / F380max )

(3)

AF480/F380

(4)

INMDA « ( A F 4 8 0 / F380 ) * vol

a

INMDA/VOI

Spine size was scaled to the average spine size observed in a particular specimen to control for potential differences
in spine size due to fixation conditions, development or phenotype of neuron (Papa et al., 1995; Boyer et al., 1998).
We have also used other methods of calculating relative spine size (scaled to median or maximum spine volume)
and have found that the correlations do not vary significantly with the method used.
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Electron Microscopy
Following M S C T imaging, preparations were fixed with 4% paraformaldehyde and 0.2-0.5%
glutaraldehyde in 0.1 M Sorensen's Na phosphate buffer (pH 7.2-7.4, 1.5 h, room temperature (RT)), rinsed
briefly in Dulbecco's phosphate-buffered saline (DPBS), permeabilized in 0.1 - 0.2 % Triton X-100 in DPBS (3-4
min, RT), washed with DPBS (3-5 volumes over 5 min, RT) and blocked in 2.5 % normal goat serum in DPBS (412 h, 4°C). Specimens were then washed with DPBS (3-5 volumes over 30 min, RT), incubated with Vector Labs
A / B reagent (avidin/biotinylated peroxidase complex; 1 h, RT), washed with DPBS (3-5 volumes over 30 min,
RT), and incubated in 0.5 mg/ml diaminobenzidine (DAB) and 0.015% H 0 in DPBS for 2-5 min (RT; intensity
monitored to prevent over-staining). DPBS washing (5 volumes over at least 30 min, RT) was followed by further
fixation in 2.5% glutaraldehyde in 0.1 M Sorensen's buffer (pH 7.2-7.4, 1 h, on ice), washing in the same buffer (3
volumes over 30 min, on ice). Preparations were then postfixed in 1% O s 0 in the same buffer (1 h, on ice).
Following a final Sorensen's buffer wash (3 volumes over 30 min, on ice), cultures were dehydrated in a graded
ethanol series (50, 70, 85, 95, 100%) and flat embedded in Spurr resin on Aclar plastic. Following polymerization,
areas containing single stained neurons were excised, separated from the Aclar and mounted on blank blocks.
Serial sections of -70 nm thickness were collected on pioloform or Formvar-coated single slot grids, stained with
3% aqueous uranyl acetate (UA) or 5% U A in 20% M e O H , followed by lead citrate, then examined at 80 keV in a
Zeiss E M 10C S T E M . A montage of low-power electron micrographs (8000X) was aligned with fluorescence and
bright field images. From this overlay, it was possible to identify DAB-stained dendritic spines where M S C T
events occurred. Staining selectivity arises since both the Ca indicators and biocytin are injected into a single
neuron, allowing the C a imaging and subsequent staining of the neuron of interest with an immunoperoxidase
reaction (Gulyas et a l , 1993). E M images were obtained at higher magnification (31,500X) to perform serial
reconstruction at spines where M S C T events were initiated. Spine volume and synaptic contact area were
measured at sites with > 1 M S C T by tracing the outline of DAB-stained spines through serial sections and
digitizing the traces. NIH image and Adobe Photoshop were used for three-dimensional reconstructions. Profiles
were occasionally unobtainable due to section folding. In such cases, spine sizes were estimated from the digitized
serial sections by linear interpolation between adjacent sections; data were used only if the amount estimated
accounted for less than 10% of spine volume. The addition of estimated data did not appreciably change the
correlations that were obtained. In some specimens detergents required in the staining process degraded the
ultrastructure.
+

