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�-Opioid receptors (�ORs) are selectively expressed on interneurons in area CA1 of the hippocampus. Fast-spiking, parvalbumin-
expressing, basket cells express �ORs, but circumstantial evidence suggests that another major, unidentified, GABAergic cell class must
also be modulated by �ORs. Here we report that the abundant, dendritically targeting, neurogliaform family of cells (Ivy and neuroglia-
form cells) is a previously unrecognized target of direct modulation by �ORs. Ivy and neurogliaform cells are not only numerous but also
have unique properties, including promiscuous gap junctions formed with various interneuronal subtypes, volume transmission, and the
ability to produce a postsynaptic GABAB response after a single presynaptic spike. Using a mouse line expressing green fluorescent
protein under the neuropeptide Y promoter, we find that, across all layers of CA1, activation of �ORs hyperpolarizes Ivy and neuroglia-
form cells. Furthermore, paired recordings between synaptically coupled Ivy and pyramidal cells show that Ivy cell terminals are dra-
matically inhibited by �OR activation. Effects in Ivy and neurogliaform cells are seen at similar concentrations of agonist as those
producing inhibition in fast-spiking parvalbumin basket cells. We also report that Ivy cells display the recently described phenomenon of
persistent firing, a state of continued firing in the absence of continued input, and that induction of persistent firing is inhibited by �OR
activation. Together, these findings identify a major, previously unrecognized, target of �OR modulation. Given the prominence of this
cell type in and beyond CA1, as well as its unique role in microcircuitry, opioid modulation of neurogliaform cells has wide implications.

Introduction
Opioids include endogenous opioids, as well as therapeutic
agents and drugs of abuse, such as morphine and heroin. Acute
and chronic opioid administration affects CA1 function and plas-
ticity (Mansouri et al., 1997; Wagner et al., 2001), and the hip-
pocampal � opioid receptor (�OR) system is altered in epilepsy
and Alzheimer’s disease (Gall, 1988; Meilandt et al., 2008;
Cuellar-Herrera et al., 2010).

In CA1, �ORs are selectively expressed on interneurons
(Drake and Milner, 1999), and activation of �ORs thus disinhib-
its the network, altering CA1 integration of Schaffer collateral
and temporo-ammonic inputs (McQuiston, 2011). It has been
shown that �ORs are expressed preferentially on perisomatically
projecting interneurons (Svoboda et al., 1999), specifically parv-
albumin (PV) positive, fast-spiking (FS), basket cells (Drake and
Milner, 2002; Neu et al., 2007; Glickfeld et al., 2008). However,
evidence suggests that another, unidentified class of interneurons
must also express �ORs. For example, in the presence of aga-
toxin, which blocks neurotransmission from PV basket cells
(Hefft and Jonas, 2005; Lee and Soltesz, 2011), GABAA-mediated

inhibition remains �OR sensitive (Lafourcade and Alger, 2008).
Furthermore, the unidentified �OR-expressing neurons are
likely dendritically targeting, because �OR modulation of inhi-
bition is seen in all layers of CA1 (McQuiston, 2008). A final clue
as to the identity of this cell group is that �OR activation reduces
GABAB-mediated inhibition, even more so than it does GABAA

(Lafourcade and Alger, 2008).
The only interneuron type shown to evoke a GABAB-mediated

response after a single presynaptic spike is the dendritically project-
ing neurogliaform cell (NGF) (Tamás et al., 2003). NGFs also
uniquely produce a slow GABAA postsynaptic response, show vol-
ume transmission, and are connected by gap junctions to each other
and other types of interneurons (Price et al., 2005; Simon et al., 2005;
Zsiros and Maccaferri, 2005; Krook-Magnuson and Huntsman,
2007; Szabadics et al., 2007; Oláh et al., 2009; Armstrong et al., 2011).
The thin axons of NGFs form a dense local plexus, and, in CA1,
NGFs are often located at the border of the stratum lacunosum-
moleculare (SLM). NGFs receive excitatory input from both CA3
and entorhinal cortex and provide feedforward inhibition to local
principal cells (for review, see Capogna, 2010).

Ivy cells are a closely related cell type; similar to NGFs, Ivy cells
are late spiking, express neuropeptide Y (NPY), and have thin
axons that form a dense local plexus (Fuentealba et al., 2008).
Unlike NGFs, Ivy cells are located in or near stratum pyramidale
(SP), target proximal (rather than distal) dendrites, and do not
express reelin (Fuentealba et al., 2008, 2010). Together, Ivy and
NGF cells are the most abundant interneuron class in CA1, com-
prising 37% of GABAergic cells (Fuentealba et al., 2008), and are
found throughout the hippocampal formation (Szabadics and
Soltesz, 2009; Szabadics et al., 2010; Armstrong et al., 2011).
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Here we report that NGF and Ivy cells are a major, novel target
of opioid modulation. �ORs inhibit NGF and Ivy cells by activa-
tion of a hyperpolarizing current and nearly abolish neurotrans-
mission from Ivy cells. Finally, we demonstrate that Ivy cells
display persistent firing (Sheffield et al., 2011) and that induction
of persistent firing is also inhibited by �OR activation.

Materials and Methods
Our experimental protocols were approved by the Institutional Animal
Care and Use Committee of the University of California, Irvine.

Electrophysiological recordings. Transverse hippocampal slices were
prepared from mice or Wistar rats (except when noted, postnatal day
19 –36, both sexes) deeply anesthetized with isoflurane. Slices were pre-
pared in ice-cold sucrose solution and incubated at 33°C for 1 h before
being transferred to room temperature. The sucrose solution contained
the following (in mM): 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 1.25
NaH2PO4, 4 MgCl2, 0.5 CaCl2, and 24 NaHCO3. All recordings were
done at 36 � 0.5°C in artificial CSF (recording ACSF) containing the
following (in mM): 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH2PO4, 2
MgCl2, 2 CaCl, and 26 NaHCO3. Slices were visualized with an upright
microscope (Eclipse FN-1; Nikon) with infrared (750 nm) Nomarski
differential interference contrast optics (Nikon 40� near-infrared Apo
N2 NA0.8W WD3.5 objective with 1.5� magnification lens). This mi-
croscope was additionally equipped with a mercury or xenon lamp light
source for epifluorescence. Recordings from interneurons were made
using pipettes filled with an intracellular solution containing the follow-
ing (in mM): 90 potassium gluconate, 43.5 KCl, 1.8 NaCl, 1.7 MgCl2, 0.05
EGTA, 10 HEPES, 2 Mg-ATP, 0.4 Na2-GTP, 10 phosphocreatine, and 8
biocytin, pH 7.2 (270–290 mOsm; pipette resistance, 3–4.5 M�). Record-
ings from pyramidal neurons were made using pipettes filled with the fol-
lowing intracellular solution (in mM): 40 CsCl, 90 K-gluconate, 1.8 NaCl, 1.7
MgCl2, 3.5 KCl, 0.05 EGTA, 10 HEPES, 2 MgATP, 0.4 Na2GTP, 10 phos-
phocreatine, and 8 biocytin, pH 7.2 (270–290 mOsm). For paired recordings
between Ivy cells and postsynaptic pyramidal cells, cells were patched in a
modified ACSF solution (in mM): 3.5 KCl, 10 glucose, 130 NaCl, 1
NaH2PO4, 24 NaHCO3, 4.3 MgSo4, and 0.15 CaCl. In these instances, im-
mediately after whole-cell configuration was achieved, recording ACSF
(above) was allowed to wash on for 5–10 min before recordings began.

