abnormality of fibrocytes in the spiral ligament
would be expected to disrupt K™ transport,
leading to depression of the EP. A reduced EP
would explain the elevation of ABR thresholds
in mutants as the receptor potential of hair cells
depends on the magnitude of the EP (15). The
idea that fibrocytes contribute to the generation
or maintenance of the EP is thus strongly sup-
ported by our present finding.

In the past 5 years, 13 human genes have
been identified that are responsible for heredi-
tary nonsyndromic deafness (/6). Mouse mod-
els harboring mutations in the homologous
genes are available for Brn 3.1/Brn-3c and for
the myosin VIIA (shaker 1) and myosin XV
(shaker 2) genes. In all three of these models,
the mice suffer sensorineural deafness because
of defects in sensory hair cells of the inner ear.
Our analysis of Brn-4-deficient mice has indi-
cated that cochlear fibrocytes, which are non-
sensory mesenchymal cells specific to the co-
chlear duct, may also play an important role in
auditory function. Given the high level of Brn-4
expression in fibrocytes, the pathological
changes may be a cell autonomous conse-
quence of Brn-4 deficiency, as is the case for
other members of the POU transcription factor
family (/7). Because the number of fibrocytes
in Brn-4-deficient mice is similar to that in
wild-type mice (9), Brn-4 may be essential for
the differentiation or function of fibrocytes but
not for their survival. The fibrocytes are rich in
Na™ K*-ATPase and the gap junction protein
connexin 26 (/7), which are thought to be
essential for K™ transport, and mutations in the
GJB2 gene encoding connexin 26 have been
shown to be responsible for DFNB1, another
nonsyndromic deafness (/8). Neither GJB2 nor
the Na™ K*-ATPase gene, however, appears to
be a target of Brn-4-mediated regulation, be-
cause Brn-4-deficient fibrocytes showed no
dramatic changes in the expression of either
gene. Identification of Brn-4 target genes in
cochlear fibrocytes may help to elucidate the
role of these cells in auditory function.
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Long-Term Depression in
Hippocampal Interneurons:
Joint Requirement for Pre- and
Postsynaptic Events

Fernanda Laezza,’? James J. Doherty,> Raymond Dingledine?*

Long-term depression (LTD) is a well-known form of synaptic plasticity of
principal neurons in the mammalian brain. Whether such changes occur in
interneurons is still controversial. CA3 hippocampal interneurons expressing
Ca?"-permeable AMPA receptors exhibited LTD after tetanic stimulation of CA3
excitatory inputs. LTD was independent of NMDA receptors and required both
Ca?™ influx through postsynaptic AMPA receptors and activation of presynaptic
mGluR7-like receptors. These results point to the capability of interneurons to
undergo plastic changes of synaptic strength through joint activation of pre-

and postsynaptic glutamate receptors.

LTD and long-term potentiation (LTP) are
activity-dependent forms of synaptic plastic-
ity that have been extensively studied in the

"Neuroscience Graduate Program, 2Department of
Pharmacology, Emory University School of Medicine,
Atlanta, GA 30322, USA.
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hippocampus, neocortex, and cerebellum (7,
2). Most studies related to LTD and LTP have
examined excitatory synapses onto principal
neurons. However, it is important to know
whether the same types of long-term plastic-
ity occur at excitatory synapses onto inter-
neurons. It is clear that long-term plasticity at
certain hippocampal interneurons is passive,
resulting from plasticity of excitatory inputs
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to the principal cells that synapse onto the
interneurons (3, 4); however, other evidence
points toward direct forms of plasticity (5, 6).
Recently, Ca?*-permeable AMPA (a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate) re-
ceptors were shown to mediate synaptic poten-
tiation (7, 8). In some interneurons Ca?™"-per-
meable and Ca?*-impermeable AMPA recep-
tors are localized to different synapses (9, 10),
whereas in other interneurons AMPA receptor
subtypes appear to intermix in different propor-
tions at the same synapses (11, 12).