2

2

4

2+

2 +

Synapses were identified by the presence of pre- and postsynaptic membrane apposition, synaptic cleft
thickening, a presynaptic para-membranous density and clustering of at least 3 vesicles near the presynaptic
membrane. The intensity of the D A B staining prevented accurate measurement of the post-synaptic density size in
many cases. The area of synaptic contact was defined as the region of increased (and relatively constant) thickness
between the pre- and post-synaptic membranes as illustrated by the arrows in Fig. 16d. Measurements of synaptic
contact area in perforated synapses (synapses with 2 separate clusters of vesicles from the same presynaptic
bouton) included the area of the perforation.
Vesicles were counted from contact prints without knowledge of the corresponding physiological data:
consistency between two observers was > 95%. A vesicle was counted in a given section if its electron-dense
perimeter (membrane) was visible surrounding a lighter core. While this method may have led to an
overestimation of vesicle number due to duplicate counting of a given vesicle in two adjacent sections this error
should be consistent at all synapses. Additionally, the section thickness (~ 70 nm) was greater than the vesicle size,
indicating that the error was small (Dubin, 1970).
Since relative spine size (scaled to the mean spine size for each specimen) was correlated with M S C T
amplitude (also scaled to mean M S C T amplitude for each specimen), no correction was applied for differential
shrinkage in the z-dimension during ethanol dehydration (Trommald & Hullenberg, 1997). 20 synapses were
reconstructed from 4 specimens (neurons). O f these, 2 were shaft synapses; spine volume was therefore measured
at the remaining 18 spines (12 single macular synapses, 4 perforated synapses with the same presynaptic bouton,
and 2 spines each contacting 2 presynaptic boutons). At 7 of the 20 synapses, the synaptic contact area was not
measurable throughout its full extent due to a tangential plane of section. Synaptic contact area was therefore
measured at 13 of the 20 synapses; this included two of the perforated synapses, but none of the synapses with
more than one presynaptic bouton. Vesicles were counted at 17 synapses (they were not counted at the 2 spine
synapses and the 1 shaft synapse that contained 2 presynaptic boutons).
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Confocal Microscopy
Following fluorescence imaging of M S C T s using wide-field microscopy, cells were fixed with 4%
paraformaldehyde in 0.1 M Sorensen's buffer (pH 7.2-7.4, 1.5 h, RT), rinsed briefly in DPBS, permeabilized in 0.2
- 0.5 % Triton X-100 in DPBS (4-5 min, RT), washed with DPBS (3-5 volumes over 5 min, RT) and blocked in
1.5 - 2.5 % normal goat serum in DPBS (4-12 h, 4°C). Cultures were washed with DPBS (3-5 volumes over 30
min, RT), incubated with 20 ug/ml avidin-fluorescein in DPBS (Vector; 1-2 h, RT), washed with DPBS (3-5
volumes over 30 min, RT) and mounted on a coverslip with Antifade in glycerol / DPBS (Molecular Probes).
Confocal imaging was performed with a Bio-Rad M R C 600 system attached to a Zeiss Axioskop microscope and a
100X 1.3 N A Zeiss objective (Laser intensity=l%; confocal pinhole = 3 Bio-Rad units). Serial images along the zaxis (z-series) were obtained through the entire dendritic region of interest (step size 0.54 um) and a maximalintensity projection was used to generate a two-dimensional representation of spine size. A maximal intensity
projection flattens 3-D images by creating an image of the maximal pixel value for each pixel across the sections.
In order for a spine to be selected for measurement, it was necessary to clearly resolve at least one M S C T event
initiated at the spine. M S C T imaging was performed with wide-field microscopy and a C C D camera that has lower
resolution than confocal. This criterion was the limiting factor in spine determination, therefore more stringent
morphological criteria were not necessary (Trommald et a l , 1995). Spines that were selected could be clearly
resolved from other structures in the maximal-intensity confocal projection image; at least 2 rows of pixels of
lower intensity were between 2 adjacent spines or between spine head and dendrite. Cross-sectional spine area was
quantified using NIH image and Adobe Photoshop. Although confocal measurements of absolute spine size are
problematic for small spines (Harris, 1994; Trommald & Huhllenberg, 1997), a correction was not applied since
relative measurements of spine size versus M S C T response were used. Due to the limiting resolution of confocal
microscopy, confocal measurements of spine size are likely to overestimate the size of small spines; this effect
would underestimate rather than account for a correlation between spine size and M S C T amplitude.
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Results
Calcium imaging and parallel ultrastructural analysis ofsingle synapses.
We have conducted experiments designed to assess both structure and function at the same C N S synapses.
Cultured cortical neurons were injected with fluo-3 and M S C T imaging was used to map quantal synaptic
responses to identified dendritic regions. Co-injection of biocytin allowed the selective staining of the neuron of
interest following M S C T imaging. Serial E M reconstruction was performed on 18 synapses (4 neurons) from
which we had measured the postsynaptic effect of putative single transmitter quanta. Figure 16a shows a basal
fluorescence image of a region of dendrite from a cortical neuron. Figure 16b illustrates traces of C a dynamics at
4 dendritic sites. A synapse was identified at site 3 where 7 synaptic events were initiated. In contrast, most
neighbouring dendritic synapses were either inactive (for example, site 4) or were the initiation site of only one
M S C T event. Sites 1 and 2 represent other sites, subsequently confirmed by serial reconstruction to be single
release sites, with smaller amplitude responses. M S C T s were usually localized to dendritic spines, as illustrated by
a sequence of images during a single trial of a Ca transient initiated at site 3 (Fig. 16c). Following C a imaging,
specimens containing the dendritic region of interest were identified at both the light and E M level via
immunoperoxidase staining (Fig. 16d). E M revealed a single large perforated spine synapse centred at site 3 (Fig.
16d,e). Analysis of serial sections indicated that adjacent synapses were more than 2 um away, making it unlikely
that they contributed to the events measured at site 3. Figure 16e shows a view of the 3-D reconstruction of site 3
made from serial E M sections, confirming the existence of a large dendritic spine with a single perforated synapse.
The combined use of M S C T imaging and serial E M reconstruction thus enables the comparison of quantal
responses at morphologically identified C N S synapses.
2 +