The following drugs were bath applied as noted in Results: DAMGO
([D-Ala 2, NMe-Phe 4, Gly-ol 5]-enkephalin; Tocris Bioscience; catalog
#1171), CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2; Tocris
Bioscience; catalog #1560), tetrodotoxin (TTX; Tocris Bioscience; cata-
log #1078), and Deltrophin II ([D-Ala 2]-Deltorphin II; Tocris Biosci-
ence; catalog #1180).

After establishing whole-cell configuration, the firing pattern of recorded
cells was examined by applying hyperpolarizing and depolarizing current
steps of increasing amplitude (20 pA increase in step size per sweep, 1 s
duration, one sweep every 3 s). This cell-typing step was omitted in paired
recordings; the cell-type identity of GFP or Tomato-positive cells from
paired recordings was based on morphology. Adaptation ratio and contin-
uous firing frequency were calculated for the first depolarizing step, produc-
ing a full sweep of action potentials. Adaptation ratio was defined as the
average of the last three interspike intervals (ISIs) of the sweep, divided by the
first ISI.

Similar to Sheffield et al. (2011), two protocols were used to study
persistent firing. First, cells were selected that showed persistent firing
during a protocol of increasing step sizes (20 pA increase in step size per
sweep, 1 s step duration, 3 s intersweep interval). Then, a second protocol
was used, which consisted of current steps of a constant size (1 s step
duration, 4 s intersweep interval). The size of this current step was ad-
justed to each individual cell and was based on the step size for which
persistent firing was induced during the initial protocol. When persistent
firing was induced multiple times (e.g., when studying the effect of
DAMGO on persistent firing), we waited 3 min before reapplying this
stimulation protocol (Sheffield et al., 2011). During this wait time, the
cell was voltage clamped at �60 mV.

When examining the effect of drugs on the baseline holding current
(recordings in voltage-clamp mode), cells were voltage clamped at �60

mV. Before examining the effect of drugs on membrane potential (re-
cordings in current-clamp mode), cells were brought to a baseline mem-
brane potential of �60 mV by injection of steady-state current. For
paired recordings, the membrane potential of the presynaptic cell was
continuously adjusted to maintain a membrane potential near �65 mV,
and action potentials were generated by injecting an additional 2-ms-
long, 1000 –1500 pA of current once every 5 s. Preliminary studies
showed a stable postsynaptic response at this stimulation frequency. The
postsynaptic cell was voltage clamped at �60 mV, and series resistance
was monitored by small (5 mV) hyperpolarizing current steps; record-
ings were discarded if the series resistance changed �25%. Amplitudes of
postsynaptic responses given are the average of consecutive sweeps, re-
ferred to as euIPSCs [effective unitary IPSCs, i.e., events including both
successes and failures (Neu et al., 2007)].

Transgenic mouse strains. To target NPY-expressing interneurons for
patch-clamp recordings, we used a commercially available mouse line
expressing humanized Renilla GFP (hrGFP) under the NPY promoter
B6.FVB-Tg(Npy-hrGFP)1Lowl/J [The Jackson Laboratory stock
#006417 (van den Pol et al., 2009)]. Mice were phenotyped at birth
using GFsP-5 (miner’s lamp goggles) from Biological Laboratory
Equipment, Maintenance, and Service. These mice are referred to as
“NPY–GFP” in this manuscript.

To target PV-expressing interneurons for patch-clamp recordings,
we crossed a commercially available PV-Cre line [B6;129P2-
Pvalbtm1(cre)Arbr/J; The Jackson Laboratory stock #008069 (Hippenmeyer
et al., 2005)] with a commercially available red reporter line [B6;129S6-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; The Jackson Laboratory stock
#007905 (Madisen et al., 2010)], to produce mice expressing the red fluores-
cent protein tdTomato in PV-expressing cells. These offspring are referred to
as “PV–TOM” in this manuscript.

As described in the text, for a subset of experiments, these PV–TOM
mice were then crossed with NPY–GFP mice, producing mice in which
GFP was expressed in NPY-expressing neurons and in which tdTomato
labeled PV-positive neurons.

When noted, to test the specificity of DAMGO action, homozygote
�OR knock-out mice were used [B6.129S2-Oprm1tm1Kff/J; The Jackson
Laboratory stock #007559 (Matthes et al., 1996)].

Anatomical methods. After the recordings, slices were fixed in 0.1 M

phosphate buffer containing 4% paraformaldehyde and 0.1% picric acid
for 2 d at 4°C. For immunocytochemistry, after fixation, slices were re-
sectioned at 60 �m. Sections were then incubated with one (mouse or
rabbit) or two (one mouse, one rabbit) of the following primary antibod-
ies raised against neuronal nitric oxide synthase (nNOS) (1:1000 rabbit
anti-nNOS), PV (Swant PV28, 1:1000, polyclonal rabbit or Sigma P3088,
1:2000, monoclonal mouse), or reelin (Millipore MAB536, monoclonal
mouse, 1:1000) overnight in 0.5% Triton X-100 and 2% normal goat
serum containing TBS buffer at 4°C. Immunoreactions were revealed
using appropriate Alexa Fluor 488-, Alexa Fluor 594-, or Dylight-649-
conjugated secondary goat antibodies against rabbit or mouse IgGs, and
biocytin staining was revealed using Alexa Fluor 350-conjugated strepta-
vidin. After determining the immunoreactivity of the recorded cells,
some sections were further processed to reveal the fine details of the
morphology of the cells using the conventional diaminobenzidine
(DAB) staining method. Briefly, after washing in phosphate buffer, en-
dogenous peroxidase activity was blocked with 1% H2O2. After another
wash, sections were incubated with ABC reagent (Vectastain ABC Elite
kit, 1:500; Vector Laboratories) in 0.1% Triton X-100-containing buffer
for 1 h at room temperature. Sections were preincubated with DAB and
NiCl2, and the reactions were developed with 0.2% H2O2 for 3–10 min.
Sections were dehydrated (50, 70, 90, and 95%; absolute ethanol and
CitriSolv solutions) on slides and mounted using DPX mounting me-
dium (Electron Microscopy Sciences). For recordings with presynaptic
PV basket cells, resectioning was omitted, slices were incubated for 2–3 h
in ABC reagent and preincubated with DAB and NiCl2 for 15 min, and an
additional 100% ethanol dehydration step was included. Cells were visu-
alized with epifluorescence or conventional transmitted light microscopy
(Axioskop 2; Carl Zeiss). The axonal arbors and the dendrites of cells
were drawn with camera lucida using a 100� objective.
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Statistical analysis. Data and statistical analysis was done using Clamp-
fit 9, OriginPro 8, and Microsoft Excel 2007. Unless otherwise noted,
paired or unpaired (as appropriate) two-tailed Student’s t tests were
used. In cases in which data did not show a normal distribution (i.e.,
failed the Shapiro–Wilk test), Wilcoxon’s signed rank or Mann–Whitney
tests for paired and unpaired data, respectively, were used. ANOVAs
were followed by Tukey’s tests for mean comparisons. Data are presented
as mean � SEM.

