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MICROIONTOPHORESIS AS A TECHNIQUE TO INVESTIGATE SPIKE TIMING
DEPENDENT PLASTICITY
Joyeeta Dutta-Moscato, M.S.
University of Pittsburgh, December 2007

Spike timing dependent plasticity (STDP) is a form of synaptic plasticity that depends on the
relative time of activation of a presynaptic neuron and its postsynaptic neuron. STDP in the
synapses made by Schaffer collateral afferents onto hippocampal CA1 pyramidal neurons (CA3CA1 synapses) is NMDA receptor dependent. The objective of the current study was to develop
and test a technique of glutamate iontophoresis that could replace the role of presynaptic
neurotransmitter release at the CA3-CA1 synapse, so that the postsynaptic mechanisms involved
in the induction of STDP could be isolated for study. Therefore, this document describes: (1)
fabrication of electrodes that could be used for millisecond-level microiontophoresis in acute
slice preparations of the juvenile rat hippocampus; (2) characterization of the properties and
limitations of microiontophoresis in slice tissue, specifically for activation of postsynaptic
ionotropic glutamate receptors at the CA3-CA1 synapse; (3) induction of STDP by pairing
microiontophoresis with postsynaptic depolarization; (4) characterization of the properties and
limitations of microiontophoretically induced STDP. It was determined that microiontophoresis
is a viable technique to study the postsynaptic mechanisms of STDP at the CA3-CA1 synapse.
My results also show that microiontophoretically induced STDP exhibits many of the same
general properties as STDP induced either synaptically or by exogenously applied agonists.
Microiontophoretically induced STDP also exhibits other features that will need to be considered
during the design and interpretation of further experiments.
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1.0

INTRODUCTION

A wide array of neurons in the mammalian central nervous system exhibit an ability to increase
or decrease their influence on other neurons. This plasticity of synapses, especially in response
to patterns of activity, offers a biological means of pattern recognition. Synaptic plasticity is,
therefore, believed to subserve cognitive functions such as learning and memory. Evidence for a
long-lasting, activity-dependent change in synaptic efficacy first appeared in the early 1970s,
when it was shown that repetitive activation of excitatory synapses in the hippocampus, a brain
region known to be essential for learning and memory, caused an increase in synaptic strength
that could last for hours or even days11, 49. This phenomenon, known as long term potentiation
(LTP), was widely studied over the following decades. A conceptually opposite phenomenon,
long term depression (LTD) was also soon characterized22, 62.

1.1

NMDA RECEPTOR DEPENDENT LONG TERM POTENTIATION AND
DEPRESSION AT THE CA3-CA1 SYNAPSE

A model of particular interest has been the synapse made by Schaffer collateral fibers, comprised
of axons of CA3 pyramidal neurons, which are afferent upon CA1 pyramidal neurons29. This is
henceforth referred to as the CA3-CA1 synapse. This document focuses exclusively on plasticity
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induced on a timescale of less than an hour, which may be an early form of longer lasting
plasticity.
In the CA3-CA1 synapse, stimulation of the presynaptic axons causes release of
glutamate onto dendrites of CA1 neurons. The released glutamate is detected by postsynaptic
receptors.

One type of glutamate receptor is the

-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic (AMPA) receptor. Binding of glutamate at the AMPA receptors leads to
opening of a channel permeable to monovalent cations (Na+ and K+), causing an inward
(depolarizing) current at negative membrane potential. Another type of glutamate receptor
present on dendrites of the CA1 neurons is the N-methyl-D-aspartate (NMDA) receptor. While
NMDA receptors are activated by glutamate binding, they also require a coagonist, glycine, and
are modulated by a voltage dependent block by Mg++.

35, 57

The natural milieu of the brain,

cerebrospinal fluid (CSF), contains magnesium, as does artificial CSF (ACSF), which is
generally used in vitro; under these conditions, depolarization of the membrane from its resting
membrane potential decreases blockage by Mg++, increasing the inward current generated by
influx of Na+ and Ca++.

Activation of the AMPA receptor is believed to play a role in

depolarizing the membrane to enhance NMDA receptor activation. While there are some AMPA
receptors which are Ca++ permeable themselves, such receptors are rarely found in the CA3-CA1
synapse, and are substantially less permeable to Ca++ than NMDA receptors.
While inhibition of the NMDA receptor does not significantly reduce the excitatory
postsynaptic current evoked by regular synaptic transmission, it does affect the induction of
synaptic plasticity. Influx through the NMDA receptor is an important source of rise in Ca++
concentration in the postsynaptic region. Opening of voltage gated calcium channels and Ca++induced Ca++ release also lead to rise in local Ca++ concentration75, but blocking Ca++ influx
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through NMDA receptors blocks the induction of LTP and LTD66. Preventing an increase in
postsynaptic Ca++ with Ca++ chelators blocks LTP, whereas directly raising the amount of
postsynaptic Ca++ by photolysis of caged Ca++ can mimic LTP96.

Although the precise

mechanism of LTP and LTD induction is still a topic of ongoing research, it is widely accepted
that both processes, at the CA3-CA1 synapse, are NMDA receptor dependent8.
Numerous Ca++ sensitive enzymes have been implicated in the initiation of signaling
cascades that lead to LTP and LTD. Calmodulin (CaM), for example, is a protein that modulates
the activity of, and confers Ca++ sensitivity on, several key signaling molecules that are crucial
for synaptic plasticity95.

Protein kinases such as Ca++/CaM-dependent protein kinase II

(CaMKII), bind to CaM with a higher affinity in the presence of local Ca++, and CaMKII
activation is known to be essential for induction of LTP in mature CA1 pyramidal neurons45, 49,
95, 97

. LTP induction protocols increase Ca++ entry through the NMDA receptor, which increases

the local concentration of Ca++ in the postsynaptic area, and activates CaMKII. Activation of
CaMKII can increase delivery of AMPA receptors to the synaptic surface32, increase single
channel conductance of AMPA receptors72, and change subunit composition of AMPA
receptors71.

CaMKII is one of many signaling proteins that have been implicated in the

induction of NMDA receptor dependent LTP46.
LTD at the CA3-CA1 synapse is also NMDA receptor dependent, and loading the
postsynaptic neuron with Ca++ buffers blocks LTD62. A prominent hypothesis for the induction
of NMDA receptor dependent LTD proposes that a modest rise in postsynaptic calcium
preferentially activates a protein phosphatase cascade, which leads to endocytosis of AMPA
receptors6,

60, 61, 68

. As in the case of LTP, many different classes of molecules and complex

signaling cascades are believed to be involved in the induction of LTD.
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There has been experimental evidence implicating the activation of NR2A-subunit
containing NMDA receptors as a requirement for LTP, and the activation of NR2B-subunit
containing receptors as a requirement for LTD44, 54. Since the subunit composition of NMDA
receptors changes with age, the idea that subunit composition may determine the direction of
plasticity gains further credence from prior observations that tetanic stimulation of CA3 afferents
to CA1 pyramidal neurons are able to induce LTD more easily than LTP in neonatal animals10, 43.
NR2B subunits are expressed in high levels in neonatal rats, and are seen to decrease with age,
corresponding to an increase in NR2A subunit expression. High levels of NR2B proteins are
found in the synapses of young rats, aged 2 days (P2) and 10 days (P10), but in adult rats NR2B
levels are much lower. NR2A proteins are found in very low levels at P2, with a small increase
at P10, and a large increase in adults69, 76. Accompanying this transition in subunit expression, is
a greater functional presence of NR2A in synaptic receptors91. NMDA receptors containing
NR2A subunits have faster kinetics than receptors containing NR2B subunits. The kinetics of
NMDA excitatory postsynaptic currents (EPSC) become faster during development, and
correlate with an increase in expression of the NR2A subunit and a decrease in the sensitivity to
NR2B selective antagonists25,

74, 82

.

While the EPSCs are relatively insensitive to NR2B

selective antagonists, however, extrasynaptic receptors still show considerable block by these
agents58, 74, 87, 91.
It is not unequivocally clear that LTP and LTD are induced by selective activation of
either NR2A or NR2B subunit containing receptors27.

There have been reports of NR2A

independent LTP7, 86, 90, 94. There is also evidence of CaMKII localization to NR2B containing
receptors, which suggests a role for NR2B subunit containing NMDA receptors in the induction
of LTP4, 5. Other factors, such as association of the NMDA receptor with different proteins, and
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interactions with other voltage sensitive and metabotropic receptors, may also play a role in
determining plasticity outcomes.

1.2

SPIKE TIMING DEPENDENT PLASTICITY

Spike timing dependent plasticity (STDP) is a form of synaptic plasticity in which the order of
activation of two connected neurons leads to LTP or LTD. STDP manifests a theory of learning
proposed as far back as 1949 by psychologist Donald Hebb, which posits that the sequential
activation of neurons would strengthen the connection between them, while activity out of
sequence would weaken the connection. Specifically, he states:

“When an axon of cell A is near enough to excite cell B repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place in one
or both cells such that A’s efficiency, as one of the cells firing B, is increased.”33

In STDP, a synapse is either potentiated or depressed based on the order of excitation of
the two connected neurons, with the strength of the change dependent upon the length of the
interstimulus interval. In hippocampal neurons, when presynaptic firing is followed repeatedly
by postsynaptic firing (positive timing) long term potentiation (LTP) occurs, while in the reverse
order of firing (negative timing), long term depression (LTD) occurs8, 18, 52.
Numerous experimental protocols have been used to elicit LTP and LTD at the CA3-CA1
synapse85. Although both LTP and LTD rely on Ca++ entry through NMDA receptors, protocols
used to induce LTP classically involve high frequency stimulation, leading to a faster, higher
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volume of Ca++ influx, compared to experimental protocols used to induce LTD (0.5-5 Hz) 53. In
the case of spike timing dependent plasticity (STDP), positive timing allows the synaptic cleft to
be flooded with glutamate before backpropagating action potentials in the postsynaptic dendrites
cause voltage-dependent relief of the Mg++ blocking the NMDA receptor channel47,

51

. The

coincidence of these two events allows maximal Ca++ influx. This Ca++ influx is believed to
signal downstream cascades leading to the expression of LTP. In the case of negative timing,
postsynaptic depolarization precedes presynaptic release, so the Mg++-unblock is past its peak by
the time glutamate binding takes place, and therefore Ca++ influx is not as large. This condition
leads to LTD. This dichotomy based on the level of Ca++ is further supported by the correlation
between the presynaptic-postsynaptic time interval, and magnitude of LTP or LTD induced8, 9.
Backpropagating action potentials comprise the primary feedback signal to the synapse
during STDP47. Some of these synapses can be a few hundred microns away, and the signal can
attenuate during backpropagation79,

84

.