2+

2 +

Miniature Ca? transient frequency is not correlated with number of synaptic vesicles.
+

Previous studies performed in this laboratory indicate that miniature release rates can vary widely between
synapses and are not described by a gaussian distribution (Murphy et al. 1994; Wang et a l , 1999). To identify
factors that may contribute to the skewed distribution of miniature frequency, we measured the probability of
spontaneous activity using M S C T imaging and subsequently counted the number of vesicles at the same synapses.
We observed no significant correlation between the total number of vesicles and M S C T frequency (Spearman r =
- 0.14, p > .05; Fig. 17A) or between relative vesicle number and relative frequency (scaled to the mean of each
experiment, r = 0.05; p > .05). Furthermore, no correlation was obtained between the number of vesicles docked at
the presynaptic membrane and M S C T frequency (r = 0.24, p > .05; Fig. IB).
Additional parameters of synaptic structure such as spine volume and synaptic contact area failed to show
simple linear relationships with miniature response frequency (Fig. 17 C,D). Analysis of this data using a nonparametric Spearman rank-order test also revealed no significant correlations between miniature frequency and
spine volume, and between frequency and synaptic contact area (p > .05).

Apparently inactive synapses show normal ultrastructure with docked vesicles.
We have observed (> 10) synapses with excitatory morphology showing no spontaneous release yet containing
docked, presumably releasable, vesicles. For example, the synapse illustrated in figure 18a included 11 docked
vesicles and 234 total vesicles, yet no spontaneous release was observed at this synapse, indicating that the docked
state (defined morphologically) can be stable.
Figure 18b illustrates the three-dimensional reconstruction of an apparently branched spine in which 2
synapses were within 2 um of each other. Synapse 1, the smaller synapse (143 vesicles), showed a high M S C T
rate (0.15 / sec; 26 events) while the adjacent larger synapse 2 (331 vesicles) did not exhibit M S C T s during 170 sec
of image acquisition. Thus, the frequency of miniature transients can vary greatly between adjacent portions of
branched spines, independently of their vesicle status or content.
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Fig. 16. Quantal synaptic activity and serial reconstruction of identified cortical synapses.

(A)

Basal furaptra fluorescence image ( F ; Ca -independent excitation wavelength) of a region of dendrite
2+

380

where Ca dynamics were measured; the scale bar is 10 um.
2+

(B)

Plots of Ca response versus time at 4 dendritic sites (17 trials 10 seconds in length are over-plotted).
2+

M S C T s were initiated and measured at 2 nm regions centred over the indicated sites. Units of
2

fluorescence: F = change in fluo-3 fluorescence divided by basal furaptra fluorescence; A F

4 8 0

/F

3 8 0

. Site 3

exhibited a higher M S C T frequency and larger average M S C T amplitude than other sites while site 4
showed no activity.
(C)

Images of the initiation of an M S C T at 33 ms intervals in the dendritic region encompassing site 3 (in A
and B, above). In this trial, an M S C T first visible at 67 ms.

(D)

Left panel: Bright field image of the same region of dendrite following fixation and immunoperoxidase
staining. The arrow points to site 3 shown above; scale bar = 5 um. Right panel: Electron micrograph
illustrating a single cross-section through the spine at site 3. On the left of the image, the DAB-stained
spine is visible. A single perforated synapse is visible; scale bar = 0.4 um.

(E)

Three-dimensional view of reconstruction of the spine at site 3 confirms the presence of a single
perforated synapse onto a large spine head (postsynaptic region only is shown). Examination of over 40
serial sections through site 3 indicated only one synapse. The postsynaptic densities, the perforation and
the spine neck are identified by arrows. PSDs were identified from lighter prints of E M images.
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Fig. 17. The relationship between M S C T frequency and synapse structural parameters.
(A)

M S C T frequency plotted versus number of vesicles for confirmed single synapses from 4 cortical neurons.
No significant correlation was observed (Spearman r = -0.14, p > .05).

(B)

M S C T frequency plotted versus number of docked vesicles. No significant correlation was observed
(Spearman r = -0.41, p > .05).

(C)

M S C T frequency versus relative spine volume. No significant correlation was observed (Spearman r =
.28, p < .05).

(D)

M S C T frequency versus relative synaptic contact area. No significant correlation was observed
(Spearman r = .30, p < .05).
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Fig. 18.

Three-dimensional reconstruction of sites with different miniature release frequencies.

(A)

Left panel: Electron micrograph illustrating a cross-section through a synapse that exhibited no M S C T
events. The spine is indicated by the DAB-stained material; a presynapse with vesicles is evident. The
scale bar represents 0.4 um. Right panel: Serial E M reconstruction confirms a single release site with 11
docked vesicles as indicated by the dark circles.