Results
Ivy and NGF cells express NPY (Price et al., 2005; Fuentealba et
al., 2008). To target these cells for whole-cell patch-clamp record-
ings, we used NPY–GFP mice [described in Materials and Meth-
ods (van den Pol et al., 2009)]. Ivy and NGF cells could be
distinguished from other NPY-expressing cells by (1) general
morphology visible under both DIC and fluorescence, (2) firing
pattern, (3) immunocytochemistry, and (4) axon location and
morphology. Specifically, Ivy and NGF cells had small, round or
oval somata (typically 10 –20 �m in diameter under DIC) and a
multipolar morphology (viewed under fluorescence). These cells
typically displayed a late-spiking (LS) firing pattern, with (1) little
to no “sag” in response to hyperpolarizing current steps, (2) a
slow depolarizing ramp near threshold, with delayed action po-
tentials (i.e., late spiking), and (3) regular spiking action poten-
tials at suprathreshold current injections [adaptation ratio,
1.28 � 0.08; continuous firing frequency in response to a depo-
larizing current step, 20.7 � 1.5 Hz (Ascoli et al., 2008)]. Ivy and
NGF cells often express nNOS but not cholecystokinin (CCK) or
PV (Price et al., 2005; Fuentealba et al., 2008; Tricoire et al.,
2010). Finally, Ivy and NGF cells have thin axons that form a
dense, local plexus (Fig. 1A,B). Except when noted, all Ivy and
NGF cells included in this study were filled with biocytin and
recovered for post hoc analysis.

NPY-expressing Ivy and neurogliaform cells are modulated
by �-opioid receptors
Using hippocampal slices from NPY–GFP mice, we recorded
from GFP-expressing Ivy and NGF cells throughout CA1. Bath
application of the �OR agonist DAMGO (1 �M) produced robust
outward currents in these cells (all layers combined, 26.5 � 2.2
pA, p � 0.05 � 10�9, n � 23 cells). In contrast to NGFs, Ivy cells
are located in or near the SP and rarely express the cellular marker
reelin (Fuentealba et al., 2008, 2010). We therefore compared the
DAMGO-induced shifts in reelin-positive NPY-LS cells (neuro-
gliaform) and reelin-negative NPY-LS cells (Ivy cells). There was
no difference between these cell groups, indicating that both are
equally inhibited by �OR (reelin negative, 25.7 � 4.2 pA, n � 12;
reelin positive, 25.5 � 5.4 pA, n � 5; p � 0.98; Fig. 1C). NPY-LS
cells may also be subdivided by nNOS immunoreactivity and
developmental origin (Tricoire et al., 2010). We therefore also
compared nNOS-positive NPY-LS and nNOS-negative NPY-LS
cells. There was also no difference between these groups (nNOS
positive, 20.6 � 1.3 pA, n � 7; nNOS negative, 28.3 � 3.7 pA, n �
11; p � 0.07). We further compared DAMGO responsiveness be-
tween NPY-LS cells based on the location of their soma. There was
no difference in DAMGO responsiveness between CA1 layers [stra-
tum oriens (SO), 32.1 � 2.3 pA, n � 4; SP, 19 � 2.3 pA, n � 6;
stratum radiatum, 30.8 � 5.5 pA, n � 7; SLM, 25.1 � 3.6 pA, n � 6;
p � 0.15, ANOVA]. In a separate set of experiments, DAMGO in-
duced shifts in the presence of 1 �M TTX (26.8 � 6.9 pA, n � 7 cells,
p � 0.01; Fig. 1C), suggesting a direct effect of DAMGO on �ORs.

These recordings were all done in juvenile mice. To examine
whether these findings of �OR modulation of NPY-LS cells ex-

tended to adults, we additionally recorded from an adult male
NPY–GFP mouse (postnatal day 214). NPY-LS cells, across all
layers, still showed strong DAMGO-induced shifts in holding
current (31.7 � 3.4 pA, n � 5 cells, p � 0.05; Fig. 1C).

Although DAMGO is a selective �OR agonist (Handa et al.,
1981; Raynor et al., 1994), we confirmed the specificity of
DAMGO application on �ORs by applying the �OR-selective
antagonist CTAP (Pelton et al., 1986). Because the DAMGO-
induced shift desensitized (Fig. 1D), for these control experi-
ments, we preapplied CTAP. When 500 nM CTAP was
preapplied, DAMGO failed to induce a shift in holding current
(2.2 � 1.4 pA, n � 7 cells, p � 0.17; Fig. 1C). CTAP alone had no
effect on baseline holding currents (�0.57 � 3.2 pA, n � 7 cells,
p � 0.86; Fig. 1C), indicating little or no tonic inhibition by �OR
of NPY-LS cells under these recording conditions.

To further confirm that the observed effect of DAMGO was
mediated by �ORs, we recorded from Ivy and NGF cells in slices
taken from �OR knock-out mice (Matthes et al., 1996). DAMGO
had no effect on holding current for these cells (0.1 � 2.3 pA, n �
5 cells, p � 0.97; Fig. 1C).

A subpopulation of NPY-expressing cells expresses the
�-opioid receptor (�OR) (Williams et al., 2011). To test the
possibility that these include the neurogliaform family of cells
in CA1, we tested the �OR agonist Deltorphin II on NGF and
Ivy cells. Deltorphin II (1 �M) produced no baseline shift in
these cells (1.3 � 3.1 pA, n � 6 cells, p � 0.69), indicating that
these cells do not express �ORs.

