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We report that bath application of the group I mGIuR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG)
causes acute inhibition of evoked IPSCs recorded from hilar mossy cells, and that significant long-term
depression (LTD) of synaptic transmission remains following washout of DHPG. Subsequent experiments
using minimal stimulation techniques revealed that expression of both acute and long-term effects of
DHPG are restricted to a subset of GABAergic afferents that are also sensitive to depolarization-induced
suppression of inhibition (DSI). Experiments with a selective CB1 antagonist and with transgenic animals

IE?élv:ggiabinoi ds lacking CB1 receptors indicate that all effects of DHPG, like DSI, depend on activation of CB1 receptors.
mGIuRs Further work with selective mGIuR antagonists suggests a direct involvement of mGIuR1 receptors.

LTD Interestingly, we also report that induction of LTD under our experimental conditions does not require
prior direct somatic depolarization via the patch pipette and does not appear to depend critically on the
level of activity in incoming GABAergic afferents. Collectively, these results represent the first charac-
terization of mGluR-mediated and endocannabinoid-dependent LTD in the hilar region of the dentate
gyrus. The dentate gyrus is thus one of relatively few areas where this mechanism has clearly been
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demonstrated to induce long-term modulation of inhibitory synaptic transmission.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Endogenous cannabinoids (endocannabinoids, eCB) regulate
neurotransmission in the CNS primarily via retrograde activation
of presynaptic metabotropic type 1 cannabinoid receptors (CB1Rs)
(Kano et al., 2009; Katona et al., 1999; Kawamura et al., 2006;
Wilson et al.,, 2001). Depending on a variety of factors, endo-
cannabinoids can affect either a short-term or long-term synaptic
depression. The most commonly observed forms of short-term
plasticity, depolarization-induced suppression of inhibition (DSI) or
excitation (DSE), are initiated by direct depolarization of post-
synaptic neurons and depend heavily on subsequent calcium-
dependent synthesis of eCBs. By contrast, eCB-mediated long-term
depression (LTD) often requires activation of postsynaptic metab-
otropic glutamate receptors (and not just depolarization) as a key
signal promoting eCB production. Metabotropic glutamate
receptor-mediated, and CB1 receptor-dependent, forms of LTD have
now been well characterized for excitatory synapses in the striatum
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and nucleus accumbens (Gerdeman et al., 2002; Robbe et al., 2002),
and for inhibitory synapses in the hippocampus, basolateral
amygdala, and dorsal striatum (Adermark and Lovinger, 2009; Azad
et al., 2004; Chevaleyre and Castillo, 2003; Marsicano et al., 2002).
In the hippocampus, this type of plasticity has been shown to have
lower dependence on postsynaptic calcium influx and to clearly
outlast the presence of a CB1 agonist. In addition to mGIuR activa-
tion, other mechanisms potentially involved in enabling long-term
as opposed to short-term eCB-mediated depression include the
recent history of excitation in the postsynaptic neuron, the duration
of time that agonist is available to CB1 receptors, and the level of
activity of presynaptic neurons during that time (for examples from
hippocampal studies see: Chevaleyre and Castillo, 2003; Edwards
et al.,, 2008; Heifets et al., 2008). Overall, this field is intriguing in
part because it is revealing what may be one of the major forms of
postsynaptically induced yet presynaptically expressed long-term
plasticity in the CNS, and in part because it has exciting potential
roles in both synaptic recovery and metaplasticity (for recent and
excellent review see, Chevaleyre et al., 2006; Lovinger, 2008).
Despite the likely importance of this mechanism relatively little
is known about the potential for mGluR and eCB-dependent LTD in
the dentate gyrus. While significant effort has gone into an exam-
ination of LTD as produced by low frequency stimulation of
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perforant path inputs to dentate granule cells (e.g. Huang et al.,
1999; Naie et al., 2007; Trommer et al., 1996), a recent study
suggests that eCB-dependent mechanisms in this area are likely
restricted to mossy cell axon terminals in the inner molecular layer,
and that even these lack eCB-dependent LTD as described in CA1
(Chiu and Castillo, 2008). Similarly, despite the fact that mossy
cells also have been shown to produce robust DSI of CB1 positive
GABAergic afferents in the hilus (Hofmann et al., 2006; Howard
et al., 2007), the potential of CB1-dependent LTD has not previously
been examined at these terminals. In fact, although DSI has been
well characterized throughout the brain, to date mGluR-mediated
and eCB-dependent LTD of GABAergic terminals has only been
described at three distinct inhibitory synapses: stratum radiatum
interneurons to CA1 pyramidal cells in the hippocampus (Cheva-
leyre and Castillo, 2003, 2004; Edwards et al., 2006, 2008; Heifets
et al., 2008), interneurons to principal cells in the central and
basolateral amygdala (Azad et al., 2004; Marsicano et al., 2002), and
intrinsic afferents to medium spiny neurons in the striatum
(Adermark and Lovinger, 2009). The present study provides an
initial description of mGluR-induced and eCB-dependent LTD of
CB1 positive GABAergic afferents to hilar mossy cells.

2. Materials and methods
2.1. Slice preparation

Male Sprague—Dawley (SD) rats (P18—25) received an intraperitoneal injection
of ketamine hydrochloride (80—100 mg/kg) and were rapidly decapitated using
a small animal guillotine. Horizontal slices (300 pm) were made in ice-cold artificial
cerebral spinal fluid (ACSF) using a Pelco Series 3000 Vibratome (Pelco, Redding,
CA). Slices were immediately transferred to ACSF maintained at 30—35 °C for 30 min
and then allowed to equilibrate to room temperature. ACSF used for slice prepara-
tion and incubation was saturated with a 95% 0,—5% CO, gas mixture and consisted
of (in mM): 124 NaCl, 2.5 KCl, 1.23 NaH;POy4, 2.5 MgS0y4, 10 p-glucose, 1 CaCl,, and
25.9 NaHCOs. Animal procedures were approved by the institutional animal care
and use committee (IACUC) at the University of Florida and conformed to the animal
welfare guidelines issued by the National Institutes of Health (NIH).