(B)

A branched spine illustrating 2 adjacent synapses < 2 um apart with widely different release probability.
Synapse 1 was a highly active site, while synapse 2 was inactive, yet contained more vesicles.

b

Branched Spine
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The amplitude of the miniature synaptic calcium transient is correlated with synapse size.
Spontaneous quantal synaptic currents exhibit a heterogeneous amplitude distribution that cannot be fully
attributed to spatial distribution and filtering (Manabe et al., 1992; Lisman & Harris, 1993), but may be due to
difference in response amplitude between synapses. The amplitude distribution may reflect differences in the size
of the postsynaptic densities (PSDs), a hypothesis that we sought to test via combined C a imaging and serial
reconstruction E M . Since we were unable to measure the size of the postsynaptic density at every synapse due to
the intensity of the D A B staining, we measured two other variables that are correlated with PSD size: spine
volume and the area of synaptic contact (Harris & Stevens, 1989; Harris & Sultan, 1995; Trommald & Hullenberg,
1997). Fig 19a indicates a significant positive correlation between relative spine volume and relative M S C T
amplitude (r = 0.51, p < .05). The gray dashed line indicates the predicted relationship between spine volume and
M S C T amplitude if no relationship existed between INMDA and spine volume; that is, for a constant I
(see
equation 3, Methods). A significant positive correlation was also observed between relative synaptic contact area
and relative M S C T amplitude (r = 0.75; Fig. 2b). The difference between the correlation coefficients in figure 19a
and 19b may be due to chance (given the scatter in the correlations) or may be because synaptic contact area is
likely better correlated with post-synaptic density size. In order to test whether three synapses with high standard
error of the mean (due to few events) could account for the significant correlations observed, these data points were
removed from the analysis, resulting in a slightly higher correlations. Thus, the behaviour of the highly variable
synapses did not account for the significant correlations between measures of synaptic size and M S C T amplitude.
2 +

N M D A

Confocal measurement of spine size correlates with miniature Ca? transient amplitude but not with MSCT
frequency.
+

To confirm with a larger data set the observed relationship between synapse size as measured by serial
E M reconstruction and M S C T amplitude, we performed similar experiments using confocal microscopy to measure
spine size. In these experiments, neurons were also injected with a combination of biocytin and C a indicators and
M S C T imaging was performed under the same conditions as described above. Figure 20a shows a basal
fluorescence image of a region of dendrite captured using wide-field microscopy and a C C D camera. Following
imaging, specimens were fixed, stained with avidin-fluorescein and confocal measurements of spine size were
performed. Figure 20b shows a confocal image of the region of dendrite. Figure 20c illustrates the average M S C T
Ca response at 3 spines, each of which was a site of repeated M S C T initiation. As with the E M data, a significant
positive correlation was observed between spine size and Ca transient amplitude in 74 spines from 5 neurons (Fig.
20d; r =.52; p < 10" ). In contrast to the relationship between amplitude and spine size, we did not observe a
significant correlation between M S C T frequency and spine size using confocal microscopy (Fig. 20e; r=.07; p>.05;
Spearman rank order test).
2 +

2+

2+

5

Discussion
It has been widely hypothesized that alterations in synapse structure underlie changes in synapse efficacy
(Lisman & Harris, 1993; Edwards, 1995). Many experiments have reported structural changes in synaptic
populations following manipulations of synaptic strength or following learning (Greenough et al., 1978; Fifkova et
al., 1982; Desmond & Levy, 1988; Papa & Segal, 1996; Hosokawa et al., 1995; Rusakov et al., 1997; Moser et al.
1997; but see Sorra & Harris, 1998). Unlike population studies, we have directly compared structure and function
at the same synapses. This is the first report comparing the functional and structural properties of multiple
synapses within the same C N S neuron, although previous investigations have obtained functional data from single
synapses that were later investigated at the ultrastructural level (Gulyas et al., 1993; Buhl et al., 1994; Buhl et al.,
1997). We conclude that the NMDA-receptor mediated component of quantal size (as measured by C a influx) is
correlated with the size-related parameters of spine volume and synaptic contact area.
2 +

We have used C a imaging in cultured cortical neurons to measure the localized Ca component of the
miniature synaptic response (the MSCT). Under these conditions, the average M S C T amplitude provides a
measure of the average mEPSC amplitude (attributed to N M D A receptors) of an identified synapse for the
following reasons. First, synapses are confirmed present at each site of M S C T initiation, suggesting that the C a
2 +

2+

2+
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Fig 19. A significant positive correlation between quantal amplitude and 2 measures of synapse size.

Quantal amplitude was measured as the average M S C T amplitude at sites with repeated M S C T events. M S C T
amplitudes ( ± SEM) scaled to the mean of each experiment were plotted versus 2 measures of synapse size (see
below).