Ivy and NGF cells are affected by similar concentrations of
DAMGO as PV basket cells, but DAMGO produces a smaller
hyperpolarization in Ivy and NGF cells
It has been reported previously that FS, PV-expressing, basket
cells in CA1 are strongly modulated by the �-opioid agonist
DAMGO, whereas only occasional regular spiking (RS), CCK-
expressing basket cells are DAMGO sensitive (Neu et al., 2007;
Glickfeld et al., 2008). To target PV-expressing basket cells, we
used an additional strain of mice, expressing a red fluorescent
marker, tdTomato, in PV expressing cells (PV–TOM; details in
Materials and Methods). Because other, non-basket cell types can
also express PV (Freund and Buzsáki, 1996), PV–TOM recorded
cells were recovered for post hoc analysis of morphology, and only
those showing a perisomatic-targeting, basket morphology were
included in this study. DAMGO (1 �M) produced hyperpolariz-
ing shifts in the membrane potential in both Ivy/NGF cells and
PV basket cells (Ivy/NGF, 6.6 � 0.8 mV, n � 21 cells, p � 0.01 �
10�5; PV basket, 11.3 � 1.2mV, n � 6 cells, p � 0.001). On
average, shifts were larger in PV basket cells, but there was a large
degree of overlap (Ivy/NGF range, 2–15 mV; PV basket range,
7–15 mV; Ivy/NGF vs PV basket, p � 0.01; Fig. 2A–C). To ensure
that the background strains were not a confounding factor, we
crossed the NPY–GFP and PV–TOM lines and performed addi-
tional recordings from Ivy/NGF and PV basket cells from animals
resulting from this cross. There was no difference between Ivy/
NGF cells collected from these two lines, nor was there any dif-
ference between strains for PV basket cells (Ivy/NGF, NPY–GFP
vs cross, p � 0.73, Mann–Whitney test; PV basket, PV–TOM vs
cross, p � 0.55; Fig. 2C).

The effect of DAMGO on both cell populations (Ivy/NGF and
PV basket) was also compared for recordings made in voltage-clamp
mode. In this case, the difference between Ivy/NGF and PV basket
cells was more obvious, with no overlap between populations (Ivy/
NGF range, 10–52 pA, n � 23; PV basket range, 124–207 pA, n � 5;
Fig. 2D,E). The larger differences seen between DAMGO shifts in
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Ivy/NGF and PV basket cells in voltage-
clamp over current-clamp recordings is
likely to be in part attributable to differences
in input resistance between the two popula-
tions, which also had non-overlapping dis-
tributions (Ivy/NGF range, 155–395 M�;
PV basket range, 51–120 M�; Ivy/NGF vs
PV basket, p � 0.01 � 10�5; Fig. 2E).

We additionally recorded from PV bas-
ket cells and Ivy/NGF cells in rat. As in
mouse, these cells showed significant shifts
in baseline holding current in the presence
of 1 �M DAMGO (Ivy/NGF, 53.7 � 7.1 pA,
n � 12 cells, p � 0.01 � 10�2; PV basket,
197.0 � 30.0 pA, n � 4 cells, p � 0.01; Fig.
2D). Also, as in mouse, rat PV basket cells
showed significantly greater shifts com-
pared with rat Ivy/NGF cells and signifi-
cantly smaller input resistances (Ivy/NGF vs
PV basket baseline shifts, p � 0.01 � 10�3;
Ivy/NGF vs PV basket Rin, p � 0.01 � 10�4;
Fig. 2D,E). Again, as in mouse, these were
non-overlapping distributions. We also
found that, for both cell types, DAMGO in-
duced greater shifts in rat than in mouse. A
two-way ANOVA, with species as a factor 1
and cell type as factor 2, revealed an effect of
both species (mouse vs rat) and cell type
(Ivy/NGF vs PV basket), but no statistical
interaction between factor 1 and factor 2,
indicating that a similar difference in base-
line shift between cell types is maintained
across species (both cell types “scale-up”
similarly in rat; Fig. 2D).

Finally, to compare sensitivity to ligand,
we constructed dose–response (concentra-
tion–response) curves for both Ivy/NGF
and PV basket cells. To avoid complications
attributable to desensitization, each cell was
tested at only one dose. Responses were nor-
malized to the average 1 �M effect per cell
type. There was no difference between Ivy/
NGF and PV basket dose–response curves
(p � 0.84, F test; Fig. 2F). Therefore, al-
though there is cell-to-cell variability, at
the population level, DAMGO has a sim-
ilar potency relative to each Emax (Ivy/
NGF EC50, 0.04 �M; PV basket EC50, 0.06
�M) but a different efficacy (Ivy/NGF
Emax, 26.5 � 2.2 pA; PV basket Emax,
158.3 � 14.7 pA; Fig. 2D).

Figure 1. Ivy and neurogliaform cells are modulated by �ORs. Ivy and neurogliaform cells were targeted for recordings using
an NPY–GFP mouse line. A, A reconstructed Ivy cell (left) whose soma was located in the stratum pyramidale (sp). This cell
expressed GFP (green) but did not show immunoreactivity for PV (red) (right, top). Right, Bottom, Response to hyperpolarizing and
depolarizing current steps. B, A reconstructed NGF cell, located at the border between stratum radiatum (sr) and stratum
lacunosum-moleculare (slm). C, Comparison of currents induced by DAMGO (an �OR-selective agonist) in reelin immuno-negative
(black bar; example cell, top left) and reelin immuno-positive (white bar; example cell, top right) neurogliaform family cells and
shifts seen in neurogliaform family cells in response to application of DAMGO in the presence of TTX, DAMGO for slices from an adult

4

animal (postnatal day 214), CTAP (an �OR-selective antago-
nist), DAMGO in the presence of CTAP, DAMGO for slices taken
from �OR knock-out mice, and the �OR agonist Deltorphin II
(gray bars). D, An example (same cell as in A) of the desensi-
tizing outward current produced by the application of the
DAMGO (1 �M, black bar). For clarity, artifacts have been re-
moved. Scale bars: A, B, left, 50 �m; A, B, right top, 10 �m; C,
10 �m. Calibration: A, B, bottom right, 20 mV or 80 pA, 200
ms; D, 200 pA, 100 s.
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GABA release from Ivy cells is strongly inhibited by �-opioid
receptor activation
Results above indicate that Ivy cells are inhibited by �ORs
through somatic hyperpolarization. To test whether �ORs are
also functionally expressed at Ivy cell terminals, in which they

would more directly inhibit neurotransmitter release, we per-
formed paired recordings between synaptically coupled Ivy cells
and nearby pyramidal cells. Application of 1 �M DAMGO greatly
reduced euIPSCs, which was reversed by application of 500 nM