We performed whole-cell patch-clamp re-
cordings from visually identified CA3 stratum
(st.) radiatum interneurons in thin hippocampal
slices prepared from young rats (/3). Low-
intensity electrical stimulation of the CA3 py-
ramidal cell layer evoked excitatory inputs onto
the nearby interneurons (Fig. 1A). Interneurons
filled with biocytin revealed that their axons
mainly target st. radiatum (Fig. 1B). In these
interneurons, excitatory postsynaptic currents
(EPSCs) can be classified into two broad
groups. Type I EPSCs have an outwardly rec-
tifying or linear current-voltage (/-}") relation,
are insensitive to polyamines, and are mediated
by AMPA receptors with low Ca?™ permeabil-
ity, whereas type II EPSCs are inwardly recti-
fying, are blocked by polyamines, and show a
range of Ca®" permeability that approaches that
of NMDA (N-methyl-D-aspartate) receptors
(10-12, 14, 15). All evoked EPSCs were abol-
ished by 50 uM LY303070, a specific AMPA
receptor antagonist (/6).

High-frequency stimulation of CA3 pyra-

Fig. 1. LTD occurs exclu-
sively at type Il EPSCs. (A)
Type | and type Il EPSCs
evoked at +40 mV (top)
and —70 mV (bottom) in
two different interneu-
rons. (B) Morphological
reconstruction of a typi-
cal biocytin-filled CA3 in-
terneuron. The axon is
displayed as a thinner line
compared with the den-
drite. The inset shows the
position of the cell body
within the st. radiatum
(GC, granule cell layer). In
all 42 st. radiatum inter-
neurons examined, axons
were distributed mainly
within st. radiatum but
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midal cells induces LTP in both CA1 and CA3
pyramidal cells (2, 77). On the basis of the
finding that Ca**-permeable AMPA receptors
may be capable of supporting synaptic potenti-
ation (7, 8), we examined whether type II
EPSCs could mediate any form of synaptic
plasticity. With NMDA receptors blocked (/3),
we applied three trains of high-frequency stim-
ulation (30 pulses; 100 Hz; one train every 10 s)
to the CA3 cell body layer. All type II EPSCs
tested (# = 12 interneurons) showed LTD of
the mean EPSC amplitude [Fig. 1C; analysis of
variance (ANOVA), P < 0.001]. LTD started
immediately after tetanic stimulation. Within 5
min the EPSC amplitude fell to an average
steady-state level of 53 * 7% of pretetanus
control, which persisted up to 60 min after
tetanus.

In contrast, none of the type I EPSCs (n =
10 interneurons) showed LTD after tetanus
(Fig. 1C), but transient potentiation was ob-
served in some cases (/8). Two cells with
EPSCs of intermediate rectification showed
either LTD or no change in response to the
tetanus (Fig. 1D, triangles) and were exclud-
ed from further analysis. A 50-uM concen-
tration of LY303070 abolished EPSCs occur-
ring within the tetanic trains (n = 3), ruling
out the possibility of a substantial contribu-
tion of kainate receptor activation to LTD.

The finding that LTD occurred only in in-
terneurons with EPSCs that had low rectifica-
tion ratios (r.r. < 0.5; Fig. 1D) (/5) suggests
that Ca®* entry through AMPA receptors may
be required for LTD. If so, LTD should be
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the hilus or dentate gyrus
as in this cell Two or
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drites arose from a multipolar, bipolar, or fusiform cell body; dendrites branched proximally and ran primarily
radially. These cells correspond most closely to Schaffer collateral-associated interneurons (33). (C) Tetanic
stimulation was delivered to CA3 synaptic inputs at the arrow while type Il (open circles) and type | EPSCs
(solid circles) were recorded. Each point is the mean = SEM of evoked EPSCs from 12 type Il or 10 type |
synapses. (D) Posttetanic EPSC amplitude measured 10 min after tetanus is expressed as a function of the
rectification ratio (r.r.) of the interneuron (75). Type Il EPSCs are inwardly rectifying with r.r. < 0.5 (open circles)
and depress after tetanic stimulation. Type | EPSCs have linear or outwardly rectifying /-V relations and show
either transient potentiation (78) or no effect (solid circles). Two cells with intermediate r.r. are shown as open

triangles.