(A)

Spine volume (versus M S C T amplitude) determined from serial reconstruction of 18 spines that were
repeated M S C T initiation sites. The gray dashed line indicates the expected relationship between M S C T
amplitude and spine volume for a constant I N M D A . • = Spines with one macular synapse; 0 = Spines
with one perforated synapse; • = Spines with 2 presynaptic inputs.

(B)

Area of synaptic contact (versus M S C T amplitude) was measured from serial E M reconstructions of 13
synapses (see Methods). • = Macular synapse; 0 = Perforated synapse
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Fig 20. A significant correlation between quantal amplitude and spine size measured with confocal
microscopy.
(A)

Wide-field basal fluorescence (F ) image of a region of cortical neuron dendrite. Arrows indicate 3 sites
where M S C T s were initiated. Following wide-field M S C T imaging, specimens were fixed and stained
with avidin-fluorescein.

(B)

Maximum-intensity projection (see Methods) of the same region of dendrite stained with avidinfluorescein obtained from a stack of confocal optical sections. The 3 spines are labeled with arrows and
are clearly resolved from the background. The scale bar represents 10 nm.

(C)

Traces of Ca response versus time at the 3 dendritic spines indicated in A and B. Traces were averages

380

2+

of 2-6 M S C T s and were aligned to the time of first rise in C a .
2+

(D)

M S C T amplitude plotted versus spine volume (scaled to the mean of each experiment) for 74 spines from
5 cells; p < 10 .
s

(E)

M S C T frequency plotted versus spine volume; p > .05.

a Wide-field

b Confocal
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influx is of synaptic origin. Second, the amplitude of the M S C T is correlated with the amplitude of the
underlying mEPSC (Murphy et al., 1995). Third, both MSCTs and the slow component of the mEPSC are
abolished in the presence of the NMDA-receptor antagonist A P V (Murphy et al., 1994, 1995).
Experiments in invertebrates indicate that synaptic strength is correlated with the number of synaptic
vesicles and synapse size Bailey & Kandel (1993). Structure-function correlations have also been identified in
crustacean motor neurons (Wojtowicz et al, 1994, Cooper et al., 1995). Accordingly, we have measured both the
probability of spontaneous activity (MSCT frequency) and the vesicle number in identified mammalian C N S
synapses. We observed no correlation between M S C T frequency and either the number of docked vesicles or the
total number of vesicles at reconstructed synapses (Fig. 17, 18). Furthermore, we frequently observed presumed
excitatory synapses with many apparently docked vesicles (up to 11) that showed no miniature activity over ~ 3
min (Fig. 18a). These findings contrast with a recent hypothesis that the readily releasable pool, which determines
AP-evoked release probability, may be equivalent to the number of docked vesicles (Rosenmund & Stevens, 1996;
Schikorski & Stevens, 1997; Dobrunz & Stevens, 1997). These results, although preliminary, suggest that
miniature release probability may be controlled by factors in addition to the number of morphologically docked
vesicles. Conceivably, vesicles that are subject to spontaneous release may represent a subset of the
morphologically docked vesicles that have been further "primed" through a mechanism that is not currently
resolvable at the ultrastructural level (Goda & Sudhof, 1997). Observations that miniature release rates can vary by
greater than 10-fold between synapses would argue that release probability is not merely determined by the number
of available release sites. Alternatively, miniature release rate may be controlled by differences in Ca channel
density and type between terminals (assuming some basal level of channel activity), consistent with observations
made from evoked C a influx in the crayfish N M J (Cooper et al., 1995) and mammalian CNS terminals
(Mackenzie et al., 1996). The C a sensitivity of release mechanisms could also differ between terminals (Atwood
et al., 1997). A n important caveat is that M S C T imaging in the current experiments does not sample A M P A
receptors. Therefore, these results must be considered preliminary; information about A M P A receptor mediated
miniature events must be obtained in order to rule out the possibility that the low frequency and inactive synapses
contain solely A M P A receptors. Work in our laboratory is currently addressing this topic.
2+