CTAP (predrug, 10.9 � 2.0 pA; DAMGO, 0.99 � 0.6 pA;

Figure 2. Neurogliaform family interneurons and PV basket cells have similar DAMGO sensitivity. A, In current clamp, application of 1 �M DAMGO (black bar) hyperpolarizes (left trace) the cell. This cell
expressed GFP (under the NPY promoter) and showed immunoreactivity for nNOS (bottom) and displayed an LS firing pattern (right traces). Note that, at higher current injections, after the cell had fired many
action potentials, persistent firing was induced (see also Fig. 4 and related text). This cell was recorded from the NPY–GFP mouse line. B, Application of 1 �M DAMGO produces a similar, desensitizing,
hyperpolarization in an FS basket cell expressing tdTomato (TOM). This cell was recorded from the PV–TOM mouse line. Note that the apparent rhythmicity in the response seen for this cell in the presence of
DAMGO was observed in 3 of 11 PV–TOM basket cells. For clarity, in A and B, artifacts have been removed. Bottom, Reconstruction of this FS PV-expressing basket cell. C, DAMGO-induced hyperpolarization by
cell type(PVbasketcells,squares;NGF/Ivy,circles)andmouseline(hashedbars,NPY–GFPcrossedwithPV–TOM).NotethatthedistributionsofPVandNPYcell responsesshowedsubstantialoverlap(redsquares
vs green circles, each symbol represents the response of an individual cell). For each cell type, there was no difference in baseline shift between mouse strains (NS). PV basket cells showed significantly larger shifts
in membrane potential than NGF/Ivy cells (asterisk). D, Voltage-clamp recordings of DAMGO-induced shifts in holding current in rat (R) and in mouse (M) for both NGF/Ivy (green, left 2 bars) and PV basket (red,
right 2 bars) cells. E, In rat (triangles) and in mouse (circles and squares), PV basket cells (red symbols) had smaller input resistances and greater DAMGO-induced shifts in holding current than NGF/Ivy cells (green
symbols). These distributions were non-overlapping (dotted lines). F, In mouse, responsiveness to a range of DAMGO concentrations was tested in voltage clamp on PV basket cells and NGF/Ivy cells and
normalized to the average response per cell type to 1�M DAMGO. The resulting dose–response curves (solid lines) were not significantly different. Each symbol represents the response of an individual cell (each
cell was tested at only one concentration). Green circles, LS NGF/Ivy cells; red squares, FS basket cells. Error bars indicate SEM; *p � 0.05; NS, not significant. sp, stratum pyramidale; sr, stratum radiatum;
Calibration: A, B: shifts in membrane potential: 2 mV, 200 s; A, B, response to current steps: 200 ms, 2 mV or 400 pA (A) or 800 pA (B). Scale bar: B, basket cell reconstruction, 50 �m.
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�CTAP, 9.5 � 1.8 pA; n � 7 pairs; pre-
drug vs DAMGO, p � 0.01; Fig. 3A). In a
subset of experiments, CTAP was not
added for several minutes. In three of four
pairs, there was no apparent desensitiza-
tion of the DAMGO effect on euIPSC am-
plitude (Fig. 3B), in contrast to the
desensitization seen for DAMGO effects
on holding potential (Fig. 2A).

To further confirm the specificity of ac-
tion of DAMGO on �ORs, we performed
additional recordings from synaptically
coupled pairs in which the �OR-selective
antagonist was bath applied before the ap-
plication of 1 �M DAMGO. Preapplication
of CTAP (500 nM) prevented the DAMGO
effect on euIPSC amplitude (predrug, 8.6 �
3.0 pA; CTAP, 8.9 � 3.1 pA; �DAMGO,
9.7 � 2.9 pA; n � 3 pairs; CTAP vs
�DAMGO, p � 0.44; Fig. 3C). CTAP alone
had no apparent effect on euIPSC ampli-
tude (p � 0.67), suggesting little to no tonic
�OR-mediated inhibition of neurotrans-
mitter release from Ivy cells, mirroring re-
sults seen with shifts in holding current
(above).

We additionally performed paired re-
cordings between presynaptic PV basket
cells and postsynaptic pyramidal cells and
tested the effect of DAMGO on these. As
with Ivy cell pairs, the euIPSC amplitude
was strongly reduced by application of 1
�M DAMGO (predrug, 71.6 � 27.0 pA;
DAMGO, 16.0 � 6.4 pA; n � 7 pairs, p �
0.05, Wilcoxon’s signed ranks test; Fig.
3D). For baseline shifts in holding cur-
rent, similar EC50 values were found for
PV basket and Ivy/NGFs (see above; Fig.
2F). We therefore also tested a lower con-
centration (0.05 �M) of DAMGO, a value
near the calculated EC50 values for baseline
shifts. For both PV basket and Ivy/NGFs,
0.05 �M DAMGO produced approximately
half the inhibition of euIPCS amplitude
seen at 1 �M DAMGO (Ivy cells, 1 �M

DAMGO, 94.3 � 9.3% reduction, n � 7 pairs; Ivy cells, 0.05 �M

DAMGO, 49.0 � 9.7% reduction, n � 4 pairs; note that half of
the 1 �M effect would be 47.1%; PV basket cells 1 �M, 76.9 �
10.5%, n � 7 pairs; PV basket cells 0.05 �M, 33.5 � 14.3%, n � 4
pairs; note that half of the 1 �M effect would be 38.5%; Fig. 3D).
Inhibition of euIPSC amplitude was not significantly different
between cell types for either concentration (Ivy vs PV basket, 1
�M, p � 0.80, Mann–Whitney test; 0.05 �M, p � 0.41). Together,
these findings further support similar sensitivity to DAMGO for
Ivy and PV basket cells.

Ivy cells display persistent firing, and this persistent firing is
delayed by DAMGO
Certain interneurons can display persistent firing: after hundreds
of action potentials, these cells will continue to fire in the absence
of depolarizing current (Sheffield et al., 2011). The action poten-
tials during persistent firing may originate in the axons them-
selves and backpropagate to the soma. This has been shown to

occur with a high frequency for a population of cells in the SLM of
CA1 and in the cortex; 	80% of cells expressing the serotonin 5b
receptor in SLM of CA1 display persistent firing (Sheffield et al.,
2011). During our recordings of NPY cells, we noted that these
cells were also capable of exhibiting persistent firing. We further
examined this in late-spiking NPY cells in and near SP (Ivy cells)
by applying a protocol of depolarizing currents steps of increas-
ing size and also by using repeated current steps of the same size.
Both protocols were effective in evoking persistent firing (Fig.
4A,B). We found that 82% of Ivy cells display persistent firing. In
contrast, persistent firing was observed in �20% of PV basket
cells (Fig. 4C). Ivy cells required 885 � 55 action potentials before
displaying persistent firing, similar to reported values for SLM
CA1 neurons (792 � 32; Sheffield et al., 2011). Firing persisted
for 15.7 � 4.7 s (median, 17.2 s, n � 9 cells; Fig. 4A), a value
intermediate to reported values for SLM CA1 cells and cortical
interneurons (Sheffield et al., 2011). The maximum firing fre-
quency (80.3 � 9.6 Hz) during persistent firing was higher than

