
Introduction

In the central nervous system (CNS), gluta-
mate and γ-aminobutryic acid (GABA) are
major excitatory and inhibitory neurotransmit-
ters, respectively. Balance between glutamate
and GABA actions is critical for proper CNS
function, partly because glutamate’s actions

can be double-edged. Excessive glutamate
accumulation has been associated with neu-
ronal damage in a myriad of neurological and
neuropsychiatric disorders, including epilepsy,
stroke, amyotrophic lateral sclerosis, bipolar
disorder, Alzheimer’s disease, Huntington’s
disease, and Parkinson’s disease (1,2). There-
fore, it is not surprising that the nervous system
might have endogenous mechanisms—both
persistent and rapidly reversible—that help
limit excessive excitation and toxicity (3–5).

We, and others, have explored possible
responses of the nervous system to excessive
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excitation. Because synapses are highly mal-
leable, it appears likely that glutamate and/or
GABA synapses may be possible sites of home-
ostatic change. Strong evidence indicates that
postsynaptic receptor function changes home-
ostatically, particularly in response to pro-
longed block of electrical activity (6,7). We and
others recently found that presynaptic changes
are also important to synaptic homeostasis
(8–10) when hippocampal synapses are chal-
lenged with depolarization. As expected from
mechanisms that restore balance, these
changes reduce glutamate output more than
they change GABA output. Presynaptic
changes specific to glutamate synapses may be
somewhat surprising, because we usually
think of presynaptic factors that control trans-
mitter release (including machinery respon-
sible for vesicle docking, priming, and Ca2+

sensing) as being more ubiquitous across
transmitter phenotypes than postsynaptic
receptor function. Nevertheless, there is emerg-
ing evidence for differences between glutam-
ate and GABA release machinery that could be
candidates to underlie selective homeostatic
changes.

Homeostatic changes in postsynaptic or
presynaptic function generally are persistent
changes following a prolonged change in
activity. We also recently found that glutamate
and GABA release can be differentially regu-
lated both rapidly and reversibly at the level of
spike propagation in the axon (11–13).The level
at which this regulation occurred was again
surprising to us because spike propagation
was common to glutamate and GABA trans-
mission. We have found that glutamate axons
are susceptible to spike waveform changes and
outright failure during depolarization—pre-
sumably accounting for observations of
depressed glutamate synaptic transmission
compared to GABA transmission—in response
to excess depolarization. Unlike the persistent
homeostatic changes, this form of modulation
is completely and immediately reversible upon
cessation of the excessive excitation. The mole-
cular underpinnings of the effect remain
unclear, but clues have been provided from

recent work in other laboratories that examines
differences in the intrinsic properties of princi-
pal neurons and interneurons.

This article reviews literature relevant to dif-
ferential persistent and acute regulation of glu-
tamate and GABA synapses. We include
discussion of some of the cellular and molecu-
lar differences in the presynaptic cells that
could conceivably underlie differential modu-
lation. We conclude that at least within the hip-
pocampus (a brain region particularly prone to
excessive excitation), mechanisms exist to regu-
late glutamate vs GABA release differentially.
Further work is needed to determine the mole-
cular mechanisms of these forms of differential
regulation and to determine the extent to which
these mechanisms coincide with the gluta-
mate/GABA cell type in other brain areas.

Persistent Homeostatic Change 
in Response to Prolonged
Alterations in Activity

Activity is an important regulator of long-
term synaptic strength in vivo. This section
briefly reviews previous results that suggest
synapses can respond with both post- and
presynaptic changes that homeostatically
restore balance between excitation and inhibi-
tion. We focus on our own recent finding that
the presynaptic changes—notably, functional
inactivation of glutamate terminals—are partic-
ularly prominent when hippocampal neurons
are challenged with excessive depolarization.

Previous Studies of Synaptic Homeostasis

Much research has been performed on the
persistent effects of altering electrical activity
patterns in neurons. A common, simple
approach to this question involves chronic elec-
trical inhibition using Na+-channel blockers,
such as tetrodotoxin (TTX), or glutamate recep-
tor antagonists. Imagine two plastic responses
to chronic inhibition. In one scenario, homeo-
static mechanisms may increase synaptic activ-
ity to counteract the excessive inhibition. In
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another scenario, excess inhibition may cause a
positive feedback cycle, further downregulat-
ing inactive synapses. Similarly, an increase in
chronic activity may activate homeostatic
mechanisms to keep synaptic excitation in
check or may, through a Hebbian positive feed-
back mechanism, increase synaptic function
further.

Consistent with the first hypothesis, neurons
are believed to monitor their level of excitatory
activity and to increase or decrease compen-
satory synaptic mechanisms as part of a home-
ostatic response that maintains neurons’
overall firing rate (reviewed in ref. 14). Specifi-
cally, neurons exhibit “disuse hypersensitiv-
ity” when deprived of neuronal activity for
long periods of time (15). After activity block-
ade, the neuron responds with an increase in
synaptic strength, perhaps compensating for
the inactivity. Controversy exists regarding
whether post- or presynaptic systems, or even
both, are chiefly responsible for disuse hyper-
sensitivity. Changes in intrinsic excitability of
cells have also been observed as an adaptive
response (16), but we confine our discussion to
synaptic changes.

Some reports have suggested that an exclu-
sively postsynaptic mechanism is responsible
for the increase in synaptic strength following
activity blockade in glutamatergic neurons.
Support for postsynaptic homeostatic changes
comes from three types of observations. First,
chronic (≥48 h) treatment with TTX or iono-
tropic glutamate receptor blockers increases
miniature excitatory postsynaptic current
(mEPSC) amplitude but not frequency (6,7).
Classically, this type of change is believed to
reflect a postsynaptic alteration, such as an
increase in either the number or the function
of the postsynaptic glutamate receptors. Sec-
ond, responses to exogenous glutamate or
kainate (a weakly desensitizing α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid
[AMPA]/KA receptor agonist) are much
greater in neurons exposed to activity block-
ade compared to untreated controls, which is
consistent with a postsynaptic locus (6,7).
Finally, chronic treatment with TTX or gluta-

mate receptor blockers results in changes in the
protein composition of the postsynaptic den-
sity, including increases in N-methyl-D-aspar-
tate (NMDA) receptor subunits, structural
proteins such as PSD-95, and signaling compo-
nents such as CaMKII (17). Increased synaptic
accumulation of AMPA receptors with activity
blockade has also been reported (18).