The amount of postsynaptic depolarization can be

bolstered by local dendritic spikes. In pyramidal neurons, active currents at proximal locations
are typically due to voltage gated sodium channels, while those at distal locations (hundreds of
microns into the dendritic tree) are due to voltage gated calcium channels. Distally located
synapses are also more likely to depend on dendritic spikes as a source of depolarization for
plasticity37. In the case of CA1 pyramidal neurons, plasticity at synapses made by afferents from
the entorhinal cortex, which form synapses in the outer regions of the dendritic tree (in the
stratum lacunosum moleculare) are more likely to depend on dendritic spikes to provide
depolarization to induce synaptic change, than CA3-CA1 synapses, which are located closer
(within the stratum radiatum)158. The dendritic location of synaptic contact, therefore, can
modulate STDP induction, and proximal synapses are more likely to exhibit fidelity to
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conventional STDP rules of timing dependence26, 77, 78. Inhibitory synapses, made on the CA1
pyramidal neuron by interneurons, can also reduce backpropagating action potentials. It is
important, therefore, to account for modulation by other synaptic inputs, in the design of STDP
experiments.

1.3

INVESTIGATION OF HEBBIAN PROPERTIES USING EXOGENOUS
APPLICATIONS OF GLUTAMATE

The literature on LTP and LTD is vast and varied, with observations that implicate both
presynaptic and postsynaptic changes in activity dependent potentiation and depression. Both
LTP and LTD can be induced by presynaptically applied stimulation patterns, and the expression
of LTP and LTD can be through increase or decrease, respectively, of presynaptic transmitter
release80. However, it is also possible to induce synaptic change solely through postsynaptic
manipulations. Induction of plasticity via exogenous applications of glutamate eliminates the
role of presynaptic transmitter release, and allows one to narrow the field of possible induction
mechanisms to those of postsynaptic origin. Although exogenous glutamate could activate
presynaptic glutamate receptors, and induction of plasticity could activate retrograde
endocannabinoid signaling23, if the postsynaptic current tested for LTP or LTD is in response to
exogenously applied glutamate, then presynaptic changes in expression would not be detected in
the potentiated or depressed current. A crucial benefit of using exogenously applied glutamate
for induction and testing of plasticity, therefore, lies in the experimenter’s ability to investigate
postsynaptic mechanisms without conflation with results due to presynaptic induction or
expression.
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Attempts to induce LTP through photolytic uncaging of glutamate have sometimes
resulted in induction of LTD instead24, 38. While these results may have implied an inability of
postsynaptic membranes to potentiate in the absence of presynaptic stimulation, other methods,
where glutamate was locally applied for several seconds, have induced LTP in hippocampal
synapses15, 50. The scale of temporal precision in these methods, however, cannot be applied to
investigate the Hebbian aspect of synaptic change, which relies on presynaptic and postsynaptic
time differences of tens of milliseconds. More recently, two-photon uncaging of MNI-glutamate
(specially formulated glutamate molecules) demonstrated timing dependent potentiation when
small spines were specifically targeted for glutamate delivery56. The authors demonstrate that
their method of uncaging glutamate mimics synaptic stimulation, by eliciting timing dependent
structural changes in dendritic spines similar to that elicited by timing dependent potentiation
through stimulation of Schaffer collateral afferents. The specificity of potentiation to a certain
class of spines, along with further photolytic studies that succeed in potentiating glutamate
responses on spines, but not on the dendritic shaft2, highlight the importance of location and
precision of glutamate applied exogenously to elicit potentiation.
Two-photon uncaging of glutamate is an excellent method for rapid and highly localized
delivery of glutamate over dimensions approaching 1 µm, which is comparable to the size of
individual synapses55. However, MNI-glutamate is so far the only caged neurotransmitter with a
sufficient two-photon cross-section that has been successfully used to map the locations of
glutamate receptors on hippocampal CA1 pyramidal neurons with such precision36. In order to
probe postsynaptic mechanisms of STDP, it would be useful to have a technique, such as
microiontophoresis, that can be extended to other agonists. Microiontophoresis is a technique
whereby a controlled and constant rate of ions and charged molecules can be focally ejected in
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very small amounts from glass micropipettes. This technique has been demonstrated to elicit
glutamate responses similar to synaptic events in dissociated neuron cultures63, 77, 83, 84, and the
technique can be easily extended from glutamate to similarly charged molecules, such as AMPA
and NMDA. Iontophoresing through multibarrelled pipettes also allows simultaneous use of
multiple agonists.

This technique is efficient, accurate, and less costly than two-photon

uncaging40. All of these advantages make microiontophoresis a good choice. Therefore, I
explored whether it can be used to induce and study STDP in acute slice preparations.
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2.0

MICROIONTOPHORESIS OF GLUTAMATE ON CA3-CA1 SYNAPSES

Popularly used for anatomically localized delivery of dye or pharmaceuticals in vivo, recent
developments in instrumentation have refined microiontophoresis to the level of precision
approaching synaptic events. Microiontophoresis simulating synaptic delivery of glutamate has
been demonstrated in dissociated neuron cultures63, 77, 83, 84. Much of the seminal work in spike
timing dependent plasticity was done in dissociated cultured neurons, and the basic principles of
timing dependence as seen in these studies has been demonstrated in biologically wired neural
circuits in organotypic and acute slice preparations, as well as in intact brains.
There is, however, no literature on millisecond level glutamate microiontophoresis in
acute slice preparations. While individual synapses are easier to access in the dissociated culture
preparation than in acute brain slices, cultured neurons grow in an artificial medium that does not
replicate the cytoarchitecture, circuitry, glial environment, or excitatory-inhibitory balance that
exist in the mammalian brain. Other factors, like synaptic strengths, distribution, proportion of
receptor subunits, receptor colocalization, and dendritic properties may not be the same for
neurons grown in culture and for neurons in brain tissue.

Differences in experimental

methodologies – such as the choice of experimental preparation, stimulation protocols, and
chemicals used – can result in diverse and even contradictory claims about the conditions that
lead to induction of STDP93. For example, in dissociated cell cultures, activation of a single
excitatory neuron can trigger an action potential in a postsynaptic neuron via a single
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suprathreshold EPSP9, 21. This is assumed not to occur in cortical circuits, since the average
EPSP amplitude in pyramidal neurons is under 1 mV51,

53, 73

. Such a difference may explain

some discrepancies between STDP in cultured hippocampal neurons and at the CA3-CA1
synapse: LTP resulted reliably when presynaptic spikes occurred before postsynaptic spikes, but
the same order of spikes at the CA3-CA1 synapse could result in LTP67, but in other cases result
in LTD13 or no plasticity70, likely due to insufficiently strong postsynaptic depolarization. Given
the biological factors that are preserved in slice preparations to a greater degree than in
dissociated cultures, accomplishing millisecond level glutamate microiontophoresis in a slice
preparation is an important step in probing the postsynaptic mechanisms as pertinent to STDP in
the brain.

2.1

2.1.1

MATERIALS AND METHODS

Microelectrodes for iontophoresis

The microiontophoresis system used for the experiments described here was designed following
Murnick et al (2002)63, and refined by trial and error, guided by physical predictions and
discussions on the nature of ionic transfer in Microiontophoresis and Pressure Ejection (1985)
by T.W. Stone.83 Pertinent details are discussed below.
My first attempt at fabricating iontophoresis electrodes emulated a protocol described by
P. M. Lalley in “Modern Techniques in Neuroscience Research” 41, a modified version of a
method published in 197416. Three borosilicate capillary tubes (O.D. = 1.0 mm, I.D. = 0.5 mm,
length = 10 cm) with filaments were bundled together and bound with bands of heat-shrinkable