2+

2+

Our imaging method allows spontaneous miniature release rates to be compared at different synapses on
the same dendrite; however, it does not permit measurement of release probability under AP-evoked conditions.
Certain agents have been reported to differentially affect miniature release rate and evoked release probability
(Trudeau et al., 1996; Geppert et al., 1997; Kondo & Marty, 1998b; Hua et al., 1998), indicating some expected
divergence amongst release mechanisms. Although this is a potential limitation, a large body of evidence suggests
that miniature and evoked release probabilities are regulated in parallel at presynaptic terminals. For example,
changes in evoked release probability following short-term (Zucker, 1996) and long-term synaptic enhancement
(Malgaroli & Tsein, 1992; Arancio et al., 1995) are paralleled by changes in miniature release frequency. While
parallel regulation of miniature and evoked release does not imply identical mechanism (Kondo & Marty, 1998b),
it does suggest that vesicles for spontaneous miniature and AP-evoked release may be drawn from the same pool
and are therefore subject to common mechanisms of regulation (Rosenmund & Stevens, 1996).
Results from our lab, using imaging of presynaptic vesicular turnover with FM1-43, indicate a significant
correlation between miniature frequency and evoked release probability at single cortical neuron synapses (Prange
and Murphy, Soc. Neurosci. Abstr. 1998). Furthermore these F M 1-43 experiments indicate that the vesicle pool
size as determined by FM1-43 does correlate with the probability of miniature synaptic activity. The reasons for
this discrepancy may be related to the fixation conditions used. For example, we did not attempt to fix preparations
rapidly (Heuser & Reese TS, 1973; Heuser et al., 1979). However, the studies of Rosenmund and Stevens (1997)
suggest that glutaraldehyde fixation does not promote loss of vesicles. Another reason for this apparent
discrepancy could be that, since M S C T imaging monitors postsynaptic activity, release events may not always
successfully activate postsynaptic receptors. A lack of postsynaptic receptor activation would be surprising if
vesicle release is both rapid and complete (Bruns & Jahn, 1995), however a recent report in chromaffin cells
suggests that vesicles are capable of either complete fusion or "kiss and run" transmitter release depending on the
concentration of extracellular C a (Ales et al., 1999). Furthermore, as previously described in the results section
of this chapter, the calcium imaging method that we used was insensitive to A M P A receptor activity. Potential
limitations of our structural studies include errors in measurement of miniature synaptic activity frequency. These
errors would arise from cases where relatively few events are used to calculate frequency. For example, if a
2+
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synapse showed only 2 events 36 the coefficient of variation from the frequency measurement would be > 50%
(A/3/3).
We observed that spine size and the area of synaptic contact are significantly correlated with M S C T
amplitude. Additional experiments using confocal rather than E M spine measurement confirmed these findings.
These results support the hypothesis that larger synapses show larger quantal responses (Harris & Stevens, 1989;
Lisman & Harris, 1993) although it is important to stress that the current M S C T imaging method measured the
NMDA-receptor mediated component of the quantal response and thus no conclusions can be made about the
AMPA-receptor mediated component. Although we observed significant correlations between size and M S C T
amplitude, the considerable scatter in the correlations suggests that other factors may also be contributing to M S C T
size, including differences in vesicular transmitter content, and in the stochastic properties of postsynaptic receptors
(Murphy et a l , 1995; Frerking et a l , 1996; Auger & Marty, 1997; Nusser et a l , 1997). Additionally,
multivesicular release may have contributed to the variability (Auger et a l , 1998; Prange & Murphy, 1999).
Furthermore, it is conceivable that fixation conditions may have slightly altered the synapse contact area or
morphology.
Although we were unable to measure directly the PSD area in our study, other measures of synapse size
were significantly correlated with response amplitude, suggesting that PSD size is also correlated with N M D A receptor dependent quantal amplitude. The strongest correlation with M S C T amplitude was observed for the
measurement of synaptic contact area (Fig 2b). Given the scatter in the correlations, this difference may have been
due to chance; alternatively, this difference may reflect a stronger relationship between synaptic contact area and
post-synaptic density size. Larger synaptic contacts and thus PSDs may contain a greater number of functional
receptors (Harris & Landis, 1986), suggesting a functional consequence of activity-dependent regulation of PSD
composition (Rao & Craig, 1997). In cerebellar stellate cells, postsynaptic G A B A A receptor density is uniform
(Nusser et a l , 1997), suggesting that synapse size may be a reliable measure of receptor number. In CA1 of
hippocampus, although the density of A M P A receptors may not be constant, A M P A receptor immunoreactivity is
greater at larger spines than at smaller spines (Nusser et a l , 1998). We are not aware of any reports correlating
N M D A receptor density and synapse size. Given the recent identification of relatively complex protein arrays
involved in clustering postsynaptic receptors (Sheng, 1997), PSD area may be a limiting factor in controlling
receptor expression (Kennedy, 1997). Mechanisms that control the growth and elaboration of synapses are thus
likely to regulate N M D A receptor mediated quantal amplitude.
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V.