As we have noted, such changes to the post-
synaptic compartment of the glutamatergic
synapse might be the logical target of selective
(glutamate vs GABA) modulation, but some
data also suggest an effect of activity blockade
on presynaptic terminals. Studies using the
styryl dye FM1-43 have shown that the num-
ber of vesicles released per action potential is
increased upon activity blockade (9). A presy-
naptic change is further substantiated by the
observation that activity blockade can result in
an increase in mEPSC frequency but not in
amplitude, suggesting a higher release proba-
bility or that more vesicles are available for
release following activity blockade (19–21).

These presynaptic changes could result from
morphological changes, such as an increase in
the number of glutamate release sites and/or
an increase in the size of individual synapses;
evidence exists to support both of these possi-
bilities. Immunocytochemistry has shown that
activity blockade increases the number of clus-
ters of the synaptic vesicle-associated protein
synaptobrevin (20); electron microscopy
showed that activity blockade increases both
the number of docked vesicles and the size of
the active zone (9). Postsynaptic density size
also increases (9), suggesting that presynaptic
and postsynaptic changes may, at times, work
in concert.

The reasons for obtaining contrasting con-
clusions regarding the primary site of home-
ostasis in these studies are not fully
understood. This is particularly true regarding
the differences in observations regarding
mEPSC frequency vs amplitude. Contributing
factors may include differences in system
(brain area or culture conditions), develop-
mental stage examined (22,23), or the manner
in which activity was blocked (postsynaptic
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receptor blockade vs TTX treatment). Alterna-
tively, the techniques used to examine synaptic
signaling (electrophysiology, immunocytochem-
istry, or vital fluorescent dyes) may account for
some discrepancies, emphasizing the need to
assess changes with multiple methods.

Our Recent Studies of Homeostatic
Responses to Depolarization

We found it striking that with a few excep-
tions, homeostasis has been evaluated by
blocking electrical activity, although a plausi-
ble natural function of homeostasis is to pre-
vent excessive activity and excitotoxicity.
Although fewer studies have been conducted
to examine the effects of chronic activity, evi-
dence exists for what might be termed
“overuse hyposensitivity.” There is no consen-
sus on whether the homeostatic change is pre-
or postsynaptic. Treatment of cortical neurons
with [K+]o elevation up to 12 mM, which mim-
ics enhanced electrical activity, results in a
depression of mEPSC amplitude, with no
change in either the kinetics or the frequency
(24). However, low-level activation of NMDA
receptors in superior colliculus neurons results
in a decrease in frequency, but not amplitude,
of mEPSCs (25).

Our own studies have indicated that chronic
excitation leads to two separable alterations in
presynaptic function (8,26). We began our
studies by investigating prolonged tonic depo-
larization of neurons, which has been shown to
promote survival of neurons through the
developmental period of natural cell death,
which occurs just following synaptogenesis in
many brain regions (reviewed in ref. 27). In
investigating the ability of chronic K+ depolar-
ization to promote the survival of cerebellar
granule neurons and hippocampal neurons,
we found that depolarization-reared neurons
exhibited depressed Ca2+ currents, consistent
with work in other neuronal systems (28–30).
Interestingly, this change appears to counteract
survival-promoting Ca2+ influx (26), although
it is possible that depression of Ca2+ current
is necessary to keep intracellular Ca2+ from

becoming excitotoxic (31). Neurons whose sur-
vival had been promoted by the addition of
growth factors such as insulin-like growth
factor-I did not show any change in Ca2+ cur-
rent density. Furthermore, the effect on Ca2+

currents was specific, because other voltage-
gated currents (Na+, K+) were unchanged (26).
Finally, when we dissected the various sub-
types of Ca2+ channels, we found that current
through multiple subtypes of HVA Ca2+ chan-
nels was depressed, including L, N, and P/Q
types.

Because the chronic depolarization effect on
Ca2+ current appeared to include those chan-
nel subtypes responsible for neurotransmitter
release, we then examined whether the persis-
tent depression of somatic Ca2+ influx extended
to synaptic terminals. We examined recurrent
(autaptic) synaptic signaling in solitary hip-
pocampal micro-island neurons that had been
exposed to elevated K+ or control conditions.
With a 16-h exposure to 30 mM of K+ (which
clamps the membrane potential near –20 mV),
we found that both evoked EPSCs and in-
hibitory postsynaptic currents (IPSCs) were
reduced in amplitude when cells were returned
to normal medium. However, the degree of
depression was significantly different between
the two: IPSCs were only depressed by an aver-
age of 50%, whereas EPSCs were depressed by
87% (Fig. 1). With multiple-day exposure to K+,
IPSCs maintained a depression of 50%, but
EPSCs could no longer be measured. This dif-
ference in sensitivity to K+ treatment was the
first indication that two distinct effects
occurred: the first effect was common to both
glutamatergic and GABAergic neurons, and
the second effect was selective for glutamater-
gic synapses (26). Evidence outlined below
reinforces our suspicion that two separate
mechanisms reduce transmitter release at glu-
tamate synapses.

Our initial observation that chronic depolar-
ization depressed Ca2+ currents in both cell
types suggested to us that an alteration of the
probability of vesicle release (pr) might be a
common effect to both glutamatergic and
GABAergic cells. The probabilistic nature of
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transmitter release can be understood accord-
ing to the quantal hypothesis (14) and the bino-
mial model of synaptic transmission (32–34). In
effect, the amplitude of the PSC is determined
by the quantal size (q), the number of release
sites (N), and the pr. Generally, the size of an
action potential-evoked postsynaptic current is
proportional to the number of neurotransmit-
ter-laden vesicles released from a presynaptic
site, which, on average, is proportional to the
product of N and pr. Postsynaptic factors
(receptor number, density, and sensitivity) and
the amount of transmitter in each vesicle are
also important influences on the evoked EPSC
amplitude and affect q. Because the fusion of
synaptic vesicles with the presynaptic plasma
membrane is critically dependent on the pres-
ence of calcium ions, a decrease in Ca2+ influx
at the synaptic terminal can decrease the likeli-
hood that a vesicle exocytoses (35,36).