11

tubing, each band placed a few millimeters away from the ends of the tubes. This formed the
‘blank’, to be shaped into a multibarreled microelectrode on a vertical Narishige PE-2 puller.
The blank was fixed in the chucks of the puller so that the ends were equidistant from the heating
coil, and heated until the glass melted enough to stretch by gravity. After a short - a few
millimeters – stretching of the glass, the lower half of the blank was quickly rotated through 270
degrees, and the heat turned off. After the glass cooled, a second round of heat was applied, this
time accompanied by a magnetic pull adjusted to give two electrodes between 80 and 100 MΩ
when filled with 150 mM glutamate. At the filling end of the pipette, the tubes were bent away
from each other under heat, to avoid liquid bridges between the barrels.
Although adequate iontophoresis electrodes could be pulled in this manner, consecutive
days of use at high heat settings led to changes in the shape of the heating coil, which led to
inconsistencies in shape and resistance of the pulled electrodes. I therefore switched to a
different method.
Electrodes used for iontophoresis, for all data in this document, were pulled in a single
step on a Sutter P-97 Flaming/Brown horizontal puller programmed for heat and delay to give a
tip size of less than 1 µm. Blanks used were purchased fused in triple barreled form, each tube
consisting of borosilicate glass with filaments. Since the tubes were fused together all the way to
the end, the filling ends could not be bent away from each other. Therefore, special care was
taken during filling the pipettes, to avoid solutions spilling into an adjoining barrel. For all
experiments shown, one of the three barrels was filled with 150 mM glutamate (L-glutamic acid,
pH balanced to 8.0 with NaOH).
For delivery of chemicals with great spatial precision, electrodes must have tips that are
narrow enough to limit application to a micron level of dendritic surface. A small tip opening,
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followed by a long and narrow tip shape, assists this goal, and also minimizes damage to the
surrounding brain tissue when the electrode is inserted into the slice. The opening of the
electrode must be large enough to allow fast ion efflux, but small enough that the solution to be
iontophoresed does not leak out between applications. Tip size and shape will limit leakage by
diffusion. Leak can be further controlled by application of a positive backing current, which will
tend to prevent efflux of the agonist.
In selecting the best electrode fabrication protocol, all of these factors were taken into
consideration. The greater the backing current, the more the area at the tip would be depleted of
our expected concentration of agonist. This would influence the ionic gradient and concentration
of agonist at the tip of the iontophoresis electrode, changing the resistance at the tip over time as
ejection current pulses were delivered83. Therefore, it was important that the backing current
was just enough to stop loss by diffusion, and that small tip size, long and narrow shank leading
to the tip and high resistance be utilized to lower the need for backing current. Our best
iontophoresis electrode pulling protocols resulted in resistances between 100 and 200 MΩ (when
filled with 150 mM glutamate) and required 2 to 4 nA of backing current. Any leak of glutamate
from the tip of the electrode, when immersed in the recording bath, could be detected by an
increase in baseline noise and change in holding current of the neuron under whole cell voltage
clamp, and if the leak could not be controlled with 10 nA or less of backing current, the electrode
was discarded.
The MVCS-02 (NPI Electronics) apparatus provides a high-voltage current source for
controlling iontophoresis where constant currents in the nanoampere or microampere range are
needed. Our MVCS-02 has an output compliance of ±45 V, and comes with positive feedback
capacitance correction for resistances below 300 MΩ. This last feature made it possible for us to
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deliver chemicals very quickly, in the millisecond and sub-millisecond range64. The higher the
resistance of the electrode, the greater the time constant (τ = RC) to reach steady state current
ejection. For resistances in the hundreds of MΩ, Murnick et. al. (2002)63 measured a time
constant of approximately 200 ms, implying that the electrode capacitance was approximately 2
nF. Without the circuit set by our device, charging of the uncompensated stray capacitance
would vastly slow ejection of chemicals from the pipette.
The MVCS-02 consists of two independent iontophoresis injection channels, each with a
digital ten-turn potentiometer for ejecting (out of the electrode) or retaining (into the electrode)
currents and capacity compensation, as well as digital current display, overrange LEDs and two
switches for selection of the operating mode. Long cables run from the main MVCS-02 to the
head stages, which are mounted close to the recording chamber, and smaller BNC connectors run
from the iontophoresis electrode to the headstage.

The current output is measured at the

headstage, thus minimizing the length of wire, and resulting stray capacitance, from current
output to electrode.

The backing current was set manually, and all stimulus waveform

commands were applied through the computer using pClamp 9.2 (Axon Instruments, CA) and
the analog output of a Digidata 1200B (Axon Instruments, CA). The current monitor of the
MVCS-02 was connected to an analog input of the Digidata 1200B and acquired using pClamp
9.2.
Two steps were performed for every iontophoresis electrode, to protect against instability
in iontophoretic current during the experimental period. First, when the iontophoresis electrode
was lowered into the recording chamber bath, a -100 nA ejecting current was passed for 500 ms
every 2 seconds. This was repeated for several minutes while monitoring the voltage response to
the current being passed through the iontophoresis electrode. This was done to rid the tip of air
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bubbles. The voltage response changed from trial to trial until all bubbles had been cleared.
Once a stable voltage response was elicited, the test was repeated for a few minutes more to
ensure that the responses remained stable. The test pulse was then reduced to -10 nA, and the
electrode was lowered further into the bath, and placed just above the tissue slice. Capacitance
correction was applied after a steady state response had been reached, and the backing current
applied such that the current monitor displayed a holding current greater than zero. Neurons
with dendrites close to the surface (within 10 or 20 µm below the surface) were selected, and no
further capacitance compensation was necessary after insertion of the iontophoresis tip into the
slice. The second step performed to protect against instability in iontophoretic current was
monitoring of the voltage response at the of the iontophoresis electrode. For the same current
pulse delivered at periodic intervals over several minutes, a change in the voltage response
would indicate a change in ion exchange through the iontophoresis electrode. All experimental
trials included steady monitoring of the iontophoretic voltage response to ejection current, and if
the voltage response changed by more than 2% during the trial, the results were discarded.
Clogging events, seen in early trials, were characterized by noticeable changes in voltage
response, followed by large ejection of glutamate (as seen by the neuron’s response). When
glutamate was regularly filtered before use and the above mentioned precautions were followed
before starting an experiment, clogging problems were rare.
The MVCS-02 also comes with a balance module that can reduce artifacts caused by the
iontophoretic drug application by applying, through an additional electrode, an equal but inverted
sum of current output supplied by the iontophoresis channels. Since the artifact did not occlude
my measurements of glutamate evoked current, I did not use the compensation channel in my
experiments.
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2.1.2

Slice preparation and Electrophysiology

Hippocampal slices were prepared from young Sprague-Dawley rats (postnatal day 14-22).
Animals were injected with 0.3 ml. of 8% chloral hydrate, decapitated and brains removed in
chilled ACSF with a high concentration of Mg++ (4 mM). The best slices for study were those
which had healthy neurons near the surface of the slice, with apical dendrites that were intact and
could be detected continuously for at least 150 µm away from the soma. We found that
horizontal sections of the hippocampus obtained by tilting each cerebral hemisphere laterally,
while sectioning, gave the best slices. In order to accomplish this, I removed the brain from the
animal, removed the cerebellum and frontal third of the cerebrum with a coronal cut, then placed
the brain on its rostral end, and cut and discarded a ventrolateral section from each of the
hemispheres at a 20o angle from the ventral surface. The hemispheres were then separated and
affixed to the slicing chamber on their ventrolateral surface, thus resulting in a lateral tilt of the
hemispheres containing the hippocampal region. Slices were cut at a thickness of 350 µm in a
chamber, filled with ice-cold high Mg++ ACSF, on a Leica VT1000 S (Leica Microsystems)
vibrating microtome. For some trials, a Vibratome 1000 (Ted Pella, Inc.) was used. Slices were
incubated in regular ACSF at 36oC for 40 minutes, then transferred to room temperature, with a
total incubation time of at least an hour before being transferred to recording chamber for use.
Pyramidal neurons in the CA1 region were visualized under infra-red DIC microscopy on
an upright Axioskop (Carl Zeiss Microimaging Inc.) on a computer screen through a digital CCD
CoolSNAP (Roper Scientific Inc.) camera driven by IPLab software (BD Biosciences
Bioimaging, MD). A pyramidal neuron was selected, and the slice was positioned such that the
the main trunk of the apical dendrite of the selected neuron extended diagonally across the
viewing surface, as shown in Figure 1 (a). The iontophoresis electrode, which was held with a
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positive backing current to protect against agonist leak, was positioned with its tip close to the
main trunk of the apical dendrite. Dendritic distance from the soma was measured from the
point of initiation of the dendrite. The recording electrode was then lowered to the neuron, and
whole cell clamp achieved.