2.2. Whole cell recording

Slices were maintained at room temperature for up to 8 h prior to use. For
whole cell recordings, slices were transferred to a recording chamber where they
were submerged and constantly perfused at a rate of 2 ml/min with ACSF heated to
30 °C and saturated with 95% 0,—5% CO,. ACSF for whole cell recordings contained
(in mM): 126 NaCl, 3 KCl, 1.2 NaH;POy4, 1.5 MgSOy4, 11 p-glucose, 2.4 CaCl,, and 25.9
NaHCOs3 (pH = 7.3). The ionotropic glutamate receptor antagonists 6,7-dini-
troquinoxaline-2,3(1H,4H)-dione (DNQX, 20 uM), pL-2-Amino-5-phosphonovaleric
acid (APV, 40 uM) were added to the ACSF several minutes after obtaining a whole
cell recording. Slices were visualized in the recording chamber with infrared
differential interference contrast microscopy (IR DIC) using an Olympus BX51WI
microscope. Whole cell patch-clamp experiments were conducted using borosili-
cate glass pipettes pulled by a Flaming/Brown electrode puller (Sutter P-97, Sutter
Instruments, Novato, CA). Patch electrode tip resistance was typically 3—6 MQ
when filled with an internal solution containing (in mM): 95 CsCH3S03, 55 CsCl, 1
MgCly, 0.2 Cs-EGTA, 10 HEPES, 2 Nay-ATP, 0.3 Na-GTP, and 5 lidocaine N-ethyl
chloride (QX-314 Cl), pH adjusted to 7.3 using CsOH, and volume adjusted to a final
osmolarity of 300—315 mOsm. Each day, sulforhodamine 101 (~75 pM) or alexa
fluor 594 (50 uM) was added to the internal solution for epifluorescence imaging.
Upon whole cell break in, access resistance was typically 10—20 MQ. Although
generally uncompensated, we continued to monitor access resistance (Ra)
throughout each experiment. Any cell with R4 that exceeded 30 MQ was rejected
from analysis. Voltage clamp experiments were performed using an Axon Mul-
ticlamp 700A or 700B amplifier (Molecular Devices, Sunnyvale, CA). Data were
sampled at 20 kHz, filtered at 2 kHz, and digitally recorded using either a Digidata
1322A or 1440 A/D converter and Clampex v. 9 or 10 (Molecular Devices).
Chemicals used in these experiments were obtained from Sigma (St. Louis, MO)
except for (RS)-3,5-dihydroxyphenylglycine (DHPG; group I mGluR agonist),
2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; selective mGIluR5
antagonist), (S)-(+)-a-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385;
selective mGIuR1 antagonist), and N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-phyrazole-3-carboxamide (AM-251; potent, selective
CB1R antagonist/inverse agonist), which were obtained from Tocris Cookson
(Ellisville, MO); Alexa Fluor 594 was obtained from Molecular Probes/Invitrogen
(Eugene, OR).

For the experiments in Fig. 1, evoked IPSCs were generated at 0.33 Hz using
a concentric bipolar stimulator (FHC, Bowdoin, ME) connected to a constant stim-
ulus isolator (World Precision Instruments, Sarasota, FL). For all other experiments,
minimally evoked IPSCs (melPSCs) were generated using a monopolar stimulating
electrode constructed from a patch pipette filled with ACSF. For these experiments,
simulation frequency was 0.2 Hz, current intensity varied between 30 and 100 pA,
and stimulation duration was 0.1 ms. Minimally evoked responses were identified as
previously described in detail by our lab (for example, see illustrations in Hofmann
et al., 2008; Nahir et al., 2007). In brief, for each stimulator placement, stimulation
intensity was slowly increased from a subthreshold level. A minimally evoked
response was one that appeared with a sharp current threshold, and that remained
stable when stimulation intensity was increased an additional 10—15 pA (for
a representative example from the current study see Fig. 2A).

Hilar mossy cells were identified using a wide range of physiological and
anatomical criteria as outlined in several previous publications (Frazier et al., 2003;
Hofmann et al., 2006, 2008; Nahir et al., 2007). In brief, the prototypical mossy cell
studied here was clearly located in the hilus, appeared larger than other types of
hilar cells when visualized under IR DIC, had large whole cell capacitance
(193 + 5.97 pF), moderate input resistance (191 +9.72 MQ) and often displayed high
frequency and at least some large amplitude (>100 pA) spontaneous postsynaptic
currents when voltage clamped at —70 mV in the absence of glutamate receptor
antagonists. While previous work has indicated that some hilar interneurons may
have some of these features, no cell was considered a mossy cell unless it met all of
the above criteria. Additionally, the vast majority of cells (~90%) were examined
with fluorescence microscopy to confirm that they were both multipolar and spiny,
with thorny excrescences being particularly prominent on the proximal dendrites.

CBIR ™/~ and CB1t/* C57BL6/] mice were obtained by crossing homozygous
littermates derived from heterozygous parents (WT and CB1 =/~ mice were therefore
cousins). Our original heterozygous breeders were descended from the line devel-
oped by Dr. A. Zimmer at NIMH and were a generous gift from Dr. Carl Lupica (NIDA).