To test whether the decrease in Ca2+ current
we observed was responsible for the depres-
sion of IPSC amplitude after chronic depolar-
ization, we recorded IPSCs in the presence of
increasing amounts of extracellular Ca2+. We
reasoned that the increase in Ca2+ driving force
should overcome the depression of Ca2+ cur-
rent induced by the incubation in depolarizing
conditions. Consistent with our hypothesis, the

Ca2+ concentration response curve for IPSCs
was significantly shifted to the right in depo-
larization-reared cells, with no difference in
maximum response size. The EC50 value for
K+-treated cultures was 2.88 mM, compared to
a value of 0.90 mM in control cultures. As fur-
ther evidence for an effect on pr, we also
observed less IPSC paired-pulse depression
(an assay of vesicle depletion) in depolariza-
tion-reared neurons (26).

A decrease in paired-pulse depression was
also observed in the more severely affected glu-
tamatergic neurons exposed to elevated K+ for
16 h, which is consistent with the idea that
depressed Ca2+ currents altered pr in both types
of neurons. Unlike IPSCs, EPSCs depressed by
depolarization could not be recovered by
acutely increasing extracellular Ca2+ during the
measurement of synaptic responses (8). This
suggested that additional mechanisms were
responsible for the severe depression of gluta-
mate transmission with tonic depolarization.
We then questioned whether this selective
effect on glutamatergic transmission had a pre-
or postsynaptic locus.

Two pieces of evidence strongly suggested
that postsynaptic targets were not altered in
glutamatergic neurons following K+ exposure.
First, EPSCs mediated by AMPA and NMDA
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Fig. 1. Potassium depolarization depresses the readily releasable pool in glutamatergic, but not GABAergic,
neurons. Representative traces of electrically evoked autaptic currents (left) and sucrose-evoked currents (right)
in glutamatergic (A) or GABAergic (B) neurons after 16-h treatment with control medium or with medium con-
taining 35 mM of K+. Note that IPSCs were recorded with a high intracellular Cl– concentration; therefore, cur-
rents are inward. (Reprinted from ref. 8 with permission from Elsevier.)



receptors were depressed in parallel, excluding
the possibility that AMPA receptors were with-
drawn from the plasma membrane, as has been
reported in other forms of synaptic plasticity
(37–39). However, this evidence has caveats.
Presynaptic depression may not always result
in parallel decreases in the NMDA and AMPA
components of the EPSC because of different
affinities of the receptors for glutamate. Addi-
tionally, postsynaptic parallel changes in AMPA
and NMDA currents have been reported (40).
Second, we found that responses to exogenous
application of kainate or NMDA were un-
changed after K+ treatment, suggesting that the
overall postsynaptic density of ionotropic gluta-
mate receptors was not altered.

Therefore, we began to test the idea that an
additional presynaptic mechanism was respon-
sible for the differential depression of gluta-
mate release (8). mEPSC analysis revealed no
change in postsynaptic charge transfer, but
there was a significant decrease in the fre-
quency of events, which is consistent with a
presynaptic deficit. Additionally, the size of the
readily releasable pool of vesicles (RRP), as
measured using application of a hypertonic
sucrose solution (41), was decreased after
chronic K+ exposure in glutamatergic, but not
GABAergic, neurons (Fig. 1). This result is
important because it clearly divorced the addi-
tional depression of glutamate transmission
from the change in pr associated with decreased
Ca2+ current. Hypertonic sucrose causes Ca2+-
independent release of transmitter; hypertonic-
ity bypasses Ca2+ influx and increased [Ca2+]i
(41), so depression of Ca2+ current cannot
explain the depression of sucrose-evoked
EPSCs. Depolarization rearing did not depress
sucrose-evoked GABA transmission, which
demonstrates that the RRP decrease is selective
to glutamate transmission.

These observations provide classic evidence
for a presynaptic change, but they depend on
the presence of postsynaptic glutamate recep-
tors as sensors of released transmitter. To elim-
inate this complication, we used recordings of
synaptically stimulated glutamate transporters
in astrocytes as an independent assay of gluta-

mate release (42–46). A modest depolarization
time of 4 h depressed astrocyte transporter
responses to synaptically released glutamate
by approx 50% (8).

Finally, we examined presynaptic function
optically using immunocytochemistry against
synaptic vesicle proteins and using FM1-43 in
live cells to identify active synapses (Fig. 2).
We found no change in the number, density, or
size of presynaptic terminals (as identified by
synaptic vesicle markers). However, we found
that the number of synaptic terminals capable
of vesicle exo-/endocytosis was depressed by
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Fig. 2. The percentage of inactive synapses is
increased by K+ depolarization. (A,B) Control
synapses labeled with FM1-43 to identify active
synapses (B) and by post hoc vGluT-1 immunofluo-
rescence (A) to identify glutamate synapses. (C,D)
Similar panels from a culture treated for 4 h with 35
mM of K+. Note the smaller fraction of active
synapses (both vGluT-1 and FM1-43 positive) in the
K+-treated culture. Scale bar = 4 µm. (E) Summary of
the percentage of active synapses from fields
obtained by a naïve observer in five separate experi-
ments (p < 0.01). (Reprinted from ref. 8 with permis-
sion from Elsevier.)



an amount matching the EPSC depression (Fig.
2). Therefore, we proposed that the homeostatic
change to glutamate synapses involves a binary
functional inactivation of a subset of gluta-
mate terminals (8). The inactivation results in
an apparent decrease in the total number of
vesicles immediately available for release (i.e.,
RRP) in response to both Ca2+-dependent and 
-independent stimuli.

In summary, our extensive characterization
of the homeostatic change at glutamate and
GABA synapses in response to overactivity
suggested primarily presynaptic changes over
the time-course of exposures we examined.
Surprisingly, perhaps, GABA transmission is
depressed by an overall reduction in Ca2+ cur-
rent density, which lowers pr. Glutamate trans-
mission is additionally affected by a decrease
in the number of synapses that are capable of
releasing neurotransmitter, resulting in depres-
sion of the total cellular RRP.