Figure 1 (a) shows the lateral approach of the tip of the

iontophoresis electrode. Some fine axial movement of the tip was undertaken before data were
collected, to decide on the optimal tip position. This movement did not affect the tip’s distance
from the soma as measured along the dendrite.
Electrodes used for whole cell recording were between 5-8 MΩ, and contained cesium to
facilitate voltage control across the entire neuron. After whole cell configuration was achieved,
the cell was clamped at Vm = -59 mV (after junction potential correction) except where noted
otherwise. The whole cell response to glutamate iontophoresis observed for an iontophoretic
current of 5 ms was used to gauge distance from a responsive region of dendrite. If I saw a delay
in onset of the response, I moved the iontophoresis tip closer to the dendrite. The goal was to
reduce onset latency as much as possible, with the shortest possible duration of iontophoretic
current (Iiont) that consistently elicits a response from the neuron. In some cases, a larger Iiont was
used to get a larger evoked response. The amplitude and duration of Iiont decided at this time was
used for the course of the experiment as test pulses, as well as for iontophoresis during the
plasticity induction protocol. All iontophoretic current pulses were commanded through the
computer and measured by the current monitor. The amplitude of the iontophoretic current used
for experiments ranged between -50 to -400 nA.
High Mg++ ACSF used for slicing contained the following (in mM): 1.9 KCL, 1.2
Na2HPO4·7H2O, 33.34 NaHCO3, 10 Glucose, 4 MgCl2·7H2O, 1 CaCl2, 220 Sucrose (310 mOsm,
pH 7.4). Regular ACSF used for incubation of slices and recordings contained the following (in
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mM): 125 NaCl, 2.5 KCl, 25 Glucose, 2 CaCl2·H2O, 1 MgCl2·6H2O, 1.25 NaH2PO4, 25
NaHCO3, Sucrose (310 mOsm, pH 7.4). 0 Mg++ ACSF used for a few experiments contained all
the same ingredients as regular ACSF, except MgCl2·6H2O. TTX (1 µM), NBQX (10µM), APV
(50 µM) were purchased from Sigma-RBI. Intracellular whole cell pipette solution contained the
following (in mM): 122.5 Gluconic Acid, 122.5 CsOH, 17.5 CsCl, 10 HEPES, 0.2 EGTA, 8
NaCl (295 mOsm, pH 7.2). Iontophoresis pipette solution consisted of 150 mM L-glutamic acid,
pH balanced to 8.0 with NaOH.
Recordings were done in regular ACSF (unless otherwise mentioned) perfused at the rate
of 2 ml/min through a peristaltic pump, at 30oC. TTX (1 µM) is added to all recording solutions
to block regenerative Na+ currents. Junction potential between intracellular and extracellular
solutions were measured and correction (-11 mV) was applied post hoc. Series resistance was
less than 30 MΩ, and was checked before and after experiment to ensure no change. Holding
currents were less than -300 pA. Input resistance was calculated by measuring the current
response to a rectangular 5 mV hyperpolarizing pulse applied at the beginning of every trial.
Data were accepted for analysis if the following criteria were met: Neither input resistance nor
holding current change more than 35%, as averaged over 5 minutes, from beginning to end of the
experiment; if there was drift in pipette voltage before and after experiment, it was less than 2
mV; voltage response the iontophoresis pipette, as recorded during iontophoretic glutamate
ejection, did not change more than 2%.
Data were acquired through a Digidata 1200B (Axon Instruments, CA) and Axopatch
200B patch clamp amplifier (Axon Instruments, CA) at a sampling rate of 10 kHz, output gain
10x, lowpass Bessel filtered at 5 kHz, monitored online and saved for offline analysis through
pClamp 9.2 (Axon Instruments, CA). Throughout this document, the stated amplitude of the
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iontophoretic current is as commanded. The iontophoretic current as measured through the
current monitor is seen to be slightly less than command for short (few ms or less) pulse
durations, by a fraction that becomes significantly larger for command amplitudes of 300 nA and
more. The final outcome of each STDP experiment was calculated from mean glutamate evoked
current amplitude 15-20 minutes after induction protocol, and is expressed as mean ± S.E.M.
Two tailed t-test was used to evaluate significance. Linear regression was used to analyze
correlations between parameters. Analysis was done on Clampfit 9.2 (Axon Instruments, CA)
and Origin 7.0 (OriginLab Corp, MA).
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3.0

RESULTS

Micropipettes were fabricated for submillisecond iontophoresis of glutamate on dendritic
receptors involved in synaptic transmission and plasticity at CA3-CA1 synapses in acutely
prepared hippocampal brain slices. The CA1 pyramidal neuron’s response to the iontophoresed
glutamate was then examined. My goal was to develop a system of glutamate delivery that
affects dendritic receptors locally, with a precisely controlled and reliably reproducible technique
capable of evoking a neuronal response to the iontophoresed glutamate on the timescale of
milliseconds. This technique was then evaluated for the ability to induce timing dependent
plasticity, and its utility in the study of postsynaptic mechanisms of STDP independent of
presynaptic change.

3.1

CHARACTERIZATION OF CA1 PYRAMIDAL CELL RESPONSES TO
GLUTAMATE IONTOPHORESIS

All recordings were done from CA1 pyramidal neurons under whole cell voltage clamp, and
responses were evoked by iontophoresis of glutamate at the dendrite of the neuron after whole
cell configuration was achieved.
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Figure 1(a) shows an example of the iontophoresis electrode at the dendrite of the
neuron. In this example, the tip of the iontophoresis electrode is 60 µm away from the soma.
Figure 1(b), Left, shows inward current elicited by iontophoresis of glutamate. The neuron is
held at membrane potential (Vm) of -70 mV in regular ACSF, with TTX (1 µM) to inhibit
polysynaptic currents or action potentials.

The iontophoretic current (Iiont) is -100 nA,

programmed to be delivered for 0.5 ms. Addition of NBQX (10 µM) to the extracellular
recording solution eliminated the current, confirming that it was an AMPA receptor mediated
current. In order to unmask an NMDA mediated component that may also be activated by the
Iiont, but might be blocked by Mg++ in the extracellular recording solution, I perfused the
recording bath with ACSF that was constituted without any Mg++ (0 Mg++ ACSF), with NBQX
(10 µM) added, to continue inhibiting the AMPA receptors. Several minutes after the recording
chamber should have filled with 0 Mg++ ACSF, no glutamate evoked current was visible. When
I increased the duration of the iontophoretic current from 0.5 ms to 1 ms, I saw a glutamate
evoked current (Figure 1(b), Right). This current increased in size when the amplitude of the
iontophoretic current was increased. The duration of the iontophoretic current was maintained at
1 ms. When the amplitude of Iiont was increased to -250 nA, to elicit a response similar in
amplitude to the AMPA current seen before, the evoked current exhibited a much larger halfwidth, 20% to 80% rise time and 80%-20% decay time than that observed for the AMPA current,
which matched my expectations for an NMDA mediated current. The evoked current was no
longer visible when APV (50 µM) was added to the extracellular bath solution, confirming that it
was an NMDA receptor mediated current. The kinetics of the currents observed under each set
of conditions were averaged over two minutes of responses recorded at the rate of 6 per minute,
and are shown in Table 1. As Iiont amplitude was increased, the half-width and decay time of the
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NMDA current increased (73% and 22% respectively) much more than its rise time (no
significant increase). This could be due to glutamate spreading to farther receptors for the larger
iontophoretic current.
When the amplitude of the iontophoretic current was increased from -100 nA to -200 nA,
the half-width and decay time of the AMPA current only increased by 16% and 13%
respectively, unlike the NMDA current shown in Figure 1 (b), which increased by much greater
proportions (73% and 22%, respectively). This measurement cannot be directly ascribed to a
difference between AMPA and NMDA currents, since the duration of iontophoresis differs
between the two experimental conditions, and other conditions, such as distance of iontophoretic
electrode from the receptors, density of receptors and properties of receptor responsiveness may
differ in ways that I am not measuring. However, I could frequently evoke AMPA currents by
Iiont that was programmed to be a fraction of a millisecond in duration, often as small as 0.1 ms,
while NMDA currents could not ever be evoked by iontophoresing for less than 1 ms, even when
the same iontophoresis electrode was used, and not moved in between evoking AMPA and
NMDA responses, and therefore, presumed to be at the same location relative to the postsynaptic
sites. This may be due to incomplete removal of Mg++ from the NMDA receptors, even though
the recordings were done in 0 Mg++ ACSF. Even after the recording chamber had been perfused
with 0 Mg++ ACSF for 10 minutes, depolarizing the neuron causes an increase in amplitude of
the NMDA mediated current, suggesting that there was still some Mg++ block at resting potential
(data not shown).
While I could place the iontophoresis electrode close to the dendritic membrane visually,
as seen in the Figure 1(a), I could get even closer by using the glutamate response as a guide.
This movement is on the level of microns, however – I could not see the tip of the electrode
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move, even as I commanded movement forward or backward along the axis of the iontophoresis
electrode through the pipette manipulator. The change in glutamate evoked current (Iiont = -50
nA, for 1 ms.) in a neuron in regular ACSF, with TTX (1 µM), in response to micron level
movement of the tip of the iontophoresis electrode is shown in Figure 1(c). It was expected that
a movement of the iontophoresis electrode would change the onset latency of the evoked current,
but the data do not support this expectation.
Figure 2(a) displays responses from a neuron, with the iontophoresis electrode 100 µm
away from the soma, in regular ACSF with TTX (1 µM).

The amplitude of Iiont was

progressively increased to see the effect of different amplitudes of iontophoretic current on the
evoked response. All iontophoretic pulses were 0.1 ms in duration. Single current responses
were measured in response to each Iiont amplitude level, sequentially recorded, and are shown in
Table 2. The time it took for the evoked currents to reach peak amplitude changed as the
iontophoretic current amplitude was increased, but the latency to onset of evoked current did not
change notably.
Another interesting observation was the grouping, rather than a smooth gradation, of
response size as the Iiont amplitude is increased. When the amplitude of the command Iiont was
increased from -100 nA to -200 nA, there was an increase of 140.5 pA in peak response
ampitude. However, when the amplitude of command Iiont was raised by 100 nA for further
trials, the increase in peak response amplitude was only a few tens of pA. On checking the
actual change in iontophoretic current, through the current monitor, I found it was 3% less than
the current as commanded at values -80 nA, -100 nA, -200 nA, and 1.5% less than the command
current at -300 nA. However, there was a 12% loss when commanded current was -400 nA, and
28% loss when commanded current was -500 nA. Even though the iontophoresis current source
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did not reached its saturating voltage, the electrode was not able to deliver my choice of current
for larger amplitudes, possibly because the capacitance was too large to be fully charged within
0.1 ms. For smaller iontophoretic currents, (upto -300 nA) the current monitored is more
accurately representative of the command current. The glutamate evoked responses changed
fairly linearly as a function of measured (through current monitor) iontophoretic current (Figure
2(b)) upto ~ -200 nA.