2.3. Data analysis

The baseline period began a minimum of 15—20 min after the establishment of
whole cell recording. This was due in part to time required to wash-in ionotropic
glutamate receptor antagonists and to allow equilibration of the internal solution.
However, it was often substantially later as variable time was required to isolate
minimally evoked IPSCs. Initial drug applications of interest were delivered after
a minimum of 6 min of stable melPSC baseline recording, and experimental
measurements were made 6—12 min after application began. LTD was routinely
measured 14—20 min into the DHPG washout period; however it was also quantified
for cells that survived at 39—45 min post-DHPG (for macroscopic responses in F1)
and at 24—30 min post-DHPG (for minimally evoked IPSCs in all other figures). In all
cases, DSI was induced by a 5 s depolarization from —70 mV to 0 mV, and quantified
by dividing the average amplitude of the first two responses after the depolarization
by the average amplitude of the 8 responses immediately preceding it. Typically 2—5
such ‘sets’ of DSI were recorded in each cell. A cell was considered to be DSI positive
only if the evoked response during the test period fell outside of the 95% confidence
bands for the mean of both the baseline and recovery periods. For experiments
involving minimally evoked IPSCs, individual sweeps contaminated by spontaneous
IPSCs were manually removed from analysis. Cells in which 50% or more of sweeps
were contaminated were discarded. Statistical tests (Student's two tailed one-
sample and two-sample t-tests, Pearson correlations, and linear regression analysis)
were performed using OriginPro v. 8 (OriginLab, Northampton, MA). Error bars in all
figures represent the standard error of the mean.

3. Results

3.1. DHPG induces both acute and long-term depression
of evoked IPSCs recorded from hilar mossy cells

Hilar mossy cells were voltage clamped at —70 mV with
a CsCH3SO0s3 based internal containing ~60 mM chloride. Evoked
IPSCs were isolated in the presence of DNQX (20 pM) and APV
(40 uM) using a concentric bipolar stimulator placed in the hilus.
Under these conditions we observed that bath application of the
group I mGIuR agonist DHPG (50 uM) caused a robust acute inhi-
bition of evoked IPSC amplitude (to 65.7 4+ 3.36% of baseline, n = 14,
p < 0.001), and also a clear long-term depression (LTD) that was
apparent when measured at both 14—20 and 39—45 min into the
DHPG washout period (14—20: 72.9 + 2.62% of baseline, n = 14 and
39—-45: 72.1 + 7.94% of baseline, n = 8, respectively; p < 0.001,
Fig. 1A—C). By contrast, prior studies have shown virtually complete
recovery from the acute effects of bath applied DHPG on synaptic
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Fig. 1. Bath application of a group I mGIuR agonist produces both acute and long-term inhibition of evoked IPSCs in hilar mossy cells. A) Application of the group I mGIuR agonist
DHPG (50 M) caused an acute inhibition of eIPSCs to hilar mossy cells followed by a long-term depression. IPSCs were evoked using a bipolar stimulator placed in the hilus. DHPG
sensitive evoked IPSCs (left) uniformly demonstrated robust DSI (right). Prior work from our lab has demonstrated that DSI as observed in hilar mossy cells is significantly enhanced
by bath application of 3 uM CCh (Hofmann et al., 2006). In these experiments, CCh (3 uM) was bath applied a minimum of 20, and up to 45, minutes into the DHPG washout period,
and DSI was induced with a 5-s depolarization from —70 mV to 0 mV. Several sets of DSI were collected for each cell and quantified as described in the methods. Thus in these
experiments LTD was measured in the absence of CCh, and prior to checking for DSI, while by contrast DSI was measured only after LTD induction and in the presence of CCh. The
left panel illustrates the 8 of 14 cells in which a full 45 min washout period was allowed, while the right panel illustrates the 11 of 14 cells in which DSI was successfully tested after
DHPG washout and CCh wash-in. B) Summary graph illustrating the inhibitory effects of DHPG on eIPSCs and average DSI from the same population. Numbers on bars are n values.
C) Averaged traces from a representative experiment in which DHPG produced robust acute and long-term depression and subsequent depolarization led to transient DSI. D) In
separate experiments, 7 cells were incubated in ACSF containing 20 pM DNQX and 40 pM APV for a minimum of 45 min prior to DHPG application. Left panel: Summary plot
showing no difference in the effect of DHPG between naive and pre-incubated slices. Right panel: correlation plot demonstrating no relation between incubation time and DHPG
effectiveness. Double asterisks indicate p < 0.01. Single asterisk indicates p < 0.05.

transmission in LTD negative preparations well within that time evoked IPSCs were tested for depolarization-induced suppression
period (Chiu and Castillo, 2008; Galante and Diana, 2004; Ohno- of inhibition (DSI) as previously described by Hofmann et al. (2006).
Shosaku et al., 2002). Following washout of DHPG, and in the In every case tested, LTD expressing eIPSCs were also found to be
presence of stable LTD, 3 uM carbachol was bath applied and DSI positive (24.5 + 3.86% inhibition, n = 11, p < 0.001, Fig. 1A—C).
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Fig. 2. Well-isolated DSI* and DSI~ melIPSCs both innervate hilar mossy cells. A) Sample cell showing isolation of minimally evoked IPSCs. A threshold was defined as a switch from
a majority of failures to a majority of successes over a small (i.e. ~5—10 pA) change in stimulator intensity followed by stable (unchanging) response amplitude over a further
10—15 pA increase in stimulation. Note that with the internal solution used here (containing ~60 mM Cl~) the amplitude of unitary or near unitary IPSCs was often well in excess of
200 pA. Insets: individual (gray) and averaged (black) traces from each stimulation intensity. Averages are taken from a minimum of 10 sweeps for each condition. B) Summary plots
showing no difference in intrinsic properties of postsynaptic cells between DSI™ and DSI™ groups, suggesting target cell specificity does not account for the differences in expression
of DSI. Abbreviations: C,, — membrane capacitance; R,, — membrane resistance; R4 — access resistance (uncompensated); Ioq — holding current. Gray lines are averages for each
parameter in each group. Closed circles represent cells with a DSI™ melPSC; open circles are cells with a DSI™ input.
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3.2. Both acute and long-term effects of DHPG are restricted to
DSI positive afferents and require activation of CB1 receptors

In order to further investigate a potential role of endogenous
cannabinoids in hilar mGluR-dependent LTD, we used minimal
stimulation techniques (see Methods, Fig. 2A) to selectively test the
effects of DHPG on both DSI negative and DSI positive GABAergic
afferents to hilar mossy cells. In contrast to the experiments pre-
sented above, all minimally evoked IPSCs were tested for DSI prior
to bath application of DHPG, and 3 uM CCh was bath applied at the
beginning of each experiment rather than after DHPG application.
CCh was used in this capacity because prior work from our lab
has indicated that, while not absolutely required, its presence
substantially enhances DSI of evoked IPSCs as observed in hilar
mossy cells (Hofmann et al., 2006).

