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Abstract: 34 
Kainate receptors are members of the glutamate receptor family that function both by 35 
generating ionotropic currents through an integral ion channel pore, and through coupling to 36 
downstream metabotropic signaling pathways. They are highly expressed in the striatum yet 37 
their roles in regulating striatal synapses are not known. Using mice of both sexes we 38 
demonstrate that GluK2 containing kainate receptors expressed in direct pathway Spiny 39 
Projection Neurons (dSPNs) inhibit glutamate release at corticostriatal synapses in the 40 
dorsolateral striatum. This inhibition requires postsynaptic kainate receptor mediated 41 
mobilization of a retrograde endocannabinoid (eCB) signal and activation of presynaptic CB1 42 
receptors. This pathway can be activated during repetitive 25 Hz trains of synaptic stimulation 43 
causing short-term depression of corticostriatal synapses. This is the first study to demonstrate 44 
a role for kainate receptors in regulating eCB-mediated plasticity at the corticostriatal synapse 45 
and demonstrates an important role for these receptors in regulating basal ganglia circuits.  46 

Significance Statement: 47 

The GRIK2 gene encoding the GluK2 subunit of the kainate receptor has been linked to several 48 
neuropsychiatric and neurodevelopmental disorders including Obsessive Compulsive Disorder 49 
(OCD). Perseverative behaviors associated with OCD are known to result from 50 
pathophysiological changes in the striatum, and kainate receptor knockout mice have striatal 51 
dependent phenotypes. However, the role of kainate receptors in striatal synapses is not known. 52 
We demonstrate that GluK2-containing kainate receptors regulate corticostriatal synapses by 53 
mobilizing endocannabinoids (eCBs) from direct pathway Spiny Projection Neurons (SPNs). 54 
Synaptic activation of GluK2 receptors during trains of synaptic input causes short-term synaptic 55 
depression demonstrating a novel role for these receptors in regulating striatal circuits.  56 

Introduction: 57 

Plasticity at corticostriatal synapses is regulated by endocannabinoids (eCBs), lipophilic 58 
signaling molecules that inhibit transmitter release by activating the presynaptic CB1 receptor 59 
(Gerdeman et al., 2002; Lovinger, 2007). The striatum is the input nucleus of the basal ganglia 60 
and receives convergent excitatory cortical and thalamic input. Outputs of the basal ganglia in 61 
turn reciprocally regulate cortical activity via ascending projections to thalamocortical neurons 62 
(Alexander et al., 1986). The basal ganglia play key roles in regulating voluntary movement and 63 
instrumental conditioning—alterations in corticostriatal plasticity produce changes in these 64 
striatal dependent behaviors (Yin and Knowlton, 2006; Surmeier et al., 2014; Graybiel and 65 
Grafton, 2015). A diverse array of neurotransmitter receptors have been demonstrated to 66 
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modulate corticostriatal plasticity (Kreitzer and Malenka, 2008). However it is not known whether 67 
kainate receptors, a subtype of ionotropic glutamate receptor expressed at SPN synapses (Xu 68 
et al., 2017), regulate corticostriatal synaptic transmission.  69 

Kainate receptors, in contrast to the structurally similar AMPA receptors, fulfill a more varied 70 
range of synaptic and extrasynaptic roles (Contractor et al., 2011). The receptors assemble as 71 
hetero-tetramers from combinations of the GluK1-5 subunits encoded by the Grik1-5 genes, and 72 
are named for their sensitivity to kainic acid, while lacking affinity for α-amino-3-hydroxy-5-73 
methyl-4-isoxazolepropionate (AMPA) and N-methyl-d-aspartate (NMDA) (Dingledine, 1991). 74 
They are localized to postsynaptic densities in only a small subset of synapses where they 75 
contribute to a component of the excitatory post-synaptic current (EPSC) (Castillo et al., 1997; 76 
Fernandes et al., 2009). In most instances, they function to modulate neural circuits through 77 
roles as either direct presynaptic regulators of neurotransmitter release (Contractor et al., 2001; 78 
Schmitz et al., 2001), indirect modulators through the release of additional signaling molecules 79 
(Chergui et al., 2000; Lourenco et al., 2011), or as regulators of intrinsic excitability (Melyan et 80 
al., 2002).  81 
 82 
Recently, we demonstrated that mice lacking genes encoding all five subunits of the kainate 83 
receptor, 5ko mice, have alterations in striatal physiology and elevations in perseverative 84 
behaviors such as grooming and digging (Xu et al., 2017). Perseverative behaviors are 85 
hallmarks of psychiatric diseases involving striatal dysfunction such as Obsessive Compulsive 86 
Disorder (OCD) (Monteiro and Feng, 2016); mice with aberrant behaviors serve as models for 87 
the perseverative behavior in patients (Pauls et al., 2014; Monteiro and Feng, 2016). 5ko mice 88 
showed changes in properties of corticostriatal synaptic transmission and alterations in synapse 89 
density in SPNs  (Xu et al., 2017). However, it remained unclear whether these changes were 90 
adaptive changes due to a loss of kainate receptors during development or whether ongoing 91 
kainate receptor activity in the mature circuit contributes to striatal function. In the current work 92 
we have proposed to establish whether, in fact, there is an ongoing role for kainate receptors at 93 
corticostriatal synapses.  94 
 95 
GluK2 is the primary subunit that is expressed in the principal striatal cell type, the Spiny 96 
Projection Neuron (SPN) (Chergui et al., 2000). GluK2 knockout mice display elevations in 97 
perseverative digging behavior (Xu et al., 2017), are hyperactive (Shaltiel et al., 2008), and 98 
genetic evidence has linked mutations in the GRIK2 gene with obsessive-compulsive disorder. 99 
Family based studies have identified SNPs in GRIK2 that are under-transmitted in, and 100 
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significantly associated with, OCD (Delorme et al., 2004; Sampaio et al., 2011). Additionally, two 101 
recent genome wide association studies identified several GRIK2 SNPs with high probability 102 
among candidate OCD susceptibility genes (Stewart et al., 2013; Mattheisen et al., 2015).  103 
 104 
There are two distinct types of SPNs in the striatum:  “direct” pathway dopamine D1 receptor-105 
expressing SPNs (dSPNs) that project directly to the substantia nigra and “indirect” dopamine 106 
D2 receptor expressing SPNs (iSPNs) that project to the globus pallidus, which inhibits the 107 
substantia nigra (Surmeier et al., 2014). Here we present evidence that acute activation of 108 
GluK2-containing kainate receptors inhibits glutamate release at cortical synapses onto dSPNs. 109 
This depression is mediated by postsynaptic receptors that mobilize the endocannabinoid 2-110 
arachidonoylglycerol (2-AG). Short trains of presynaptic stimulation within the range of 111 
physiological frequencies selectively engage kainate receptor eCB mobilization, but not 112 
plasticity mediated by the Group I metabotropic glutamate receptor family (Lerner and Kreitzer, 113 
2012), demonstrating a specific role for kainate receptors in corticostriatal plasticity. 114 