For higher iontophoretic currents, the receptors may be nearing

saturation.
It was important that the glutamate evoked response was reliable over at least a few tens
of minutes, if I were to use this method to investigate STDP. Figure 3 shows the peak amplitude
of responses elicited and recorded at the rate of 3 per minute (Iiont = -200 nA, for 0.1 ms) at a
single dendritic site 100 µm away from the soma, with TTX (1 µM) present in the extracellular
ACSF. When responses were elicited at this rate, no net rundown or sensitization was seen.
Although the iontophoresis evoked responses shown so far were all done in the presence
of TTX, the use of TTX in my experiments was not a simple decision. TTX blocks Na+
channels, which are activated by the depolarization of the dendritic membrane in response to
glutamate. Influx of Na+ depolarizes the membrane, and membrane voltage can quickly exceed
the threshold for action potential generation. In CA1 pyramidal neurons receiving synaptic input
from axons of CA3 neurons, the summation of synaptic depolarization generates action
potentials at the axon hillock which backpropagate along the dendrites, and are believed to be
very important in voltage-dependent relief of Mg++ block of the NMDA receptor channel while
the synaptic cleft is flooded with presynaptically released glutamate31, 47, 51. In the absence of
action potentials, the fast and large Ca++ influx believed to be essential for LTP induction,
resulting from the spike timing dependent coincidence of depolarization and glutamate available
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for binding, may not occur. In that case, using TTX in my extracellular solution would have
inhibited my ability to reproduce STDP through glutamate iontophoresis.
However, when I recorded iontophoresis events in regular ACSF without TTX, the
iontophoresed glutamate caused enough depolarization for the Na+ currents to exceed threshold.
Figure 4 shows spikes that were generated on the glutamate evoked response. I used Cs+ in my
whole cell recording pipette solution, instead of K+, which blocks K+ channels and improves
voltage control across the neuron; however, it also makes the resting membrane potential in the
dendrites closer to 0 than when K+ is used in the pipette, and more likely to develop Na+ spikes at
poorly clamped dendrites. The spikes were narrower than dendritic spikes generally are, most
likely because the voltage clamp compensated quickly after the emergence of the fast Na+
depolarization.
Even when Iiont was adjusted to a level such that spikes were not activated (first 5 minutes
of Figure 4(b)), application of a positive depolarization-iontophoresis pairing protocol (D-I
protocol: explained in Section 2.2.3) led to conversion of the passive glutamate responses to
responses tainted with Na+ spikes. While this result favored the idea that the D-I protocol
increased some aspect of postsynaptic excitability, the spikes were larger than -800 pA,
saturating the digitizer, so I could not measure the peak response. Additionally, I could not
quantify the change in AMPA mediated response to glutamate iontophoresis. Following a few
experiments that exhibited similar behavior, I decided to use TTX in the extracellular recording
solution for all experiments. The depolarization that would have been provided by active Na+
currents was instead provided by a rectangular depolarizing pulse, through the voltage clamp.
The site of iontophoresis is 100 µm away, which allows reasonably good voltage control from

25

the soma34,

12, 28

.

The depolarization pulse is 4 ms long, and depolarizes to +11 mV, to

compensate for the slight degradation of the commanded voltage down the passive dendrite.

3.2

EXPLORATION OF A PARAMETER SPACE FOR IONTOPHORETICALLY
INDUCED STDP

Spike timing dependent plasticity (STDP) induces a change in synaptic strength through
relatively timed activity of the two neurons forming the synapse. Nomenclature of relative
timing adopted in STDP literature refer to “positive” and “negative” pairings: a presynaptic
event paired with a postsynaptic event that follows, is said to have occurred with a positive time
interval (pre- before post-) whereas the reverse (post- before pre-) pairing is said to have
occurred with a negative time interval. In my technique, using iontophoresis as the source of
glutamate for the dendritic AMPA receptors, there was no presynaptic release of glutamate. My
protocol for investigating induction of LTP or LTD mimics the standard STDP concept, and
pairs glutamate iontophoresis with depolarization of the neuron whose dendrites are targeted for
iontophoresis.

In this document, I refer to this as the depolarization-iontophoresis pairing

protocol (D-I protocol). Two D-I protocols were designed, and one of these two were used for
each of the subsequent experiments: a positive D-I, where Iiont began 10 ms before the
depolarization of the neuron began (+10 ms time interval), and a negative D-I, where the
depolarization of the neuron began 10 ms before Iiont began (-10 ms time interval). During the
D-I protocol, each pairing of depolarization and iontophoresis was done at the rate of 5 Hz for 20
seconds. Each depolarization was a rectangular pulse that clamped the neuron for 4 ms at +11
mV.
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At the beginning of the experiment, glutamate was iontophoresed, and AMPA mediated
response of the neuron noted through the whole cell recording electrode, to decide upon an
amplitude and duration of Iiont that would be used. Slight adjustment to the position of the tip of
the iontophoresis electrode may have been made to reduce onset latency as much as possible.
The shortest possible duration of Iiont that consistently elicited a response from the neuron was
noted. This adjustment of the tip did not change the iontophoresis electrode’s distance from the
soma, which was maintained at 100 µm. The amplitude and duration of this Iiont, or an amplitude
slightly larger, was then selected for use and was used in the experiment, for test pulses as well
as for iontophoresis during the D-I protocol.
In all positive D-I experiments, test pulses were delivered, and glutamate evoked
response recorded, once every 20 seconds. In all negative D-I experiments, test pulses were
delivered, and glutamate evoked response recorded, once every 10 seconds. This was done so
that a larger number of responses could be averaged per minute, to reduce the effects of variation
due to noise. During preliminary experiments, the rate of events per minute were increased in
the negative D-I set after it was assessed that consecutive test pulses delivered once every 10
seconds did not lead to sensitization or attenuation of consecutive trials, the same as when test
pulses were delivered once every 20 seconds.

After necessary parameters for successful,

deterministic STDP induction was established, future experiments would have been done with
test pulses delivered once every 10 seconds. All other elements of experimental design, cell
selection, rejection criteria and analysis methods remained same between positive D-I and
negative D-I datasets.
Figure 5 is an example of the change in peak amplitude of the glutamate evoked current
that occurred in one positive D-I pairing experiment. The time when D-I protocol was applied is
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marked with the solid red arrow. Each data point plotted for peak amplitude is from an average
of three consecutive evoked currents. Final peak amplitude (95.9 ± 4.5 pA) was 19.3% greater
than the average peak amplitude during the initial 5 minute baseline (80.4 ± 6.1 pA). The 20%
to 80% rise time did not change much over time (r = 0.04, p = 0.81), or vary with peak amplitude
(r = -0.03, p = 0.86). Onset latency did not drift over time (r = -0.33, p = 0.06) or vary with peak
amplitude (r = -0.23, p = 0.17), so I do not suspect the observation of greater peak amplitude to
be due to movement of the iontophoresis pipette. Additionally, since the iontophoresis tip was
positioned, at the beginning of the experiment, where test pulses elicited maximal response, any
drift in the electrode (unless it is to a completely different set of dendritic receptors) should have
caused a decrease, not increase, in the amplitude of glutamate response. In all experiments that
resulted in LTP, increase in amplitude occurred around 10 minutes after the induction protocol,
and onset latency did not correlate to the increase in peak amplitude (r2 < 0.33).
Only 5 out of 9 experiments subjected to positive D-I pairing showed potentiation of the
evoked response. The other 4 showed depression following the same D-I pairing protocol.
Figure 6 is an example of decrease in peak amplitude of the glutamate evoked current following
a positive D-I pairing induction protocol. The final peak amplitude (42.1 ± 3.1 pA) was 57.9%
decreased from the average peak amplitude during the initial 5 minute baseline (100.1 ± 5.2 pA).
In the post-induction period, as the size of the evoked currents got smaller, their shape changed
considerably as well. Measures of onset latency and time of peak were not easily differentiable
from noise. This was seen consistently in positive D-I experiments that led to depression of the
glutamate evoked response; in some cases, the response reduced to being barely distinguishable
from noise. The measurements taken, despite these limitations in accuracy, reveal that the 20%
to 80% rise time increased with time (r = 0.72, p < 0.0001), as peak amplitude grew smaller (r =
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-0.65, p < 0.0001), although onset latency was not correlated with time (r = 0.55, p = 0.001) or
peak amplitude change (r = -0.49, p = 0.006) as much. The challenge of monitoring onset
latency, and possible implications, are discussed later in more detail.

In all positive D-I

experiments that resulted in LTD, onset latency did not correlate to the decrease in peak
amplitude (r2 < 0.39).
The negative D-I protocol resulted in LTD for all 4 of the experiments. An example of a
negative D-I pairing experiment is shown in Figure 7, where the final peak amplitude (1.2 ± 0.3
pA) was 96.5% decreased from the average peak amplitude during the initial 5 minute baseline
(34.7 ± 1.6 pA). 20% to 80% rise time did not increase with time (r = -0.25641, p = 0.14325) or
peak amplitude (r = 0.04534, p = 0.79901). Similar to the depression seen in response to some
of the positive D-I experiments, responses reduced drastically, with signal to noise ratio
decreasing too much to get reliable measures of onset latency or peak time. In all 4 of the
negative D-I pairing experiments, the response depressed to being barely distinguishable from
noise.
A total of 13 experiments are summarized in Figure 8. Positive pairing (n = 9, black
triangles) and negative pairing (n = 4, blue triangles) are presented. Outcomes were compared to
changes in holding current (positive pairings: r = -0.4, p = 0.30; negative pairings: r = 0.2, p =
0.80) and input resistance (positive pairings: r = -0.6, p = 0.09; negative pairings: r = 0.5, p =
0.46). While the positive pairing experiments did not result in any net change in peak amplitude
from the initial baseline period (mean change: -8.2 ± 23.0 %), the negative pairing experiments
showed LTD (mean change: -85.7 ± 7.7 %). The two groups are not significantly different (Two
sample t-test, p = 0.053).
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Why do some positive pairing induction protocols result in LTP, while others result in
LTD, with no apparent bias towards either outcome? Perhaps the difference in experimental
outcome is influenced by initial conditions. Initial conditions were analysed for correlation to
the outcome of positive pairing experiments (Figure 9). The percent change in amplitude of
glutamate evoked response was analysed as a function of peak amplitude (Figure 9(a)) and halfwidth (Figure 9(b)) of initial baseline responses, and age of the animal (Figure 9(c)) from which
slices were taken.