G E N E R A L DISCUSSION

Neurotransmission reliability and brain function
Many recent studies have reported that synaptic transmission is unreliable in cortical and palaeocortical
areas of the C N S (Sayer et al., 1990; Malinow, 1991; Gulyas et al, 1993; Stevens, 1994; Rosenmund et al., 1993;
Hessler et al., 1993; Allen & Stevens, 1994; Stevens & Wang, 1994, 1995, Bolshakov & Siegelbaum, 1995).
Although recent experiments have suggested that these earlier estimates of unreliability are exaggerated
(Hardingham & Larkman, 1998), a considerable degree of unreliability undoubtably exists at C N S synapses. How
can information be represented under these circumstances? A large degree of redundancy in brain circuitry could
serve to dampen the effect of failure (Allen & Stevens, 1994). Or, if synapses are unreliable, important
information could be signaled by bursts of action potentials rather than single action potentials. According to this
idea, an unreliable synapse would filter out single action potentials and would therefore signal the onset of activity
bursts; conversely, a reliable synapse would more faithfully signal each action potential even within a train
(Lisman, 1997). These questions have profound implications for computational theories of brain function, for it
remains unclear what type of information is represented in most neuronal circuits. Is information encoded by the
firing rate or by the temporal coherence of action potential firing within a network? Do postsynaptic neurons serve
to integrate signals from many neurons, or do these neurons act as coincidence detectors (Konig et al., 1996)? It
has been inferred from E E G recordings and more recently from multi-unit recordings that neurons can act in
synchrony, both within a brain area and across huge distances including interhemispherically (Engel et al., 1991;
Singer 1993, 1995). This implies that the precise time or the pattern of action potential firing is more important
than firing rate (Hopfield, 1995; Berry et a l , 1997; Ruyter et a l , 1997; Zador & Dobrunz, 1997; Usrey et a l ,
1998). Tsodyks & Markram have presented a model of network activity in which the rate of synaptic depression
during a burst is critical to the type information extracted from the neural network. When release probability is
low, and hence the rate of short-term depression is low, the postsynaptic response reflects the rate of presynaptic
firing. In contrast, when release probability is high, depression will be fast, and the postsynaptic neuron will only
respond to the onset of activity bursts, thus signaling temporal coherence between convergent inputs rather than
firing rate (Tsodyks & Markram, 1997; Tsodyks et a l , 1998). Since both forms of information processing
probably exist in varying amounts, changes in reliability could serve to switch neurons from one form of neural
code to the other.

Electrical compartmentalization of the neuron
The work presented in this thesis contributes to the accumulating body of literature exploring mechanisms
regulating the reliability of synaptic transmission. We have investigated several potential sources of synaptic
variability and measured their extent. The conduction of action potentials along axons in the culture system is
highly reliable, as demonstrated in chapters 2 and 3. This is consistent with several recent slice experiments.
Callewaert et a l , (1996) reported reliable axon potential conduction in the initial segments of cerebellar Purkinje
neurons, as did Llano et a l , (1997) in cerebellar basket cell axons, also using C a imaging. Tamas et al (1997),
combining paired cell recording between cat visual interneurons and pyramidal neurons with subsequent electron
microscopy in slices of cat visual cortex, did not observe axon conduction failure in 8 to 12 order collaterals.
Ohana & Sakman (1999) measured unitary EPSC's between pairs of pyramidal cell pairs with connections on 5
order axon collaterals. Injection of exogenous mobile C a buffer decreased EPSC amplitude in a manner that was
consistent with reduced transmitter release, but did not reduce axonal action potential propagation into axonal
collaterals.
2 +
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2 +

Previous studies have contributed to the emerging view that the neuron is composed of compartments of
differing electrical excitability (for review see Stuart et al. 1997). Cortical and hippocampal dendrites are capable
of local electrogenesis, however this usually stops short of an all-or-none A P (Zecevic, 1996; Golding & Spruston,
1998). In contrast, A P generation results in faithful propagation along the axon (Allen & Stevens 1994; Stevens
and Wang 1995; Luscher et al. 1996; Mackenzie et al. 1996), and back-propagation along dendrites where the
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amplitude decreases with distance (Stuart & Sakmann 1994, Spruston et al. 1995, Stuart et al. 1997). We have
observed a marked difference in conduction reliability between axons and dendrites of hippocampal and cortical
neurons. The propagation of AP's at low frequency occurs in the axon even under conditions of lower external
Na+. This resistance to external low external Na was unique to the axon and supports the hypothesis that the axon
functions as a more excitable electrical compartment (Mainen et al. 1995, Rapp et al. 1996). This considerable
degree of safety in the mechanism of A P propagation suggests that in the axon the AP, once generated, is indeed
all-or-none and that Na channel modulation is not likely to play a major role in A P conduction. However, as
larger current steps were required to generate an A P in low Na+, N a channel modulation at the sites of A P
initiation such as the axon hillock may have played a role. Taken together, this suggests that modulation of N a
channels or leakage channels that affect membrane resistance may have a greater impact on the A P generation or
on the local depolarization of terminals than on conduction safety. In dendrites, in low Na+, APs resulted in C a
transients over a more limited distance along the dendrite. These results in the dendrite are consistent with
previous results suggesting a graded, modifiable dendritic A P (Jaffe et al. 1992, Spruston et al. 1995, Tsubokawa &
Ross 1996) including in vivo dendritic imaging experiments (Svoboda et a l , 1997, 1999) and in vivo intracellular
recording experiments (Kamondi et a l , 1998). Our results support the hypothesis that regulation of dendritic N a
channels can control the spatial extent of dendritic electrogenesis, presumably for both forward synaptic integration
and for retrograde A P propagation (Mainen et al. 1995, Rapp et al. 1996, Colbert et al. 1997, Jung et al. 1997).
+