prevented by (i) polyamine antagonists that se-
lectively block GluR2-lacking AMPA recep-
tors, (ii) depolarization of the interneuron dur-
ing the tetanus to reduce Ca?™ influx, and (iii)
perfusion of the interneuron with BAPTA (to
chelate tetanus-induced Ca?™ influx).

First, we tested whether type II EPSCs
could be selectively blocked by polyamines
(11, 19). An inwardly rectifying EPSC was
largely blocked by N-(4-hydroxyphenylpropa-
nyl)-spermine (NHPP-SP) (Fig. 2, A and C). In
contrast, an EPSC with a linear /-V relation
was unaffected by the same drug (Fig. 2, B
and D). The effectiveness of NHPP-SP and of
Joro spider toxin (JSTX) was inversely cor-
related to the rectification ratio (/5), showing
a maximal block of EPSCs having a very low
rectification ratio (Fig. 2E) (11, 19). To es-
tablish whether inwardly rectifying AMPA
receptors were necessary for LTD induction,
we delivered trains of stimuli that elicited
type II EPSCs in the presence of 10 or 30 uM
NHPP-SP. Both concentrations of the poly-
amine completely blocked LTD (Fig. 2F;
ANOVA, P < 0.05, n = 5).

LTD requires an inward flux of ions, be-
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ﬁ
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(% control)

% block by polyamines
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Rectification Ratio

Fig. 2. Polyamine sensitivity of CA3 inputs and
LTD. (A) CA3-evoked type Il EPSCs at —70 mV
are reduced by 10 wM NHPP-SP. (B) CA3-
evoked type | EPSCs in a different cell are
unchanged at —70 mV in the control (left) and
in the presence of 10 uM NHPP-SP. (C and D)
I-V relations of EPSCs from the same interneu-
rons as (A) and (B) before (solid circles) and
after perfusion with 10 uM NHPP-SP (open
circles). (E) Percent block of EPSC by poly-
amines (8 to 10 uM JSTX or 1 to 10 pM
NHPP-SP; holding potential = —70 mV) is
inversely related to the rectification ratio. (F)
Type Il EPSCs recorded after tetanic stimulation
in the presence of NHPP-SP (10 to 30 pM)
(hatched bar) are displayed as percentage of
pretetanic control. For comparison, posttetanic
type | EPSCs (black bar) and type Il (gray bar)
EPSCs are also shown (*P < 0.001, by analysis
of variance post hoc Bonferroni).
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cause clamping at +40 mV during the tetanic
train prevented LTD induction (Fig. 3A). A
subsequent tetanic stimulation delivered at
—70 mV, as for control conditions, produced
LTD in the same cells (second arrow in Fig.
3A). This result suggests that a postsynaptic
event must be involved in the LTD mecha-
nism, but additional presynaptic contribu-
tions are not ruled out.

We used the intracellular Ca®>* chela-
tor BAPTA [1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid] to determine wheth-
er postsynaptic Ca®>* influx through inwardly
rectifying AMPA receptors is necessary for
LTD induction. Inclusion of 10 mM BAPTA in
the recording solution prevented LTD in three
of six neurons expressing type II synapses and
delayed LTD onset in the other three cells. A
30-mM concentration of BAPTA abolished
LTD (Fig. 3B). After tetanic stimulation,
EPSCs were 98 * 5% of control with 30 mM
BAPTA in the pipette (» = 5), compared with
57 * 4% of control in the absence of BAPTA
(n = 12) (P < 0.05). Although 10 mM BAPTA
often is sufficient to block Ca®*-mediated plas-
ticity, 30 to 50 mM BAPTA is needed to block
plasticity at some synapses (20). A high con-
centration of BAPTA might be required, for
example, if the site of action of the intracellular
Ca?" is near the mouth of the AMPA receptor
channel, or if a low concentration of internal
Ca?* is sufficient to trigger LTD (21).