This binary inactivation of presynaptic termi-
nals, specific to glutamate synapses, differs
from several other reported mechanisms of syn-
aptic homoeostasis. We have observed purely
presynaptic adaptive changes, whereas others
have observed purely postsynaptic change
(6,7,18,40). Additionally, other groups have
observed presynaptic adaptive changes; how-
ever, changes involved pr changes or correlated
changes in both pr and RRP (9,10), rather than a
binary functional change. Partial explanations
for the discrepancy include the possibility that
depolarization (our studies) elicits presynaptic
changes, whereas hyperpolarization (many pre-
vious studies) yields postsynaptic changes; that
different brain areas have different loci of
synaptic change (3); or that the period of chal-
lenge (≤16 h in many of our experiments vs ≥48
h in many previous studies) may be important
in the locus of change.

Molecular Candidates 
for Glutamate-Specific 
Presynaptic Changes

This selective presynaptic effect in glutamater-
gic neurons raises issues regarding what the

molecular nature of this change might be—that
is, because most of the proteins governing
synaptic vesicle fusion and neurotransmitter
release are identical between glutamatergic and
GABAergic neurons, what proteins or signaling
pathways could be the targets of chronic depo-
larization and result in the selective inactivation
of glutamate synapses? Because the difference in
GABA and glutamate synapses to depolarizing
challenge is apparent with secretagogs that
bypass Ca2+ influx, we are presumably inter-
ested in molecular candidates downstream of
Ca2+ influx: buffers and sensors. One report sug-
gested that the target-soluble N-ethylmaleimide-
sensitive factor attachment protein receptor
(tSNARE) protein synaptosome-associated pro-
tein 25 kDa (SNAP-25) is not expressed at
GABAergic synapses but is replaced by its
homolog SNAP-23 (47). Interestingly, the pres-
ence or absence of SNAP-25 alters Ca2+ influx in
response to acute K+ depolarization (47). There-
fore, at face value, the difference in tSNAREs is
likely more related to pr effects, which we found
did not differ between synaptic types.

At least three other protein families or sig-
naling pathways show differential phenotypes
in glutamatergic vs GABAergic neurons,
although a specific role in depolarization-
induced changes has not been specifically
examined. The first of these is the brain-
derived neurotropic factor (BDNF)/ tyrosine
kinase (Trk)B pathway. Although BDNF is pri-
marily a promoter of neuronal survival and
differentiation, some recent attention has
included its role in the modulation of synap-
tic signaling (reviewed in ref. 48). BDNF
both influences synaptogenesis by increasing
synapse number (49,50) and regulates synapse
maturation and/or stabilization once synapses
have formed (50–52). This effect on maturation
includes an increase in the number of docked
vesicles (50,53), which likely corresponds with
the physiologically defined RRP. This may
occur through secretion of BDNF directly at the
synaptic cleft, because BDNF has been local-
ized to nerve terminals by immunocytochem-
istry (54), although dendritic release of BDNF
has also been reported (reviewed in ref. 48).
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The primary difficulty with the BDNF/TrkB
pathway as a potential target of the selective glu-
tamate modulation by chronic depolarization is
that BDNF has also been reported to potentiate
GABAergic transmission (reviewed in ref. 55).
However, these results are not universally
accepted, and others have reported that BDNF
can depress electrically evoked IPSCs (56). Over-
all, the effects of BDNF on inhibitory neurons
have not been characterized as well as those on
excitatory neurons, so this pathway remains an
attractive potential candidate for persistent
effects on glutamate synaptic function.

A second potential target for selective modu-
lation of glutamate release is the Munc13 family
of proteins. Munc13 proteins localize to the
presynaptic terminal and regulate the function
of the tSNARE syntaxin (57). They are essential
for the maturation of synaptic vesicles from a
docked to a fusion-competent state, a process
known as “priming” (58,59). Therefore, Munc13
proteins help establish the functional RRP.
Although lower organisms each contain only
one Munc ortholog, the mammalian Munc13
family has three gene products, two of which
(Munc13-1 and Munc13-2) are expressed in the
hippocampus (59,60). Interestingly, genetic
deletion of Munc13-1 drastically depresses glu-
tamatergic transmission, with a 90% reduction
in both EPSC amplitude and the size of the
functional RRP (as determined with hypertonic
sucrose application) (59). GABAergic transmis-
sion in the same cultures is unaffected, presum-
ably because these synapses also express the
Munc13-2 isoform (as does a very small per-
centage of glutamatergic synapses; refs. 59 and
60). Therefore, selective modulation of Munc13-
1 vs Munc13-2 could potentially alter gluta-
mate, but not GABA, release.

The synapsin family is another protein family
that has been demonstrated to have disparate
roles in excitatory vs inhibitory neurons.
Synapsins are the most abundant synaptic vesi-
cle proteins, but their precise role in vesicle
release has been elusive. This is true partly
because the various roles assigned to synapsins
were based on experiments in several systems to
examine one or more of the three synapsin

homologs. Until recently, no study had exam-
ined synaptic transmission in the absence of all
three synapsin gene products. It was recently
shown that the synapsins collectively regulate
the size of the reserve pool of vesicles in gluta-
matergic terminals but directly regulate the size
of the RRP (or the number of docked vesicles) in
GABAergic terminals (61). Although this makes
synapsins an unlikely target for the modulation
of glutamate release by chronic depolarization, it
does provide another means by which these neu-
rotransmitters can be selectively regulated. This
example also indicates the possibility of different
functions for ubiquitously expressed proteins.

As we learn more about the individual protein
components of the synapse, the list of potential
modulatory candidates is likely to grow. Cal-
cineurin and dysbindin, which can each enhance
glutamate release in simple assays of synaptic
function, are other molecules that are currently
attractive possibilities (62,63), although their
precise roles in other neurotransmitter systems
are not completely clear. The signaling molecule
CaMKIIα, although well-studied on the postsy-
naptic side of the cleft, is also believed to play an
important role in glutamate release (64,65). The
presynaptic structural proteins β-neurexin, N-
cadherin, and palladin are also interesting
because they appear to localize specifically to
excitatory synapses (refs. 66–68; see also ref. 69).
Finally, vGluT, the transporter responsible for
loading glutamate into synaptic vesicles repre-
sents an obvious example of selective expression
at glutamatergic sites (70,71). Although empty
vesicles resulting from vesicular transporter
modulation (72,73) would provide an attractive
hypothesis to explain a differential depression of
glutamate transmission, this mechanism is diffi-
cult to reconcile with the changes we have
observed in FM1-43 cycling (Fig. 2).