+

+

+
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+

Given that action potentials arrive reliably at axonal terminals, we explored whether stochastic variations
in C a influx could contribute to the variable nature of synaptic transmission. We measured the coefficient of
variation associated with C a influx in individual terminals to be 15%. Furthermore, we observed large differences
in Ca influx between terminals on the same axon. Given the third or fourth power relationship between C a
influx and transmitter release, both forms of variability in Ca influx (intra- and interbouton) could play a
significant role in synaptic reliability (Augustine et a l , 1991). A recent report in chromaffin cells suggests that
vesicles that normally exhibit rapid and irreversible (and hence complete) fusion events are capable of "kiss and
run" partial transmitter release in increased extracellular C a (Ales et a l , 1999). Dobrunz et al. (1997) hypothesize
that stochastic fluctuations in presynaptic C a influx are an important factor in short-term plasticity within a burst
of action potentials. A smaller Ca influx could lead to a lower amount of short-term facilitation (due to residual
Ca ), ensuring that a low probability synapse facilitates less easily, a phenomenon that they observed in a
subpopulation of synapses in the hippocampal slice.
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Recent papers have exploited the excellent voltage-clamp conditions of the large calyx synapse in the
auditory brainstem and have reported that facilitation and inhibition of Ca currents in the terminal have profound
effects on synaptic transmission (Takahashi et a l , 1998; Forsythe et a l , 1998; Borst & Sakmann, 1998). Regehr
and colleagues have demonstrated profound functional consequences of small changes in presynaptic C a current
at small central synapses (Mintz et a l , 1995; Sabatini & Regehr, 1997) an that different classes of Ca channels act
synergistically to control transmitter release (Mintz et a l , 1995; see also Wu & Saggau, 1994a; Reuter, 1995). But
it has also become apparent that profound changes in synaptic release occur as a consquence of regulation
downstream of Ca influx (Dittman & Regehr, 1996; Yawo, 1996; Hsu et a l , 1996; Chen & Regehr, 1997; Kondo
& Marty, 1998b; Lonart et a l , 1998). Further experiments are required to determine the mechanism underlying
variable C a influx and the consequences on synaptic transmission.
2+

2 +
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Studying structure andfunction at single synapses
The final question addressed was whether structural diversity can account for functional differences
between synapses. The idea that morphological differences between synapses could account for functional
synaptic differences has been rigorously developed by Harris and colleagues and by a large number of population
studies indicating changes in ultrastructural parameters following experience-dependent plasticity (See Chapter 4).
In contrast to these population studies, we developed methods to measure both structure and function at single
identified synapses. We developed methods to measure synapse size and the NMDA-receptor mediated component
of quantal amplitude at the same synapse and found that synapse size correlates positively with the amplitude of the
N M D A receptor component of the quantal postsynaptic response. This suggests that synapse size may place a limit
on the number of receptors and that the regulation of quantal amplitude may involve processes that alter synapse
size. Our findings are preliminary: more evidence must be gathered in order to strengthen this conclusion. A

76
recent report from Nusser et a l , (1997) used immunogold electron microscopy to quantify the number of
G A B A receptors in cerebellar stellate cells. They reported that G A B A receptor density is uniform; thus synapse
size can be used as a measure of receptor number, and that the distribution of quantal amplitudes closely parallels
the distribution of synaptic G A B A receptor number. In contrast, the density of A M P A receptors in CA1 of
hippocampus may not be constant; however, A M P A receptor immunoreactivity is greater at larger spines than at
smaller spines (Nusser et a l , 1998). We are not aware of any reports correlating N M D A receptor density and
synapse size. A further area that must be more fully understood is the co-distribution of A M P A and N M D A
receptors at synapses. Our work compared the NMDA-receptor mediated component of the miniature current to
synapse size. Do larger synapses contain a greater number of N M D A receptors, or of both N M D A and A M P A
receptors? Recent physiological and ultrastructural papers have strongly suggested that the relative contribution of
N M D A and A M P A receptors at synapses is heterogeneous and is regulated in activity dependent and
developmental contexts (Liao et a l , 1995; Isaac et a l , 1995; Durand et a l , 1996; Wu et a l , 1996; Isaac et a l ,
1997). The combined study of structure and function at identified synapses, in combination with immunoelectron
microscopy of post-synaptic receptors, promises to be a productive approach in the immediate future.
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