The synaptic failure rate increased after tet-
anus in type II EPSCs (28% in control com-
pared with 51% after tetanus, P < 0.001, paired
t test, n = 5; Fig. 3E), but the mean amplitude
of the EPSCs in successful stimulus trials re-

Fig. 3. Postsynaptic A
Ca®* influx and failure
rate in LTD. (A) Depo-
larization blocks LTD.
Type Il EPSCs normal-
ized to pretetanic con-
trol period are shown.
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mained constant after tetanus (102 = 2% of
control, n = 3, Fig. 3C, D). The (coefficient of
variation) ™2 of evoked EPSCs (including fail-
ures) was reduced to 63 = 11% of control in
LTD (n = 12), indicative of reduced quantal
content. These findings are consistent with, but
do not prove (22), a reduction in the probability
of transmitter release from presynaptic termi-
nals in LTD.

We next investigated the role of presynaptic
mGluR receptors in LTD. CA3 inputs to st.
radiatum interneurons were not significantly re-
duced by a high concentration (30 wM) of the
selective agonist for group II mGluRs, 2R,4R-
4-aminopyrrolidine-2,4-dicarboxylate (APDC)
(Fig. 4A, n = 10), indicating that group II
receptors (mGIluR2, mGluR3) are absent or in-
effective at these terminals. This finding also
confirms that the inputs studied are not from
mossy fibers (3, 9).

Among the group III mGluRs, mGluR6
appears to be absent in the hippocampus and
mGluR4 is expressed mainly in CA2 (23),
whereas mGIluR7 and mGluRS8 are heavily
expressed by CA3 pyramidal neurons (24,
25). The mGluR7 receptors appear to be ex-
clusively localized to presynaptic terminals in
the hippocampus, predominantly at synapses
onto interneurons (24, 26). We thus hypoth-
esized that either mGIluR7, mGluRS, or both
mediate presynaptic inhibition at both type I
and type II synapses. The group Ill-selective
agonist L-(+)-2-amino-4-phosphonobutyric
acid (L-AP4) has a median effective concen-
tration of 0.4 to 1.2 M for mGIuR8 and 160
to 500 pM for mGIluR7 (27). A 3-uM con-
centration of L-AP4 did not depress synaptic

At the first arrow, te-
tanic stimulation was
delivered while inter- c
neurons were clamped
at +40 mV (n = 4). At
the second arrow, te-
tanic stimulation was
delivered in standard
conditions while the
cells were clamped at
—70 mV (n = 3). (B)
Type Il EPSCs of inter-
neurons loaded with
30 mM BAPTA do not
express LTD (n = 5).
(C) Type Il EPSC ampli-
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tude before and after tetanic stimulation (arrow). After the stimulus trains, EPSC amplitude was
unchanged but failure rate increased from 23% to 37%. (D) Amplitude histogram of EPSCs [from
cell of (C)] expressed as percentage of events in control (gray) and after tetanus (black). To the
right, averages of 20 EPSCs (nonfailures aligned on rising phase) before and after tetanus show that
EPSC kinetics and amplitude were similar after LTD was established. Mean EPSC amplitude

(nonfailures) was 20.8 + 0.9 pA before and 19

.7 £ 0.8 pA after the tetanus. EPSCs are offset

vertically for clarity. (E) LTD was associated with an increase in percentage of failures of type Ii
EPSCs. Each cell is represented by a different symbol (con, control).
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transmission at either type I or type II syn-
apses, suggesting that mGluR8 receptors do
not influence transmitter release at these syn-
apses. However, both type I and type II
EPSCs were depressed by 1 mM L-AP4,
consistent with activation of mGIuR?7 at these
synapses (Fig. 4A). L-AP4 at 1| mM increased
the incidence of synaptic failures (20% in
control compared with 48% in L-AP4, P <
0.001, paired ¢ test, n = 6), consistent with a
presynaptic localization of mGIuR7 (24-26).