As discussed earlier, the size of a PSC gener-
ated in response to an action potential is deter-
mined by q, N, and the pr. Our own work
illustrates that chronic depolarization selectively
depresses the total available RRP (related to N).
Many of the candidate molecules described
earlier act at the level of the RRP or the total pool
of vesicles. Because replenishment from reserve
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vesicles and vesicle endocytosis ultimately sup-
ply the RRP, effects on these processes could also
formally explain our results. Ultimately, the hall-
mark combination of diminished vesicle avail-
ability and specificity for glutamate synapses is
our biggest clue toward discovery of the mole-
cules involved in this form of synaptic plasticity.

Acute Depression 
of Glutamate Release

Several years ago, we were surprised to find
that modestly depolarizing elevations of extra-

cellular [K+]o, which delay recovery from Na+-
channel inactivation, selectively dampened
glutamate release in cultured hippocampal
neurons (12) as well as neurons in acutely pre-
pared slices (ref. 13; Fig. 3). Unlike responses of
glutamate synapses to prolonged depolariza-
tion, these effects had a rapid onset and offset
and were mimicked and enhanced by drugs
that foster Na+-channel inactivation (11–13).
Although the effects of these treatments on
action potential waveform were relatively
minor, the repercussions for glutamate release
were not. In each of these conditions, glutamate
release was selectively decreased compared to
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Fig. 3. Glutamate release is selectively reduced in the CA1 region of rat hippocampus during exposure to mod-
erate rises in extracellular K+ concentration ([K+]o). (A,C) EPSCs elicited by paired-pulse stimulation of the Schaffer
collateral pathway (50-ms interval) exhibit paired-pulse facilitation in control conditions (2.5 mM of [K+]o, thin
traces). Upon brief exposure to 10 mM of [K+]o (< 5 min), both the amplitude of initial EPSCs and paired-pulse ratio
were significantly depressed (bold traces). The lower traces in (A) are scaled by initial EPSC amplitude for paired-
pulse ratio comparison. (B,D) Pharmacologically isolated IPSCs elicited by the same stimulation as EPSCs are not
depressed in initial amplitude or paired-pulse ratio by 10 mM of [K+]o exposure. Summary data for IPSCs are
shown in (D). The summary data in (C) and (D) are expressed as P2/P1-1, such that negative values indicate
paired-pulse depression and positive values indicate facilitation. (Data reproduced with permission from ref. 13.)



GABA release. These results are consistent with
observations that glutamate release is highly
sensitive to variations in the waveform and
reliability of propagating action potentials.

Multiple lines of evidence now suggest
action potential initiation and propagation are
much more variable than previously believed.
Observations from somatodendritic recordings
suggest that different expression patterns of
voltage-gated ion channels endow principal
glutamatergic neurons with different action
potential firing patterns than interneurons
within the hippocampus. If such differences
extend to the axon, they could underlie differ-
ences in axonal properties and different sensi-
tivities to drugs and membrane polarization.
This section focuses on recently reported dif-
ferences in channels underlying excitability of
principal glutamatergic neurons vs GABAergic
interneurons. It then reviews recently observed
factors influencing spike propagation and
fidelity in glutamate-releasing fibers of hip-
pocampus. Finally, it examines work that has
probed the influence of spike changes on trans-
mitter output at presynaptic terminals.

Somatodendritic Na+ and K+ Channels:
Regulation of Intrinsic Excitability 
and Spike Initiation

One of the most critical determinants of neu-
ronal excitability is the expressed complement
of voltage-gated Na+ and K+ channels. By
understanding differences in channel proper-
ties in the somatodendritic compartment,
which is much more experimentally accessible
than the axon, we may be able to infer some
difference in axonal behavior, which is our ulti-
mate goal. Differential expression of voltage-
gated channels results in distinct differences in
firing patterns between principal glutamater-
gic neurons and other neuronal types (74). The
A-type K+ conductance (IA) is an intriguing
conductance that is at least partly responsible
for the different firing patterns in different
neuron types (75). Principal neurons in the hip-
pocampus express high relative levels of Kv4.2
and 4.3 subunits that form fast-inactivating A-

type K+ channels (76,77). Conversely, these
neurons express much lower levels of subunits
Kv3.1 and 3.2, which are associated with fast,
delayed rectifier currents (discussed later in
this section; refs. 78 and 79). Principal neurons
expressing Kv 4.x members have a characteris-
tically low maximum firing rate in response to
somatic current injection (typically 20–50 Hz).

An interesting aspect of IA function in pyra-
midal cells is the nonuniform distribution of IA
channels. Rapidly inactivating IA currents are
present in the soma and dendrites of CA1 pyra-
midal neurons (80) but are notably absent from
the axon initial segment of cortical pyramidal
neurons (81). Blockade of IA currents in pyrami-
dal neurons can result in dendritic hyperactiv-
ity (82), indicating that these currents
contribute to signaling within the dendritic
compartment. More general localization stud-
ies found Kv4.2 in pyramidal cell dendrites
throughout the CNS, and Kv4.3 channels are
apparently present in some classes of interneu-
rons (79,83). In addition to endowing cells with
a characteristic low maximal firing rate and
participating in dendritic excitability, the inacti-
vation properties of IA conductances may con-
tribute to activity-dependent spike broadening
(further discussed later; ref. 84). Overall, the
expression of high levels of Kv4.x A-type K+

channels in principal cells tends to permit pha-
sic-spiking and limits tonic-spiking activity.