Figure 3. Neurotransmission from Ivy cells is inhibited by DAMGO. A, In paired recordings between a presynaptic Ivy cell and a
postsynaptic pyramidal cell, 1 �M DAMGO produced a strong inhibition of the IPSC. Shown on top is the presynaptic action
potential and on bottom the postsynaptic response (gray, 20 individual sweeps; black, average) before drug addition, in the
presence of DAMGO (1 �M), and after the addition of CTAP (500 nM) for a representative pair. Right, Overlay of the average response
before drug (black), in DAMGO (blue), and after the addition of CTAP (red). Bottom left, The presynaptic cell (asterisk) expressed
GFP (under the NPY promoter) and showed immunoreactivity for nNOS. Bottom right, Summary graph illustrating individual
paired recordings (gray circles) and the average euIPSCs (black, error bars indicate SEM) per condition. B, In a subset of experi-
ments, 1 �M DAMGO was applied for minutes before application of CTAP. Shown is an example pair for this, before drug addition
(a, black trace in overlay), in DAMGO (b, blue trace in overlay), in the continued presence of DAMGO (c, gray trace in overlay), and
after the addition of CTAP (d, red trace in overlay). Bottom left, The presynaptic cell (asterisk) expressed GFP and showed immu-
noreactivity for nNOS. The biocytin-filled postsynaptic pyramidal cell (p) is also visible. Bottom middle, Reconstruction of the
presynaptic Ivy cell (dendrites black, axon red) and postsynaptic pyramidal cell (dendrites blue, axon gray). Bottom right, Time
course of euIPSC amplitude and drug application. Note that the euIPSC amplitude remains depressed in the continued presence of
DAMGO. C, In a separate set of experiments, CTAP was applied before 1 �M DAMGO application. Top, An example pair before drug
addition (black in overlay), in the presence of CTAP (red in overlay), and after the addition of DAMGO (blue in overlay). Bottom left,
The presynaptic Ivy cell (asterisk) expressed GFP and showed immunoreactivity for nNOS. The postsynaptic pyramidal cell is marked
(p). Bottom right, Individual pairs (gray) and average (black) euIPSC amplitude per condition. D, In paired recordings between a
presynaptic PV–TOM basket cell and a postsynaptic pyramidal cell, DAMGO inhibits the IPSC. Top, An example pair before drug
addition (black in overlay), in the presence of 1 �M DAMGO (blue in overlay), and after the addition of CTAP (red in overlay). Bottom
left, Summary graph illustrating individual paired recordings (gray circles), at 1 �M DAMGO concentration, and the average
euIPSCs (black, error bars indicate SEM). Bottom right, Percentage reduction of the euIPSC amplitude from pairs with presynaptic
NPY Ivy cells (green) or presynaptic PV basket cells (red) at 1 and 0.05 �M DAMGO concentrations. so, Stratum oriens; sp, stratum
pyramidale; sr, stratum radiatum. Calibration: A–C, 10 ms, 10 pA or 10 mV; D, 10 ms, 10 mV or 50 pA. Scale bars: A–C, 10 �m; B,
reconstruction, 50 �m.
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that reported for SLM cells (Sheffield et al., 2011) and was
reached more quickly (646 � 203 ms). Spikelets [which reflect a
failure of action potentials to propagate to the soma (Sheffield et
al., 2011); Fig. 4C, arrows] and a low apparent threshold for
action potentials during persistent firing (Fig. 4A, arrow) were
also observed (�68.1 � 3.8 mV for the first spike of persistent
firing, vs �43.3 � 2.4 mV for the first spike in response to a

depolarizing current step), again consis-
tent with persistent firing reported for
SLM cells (Sheffield et al., 2011). These
recordings were all done in juvenile ani-
mals. Of interest, we found in an adult
NPY–GFP mouse (postnatal day 214) that
Ivy and NGF also displayed persistent fir-
ing (n � 5 of 5 recovered cells). Persistent
firing is therefore not a phenomenon re-
stricted to juvenile animals.

We next asked whether �OR activation
would inhibit persistent firing by applying
DAMGO to cells showing persistent firing
in control ACSF. In the presence of 1 �M

DAMGO, these cells were still capable of
displaying persistent firing (n � 4 of 5 Ivy
cells, 1 of 1 PV basket cell). However, in all
cases, DAMGO increased the number of ac-
tion potentials required to induce persistent
firing (predrug, 1123 � 266 action poten-
tials required; DAMGO, 2171 � 582 action
potentials required; n � 6 cells; p � 0.05,
Wilcoxon’s signed ranks; Fig. 4C, compare
number of action potentials in DAMGO to
predrug conditions, D). In the continued
presence of DAMGO, the effect decreased,
suggesting desensitization. Addition of
CTAP fully blocked the effect of DAMGO
(CTAP, 669 � 178 action potentials re-
quired). DAMGO also induced a suffi-
ciently large hyperpolarization of the FS
basket cell as to increase the number of
spikelets (Fig. 4C, arrows).

The above data demonstrate that �OR
activation inhibits the induction of persis-
tent firing in Ivy cells. To see whether hy-
perpolarization of the recorded cell alone
could mimic the effects of DAMGO on
persistent firing, we first injected current
to bring the membrane potential down to
that seen in the presence of DAMGO. This
somatic hyperpolarization of the recorded
neuron mimicked only the effect on the
rate of spikelets in the PV basket cell (Fig.
4C, Vm matched) but failed to replicate
the increase in the number of action po-
tentials required to induce persistent fir-
ing (Vm matched, 693 � 226 action
potentials required; Fig. 4D). However,
this mimicked only the hyperpolarization
seen at the soma, and �ORs are not lim-
ited to the cell body; therefore, in separate
experiments, we tested the effect of strong
hyperpolarization [note that, in these ex-
periments, all 11 cells were GFP (NPY)
positive and in or near SP, and 4 of 11 cells

were recovered for post hoc analysis and confirmed Ivy cells].
After determining the number of action potentials required for a
given cell to display persistent firing, cells were hyperpolarized
(�150 pA, bringing the membrane potential to �91.4 � 2.0
mV). The depolarizing step was increased by 150 pA to compen-
sate. With this extreme hyperpolarization, an increase in action
potentials required to induce persistent firing was observed (con-