Our results indicated that DSI negative melIPSCs display neither
acute nor long-term inhibition in response to bath application of
DHPG. In fact, if anything, there was a trend towards slight poten-
tiation of DSI negative melPSCs during DHPG application, although
this effect did not reach statistical significance (112 + 8.4% of
baseline, n = 8, p = 0.18, Fig. 3A, C). By sharp contrast, both the
acute and long-term inhibition produced by DHPG on large
amplitude evoked IPSCs in Fig. 1 were also clearly present on DSI
positive afferents isolated with minimal stimulation techniques.
Specifically, we found that bath application of 50 uM DHPG reduced
the amplitude of DSI positive melPSCs to 65.7 + 3.44% of baseline,
and that this effect had not recovered (77.5 + 6.5% of baseline)
when measured 14—20 min into the DHPG washout period (n = 12,
p < 0.001, p < 0.01, respectively, Fig. 3B, D). However, it is important
to point out that not all isolated DSI* melPSCs underwent LTD
following DHPG application. Specifically, three of the twelve DSI
positive cells described above did in fact show complete recovery
from the acute effects of DHPG when measured 14—20 min into the
washout period (109.9 + 3.69% of baseline, Fig. 3E, right). This result
is important not only because it indicates the success rate for
induction of mGluR-induced LTD is <100%, but also because it
highlights the fact that in our experiments, as in prior studies,
20 min is clearly a sufficient period of time to washout DHPG from
in vitro slices. For the remaining nine cells, LTD was quite robust
when measured at this same time point (60.7 + 4.21%, p < 0.001,
n = 9) and was virtually unchanged when measured at 24—30 min
into the washout period (74.5 + 9.10% of baseline, p = 0.034, n = 5;
Fig. 3E, left). Another detail worth highlighting is the observation
that the acute inhibition produced by DHPG in these experiments
on minimally evoked IPSCs was nearly identical to that reported in
Fig. 1 for IPSCs evoked with a concentric bipolar stimulator
(65.7 + 3.44% vs. 65.7 + 3.36% of baseline, from Figs. 1 and 3
respectively). That result is also important because it indicates that
CCh (when applied before DHPG) does not substantially interact
with or occlude the effects of mGIuR activation. Collectively these
results indicate that DSI positive afferents are required to observe
DHPG-mediated acute inhibition of meIPSC amplitude in hilar
mossy cells and that this inhibition progresses to robust LTD in
approximately 75% of cases.

Previous work in other areas would strongly suggest that both
acute and long-term effects of DHPG on DSI positive afferents are
likely to depend on activation of CB1 cannabinoid receptors. In
order to confirm this directly, we examined the effects of DHPG on
minimally evoked IPSCs in slices that had been incubated in the
CB1 receptor antagonist AM-251. Indeed, under these conditions,
we observed no DSI and no apparent effect of DHPG (either acute
or long-term) in 6 out 6 cells tested (Fig. 4). Like earlier minimal
stimulation experiments, DHPG was tested in these cells in the
presence of 3 pM CCh. Although very unlikely, we couldn't
explicitly rule out the possibility that all 6 of these afferents would

have been DSI negative even in the absence of AM-251. Therefore,
we also performed a similar experiment in CB1~/~ mice. As
expected based on the AM-251 experiment, we found that CB1 /-
mice lacked DSI (—2.9 + 4.08% inhibition, n = 13, Fig. 5C) and
showed minimal DHPG-induced inhibition (acute: 90.1 + 3.44% of
baseline, p = 0.014, n = 7; washout: 111.0 &+ 16.39% inhibition,
p > 05, n = 7; Fig. 5D, top). By contrast, CB1*/* controls (see
Methods), showed both robust DSI (to 41.2 + 6.11% of baseline,
n =5, p < 0.001), and clear acute inhibition in response to DHPG
(to 68.3 + 3.59% of baseline, n = 5, p < 0.001 relative to null,
p = 0.002 relative to CB1~/~, Fig. 5D, bottom). Interestingly, in
contrast to the effects observed in SD rats, melPSCs in CB1*/* mice
largely recovered from the acute effects of DHPG during the
washout period (to 91.5 + 6.1% of baseline, n = 5, p = 0.23, Fig. 5D,
bottom), with only one cell showing strong, long-lasting inhibition.
While this may suggest a species difference in the induction of
mGluR-mediated LTD, overall these data strongly support the
conclusion that both the acute and long-term effects of DHPG in SD
rats depends on activation of the CB1 receptor.

3.3. Target cell variability is not responsible for distinct
effects of DHPG on DSI™ and DSI- GABAergic afferents

While the results described above clearly suggest that two
distinct classes of inhibitory inputs to hilar mossy cells can be
discriminated based on the susceptibility to mGluR-induced
production of eCBs, two other possibilities should be considered.
One possibility is that inadvertent patching of non-mossy hilar
neurons could contribute to the DSI™ population. We consider this
possibility extremely unlikely because all cells in this study met
detailed physiological and anatomical criteria for identification as
hilar mossy cells as described in the methods section and in several
of our prior publications. Consistent with that conclusion we found
no differences between DSI* and DSI™ cells in terms of membrane
capacitance (203 + 6.5 pF vs. 217 4+ 23.9 pF), input resistance
(201 +£18.1 MQvs. 198 + 23.5 MQ), access resistance (14.7 + 1.44 MQ
vs. 16.3 + 0.65 MQ), or holding current (—212 4+ 23.2 pA vs.
—214 + 354 pA, n = 12 and 8, respectively; p > 0.4 in all cases;
Fig. 2B). A more plausible possibility is that some cells that met
criteria to be categorized as hilar mossy cells simply failed to release
eCBs in response to mGluRs. However, we believe this is also quite
unlikely because in two of the cells described in Fig. 3C—D we
simultaneously recorded both a DSI™ and a DSI™ input to a single
hilar mossy cell, and in both cases, subsequent application of DHPG
selectively inhibited only the DSI* afferent.