We then investigated whether activation of
group III mGluRs was necessary to produce
LTD. The group II and group III antagonist
LY341495 [25-2-amino-2-(1S,25-2-carboxycy-
clo-pro-1-yl)-3-(xanth-9-yl) propanoic acid] is
active at submicromolar concentrations against
recombinant mGluR7 receptors (28) and blocks
the effect of group II-selective mGluR ago-
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Fig. 4. Metabotropic glutamate receptor in-
volvement in LTD. (A) Effect of 30 uM APDC
(n = 10, black bar) or L-AP4 (3 wM or 1 mM,
respectively, gray bar, n = 6, or hatched bar,
n = 10) on type | and type Il EPSCs, expressed
as a percentage of EPSC amplitude in the con-
trol period before exposure. Data on types | and
Il EPSCs were pooled because drug effects were
similar (*P < 0.001). (B) The group Il/lll-selec-
tive antagonist LY341495 (500 nM):blocked
LTD without affecting transmission at low
stimulus frequency (n = 3 interneurons with
mean rr. = 0.3 = 0.1). EPSC amplitude is
expressed as a percentage of pretetanic control.
At the arrow, tétanic stimulation was delivered.
(€) EPSCs normalized to the highest amplitude
EPSC occurring during 100-Hz trains are plotted
in relation to the number of pulses during the
train in the absence (solid circles, n = 8) or
presence (open circles, n = 5) of 500 nM
LY341495. Data are pooled from type | and
type Il EPSCs.
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nists in substantia nigra slices at a concentration
of 500 nM (29). LY341495 at 500 nM prevent-
ed LTD but had no effect on synaptic transmis-
sion in the pretetanic control period (Fig. 4B),
suggesting a role for presynaptic mGluR7 in
LTD. To test whether mGluR?7 receptors mod-
ulate the probability of release during the stim-
ulus train, we examined the effect of LY341495
on EPSCs elicited by each stimulus during the
100-Hz train. The normal rapid decay of EPSC
amplitude observed during 100-Hz trains was
not changed by LY341495 (Fig. 4C). Because
LTD was blocked by 500 nM LY341495, a
presynaptic signaling pathway, likely to involve
mGIuR7 receptors, appears necessary for LTD
to occur. Group II mGluRs appear necessary for
LTD at other hippocampal synapses involving
principal neurons (30). Taken together, these
results point to a major role for presynaptic
metabotropic receptors in long-term synaptic
plasticity, with mGluR2 and mGluR7 regulat-
ing excitatory inputs onto principal neurons and
hippocampal interneurons, respectively.

A subset of hippocampal inhibitory inter-
neurons is thus capable of undergoing LTD
of excitatory inputs that requires activation of
both postsynaptic AMPA receptors and pre-
synaptic mGluR7-like receptors. Both types I
and IT EPSCs are depressed by 1 mM L-AP4,
although LTD occurs only at type II syn-
apses, reinforcing the need for joint pre- and
postsynaptic receptor activation. Entry of
Ca?* through AMPA receptors might trigger
a synaptic shape change that enables access
of released glutamate to presynaptic mGluR7
receptors, or cause release of a retrograde
message that cooperates with presynaptic
mGluR7 activation to suppress transmitter
release. High-frequency stimulation of CA3
pyramidal cells can induce either LTP, LTD,
or no changes in synaptic strength, depending
on the postsynaptic target (2, 3, 6, 17). Het-
erogeneity of postsynaptic receptors as well
as presynaptic terminal properties are thus
key for the sign and magnitude of synaptic
plasticity at different targets.
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