Figure 4. Ivy cells display persistent firing, and induction of persistent firing is inhibited by DAMGO. A, Median duration of
persistent firing seen in Ivy cells after increasing depolarizing current steps (only the last current step is shown). Note the apparent
hyperpolarized action potential threshold at the start of persistent firing (arrow), typical of persistent firing. B, After repeated
current steps, another Ivy cell displays persistent firing. In the presence of DAMGO (1 �M), induction of persistent firing is delayed.
Right, This cell expressed GFP and showed immunoreactivity for nNOS. C, Responses to final depolarizing steps before persistent
firing for three example cells, including two Ivy cells (cell 1131-5 is shown also in B) and one PV basket cell. Shown is before drug
addition, in DAMGO, in the continued presence of DAMGO, with the addition of CTAP, and finally with somatic hyperpolarization to
match that seen initially in DAMGO (labeled as “Vm matched”). Note that, in all cases, DAMGO increased the number of action
potentials required to induce persistent firing (small numbers above current-clamp traces). Note also that the number of spikelets
(arrows) in the FS PV basket cell increased in DAMGO and with direct somatic hyperpolarization to match the membrane potential
seen in DAMGO. D, Summary graph of the number of action potentials (APs) required to induce persistent firing per condition,
normalized to that required before drug addition (n � 6 cells). E, The effect of strong somatic hyperpolarization (�150 pA) on the
number of action potentials required to induce persistent firing (n � 11 cells). The depolarizing step was increased by 150 pA to
compensate, but a decrease in firing frequency was still observed. Therefore, after the strong hyperpolarization was removed, the
step size was decreased to match the average firing frequency observed during strong hyperpolarization (“Freq matched”). On two
occasions (once with DAMGO application and once with strong hyperpolarization), the inhibition of persistent firing induction was
so strong that persistent firing was not induced even after 100 depolarizing current steps; for analysis purposes, the number of
action potentials fired during these 100 sweeps was used. *p � 0.05, Wilcoxon’s signed ranks test. Scale bar: B, 10 �m. Calibra-
tion: C, 20 mV, 1 s.

Krook-Magnuson et al. • NGFs and Ivy Cells Express �-Opioid Receptors J. Neurosci., October 19, 2011 • 31(42):14861–14870 • 14867



trol, 1118 � 150 action potentials; with �150 pA, 1709 � 169
action potentials; n � 11 cells; p � 0.01, Wilcoxon’s signed ranks
test; Fig. 4E). Despite the compensatory increase in step size, the
average firing frequency was decreased in the �150 pA condition
(control, 66.1 � 2.1 Hz; with �150 pA, 49.5 � 4.3 Hz; p � 0.01).
Therefore, with the cell returned to control membrane potentials,
we then decreased the step size to match the average firing fre-
quency seen when the cell was hyperpolarized (frequency
matched, 47.7 � 4.0 Hz vs 49.5 � 4.3 Hz when the cell hyperpo-
larized). Despite the lower average firing frequency, there was no
increase in the number of action potentials required to induce
persistent firing (control, 1118 � 150, see above; frequency
matched, 1251 � 124 action potentials required; control vs fre-
quency matched, p � 0.46, Wilcoxon’s signed ranks test; Fig. 4E).
Therefore, the increase in the number of action potentials required
with strong (�150 pA) hyperpolarization was unlikely to be attrib-
utable to the effect on firing frequency. This is in keeping with pre-
vious findings that, for a given protocol, it is the number of action
potentials, rather than the firing frequency, that is important for the
induction of persistent firing (Sheffield et al., 2011).

Discussion
Here we report that the neurogliaform family, a major class of
dendritically targeting interneurons, is a previously unidentified
target of �OR modulation in CA1 of the hippocampus. The
�OR-selective agonist DAMGO produces inhibitory currents in
Ivy and NGF cells across all layers of CA1. This inhibition is seen
at DAMGO concentrations similar to those producing inhibition
in perisomatic-targeting PV FS basket cells, the interneuron type
classically associated with �OR expression. Furthermore, using
paired recordings between synaptically coupled Ivy and pyrami-
dal cells, we find that �OR suppresses neurotransmitter release
from Ivy cells, reducing the postsynaptic response to a mere 9%
of control IPSCs. Unlike the DAMGO-induced hyperpolariza-
tion observed during single-cell somatic recordings, this inhibi-
tion of Ivy cell terminals does not show rapid desensitization. We
further report that a high proportion of Ivy cells show the recently
described phenomenon of persistent firing (Sheffield et al.,
2011). Finally, we find that induction of this persistent firing is
also inhibited by �OR activation.

Ivy and NGF are modulated by MORs
Despite decades of research of the hippocampal opioid system,
basic information on which CA1 cell types are modulated by
�ORs is incomplete. �ORs are selectively expressed on interneu-
rons in CA1 (Drake and Milner, 1999), but the identity of these
interneurons is only partially understood. Immunocytochemis-
try indicates that a significant portion of PV-expressing interneu-
rons are also �OR positive, but this accounts for only 42% of
�OR-positive interneurons in CA1 (Drake and Milner, 2002).
Electrophysiology suggested that the majority of �OR-expressing
interneurons in SO were perisomatically targeting (Svoboda et
al., 1999), and PV basket cells, but generally not CCK basket cells,
are inhibited by �ORs (Neu et al., 2007; Glickfeld et al., 2008).
However, as discussed in Introduction, another unidentified
class of �OR-expressing interneurons must also exist. Inhibition
across all layers of CA1, rather than just SP, is inhibited by �OR
activation (McQuiston, 2008). Furthermore, agatoxin blocks
neurotransmission from PV basket cells (Hefft and Jonas, 2005),
yet agatoxin-insensitive IPSPs remain DAMGO sensitive, and
GABAB-mediated IPSPs are even more sensitive to DAMGO than
GABAA-mediated IPSPs (Lafourcade and Alger, 2008).

How did Ivy and neurogliaform cells, which represent nearly
40% of interneurons in CA1 (Fuentealba et al., 2008), remain
unrecognized as a target of �OR modulation for so long? One
explanation is that, until relatively recently, there has been a gen-
eral neglect of this prominent cell type. In fact, Ivy cells were only
first reported in 2008 (Fuentealba et al., 2008). Another possible
explanation is the initial difficulty in finding appropriate cellular
markers for neurogliaform cells; NPY was identified as the most
consistent neuromarker for NGFs in 2005 (Price et al., 2005).
However, other interneuron populations also express NPY
(Freund and Buzsáki, 1996; Klausberger, 2009; van den Pol et al.,
2009). In CA1 SO alone, in addition to neurogliaform family
cells, bistratified and a potentially heterogeneous population of
GABAergic projecting neurons express NPY (Klausberger, 2009).
A portion of NPY cells in CA1 were reported to express �ORs,
but their identity was unknown (Drake and Milner, 2002). Our
findings that Ivy and NGF cells are modulated by �ORs explain
previous findings, discussed above, which indicated that PV bas-
ket cells account for only a portion of �OR-expressing interneu-
rons. Furthermore, because Ivy and NGF cells are dendritically
targeting, unlike PV basket cells, our results broaden our general
understanding of �OR modulation of interneurons.