Finally, it is worth noting that we found the baseline amplitude to
be larger on average for DSI™ than for DSI™ melPSCs (359.4 + 54.18 pA
vs. 167.2 + 14.57 pA, respectively, p = 0.011, data not shown). This
result may indicate that DSI negative inputs either release less
transmitter or make more distal synaptic contacts with hilar mossy
cells. However, we do not believe the smaller average amplitude of
DSI~ melPSCs is directly related to the lack of DHPG-mediated inhi-
bition. That conclusion is based on the observation that there is no
correlation between melPSC amplitude and the effect of DHPG in the
DSI* group (Pearson's 1: —0.254, adjusted R*: —0.029, p = 0.425,
n=12,datanot shown), and further on the observation that the range
of melPSC amplitudes observed in the DSI™ and mGIuR sensitive
group (99.6—649.4 pA) fully encompasses all responses observed in
the DSI™ and mGluR insensitive population (123.1-230.2 pA).

3.4. mGluR1 but not mGIuR5 is required for DHPG-mediated and
endocannabinoid-dependent inhibition of minimally evoked IPSCs

Both mGIuR1 and mGIuR5 have been shown to elicit cannabi-
noid-dependent inhibition in other brain regions (Galante and
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Fig. 3. Both acute and long-term effects of DHPG are restricted to DSI positive afferents to hilar mossy cells. Minimally evoked IPSCs were elicited using a monopolar electrode at
0.33 Hz for DSI, 0.2 Hz for DHPG application. In contrast to Figs. 1 and 3 M CCh was bath applied early in the experiment and minimally evoked IPSCs were tested for DSI prior to
being challenged with DHPG. A) Representative experiment from a minimally evoked IPSC that was DSI negative (top panel) indicates a corresponding lack of inhibition produced
by DHPG (bottom panel). B) By contrast, a representative experiment on a minimally evoked IPSC that was DSI positive (top panel) shows robust acute and long-term inhibition
induced by DHPG (bottom panel). Insets for both A and B are averaged sweeps from the cell shown in the corresponding scatter plot. Sweeps were averaged from measurement
periods (Base, DSI, Recovery, etc.) as described in the methods. Solid gray lines in bottom panels of A and B represent the population average and standard errors for all cells that
survived through the initial 20 min washout period. C) Summary of experiments from all cells where DSI negative afferents were isolated. Left panel: population means showing
lack of DSI and corresponding lack of acute or long-term effects of DHPG. Right panel: individual cell responses to treatment with DHPG treatment during the measurement periods.
D) Summary of experiments from all cells where DSI positive afferents were isolated. Left panel: population means showing significant DSI and corresponding robust acute and
long-term inhibition produced by DHPG. Right panel: individual cell responses to treatment with DHPG treatment during the measurement periods. E) Summary of experiments
from DSI positive data set, broken into LTD positive and negative subsets, respectively. Left panels: 9 of the 12 DSI positive meIPSCs showed robust acute and long-term inhibition in
response to DHPG. Right panels: 3 DSI positive melPSCs exhibited complete recovery following acute inhibition by DHPG. Numbers on the bars are n values. Double asterisks
indicate p < 0.01. Single asterisk indicates p < 0.05.
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Fig. 4. Blockade of CB1Rs by AM-251 prevents both DSI and all effects of DHPG on melPSC amplitude. For these experiments slices were incubated in ACSF containing 5 pM AM-251
(a CB1 receptor antagonist) for a minimum of 20 min prior to recording. A) Representative experiment indicating that minimally evoked IPSCs are DSI negative in the presence of
AM-251. B) The DSI negative GABAergic afferent isolated in panel A is also completely unresponsive to bath application of 50 uM DHPG (open circles). The solid gray line is the
population average and errors (light gray) for all cells that survived through the entire washout period. The insets in panels A and B are average traces from relevant time periods (as
described in the methods) in this representative experiment. C) Summary graph from 6 cells where minimally evoked IPSCs were isolated in the presence of AM-251. None of the six
cells tested were DSI positive or showed any acute effect of DHPG. Four of these six cells survived at least 20 min into the DHPG washout period, and indicated that long-term effects
of DHPG are also absent in AM-251.

Diana, 2004; Ohno-Shosaku et al., 2002; Sergeeva et al., 2007).
Therefore we tested the effects of DHPG on melPSCs of DSI positive
afferents in the presence of either the mGIluR1 antagonist LY367385
(100 uM) or the mGIuR5 antagonist MPEP (4 uM). Our results
indicate that neither antagonist had a significant effect on basal
melPSC amplitude (MPEP: 102.5 + 5.47% of baseline, n = 8; LY:
98.8 & 5.83% of baseline, n = 6; p > 0.05; Fig. 6A, C), that both acute
and long-term effects of DHPG were largely unaltered by MPEP
(acute: 589 + 3.30% of baseline, p < 0.01, n = 8; washout:
781 +£ 10.31%, p = 0.12, n = 4; Fig. 6A, B), and that LY367385
provided near complete block of DHPG-mediated inhibition (acute:
92.5 + 10.80% of baseline, p > 0.05, n = 6; washout: 99.1 + 15.93%,
p > 0.5, n = 4; Fig. 6C, D). Collectively, these results suggest that

mGluR1 is likely necessary for both acute and long-term effects of
DHPG in this system.