Both amplitude and half-width could be controlled by the amount of

glutamate iontophoresis, and could perhaps reflect spread of glutamate. The initial amplitude
correlated strongly with negative percent change (r = -0.80, p = 0.01); transitioning around a
mid-point of 100 pA, the smaller the current, the more likely they seemed to potentiate, and the
larger the current, the more likely they seemd to depress. The initial half-width did not show a
correlation to percent change in current (r = -0.08, p = 0.83). The age of the animal shows a bias
towards decrease in amplitude at younger ages, but the correlation is not significant (r = 0.62, p =
0.07). A total of n = 9 positive pairing experiments are analyzed for initial conditions; it is
possible that the trend seen in Figure 9(c) would have reached significance for a larger sample
size.
Assuming that the initial size of glutamate evoked response was an important determinant
of size and direction of plasticity, the positive pairing experiments were split into two groups:
one for all trials where average initial evoked response was less than 90 pA, and another where
the average initial evoked response was greater than 90 pA. These two groups are summarized
in Figure 10(a). The group with smaller (<90) initial current amplitudes (n = 4) showed
potentiatiation, with mean percent increase of 48.9 ± 15.8%, while the group with larger (>90)
current amplitudes (n = 5) showed depression, with mean percent decrease of 53.8 ± 24.1. The
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outcomes were significantly different (Two sample t-test, p = 0.012). The time course of
depression seen for the <90 positive pairings was similar to the time course of depression seen
for negative D-I pairings (Figure 10(b)). It appears that positive D-I pairings would result in
LTP if the initial amplitude of glutamate evoked current was less than 90 pA. All negative D-I
pairings, already summarized in Figure 8, had initial amplitudes less than 90 pA and resulted in
LTD. It is possible, then, if I only focused on currents with initial amplitude of less than 90 pA,
positive D-I pairings would have lead to LTP and negative D-I pairings lead to LTD. All
experiments with initial peak amplitude less than 90 pA are summarized in Figure 10(c).
Outcomes were significantly different for positive and negative D-I pairings (Two sample t-test,
p = 0.00026).
What was characteristically different for larger amplitude currents? One possibility was
that larger currents have a later time of reaching their peak amplitude, and therefore were not
experiencing the same depolarization-iontophoresis time interval as smaller currents.

The

positive D-I protocols were designed with the expectation that, in each pairing, the dendritic
membrane would be depolarized close to the time of peak glutamate evoked current. The time
from beginning of the iontophoretic current, to the beginning of the depolarization, was 10 ms.
However, if the evoked current did not reach its peak within 10 ms, the depolarization would
have begun before the glutamate peak current. The depolarization pulse is 4 ms long; for
currents that reached their peak more than 14 ms after the beginning of the iontophoretic pulse,
the depolarization was over by the time the glutamate evoked current peaked. The postsynaptic
depolarization, in that case, occurred earlier than maximum glutamate binding.

This

measurement of the time interval is illustrated in Figure 11(a), and Figure 11(b) shows a plot of
experimental outcome as a function of time difference (∆t) between the mid-point of
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postsynaptic depolarization (since the depolarization lasts for 4 ms) and peak glutamate current.
All experiments (n = 13), positive as well as negative D-I pairings, are shown. The insets to the
right of the plot show sample currents from the initial baselines, overlaid with the current trace
showing the time of depolarization. In first sample current, corresponding to datapoint at ∆t = 16.1 ms, Percent Change = -88.7, the depolarization is over before the evoked glutamate current
reaches peak amplitude. In contrast, in the third sample current, corresponding to datapoint at ∆t
= -4.4 ms, Percent Change = +58.6, the depolarization coincided with the peak glutamate current.
Not all LTP/LTD events could be accounted for by the time interval calculated in this way.
Initial amplitude of evoked currents does not correlate to ∆t (r = 0.12, p = 0.77). Figure 11(b)
shows depression for some of the events (initial currents > 90 pA) that were in the same ∆t range
as events that resulted in potentiation.
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4.0

DISCUSSION

Preliminary data presented in this document suggests that microiontophoresis is a viable
technique for induction of spike timing dependent plasticity without involvement of a
presynaptic neuron. This is useful for isolation and study of the postsynaptic mechanisms
involved in spike timing dependent plasticity.

4.1

SPATIAL AND ANATOMICAL ASPECTS

Early modeled predictions of density of spines on apical dendrites of CA1 neurons claimed that
spine density peaked between 200 and 250 µm from the soma, with an estimated density of 1
spine every 2.5 µm of dendritic length at 100 µm from the soma72. However, quantification of
spines through morphometric analysis indicate that the soma and early regions of apical
dendrites are free of spines, with spines starting to appear about 100 µm away from the soma,
followed by fairly regularly spaced spines at a density of 2-3 spines/micron1,

3, 30, 88

. During

iontophoresis in all experiments shown, I am eliciting responses from a few distinct synaptic
sites, and extrasynaptic receptors in between them.
Fluorescence Ca++ imaging studies have demonstrated that Ca++ influx through NMDA
receptors and voltage dependent Ca++ channels exhibit supralinear summation in STDP
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experiments where presynaptic spiking was followed by postsynaptic spiking, and sublinear
summation where the order of spikes was reversed17, 39, 65. A relative timing relationship may be
characterized in terms of the observed EPSC, which is mostly an AMPA mediated response, but
it is the relative timing with respect to NMDA mediated currents that directly affects Ca++ influx.
In my experiments, I measured ∆t with respect to AMPA currents, which may be used to infer
associated NMDA activation times.
The lifetime of synaptically released glutamate within the synaptic cleft of adult rat
hippocampal synapses is ~1 ms14, 19, 20. The rate of glutamate uptake is five times slower in rats
that are 12 – 14 days old (P12-14)20. Synaptically released glutamate is delivered directly into
the cleft, whereas iontophoretically released glutamate takes longer to reach the cleft. It is likely
to produce a slow rise in glutamate concentration in the cleft, compared to synaptically released
glutamate; this would be even slower for receptors that are distant from the tip of the
iontophoresis microelectrode. Jeffrey Diamond (2005)20 found that time course of glutamate
clearance by glial transporters was not affected by afferent stimulus strength or release
probability. He also found that synaptically released glutamate was taken up at the same rate as
glutamate released via flash photolysis, indicating that the spatial location of glutamate release
relative to presynaptic membrane did not affect the time course of clearance. The time course of
clearance was also unaffected by the amount of glutamate uncaged. I assumed, therefore, that
the spread of glutamate delivered through microiontophoresis would be comparable to that
modeled by Diamond (2005)20. This model considered the diffusion of glutamate to neighboring
regions, limited by the rate of glutamate uptake, and adjusted for extracellular concentration,
neuropil barriers, and an assumed temperature of 35oC. According to the model, in adult (> P60)
glia, the majority of glutamate molecules do not spread more than 1 µm (linear distance, 0.89 ±
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0.58 µm) away from the point of release, while in P12-14 glia, glutamate spreads about twice as
far (1.7 ± 1.2 µm).
In my experiments, slices were made from animals aged P14-P20, and maintained at
30oC while recording. Assuming some uncertainty due to these deviations from Diamond’s
simulated conditions, I estimated that the distance traveled by glutamate molecules released by
iontophoresis, in slices taken from P14 animals, was 1.7 µm. The maximum possible area
covered by glutamate spread, then, would be over a circular area: π (1.7)2 = 9.1 sq. µm. Even if
the dendrite was 2 µm in diameter3, much of the spreading glutamate would diffuse past the
dendrite. Instead, using the average of 2.5 spines/µm1, 3, 30, 88 along the length of a dendrite, and
assuming bidirectional diffusion from the iontophoretic tip, I assess that iontophoresis of submicrosecond duration had the potential to elicit response from: 2 × 1.7 × 2.5 = 8.5 spines.

4.2

FACTORS AFFECTING INDUCTION OF LTP VERSUS LTD

Positive pairing of iontophoresis with depolarization to induce STDP resulted in a bias towards
LTD when larger glutamate evoked currents were used. It has been previously reported that the
amount of LTP is inversely correlated with the initial synaptic strength8,

39, 42, 78

.