Functional implications of MOR modulation of Ivy and
NGF cells
The finding of �OR modulation of Ivy and NGF cells also pro-
vides greater clarity when examining additional effects of �OR
activation in CA1. For example, activation of perforant path in-
put can produce strong inhibition in CA1 pyramidal neurons
(Soltesz and Jones, 1995), which is mediated by both GABAA and
GABAB receptors (Empson and Heinemann, 1995; Dvorak-
Carbone and Schuman, 1999). This feedforward inhibition is
�OR modulated and regulates integration of temporo-ammonic
pathway input and Schaffer collateral input (McQuiston, 2011).
In light of the present findings, this disinhibition of the system by
�ORs can now be understood to be attributable in part to their
action on the neurogliaform family of interneurons, which re-
ceives input from both pathways (Price et al., 2005). Activation of
�ORs, likely through its disinhibition of the network, facilitates
plasticity, and �OR knock-out mice show reduced radial-maze
and Morris water-maze performance (Jamot et al., 2003). Given
the ability of NGFs to produce GABAB responses (Tamás et al.,
2003; Price et al., 2005) and operate via volume transmission
(Oláh et al., 2009), affecting output of terminals within their
axonal plexus, expression of �ORs by NGF and Ivy cells was a
missing link in better understanding how �OR activation affects
circuit function and plasticity.

Neurogliaform and Ivy cells are found in a range of anatomi-
cal structures, including cortex (Kisvárday et al., 1990), dentate
gyrus (Armstrong et al., 2011), CA3 (Szabadics and Soltesz, 2009;
Szabadics et al., 2010), amygdala (McDonald and Culberson,
1981), and habenular nucleus (Weiss and Veh, 2011). Modula-
tion of the neurogliaform family by �ORs across brain structures,
should that be found in future studies, would have sweeping
consequences, relevant to a wide spectrum of processes and be-
haviors, including learning and reward processing. This is espe-
cially noteworthy given the highly addictive nature of opiates.

Long-term potentiation of mossy fiber input to CA3 is inhib-
ited by blocking opioid receptors and facilitated by DAMGO (Jin
and Chavkin, 1999). Importantly, this action is dependent on
GABAB receptors, and, therefore, in this area also, neurogliaform
and ivy cells and their �OR receptors may be key players in mod-
ulating plasticity. It is also of interest that a high percentage of
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cortical NPY-expressing cells in layer 1 express �ORs (Férézou et
al., 2007). Future studies are needed to examine not only neuro-
gliaform family cells in other areas but also which other NPY-
expressing cell types are potentially modulated by �ORs [note
that additional data from our experiments (data not shown) sug-
gest that some non-Ivy/NGF, NPY-expressing cell types in the
CA1 may be modulated by DAMGO].

Sheffield et al. (2011) recently described the phenomenon of per-
sistent firing in a subset of cells in SLM of CA1. These cells express the
serotonin 5b receptor and display persistent firing at a high fre-
quency (	80% of cells). Serotonin 5b receptor-expressing cells in
the cortex were also found to display persistent firing, albeit with
slightly different properties and at lower frequencies (37%). Other
interneuron types display persistent firing at a still lower fre-
quency (Sheffield et al., 2011). Consistent with this, we found that
�20% of FS PV basket cells displayed persistent firing. However,
we found a high percentage (82%) of Ivy cells displayed persistent
firing, despite their location in or near SP (in contrast to the cells
identified by Sheffield et al.). During persistent firing, a period of
apparently self-sustained action potential firing, action potentials
are believed to be initiated in the axon itself, backpropagating to
the soma (Sheffield et al., 2011). The mechanism behind persis-
tent firing is still uncertain, but it may rely on gap junctions
(Sheffield et al., 2011). In retrospect, Ivy cells are a prime candi-
date for persistent firing, given that closely related NGF cells are
gap junction coupled not only to other NGFs but also other cell
types (Price et al., 2005; Simon et al., 2005; Zsiros and Maccaferri,
2005). Indeed, gap junctions between NGFs and other cell types
provide a possible explanation for the occasional persistent firing
observed in other cell populations.

We found that induction of persistent firing was inhibited by
DAMGO. It has been shown previously that persistent firing is
not affected by blocking GABAA, GABAB, AMPA, and NMDA
receptors (Sheffield et al., 2011), making it unlikely that this
�OR-mediated inhibition of persistent firing induction was a
direct result of inhibition of GABA release. We also found that
somatic hyperpolarization of the patched cell to match the mem-
brane potential seen in the presence of DAMGO failed to mimic
the effect of DAMGO on the induction of persistent firing. A
possible interpretation of this finding is that the effects seen with
DAMGO application were attributable to the hyperpolarization
of many cells (rather than just the patched cell) actively partici-
pating in generating persistent firing. This interpretation is con-
sistent with the concept of a network of gap-junctioned cells
being involved in persistent firing. Alternatively, DAMGO may
be directly inhibiting the axon. Indeed, we found that, with a
greater level of hyperpolarization, which may invade the axon
(Alle and Geiger, 2006; Shu et al., 2006), there was an increase in
the number of action potentials required for persistent firing.

Finally, because NGF and Ivy cells express NPY, �OR-
mediated inhibition of neurogliaform family interneurons may
also decrease NPY release, with implications for neurogenesis
(Eisch and Harburg, 2006; Howell et al., 2007), stress responses
(Morgan et al., 2001; Kieffer and Gaveriaux-Ruff, 2002; Morgan
et al., 2002, 2003), and epilepsy (Bellmann et al., 1991; Vezzani et
al., 1999; Bacci et al., 2002). The �OR system (both �ORs and the
endogenous ligand enkephalin) is altered in both epilepsy
(Laorden et al., 1985; Gall, 1988; Gall et al., 1988; D’Intino et al.,
2006; Rocha et al., 2007; Cuellar-Herrera et al., 2010) and Alzhei-
mer’s disease (Meilandt et al., 2008). In fact, it was shown that the
increase in enkephalin in a model of Alzheimer’s disease contrib-
uted to the cognitive difficulties associated with the disease (Mei-
landt et al., 2008). �ORs on NGF and Ivy cells may represent a

previously unidentified target in treating ailments as wide rang-
ing as drug addiction, Alzheimer’s disease, and epilepsy.
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