In direct contrast to the strong levels of
the fast-inactivating IA currents observed
in glutamatergic neurons, many GABAergic
interneurons express a fast, delayed rectifier-
type, non-inactivating, voltage-gated K+ con-
ductances. These conductances arise from
Kv3.x expression and endow a fast, tonic-spik-
ing phenotype (84,85). One recent study using
single-cell reverse transcriptase polymerase
chain reaction found that fast-spiking basket
cells in the dentate gyrus expressed high levels
of Kv3.1 and 3.2 but lower levels of Kv4.2 and
4.3 than CA1 pyramidal cells (78). Because of
the lack of inactivation during sustained activ-
ity, fast hyperpolarization is maintained even
during repetitive spiking, resulting in higher
maximal spiking frequency and resistance to
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spike broadening (84–86). Interestingly, a model
Kv3 conductance delivered to interneurons in
the presence of Kv blockers (tetra-ethyl ammo-
nium; 4-aminopyridine) rescues fast-spiking
phenotypes and endows non-fast-spiking CA1
pyramidal cells with a fast-spiking pheno-
type (84). The high expression levels of fast,
delayed rectifier K+ conductances—specifically
in GABAergic interneurons—may underlie
some of the resistance of GABAergic synapses
to acute manipulations, which have strong
depressive effects on glutamate synapses.

Because voltage-gated K+ channels are het-
eromers and contain combinations of Kv 1, 2, 3,
and 4 family α- and β-subunits, participation of
other Kv subunits in principal cell-firing prop-
erties is very likely. Knowledge of localization
and function of various channel subunits has
relied on pharmacology of questionable speci-
ficity and on correlation with levels of semi-
quantitative single-cell reverse transcriptase
polymerase chain reaction (78) and immunohis-
tochemistry (79,83). Loss- and gain-of-function
experiments are complicated by heterogeneity
of these channels not only in their specific sub-
unit composition but also by their complex sub-
cellular localization (80,83). Future studies
employing transcriptional or functional knock-
down (i.e., with small interfering RNA) will
likely further clarify relative contributions of
various Kvs in the spiking properties of princi-
pal neurons.

Although the molecular and biophysical vari-
ety of K+ channels makes them particularly
attractive candidates for promoting differences
in excitability among cell types, recent data sug-
gest that the complement of voltage-gated Na+

channels expressed by principal neurons can
also influence the pattern of activity in principal
neurons vs interneurons. Many principal neu-
rons express a “persistent” Na+ current charac-
terized by a prevalence of slow inactivation
upon strong depolarization. This slow inactiva-
tion may normally promote spiking during fast,
transient stimulation but potentially limits
NaCh availability during repetitive spiking
(87,88) and, therefore, could contribute to fre-
quency-dependent changes in spike waveform.

Although studies are lacking in interneuron
populations, it is interesting to note that many
fast-spiking neurons express a “resurgent” Na+

current linked to the NaV1.6 α-subunit and β4-
subunit of voltage-gated Na+ channels (89–92).
The resurgent Na+ current provides additional
membrane depolarization immediately follow-
ing the hyperpolarizing phase of the action
potential and is associated with a faster recov-
ery from inactivation and greater availability
of Na+ channels, assisting in high-frequency
spiking of cerebellar Purkinje neurons (93).
Interestingly, principal glutamatergic neurons,
such as CA3 pyramidal cells, lack this resur-
gent current (91). Although presence of resur-
gent currents is not exclusive to GABAergic
neurons (94,95), notable absence of these cur-
rents in non-fast-spiking principal neurons
may further influence the balance of excitation
and inhibition in the CNS. Studies are needed
to assess whether the resurgent currents influ-
ence other fast-spiking cells, such as the fast-
spiking interneurons in the hippocampus and
cortex.

In summary, a growing body of evidence sug-
gests that intrinsic excitability differences exist
between glutamatergic and GABAergic neurons.
The specific complement of Na+ and K+ chan-
nels reviewed earlier broadly supports phasic-
firing functions of principal cells and tonic-firing
functions of interneurons. Although differences
in maximal firing frequency certainly suggest
that principal glutamatergic neurons have a
lower maximum throughput capacity than
GABAergic interneurons, the final output of
synaptic terminals is determined by how these
spikes propagate down the axon. Can the con-
ductances found in the somatodendritic com-
partment lend insight into experimentally
observed differences between principal neurons
and interneurons regarding spike propagation?

The same conductances reviewed earlier are
also important determinants of individual
spike waveforms; therefore, if these conduc-
tances are expressed by the axon, they may
play a large role in spike waveform and
fidelity postinitiation. For example, Kv4.x-
expressing neurons (principal neurons in the
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case of the hippocampus) are associated with
broader spikes during activity than those of
Kv3.x fast-spiking neurons. At first glance, the
broader spikes generated by Kv4.x neurons
might be expected to promote more reliable
propagation because a broader spike generates
more charge influx (current) for propagating
the spike. This is the opposite of our recent
observations, which have suggested less
secure firing of glutamate-releasing fibers than
GABA-releasing fibers (13). This raises the
issue of whether the same conductances are
expressed along the axon as in the somatoden-
dritic compartment or whether other factors,
such as branching patterns or passive mem-
brane properties of the cells, might have a
strong role in dictating axonal spike waveform
and fidelity. Although direct assessment of
channel densities and distribution in small
unmyelinated axons remains difficult, the next
section presents recent evidence for mecha-
nisms that may alter spike waveform and
fidelity in these axons.

Axonal Ion-Channel Expression 
and Morphology: Regulation 
of Propagating Spikes

After their generation through synaptic inte-
gration in the somatodendritic compartment,
action potentials must successfully propagate
down the axon to induce presynaptic vesicle
fusion. However, the propagation of action
potentials in glutamatergic neurons appears to
be more complex than was once believed (96).
Current research indicates several postinitia-
tion mechanisms of altering the propagated
action potential and downstream transmitter
release. Membrane conductances that alter
axonal output by membrane hyperpolarization
(97–99) as well as conductances that inhibit out-
put by depolarization (13,100,101) have been
reported.

In hippocampal pyramidal cells, action
potentials initiated in temporal isolation from
other spikes propagate with a high degree of
reliability (13,102–104). However, axonal spikes
can be made to fail by hyperpolarization, which

presumably relieves inactivation of IA channels
(97). When Kv blockers are included in the
intracellular pipet to inhibit IA, spike conduc-
tion following hyperpolarization is increased
(97). Under physiological conditions, hyperpo-
larization may also activate hyperpolarization-
activated cation currents, or H currents (98),
which act to repolarize the membrane. Activa-
tion of hyperpolarizing K+ conductances (i.e.,
IA currents, BK-type Ca2+-dependent K+ chan-
nels; refs. 105 and 106) may directly oppose
spike propagation by counteracting Na+ cur-
rents and reducing overall charge carried by
spikes. However, hyperpolarization would re-
lieve inactivation of voltage-gated Na+ chan-
nels, which are also important in determining
axonal spike propagation (13). Notably, the IA
currents implicated in spike failures (97) also
limit somatodendritic excitability in pyramidal
neurons (as discussed in the previous section).
Although IA currents are clearly important for
determining aspects of spike waveform from
somatic recordings, the inaccessibility and
small size of the axons studied has prevented
direct observation of these channels on axonal
membranes.