Larger

postsynaptic currents were less likely to potentiate, in these studies, which appears similar to my
observations in Figure 9(a). However, synaptically evoked glutamate responses are shaped not
only by postsynaptic receptors, but also by the features particular to the presynaptic release site.
The amount of transmitter released is a limiting factor in the size of a synaptic response. The
currents that I recorded, on the other hand, were elicited in response to externally applied
glutamate, and therefore could be made larger or smaller simply by adjusting the amplitude of
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iontophoretic current. This cannot be representative of the “strength” of the postsynaptic region
I am affecting.
Since the time course of glutamate clearance is unaffected by the amount of uncaged
glutamate20, releasing more glutamate by increasing the amplitude of iontophoretic current
would not substantially increase the amount of dendritic surface area affected. However, it
would increase the higher concentration of glutamate within the affected dendritic area. This
could cause a larger evoked current by binding postsynaptic receptors more frequently, while
also recruiting a few areas farther away from the site of iontophoresis. This is represented
schematically in Figure 11(c). When the receptors saturate, the evoked response will not
increase even if the iontophoretic current is increased. A larger response, then, could be evoked
only by increasing the duration of the iontophoretic current.
There could be a few reasons why a larger iontophoresis evoked current appeared to
correspond to a preference for LTD over LTP (Figure 9(a)). The first is similar to the idea
presented in Figure 11(a). However, this analysis was done for the time of peak of the evoked
glutamate response as a whole. All postsynaptic NMDA receptors would be depolarized at the
same time, but glutamate would not be available at all sites at the same time. Glutamate would
reach closer receptors sooner than farther ones; if larger AMPA responses can be assumed to
indicate that more glutamate was being bound by postsynaptic receptors, then there would be
more NMDA receptors that bind glutamate later. The negative timing experienced by later
receptors could encourage induction of LTD over LTP.
Iontophoretically evoked responses are representative of both synaptic and extrasynaptic
receptors. The composition of an NMDA receptor is a key arbiter of its activation kinetics:
current responses of NR2B-subunit containing receptors peak later, and last longer, compared to
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NR2A-subunit containing receptors. For ages P14 to P20, it is not clear if assembly of NR2A
subunits at synaptic sites is as complete as it is in older adult animals (See Introduction), but the
relative fraction of NMDA current mediated by NR2A-subunit containing receptors are higher at
synapses, and that mediated by NR2B-subunit, higher extrasynaptically.

Therefore, if

iontophoresis evokes more responses from extrasynaptic sites than from synaptic sites, for the
same value of ∆t, the influx of Ca++ would be slower in the former than in the latter. This would
encourage LTD over LTP for larger evoked currents.
Spines are fairly evenly spaced along the dendrite, so it is not clear why an increase in
glutamate spread laterally, along the dendritic surface, would recruit a greater proportion of
extrasynaptic receptors than synaptic receptors.

However, since spines protrude from the

dendritic surface 0.5 to 1 µm in height, synaptic receptors seated on the spine head are more
likely to be saturated with glutamate, during small evoked currents, than extrasynaptic receptors
that lie between the spines. Larger evoked currents could spread to more extrasynaptic sites by
diffusing past the spines. Alternatively, an increase in evoked currents could indicate an equal
proportion of increase in the numbers of extrasynaptic and synaptic NMDA receptors activated,
but differences in sensitivity, saturation levels and signaling thresholds of the two NMDA
receptor types could cause extrasynaptic NMDA receptors to have a greater influence on the
plasticity outcome, resulting in LTD.
There also seems to be an age dependent preference for LTD over LTP (Figure 9(c)).
While it is not unexpected that younger animals would tend to show LTD (see Introduction),
this result was surprising, since all the animals I used were within their third week of postnatal
development. Important transitions occur during this time, including preferential expression of
extrasynaptic NR2B-containing receptors, synaptic expression of NR2A-containing receptors,
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and gradual increase in the rate of glutamate uptake. Younger age would, therefore, imply a bias
towards NR2B activation by evoked glutamate, and subsequent induction of LTD. It is possible
that dendritic factors change quickly, from day to day of growth, during this week, resulting in
the correlation seen in Figure 9(c). That the correlation of plasticity outcome to age was not
significant may be due to slightly different growth rates in different animals skewing the small
sample size.

4.3

TECHNICAL OBSERVATIONS

The fundamental goal of this project was to establish, evaluate and refine the technique of
microiontophoresis for the study of spike timing dependent plasticity in hippocampal slices. The
experimental results revealed important issues that can be improved in future endeavors.
Although onset latency was measured in these experiments under the assumption that it
would capture changes due to movement of the tip of the iontophoresis electrode, the data
revealed that it was not reliable as a monitor of tip stability, except in the case of very large or
sudden tip movement.

If closer sites were sensitizing or desensitizing, this would be

indistinguishable from a movement in the pipette location. Moreover, in LTD experiments, as
the currents depressed and signal to noise ratio rose, it was not possible to get a reliable time of
current onset. One could reject such experiments because of the difficulty in monitoring onset
latency. If it were possible to monitor tip stability visually, and conduct long term experiments
demonstrating invariance of tip position, this would be better evidence of the fact that the tip of
the iontophoresis electrode is stable.
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Due to the natural variability in baseline evoked response (as seen in Figure 2), a long
initial period of test pulses (at least 10-15 minutes) would be necessary to prove that the initial
evoked responses were not increasing or decreasing independent of induction protocol. Since the
goal of these experiments were to uncover conditions that potentiate or depress iontophoretic
applications of glutamate, it was important to avoid washout of factors required for LTP by
waiting too long after whole cell configuration was achieved81. Therefore, I only collected an
initial baseline of 5 minutes before applying the D-I protocol.

One experiment showed

successful induction of LTP even when induction protocol was applied 1 hour after the
beginning of whole cell clamp, so for future experiments, it may be safe to extend the initial
baseline to 10 or 15 minutes before D-I protocol is applied.
In planning experiments on STDP, it would be important to establish a priori limits on
initial conditions more strictly than I had initially thought. The age of animals would best be
limited to a range of two or three days, perhaps, and evoked glutamate current size limited to 5060 pA, for homogenous experimental conditions.
In all of my experiments, I have used voltage clamp, instead of the more popular choice
of current clamp, during induction protocols. Since I have established that it is possible to
induce LTP and LTD by depolarizing in voltage clamp, without letting the neuron spike freely,
future experiments can be done for parametric evaluation of dependence of plasticity on duration
or magnitude of depolarization. Since my methods induced and expressed plasticity without
requiring presynaptic transmitter release, an exceptionally useful application of iontophoretic
STDP would be investigation using Ca++ channel blockers.
Since only AMPA receptors were recording during the experiments, I have to estimate
how activation times affect the NMDA current based on AMPA current recordings.
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An

interesting experiment would be to use glutamate and NMDA in adjoining barrels of a
multibarreled iontophoresis pipette. Glutamate could be used to elicit test pulses, but NMDA
used during the induction protocol. The observed potentiation/depression of the glutamate
evoked response could then be more accurately compared to NMDA receptor dependent
differences.
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5.0

TABLES

Table 1. Kinetics of IAMPA and INMDA
Values expressed as mean ± standard error of 12 recorded currents (n = 1)

IAMPA, in response to
Iiont = -100 nA for 0.5 ms
INMDA, in response to
Iiont = -100 nA for 1 ms
INMDA, in response to
Iiont = -200 nA for 1 ms
INMDA, in response to
Iiont = -250 nA for 1 ms

Peak
amplitude
(pA)

Onset
latency
(ms)

Time to
Peak
(ms)

Half-width
of current
(ms)

20%-80%
Rise Time
(ms)

80%-20%
Decay Time
(ms)

40.1 ± 1.4

2.9 ± 0.2

10.7 ± 0.3

14.1 ± 0.5

4.2 ± 0.3

12.5 ± 0.6

12.6 ± 2.0

3.5 ± 0.3

25.8 ± 1.9

23.3 ± 2.7

15.7 ± 1.7

29.3 ± 3.8

30.8 ± 0.9

3.5 ± 0.2

29.9 ± 1.0

40.3 ± 1.6

16.5 ± 1.2

41.8 ± 2.4

39.6 ± 1.2

4.6 ± 0.2

28.6 ± 0.5

42.4 ± 1.8

15.4 ± 1.0

46.9 ± 2.0

Table 2. IAMPA for different amplitudes of iontophoretic current
Values are expressed are measurements taken from single recorded currents (n = 1)
In response to 0.1 ms of
glutamate iontophoresis

IAMPA

Peak
ampli
tude
(pA)

Onset
latency
(ms)

Time to
Peak
(ms)

Half-width of
current
(ms)

20%-80%
Rise Time
(ms)

80%-20%
Decay
Time
(ms)

Iiont = -80 nA
Iiont = -100 nA
Iiont = -200 nA
Iiont = -300 nA
Iiont = -400 nA
Iiont = -500 nA

72.1
111.5
251.9
289.1
282.6
324.3

0.3
0.3
0.4
0.3
0.3
0.2

4.5
4.8
6
6.5
6.1
6.2

10.5
9.5
11.0
12.0
11.6
12.0

2.5
2.4
2.4
2.4
2.0
2.0

11.2
9.9
11.1
10.2
9.1
9.6
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6.0

FIGURES

Figure 1: Characterization of the current evoked by glutamate microiontophoresis.
(a) Image of a pyramidal neuron with the iontophoresis electrode on the apical dendrite 60
µm away from the soma, recording electrode at the soma. (Scale bar: 15 µm)
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(b) Examples of glutamate evoked responses recorded at the soma of a pyramidal neuron
held at Vm=-70 mV; iontophoresis on dendrite at 50 µm. The responses shown are
averages of 12 responses, elicited and recorded at the rate of 6 per minute, with TTX (1
µM) in all extracellular solutions to inhibit polysynaptic activation. Data shown are from
a single neuron. Left: Regular ACSF with TTX was used as the bath solution;
iontophoresis of -100 nA for 0.5 ms (black); current abolished when NBQX (10 µM) was
added (blue). Right: ACSF with 0 Mg++ + NBQX.; iontophoresis of -100 nA for 1 ms
(black), then -200 nA (red), and -250 nA (purple); current abolished when APV (50 µM)
was added (blue). Calibration: 40 pA, 10 ms.
(c) Example of the effect of movement of the iontophoretic electrode towards and away from
the dendrite. Data shown are from a single neuron. Inset: Evoked currents; Calibration:
40 pA, 10 ms.

Top: Peak amplitude of evoked current plotted against time.