Although earlier data suggests that DHPG washes out well
before the LTD measurement period (see Section 3.2), we
confirmed that the observed LTD was not due to residual mGluR
activation by applying LY367385 immediately after DHPG treat-
ment. In seven cells, DHPG applied to DSI positive melPSCs
produced a robust acute inhibition similar to that observed in
control experiments (p > 0.1) and application of LY367385
(100 pM) immediately following cessation of DHPG treatment did
not block LTD (acute: 54.2 + 7.30% of baseline, p < 0.01; washout:
70.6 + 6.75% of baseline, p < 0.01, n = 7, Fig. 6E, F). This result
indicates that while mGluR1 is responsible for the induction of
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Fig. 5. DHPG has no effect on minimally evoked IPSC amplitude in CB1~/~ mice. A) Representative data from a CB1IR /= mouse (top, open circles) and CBIR*/* mouse (bottom, filled
circles) indicating a lack of DSI, and the presence of DSI, respectively. B) From the same cells shown in panel A, DHPG had no effect on meIPSCs in a CB1R/~ animal while mGIuR
activation induced an acute inhibition of meIPSCs in a CBIR*/* preparation. Insets show average traces from the corresponding runs for both DSI and DHPG treatments in the
indicated time periods. Solid gray lines and errors (light gray) represent the population average for all cells that survived through the entire washout period. C) Population data for
DSI experiments in CB1~/~ and CB1*/* mice, again indicating an absence of DSI in CB1~/~ animals. D) Summary graphs showing relative DHPG sensitivity of melPSCs recorded form
hilar mossy cells in CB1~/~ (top, open bars) and CB1*/* (bottom, filled bars) mice. Overall there was a small but statistically significant inhibition of meIPSC amplitude produced by
DHPG in CB1~/~ mice that was not followed by any apparent LTD. By contrast, CB1*/* mice produced melPSCs that were much more sensitive to DHPG and showed a mild but
statistically insignificant trend towards LTD. Double asterisks indicate p < 0.01.
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Fig. 6. Type [ metabotropic glutamate receptors are required for the induction but not the maintenance of both acute and long-term effects of DHPG on melPSCs recorded from hilar
mossy cells. A) Treatment with the mGIuR5 antagonist MPEP (4 uM) failed to block either the acute or long-term effects of DHPG on DSI positive afferents to hilar mossy cells. Left
panel: Representative data from a sample cell showing robust DSI of a minimally evoked IPSC. Right panel: Data from that same cell indicating DHPG still produces robust acute and
long-term inhibition of meIPSC amplitude in the presence of 4 uM MPEP. B) Population data from 8 cells where DSI positive afferents were tested with DHPG in the presence of
MPEP. Four cells did not survive through the LTD measurement period. C) Unlike MPEP, the mGluR1 antagonist LY367385 (100 uM) prevented DHPG-mediated inhibition (both acute
and long-term) of DSI positive melIPSCs. Left panel: Representative data from a sample cell showing robust DSI of a minimally evoked IPSC. Right panel: Data from that same cell
indicating that DHPG fails to produce either acute or long-term inhibition of melPSCs in the presence of LY367385. D) Population data from 6 cells where DSI positive afferents were
tested with DHPG in the presence of LY367385. Two cells did not survive through the LTD measurement period. E) LY367385 (100 uM) applied coincident with the end of DHPG
treatment had no effect on subsequent development of LTD (p > 0.5 compared to control). Left panel: Representative data from a sample cell showing robust DSI of a minimally
evoked IPSC. Right Panel: Data from that same cell indicating robust acute inhibition by DHPG and a stable long-term depression even in the presence of an LY367385 chase. F)
Population data from 7 cells where DSI positive afferents were treated with LY367385 immediately after DHPG application. Solid lines in panels A, C, and E represent the population
average for all cells. Right panels in A and C are truncated to 33 min because some cells did not survive entire washout period. Insets in panels A, C, and E are average traces from the

indicated time periods. Double asterisks indicate p < 0.01.

DHPG-mediated inhibition, its prolonged activation is not neces-
sary for LTD maintenance.

3.5. mGluR-induced and eCB-dependent LTD in the hilus
does not appear to depend critically on presynaptic
activity or postsynaptic priming

To date, this form of mGluR-induced and eCB-dependent LTD of
inhibitory transmission has only been described in the amygdala
(Azad et al., 2004; Marsicano et al., 2002), area CA1 of the hippo-
campus (Chevaleyre and Castillo, 2003, 2004), and the dorsolateral
region of the striatum (Adermark and Lovinger, 2009). In CAl,
recent studies have suggested at least two requirements for the
successful expression of iLTD. These include presynaptic activity in
CB1 positive GABAergic afferents (Heifets et al., 2008) and post-
synaptic priming via direct depolarization of the cell prior to
application of mGIuR agonists (Edwards et al., 2008). Therefore we
first asked whether any features of spontaneous IPSCs observed in
hilar mossy cells were able to predict the acute or long-term effects
of DHPG application on DSI positive afferents. In the baseline

condition average sIPSC frequency was 4.7 + 0.77 Hz (range:
1.5—10.6 Hz), average sIPSC amplitude was 28.5 + 1.63 pA (range:
20.7—42.9 pA), and average sIPSC area was 272.6 + 23.02 pA msec
(range: 134.3—455.3 pA msec), and these values were typically
increased during bath application of DHPG (e.g. frequency to
15.3 4+ 1.37 Hz, amplitude to 37.4 + 3.74 pA, and area to 459.1 &+
60.20 pA msec; p < 0.05 for all conditions). However, overall, we
could find no statistically significant correlation between any of
these parameters of spontaneous IPSCs (either prior to or during
DHPG application) and the acute or long-term inhibition of evoked
IPSCs produced by DHPG (p > 0.1 in all cases, n = 14 and 12
respectively, data not shown). This result suggests either that there
is no requirement for presynaptic activity for induction of eCB-
dependent LTD in the hilus, or that the required level of activity is so
low that all afferents tested were sufficiently active.