Because of the intrinsic differences between
GABA- and glutamate-releasing neurons noted
in the previous section, it seems possible that
GABAergic and glutamatergic axons differ in
their capacity for propagating action potentials.
Whereas differences between GABA and gluta-
matergic axons have not been demonstrated for
the hyperpolarization-block discussed earlier in
this section, depolarization by [K+]o and sus-
tained activity affect glutamate release more
than GABA release in the hippocampus (8,12).
Similar glutamate-selective effects are observed
when Na+-channel inactivation is enhanced
pharmacologically and when Na+ currents are
reduced via low, subsaturating concentrations
of TTX (11). These results indicate that depolar-
ization acts, at least partly, by reducing Na+ cur-
rents during the action potential. When
hippocampal pyramidal neurons are depolar-
ized by moderate increases in [K+]o, axonal
spike reliability decreases (13,101). The effects
on propagating spikes include both depression
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of the propagating spike waveform and outright
failures, which are attributed to accumulated
Na+-channel inactivation (13). Unfortunately,
these studies, which relied on extracellular stim-
ulation methods, did not distinguish initiation
deficits (i.e., increased threshold, increased
refractoriness) from propagation deficits.

To test action potential propagation with
direct control (and verification) of spike ini-
tiation, several groups have turned to paired
somatic/axonal recordings. Recent studies
have found that sustained depolarization at
the soma can induce severe waveform changes
to propagating action potentials. Our recent
results, utilizing paired recordings from CA3
pyramidal somas and their unmyelinated
axons up to 800 µm away, suggest that axons
conduct spikes with little decrement during
brief (<2 sec), repetitive spiking under baseline
conditions, despite strong waveform changes
observed at the soma (107). On the other hand,
a sustained envelope of depolarization during
epileptiform events contributes to strong
axonal changes. Such prolonged activity even-
tually results in outright axonal failure, partic-
ularly during bursting activity in pyramidal
neurons (ref. 107; Fig. 4).

Interestingly, Purkinje cell principal neurons
of the cerebellum (which are GABAergic pro-
jection neurons and possess myelinated axons)
exhibit similar axonal changes during pro-
longed activity (108,109). The techniques
allowing these extracellular measurements
from axons to occur simultaneously with
somatic intracellular recording have only
recently been developed, and the mechanisms
and generality of these results remain to be
tested. As mentioned previously, depolariza-
tion likely causes axonal propagation changes
through a complex combination of activation
and inactivation of voltage-gated conduc-
tances. We predict that when subjected to simi-
lar prolonged activity, interneurons of the
hippocampus would not show the same
changes in axonal propagation that principal
cells exhibit.

The morphology of axons certainly plays a
role in propagation. Branch points and axonal

varicosities have long been hypothesized to
influence propagation (boosting) or failure
(branch-point failure). In the hippocampus,
glutamatergic axons have extensive branching
patterns (110). Interneurons vary tremen-
dously in their patterns of axonal branching
(111) and, therefore, might predict variability
in axonal fidelity among interneuron subtypes.
Although branch points in larger diameter
axons have been closely studied for their role
in propagation (112,113), the inaccessibility of
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Fig. 4. Rat CA3 pyramidal cell axons fail to propa-
gate high-frequency spikes during depolarizing
pathophysiological discharges. (A) Simultaneous
intracellular recordings from the soma (A2) and extra-
cellular recording from the axon (A1) enable obser-
vation of propagating spikes in individual axons with
explicit verification of action potential initiation (via
the somatic recording). In depolarizing [K+]o (8 mM)
conditions, initial action potentials elicited by short
(1s) intracellular current injections at the soma prop-
agated with a high degree of reliability (A). Many
CA3 pyramidal neurons responded to this 1 s of
depolarization with a regenerative depolarization
that persisted for approx 25 s after cessation of intra-
cellular current injection. (B) Early in these epilepti-
form events, high-frequency burst-spiking observed
at the soma (B2) resulted in reliable spike propaga-
tion to the axon (B1). (C) Later in these epileptiform
events (approx 25 s), similar burs-spiking in the soma
(C2) failed to result in detectable spikes in the axon
(C1). (See also ref. 105.)



small-diameter fibers in the CNS has pre-
vented direct study of the influence of branch-
points on hippocampal action potential
propagation.

Varicosities have also been proposed as sites
of conduction failure (114). CA3 pyramidal cells
give rise to axons that form many thousands of
en passant-type synapses. These swellings may
influence the propagation of action potentials
down the axon by both the change in passive
properties of the axon and the differential
expression of ion channels in these presynaptic
elements (115,116). The majority of interneurons
do not make en passant synapses (111). If spike
propagation is compromised by the presence of
large numbers of varicosities, then glutamater-
gic axons may be more susceptible to propaga-
tion failure than GABAergic interneuron axons.
However, one intriguing study argued against
the finding that varicosities directly enhance
propagation failures. Increased voltage-gated
Na+-channel density is observed at mossy fiber
terminals; this is a specialized en passant
synapse (115). It is evident that more studies are
needed to investigate the contribution of axonal
morphology to propagation reliability in small
diameter axons.

Propagation failure in glutamatergic fibers
represents the maximal inhibition of down-
stream transmission. However, waveform
changes may occur in the absence of an all-or-
none failure (107). The consequences of such
waveform changes on propagation down the
axon are likely to be quite complex, and more
studies are needed to investigate the effects of
Na+ and K+ channels on spike propagation
with proper control of spike initiation. In cases
where spike waveform is significantly altered
but propagation is maintained, transmitter
output at the presynaptic terminal may still be
strongly affected.