Iontophoresis electrode is in a different position at every recorded point. Asterisk (*)
marks point closest to the dendrite, after which data were recorded as the iontophoresis
electrode was being withdrawn, away from the dendrite, in very small increments.
Bottom: Other characteristics of the evoked current as they change with movement.
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Figure 2: Fidelity of iontophoretic stimulus
(a) Examples of increase in AMPA current response, recorded at the soma of a neuron held
at Vm= -59 mV in regular ACSF with TTX; amplitude of the iontophoretic current was
progressively increased. Legend shows amplitude of iontophoretic current applied, for
0.1 ms each. Data shown are from a single neuron. Calibration: 50 pA, 10 ms.
(b) Schematic representation of the discrepancy between command current and monitored
current.
(c) Relationship of glutamate evoked response to iontophoretic current (as measured through
the current monitor).
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(d)
Figure 3: Reliability of glutamate evoked current over time
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Responses were recorded with TTX (1 µM) in the extracellular ACSF solution; glutamate
iontophoresis on dendrite at 100 µm. Responses were elicited and recorded at the rate of 3 per
minute. Data shown are from a single neuron. Iiont= -200 nA, for 0.1 ms.
(a) Peak amplitude varies over time, but a linear fit (slope = 0.06) over 23 minutes shows no
net rundown or sensitization of the evoked response over time. Right: Sample evoked
currents at time 4 minutes (single asterisk) and 21 minutes (double asterisk). Calibration:
40 pA, 10 ms.
(b) Indicated parameters measured from the cell used for (a) are plotted as a function of time.
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Figure 4: Glutamate iontophoresis activates fast sodium currents despite voltage clamp
Responses were recorded in regular ACSF solution; glutamate iontophoresis on dendrite at 100
µm. Each point shows one response; responses were recorded at the rate of 3 per minute.
(a) Left: Iontophoretic current of -100 nA was applied for 3 ms, once every 20 seconds, for 3
minutes. While most of the evoked currents had a peak amplitude between 320 and 360
pA, a few had drastically larger (~600 pA) amplitudes.
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Right: Sample currents

corresponding to datapoints marked in the plot on left. While the smaller current (single
asterisk, black line) looks like an AMPA current, the larger amplitude current (double
asterisk, red line) exhibits a fast rising component (“spike”) that could be due to voltage
activated Na+ channels on dendritic membrane that is not fully clamped to -59 mV by the
voltage clamp at the soma. Data shown are from a single neuron. Such spikes did not
appear when TTX (1 µM) was used in the extracellular recording solution (not shown).
Calibration: 100 pA, 20 ms.
(b) Left: Iontophoretic current of -300 nA was applied for 0.2 ms, once every 20 seconds, for
5 minutes, taking care that the evoked current was not activating fast Na+ currents. After
5 minutes, a positive (+10ms) pairing protocol was applied (solid red arrow).
Iontophoresis was then resumed at the rate of once per 20 seconds, for 20 minutes. All
evoked currents in the latter 20 minutes exhibited spikes of amplitude >800 pA. Data
shown are from a single neuron. Right: Sample currents corresponding to datapoints.
Calibration: 200 pA, 20 ms.
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Figure 5: Positive pairing induction protocol can lead to potentiation of glutamate evoked
response (n = 5 out of 9)
Responses were recorded with TTX (1 µM) in the extracellular ACSF solution; glutamate
iontophoresis on dendrite at 100 µm. Each point is average of three sequential responses over the
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course of 1 minute; responses were elicited and recorded at the rate of 3 per minute. Data shown
are from a single neuron. Iiont= -400 nA, for 0.2 ms.
(a) Positive D-I protocol was applied (solid red arrow) after 5 minutes of test pulses. The
peak amplitude averaged over time between 15 and 20 minutes after D-I protocol (95.89
± 4.45 pA) was 19.3% greater than the average peak amplitude during the initial 5 minute
baseline (80.38 ± 6.1 pA). Inset: Examples of three sequential currents that were
averaged for measurements plotted at -5 minutes (single asterisk) and 17 minutes (double
asterisk). Calibration: 50 pA, 20 ms.
(b) Indicated parameters measured from the cell used for (a) are plotted as a function of time.
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Figure 6: Positive pairing induction protocol can lead to depression of glutamate evoked
response (n = 4 out of 9)
Responses were recorded with TTX (1 µM) in the extracellular ACSF solution; glutamate
iontophoresis on dendrite at 100 µm. Each point is average of three sequential responses over
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the course of 1 minute; responses were elicited and recorded at the rate of 3 per minute. Data
shown are from a single neuron. Iiont= -150 nA, for 0.3 ms.
(a) Positive D-I protocol was applied (solid red arrow) after 5 minutes of test pulses. The
peak amplitude averaged over time between 15 and 20 minutes after D-I protocol (42.14
± 3.09 pA) was 57.9% decreased from the average peak amplitude during the initial 5
minute baseline (100.08 ± 5.21 pA). Inset: Examples of three sequential currents that
were averaged for measurements plotted at -5 minutes (single asterisk) and 19 minutes
(double asterisk). Calibration: 50 pA, 20 ms.
(b) Indicated parameters measured from the cell used for (a) are plotted as a function of time.
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Figure 7: Negative pairing induction protocol leads to depression of glutamate evoked
response (n = 4 out of 4)
Responses were recorded with TTX (1 µM) in the extracellular ACSF solution; glutamate
iontophoresis on dendrite at 100 µm. Each point is average of six sequential responses over the
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course of 1 minute; responses were elicited and recorded at the rate of 6 per minute. Data shown
are from a single neuron. Iiont= -70 nA, for 0.1 ms.
(a) Negative D-I protocol was applied (solid red arrow) after 5 minutes of test pulses. The
peak amplitude averaged over time between 15 and 20 minutes after D-I protocol (1.21 ±
0.31 pA) was 96.5% decreased from the average peak amplitude during the initial 5
minute baseline (34.72 ± 1.64 pA). Inset: Examples of three sequential currents that were
averaged for measurements plotted at -5 minutes (single asterisk) and 18 minutes (double
asterisk). Calibration: 20 pA, 20 ms.
(b) Indicated parameters measured from the cell used for (a) are plotted as a function of time.
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Figure 8: Induction protocol is an important determinant of STDP outcome
Summary of all experiments, positive (n = 9, black triangles, -8.2 ± 23.0 %) and negative (n = 4,
blue triangles, -85.7 ± 7.7 %) pairing protocol. Data points represent mean ± S.E.M. per minute.
While the negative pairing protocol induces LTD, the positive pairing protocol produces no net
change from initial baseline period.

Outcomes of positive and negative pairings are not

significantly different (p>0.05, t-test).
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Figure 9: Initial conditions influence induction of LTP in response to positive pairing of
glutamate iontophoresis and depolarization
(a) Percent change in glutamate evoked current plotted as a function of average initial peak
amplitude, n = 9. The initial amplitude correlates strongly with negative percent change
(r = -0.80, p = 0.01).
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(b) Percent change in glutamate evoked current plotted as a function of average initial halfwidth, n = 9. The initial half-width does not show a correlation to percent change in
current (r = -0.08, p = 0.83).
(c) Percent change in glutamate evoked current plotted as a function of age of the animal, n =
9. There appears to be a switch from decrease in amplitude to increase in amplitude as
the age of the animal increases, but the correlation is not significant (r = 0.62, p = 0.07).
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Figure 10: When initial currents are < 90 pA in amplitude, positive D-I pairing results in
LTP, while negative D-I pairing results in LTD
(a) Positive pairing experiments are grouped into: initial amplitude < 90pA (black): n = 4,
mean percent change was 48.9 ± 15.8; initial amplitude > 90pA (red): n = 5, mean
percent change was -53.8 ± 24.1; difference between the two groups is significant
(p<0.05, t-test)

58

(b) When overlaid, the depression following negative pairing (blue, same as in Figure 8),
and the depression following positive pairing in currents with initial amplitude > 90 pA
(red, same as in (a)), show the same trend over time
(c) When only currents with initial amplitude < 90 pA are considered, positive pairing
induction leads to LTP (black, same as in (a)), negative pairing data (blue, same as in (b))
show LTD; difference between the two groups is significant (p<0.01, t-test)
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Figure 11: Initial conditions influence induction of LTP in response to positive pairing of
glutamate iontophoresis and depolarization
(a) Schematic illustrating how the same +10 ms positive D-I protocol can result in a
“negative” time interval (∆t), i.e. depolarization occurs before peak glutamate response
when the time it takes for the glutamate current to reach its peak is greater than 10 ms.
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(b) Results from all induction protocols, positive D-I with initial amplitude < 90 pA (black),
positive D-I with initial amplitude > 90 pA (red), and negative D-I (blue), plotted as a
function of ∆t, where ∆t is the time between the beginning of depolarization and the
average (5 minutes) time to reach peak for initial baseline glutamate evoked currents. If
depolarization arrived before evoked current reached its peak, ∆t is negative. Width of
each datapoint is 4 ms, corresponding to duration of depolarizing pulse. Initial amplitude
of evoked currents does not correlate to ∆t (r = 0.12, p = 0.77). (Right) Examples of
relative timing of initial peak current (black) overlaid with the current when paired with
depolarization (red) during the D-I protocol. Calibration: 100pA, 10 ms
(c) Schematic representation of the spread of glutamate when iontophoresis onto a segment
of dendrite evokes a glutamate response (left), and the spread of glutamate when the
amplitude of iontophoretic current is increased to evoke a larger response (right). The
darker shade indicates higher concentration of glutamate, reaching more spines and
interspinal areas.
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