We next questioned whether prior postsynaptic depolarization
was required for observing mGluR-induced and eCB-dependent
LTD in the hilus. As noted earlier, we found that DHPG-mediated
inhibition proved robust in the hilus even when DSI was explicitly
tested after the drug treatment (Fig. 1). Since mossy cells often
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receive a large amount of spontaneous afferent activity (Scharfman,
1993; Strowbridge et al., 1992), we hypothesized that endogenous
activation of ionotropic glutamate receptors might preclude the
need for postsynaptic priming by direct somatic depolarization. In
order to test that hypothesis, slices were incubated for an average
of 991 + 24.95 min (range: 45—220 min) in ACSF containing
20 uM DNQX and 40 uM APV to minimize endogenous excitatory
synaptic transmission prior to testing for LTD. Ensuing application
of DHPG still produced robust acute inhibition (to 69.5 + 9.47%
of baseline, n = 7, p = 0.018, Fig. 1D) and LTD (measured at
14—20 min post-DHPG: 79.4 + 6.91% of baseline, n = 7, p = 0.024,
data not shown), neither of which differed significantly from
control values (p > 0.3 for both). Furthermore, no correlation was
observed between the incubation length and the acute effects of
DHPG (Pearson's r: = 0.063, Adjusted R?: —0.195, p > 0.5, Fig. 1D).
Collectively, these results indicate that neither direct somatic
depolarization nor robust endogenous excitatory transmission is
explicitly required to prime hilar mossy cells for expression of
DHPG-induced and eCB-dependent LTD.

4. Discussion

In the present manuscript, we report that bath application of
the group I mGIuR agonist DHPG causes an acute inhibition of
evoked IPSCs recorded from hilar mossy cells through activation
of an LY367385 sensitive and MPEP insensitive metabotropic
glutamate receptor. Further, we find that clear long-term depres-
sion of evoked IPSC amplitude remains after washout of DHPG. This
form of LTD was measured up to 45 min after cessation of DHPG
application in experiments that involved bulk stimulation tech-
niques, and was assessed up to 30 min post-DHPG in experiments
involving unitary or near unitary responses. In the later group, LTD
was successfully induced in 75% of trials, while rapid recovery from
the acute effects of DHPG was observed in the remaining 25% of
cases. Both the acute and long-term forms of DHPG-induced
inhibition were observed exclusively in DSI positive afferents, and
were absent in slices pretreated with the CB1 receptor antagonist
AM-251. Further, CB1~/~ mice lacked both acute and long-term
effects of DHPG, while wild type controls showed strong acute
inhibition and mild (not quite statistically significant) long-term
depression. Overall, these results clearly indicate that mGluR-
induced and eCB-dependent LTD modulates a subset of inhibitory
inputs to hilar mossy cells that express CB1 receptors. Although
mossy cells are clearly innervated by both cholecystokinin immu-
noreactive and parvalbumin immunoreactive interneurons, several
lines of evidence from other groups suggest that it is most likely
the CCK positive interneurons express the CB1 receptor and thus
provide the DSI and LTD positive inputs studied here (Acsady et al.,
2000; Katona et al., 1999; Tsou et al., 1999). Further, we find that
spontaneous activity in inhibitory afferents has no clear correlation
to either acute or long-term effects of DHPG, and that direct
depolarization of the postsynaptic cell prior to DHPG application is
not required for induction of LTD in this system.

Although eCB-LTD has been reported for both inhibitory and
excitatory synapses in several other areas of the brain (Adermark
and Lovinger, 2009; Azad et al., 2004; Chevaleyre and Castillo,
2003; Kreitzer and Malenka, 2007; Robbe et al., 2002; Soler-Llavina
and Sabatini, 2006), it has become apparent that the presence of all
necessary synaptic machinery (both pre and post) does not guar-
antee functional expression of eCB-LTD (e.g. see Chiu and Castillo,
2008). Moreover, a number of studies, in an attempt to mimic eCB-
LTD absent mGIuR activation, have demonstrated that extended
CB1R activation alone, either directly with an exogenous CB1
agonist or through an alternate means of eCB production, is
generally insufficient to induce LTD (Edwards et al., 2006; Pan et al.,

2008). In the present study it is clear that DHPG-induced and eCB-
dependent inhibition clearly persists well after DHPG washes out of
the slice, and thus represents a long-term form of synaptic plas-
ticity. This is evident not only because LTD was observed for up to
45 min after cessation of DHPG application, but also because much
more rapid washout of DHPG from acute brain slices was observed
in a subset of LTD negative afferents, a phenomenon routinely
documented in other studies (e.g. Chevaleyre and Castillo, 2003;
Galante and Diana, 2004). Further, application of the mGIuR1
antagonist LY367385 immediately after DHPG treatment failed to
prevent LTD onset. What is less clear at this point is whether
mGluR-induced and eCB-dependent LTD as observed in the hilus is
mediated by long-term changes in eCB tone, or by presynaptic
changes that become independent of both mGIluRs and CB1Rs.
Experiments that involve application of CB1 antagonists after DHPG
may be helpful in this area, however preliminary efforts have
indicated that such experiments will be complicated significantly
by the presence of a variable (and possibly activity dependent)
cannabinoid tone that is present in the hilus under basal recording
conditions.