In summary, it is clear that propagating
action potentials in glutamatergic axons are
subject to regulation via waveform modulation
and all-or-none failure. Glutamatergic axons in
the CNS appear to be quite sensitive to alter-
ation of Na+ and K+ conductances, indicating
that action potential propagation in these

axons can be extremely fragile under certain
conditions. Techniques likely to increase our
understanding of spike propagation are being
developed and refined. Single-axon recording,
paired soma/axon recording, and other tech-
niques will likely lead us to greater under-
standing of spike propagation in CNS axons
and may be used to study factors responsible
for fidelity differences in the axons of different
cell types.

Mechanisms of Acute Glutamate Release
Modulation at the Presynaptic Terminal

After an action potential has propagated
down the axon and reached the presynaptic
terminal, several mechanisms may participate
in selective altering of the glutamate output.
Modulation of Ca2+ influx is a common final
pathway for many synaptic modulators. For
example, activation of G protein-coupled
receptors may selectively decrease Ca2+ influx
at some glutamate terminals (117–119). Addi-
tionally, differences in Ca2+-channel subtype
(120,121), Ca2+-channel density near release
sites (122), Ca2+ buffering (111,123), or Ca2+

sensitivity of transmitter release could partici-
pate in selective, acute alterations of transmit-
ter release at different terminals. In addition to
these mechanisms of directly modulating
presynaptic Ca2+, we have found that wave-
form alterations in hippocampal glutamatergic
fibers are likely to reach synaptic terminals and
may account for at least some of the depression
of glutamate release (11,13). Therefore, it is
instructive to review recent studies regarding
how changes in the waveform of the presynap-
tic action potential at model glutamate
synapses influence subsequent Ca2+ influx and
transmitter release.

The waveform of action potentials as they
invade the terminal has been shown to deter-
mine the magnitude and kinetics of Ca2+ tran-
sients (124,125). Therefore, modulating the
waveform of propagating action potentials
modulates Ca2+ entry. Most studies of the influ-
ence of spike width on glutamatergic transmis-
sion have shown that spike broadening is
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associated with increases in Ca2+ entry and
transmitter release (126–129). In some cases, the
increases in Ca2+ entry during spike broaden-
ing did not enhance transmitter release during
sustained activity (125). Other specialized con-
ductances, such as BK and SK Ca2+-activated
K+ channels, have been localized to glutamater-
gic terminals and may counteract spike broad-
ening and increased Ca2+ influx during
sustained activity (106,130,131). Additionally,
Ca2+ influx during sustained activity can be
limited by extracellular Ca2+ depletion (132) or
Ca2+-channel inactivation (133).

Notably, spike broadening in these studies
is produced by blockade of voltage-gated K+

conductances, resulting in widening by pro-
longing the repolarization phase of the spikes.
In light of the depressive synaptic effects of
Na+-channel block, which affect action poten-
tial waveform on the rising phase as well, the
specific spike waveform change (i.e., broaden-
ing on rising or falling phase) may determine
the impact on transmitter release at terminals.
Our most recent work suggests that one of the
most prominent effects of sustained depolar-
ization and activity is a decrease in the rising
phase of the action potential (13,107). It will be
interesting to see whether this particular
mechanism of broadening has different effects
on transmitter release than broadening by K+-
channel inhibitors such as 4-AP. It appears
likely that if rise time slowing is severe
enough to depress spike amplitude, overall
Ca2+ influx may be depressed and transmis-
sion may be dampened.

We recently reported yet another level of
acute control of glutamate release in response
to depolarizing stimuli (134). This mechanism
apparently reflects a change in pr rather than
persistent changes to the RRP or changes to
spike propagation in glutamate axons (134).
We found that up to 80% of available vesicles
at glutamate synapses in cultures of hippocam-
pal neurons expressed strong reluctance to
exocytose in response to 20-Hz action potential
trains. The reluctant vesicles could be
“coaxed” into fusing by driving more Ca2+ into
presynaptic terminals. Similar phenomena of

reluctance have been noted at other glutamate
synapses (135–137) and may be associated
with Ca2+-channel inactivation during stimu-
lus trains (133). GABA synapses in hippocam-
pal cultures apparently do not express the
same reluctance (134). Therefore, there are
multiple mechanisms by which neurons can
exercise acute differential control over gluta-
mate vs GABA release.

Conclusions: Acute Response 
to Depolarization

We have presented some of the factors likely
to account for relative differences in the sensi-
tivity of glutamate vs GABA release to agents
that alter action potential conduction. The dis-
tinction between the responses of glutamate
terminals vs GABA terminals is admittedly
oversimplified. Even within the hippocampus,
there are at least 16 different interneuron
classes, which likely possess different channel
compositions, passive membrane properties,
and transmitter release properties (99,111).
This suggests that variability can be found
among subclasses of neurons in the properties
of action potential propagation and coupling
to transmitter release. Similarly, the precise
rules governing action potential coupling at a
calyceal glutamate synapse in the brain stem
are unlikely to be identical to those governing
release at small en passant synapses within stra-
tum radiatum of hippocampus. Nevertheless,
differential sensitivity to action potential mod-
ulators is found in both hippocampal culture
(11,12) and slices (13), suggesting some gener-
ality. Certainly, the generality of the differences
between glutamate and GABA signaling
reviewed in this article is experimentally
testable.

Overall Conclusions

In summary, this article has focused on
recent work from our own laboratory to sug-
gest presynaptic mechanisms for the persistent
and acute depression of glutamate release
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when neurons are challenged with excessive
excitation. The work fits into a broader context
of research on homeostatic mechanisms regu-
lating neuronal excitability. Although it is not
surprising that neurons are capable of homeo-
statically regulating their communication, we
have been surprised that the level of regulation
has occurred through mechanisms (i.e., presy-
naptic vesicle release and action potential con-
duction) that one might not expect a priori. It is
clear that excessive activity also elicits changes
counterproductive to homeostasis, such as
axonal sprouting of glutamate fibers (138), loss
of inhibitory input (139,140), excitatory actions
of GABA (141), and reverse uptake of gluta-
mate (142). Future therapeutic strategies for
disorders of excessive activity may exploit and
maximize acute and persistent homeostatic
mechanisms such as those described here and
may minimize positive-feedback changes that
would exacerbate damage.
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