Throughout the CNS, a wide variety of receptor systems have
been implicated in modulation of eCB production. These include
not only mGluRs, but also muscarinic acetylcholine receptors
(mAChRs), type 2 dopamine receptors (D,Rs), and type 2 serotonin
receptors (Chevaleyre and Castillo, 2003; Edwards et al., 2006;
Hashimotodani et al., 2005; Kreitzer and Malenka, 2005; Melis
et al.,, 2004; Wang et al., 2006). In addition, in certain areas multiple
receptor systems have been shown to act synergistically to produce
eCB-LTD. For example, DR activation is known to enhance mGIuR-
dependent eCB-LTD of glutamatergic synapses in the striatum
(Kreitzer and Malenka, 2005). More recently, it was suggested that
dopamine achieves this augmentation indirectly by reducing
cholinergic drive of postsynaptic type 1 mAChRs (Wang et al.,
2006). In that context it is interesting to note that we found no
detectable difference between eCB-LTD of GABAergic transmission
in the presence and absence of the general mAChR agonist carba-
chol. That result, combined with previous studies from our lab
(Hofmann et al., 2006), suggests that carbachol is likely to selec-
tively modulate activity dependent (e.g. depolarization-induced),
as opposed to mGluR-mediated, pathways for eCB production in
hilar mossy cells.

Throughout the CNS there is also likely to be a variety of distinct
mechanisms available for presynaptic modulation of the effects of
cannabinoids on CB1 positive terminals. For example, presynaptic
NMDARs are necessary for eCB-LTD induction at glutamatergic
terminals in the visual and somatosensory cortices (Bender et al.,
2006; Rodriguez-Moreno and Paulsen, 2008; Sjostrom et al., 2003),
although NMDARs are not required in the striatum (Singla et al,,
2007). Further, a number of non-receptor based manipulations can
also affect the induction of eCB-LTD. In the hippocampus, both
presynaptic activity coincident with mGluR-induced eCB signaling
and the recent history of the postsynaptic cell heavily affect
whether eCB-LTD will occur. In area CA1 of the hippocampus,
presynaptic activity leading to Ca** influx into the terminal is
thought to critically determine whether eCB-LTD is expressed at the
synapses of stratum radiatum interneurons onto CA1 pyramidal
cells (Heifets et al., 2008). Interestingly, we found no correlation
between spontaneous activity in the hilar inhibitory network and
the efficacy of DHPG, either acute or long-term, using both bulk and
minimal stimulation protocols.

Edwards et al. (2008) have recently presented evidence that
eCB-LTD at interneuron synapses as observed in area CA1 requires
a postsynaptic priming step that is effectively induced by direct
somatic depolarization. They further suggest that such a require-
ment may have been missed in previous studies that routinely
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tested for DSI prior to evaluating mGluR-induced and eCB-depen-
dent inhibition (e.g. Chevaleyre and Castillo, 2003; Varma et al,,
2001). Interestingly, we found that mGluR-induced eCB-LTD is
quite obvious in afferents to hilar mossy cells even in the absence of
both direct somatic depolarization and CCh, and without any other
obvious form of artificial postsynaptic priming (Fig. 1). Since mossy
cells receive unusually high levels of spontaneous excitatory
activity it seemed possible that they might be intrinsically primed
for DHPG-induced and eCB-dependent LTD. However, we found
that prolonged (up to ~4 h) reduction of excitatory drive to hilar
mossy cells (via incubation in the presence of ionotropic mGluR
antagonists) failed to prevent DHPG-induced inhibition. While this
suggests that mossy cells do not in fact require postsynaptic
priming for induction of eCB-LTD, we cannot explicitly rule out an
effect of the patch clamping procedure itself.

In prior studies patterned stimulation protocols have some-
times been used to produce endogenous mGluR-dependent eCB
signaling and subsequent LTD. Successful protocols for induction of
eCB-LTD include low frequency stimulation (LFS) in the amygdala
(Azad et al., 2004; Marsicano et al., 2002), theta burst stimulation
(TBS) in the hippocampus (Chevaleyre and Castillo, 2003) and
visual cortex (Huang et al., 2008), high frequency stimulation (HFS)
in the hippocampus (Yasuda et al., 2008), striatum (Gerdeman
et al., 2002), and superior colliculus explants (Henneberger et al.,
2007), and varying other stimulus patterns as well (Pan et al.,
2008; Soler-Llavina and Sabatini, 2006). Additionally, eCB-LTD has
shown significant spike-timing dependence at certain synapses
(Kreitzer and Malenka, 2005; Sjostrom et al., 2003; Tzounopoulos
et al,, 2007). Several factors complicate use of electrical stimulation
techniques to induce mGluR-dependent LTD in the hilus. As noted
above, hilar mossy cells naturally have a high level of spontaneous
EPSCs, indicative of significant activity in their glutamatergic
afferents; yet even now, the source of this activity remains highly
controversial. Mossy fiber axons from granule cells have generally
been considered the most likely source of this activity (Scharfman,
1993). On the other hand, granule cells have a fairly negative
resting membrane potential and do not often spontaneously fire
action potentials in vitro. Further, glutamatergic innervation of the
hilus from the granule cell layer is diffuse and not well suited to
bulk activation from a single stimulation site. As such, initial
attempts in our laboratory to induce eCB-LTD in the hilus by
tetanizing the granule cell layer have been unsuccessful. Other
potential sources of glutamatergic afferents to hilar mossy cells
include CA3 pyramidal cells (Nahir et al., 2007; Scharfman, 1994),
the newly discovered semilunar granule cells (Williams et al.,
2007), and potentially other mossy cells, although mossy cell-
mossy cell synapses have been reported to be extremely rare in in
vitro slices (Larimer and Strowbridge, 2008). These other pathways
are also not readily amenable to broad activation using conven-
tional electrical stimulation techniques. However, regardless of
the source, the clearly high level of spontaneous activity in many
glutamatergic afferents to hilar mossy cells raises the intriguing
possibility that such activity could prove (even absent exogenous
stimulation) to be a robust endogenous regulator of both eCB
tone and mGluR-induced LTD. Thus, in our view, future studies
should carefully evaluate the relationship between spontaneous
excitatory activity in the hilar network and the induction of
mGluR-dependent and eCB-mediated forms of synaptic plasticity.
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