 115 
Materials and Methods 116 
Animals 117 

Animals were group housed with 14-hr:10-hr Light/Dark cycle and food and water were provided 118 
ad libitum. Mice of both sexes, during the third postnatal week (PND21-PND28), were used and 119 
all experiments were performed in accordance with procedures approved by the Northwestern 120 
University IACUC. 121 
 122 
Generation of Grik2 conditional allele 123 
Standard gene targeting techniques were used to generate mutant floxed Grik2 mice. Genomic 124 
DNA for Grik2 was initially cloned from a phage library of 129 SVJ mouse genomic DNA 125 
fragments (Stratagene, La Jolla, CA) (Mulle et al., 1998). A 4.8-kb DNA fragment for the 3' 126 
targeting arm was inserted into a shuttle plasmid containing positive and negative selection 127 
markers (Xu et al., 2009). Next a 2.0-kb Grik2 DNA fragment containing exon 13 that encodes 128 
the reentrant p-loop of the channel, was sub-cloned into the same plasmid between the two 129 
loxP sites in the vector upstream of the neo cassette. Finally, a 3.4 kb Grik2 DNA fragment for 130 
the 5' targeting arm was subcloned into the targeting vector upstream of the floxed exon. The 131 
targeting vector was linearized by Sal1 and transfected into R1 mouse ES cells by 132 
electroporation. Transfected ES cells were cultured in selection medium with G418 (Geneticin) 133 
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and surviving clones were isolated for PCR and Southern blot analysis. Southern blot analysis 134 
was performed with 3’ probes and 5’ probes. Both probes are located outside of recombination 135 
arms to exclude clones with random integration of the targeting vector DNA. Blastocyst injection 136 
and embryo transfer was performed by the transgenic core facility at Northwestern University. 137 
Mice with germ line transmission were further bred with EIIa-Cre transgenic mice (Jackson 138 
Laboratory Stock #003724) to remove the neomycin cassette.  139 

D1-cre;Grik2f/f mice were generated by intercrossing mice homozygous for the floxed Grik2 140 
allele with mice expressing Cre recombinase under control of the drd1a promoter for expression 141 
in dSPNs (Gong et al., 2007) and a Cre dependent tdTomato reporter inserted in the Gt26Sor 142 
(Rosa26) locus (Ai9), for identification of dSPNs expressing Cre (Madisen et al., 2010). 143 

Slice Procedure and Electrophysiological Recording 144 

Parasagittal slices containing the dorsal striatum (250μm) were prepared using techniques 145 
modified from those previously described (Xu et al., 2017). Briefly, the brain was rapidly 146 
removed under ice-cold oxygenated sucrose-slicing ACSF containing 85 mM NaCl, 2.5 mM KCl, 147 
1.25 mM NaH2PO4, 25 mM NaHCO3, 25 mM glucose, 74 mM sucrose, 0.5 mM CaCl2, 4mM 148 
MgCl2, and 2 mM N-acetyl cysteine (NAC). Individual slices were transferred to a recording 149 
chamber and visualized after allowing approximately 60 minutes for recovery at 30-32°C in 150 
solution containing 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH2PO4, 25 mM NaHCO3, 25 mM 151 
glucose, 1 mM CaCl2, 2mM MgCl2, and 2 mM NAC. The ACSF used during recordings was 152 
identical to the recovery solution with the exception that it contained 2 mM CaCl2 and 1 mM 153 
MgCl2, and NAC was omitted. After the initial recovery, slices were kept at room temperature 154 
until used for recording. dSPNs were visually identified based on expression of the tdTomato 155 
reporter expressed selectively in dSPNs by the drd1a promoter (Shuen et al., 2008). For whole-156 
cell voltage-clamp recordings borosilicate glass electrodes (resistance 2.5–5 MΩ) were filled 157 
with an internal solution containing the following (in mM): 95 CsF, 25 CsCl, 10 Cs-HEPES, 10 158 
Cs-EGTA, 2 NaCl, 2 Mg-ATP, 10 QX-314, 5 TEA-Cl, and 5 4-AP, pH adjusted to 7.3 with CsOH. 159 
Cells were voltage clamped at -80 mV and corticostriatal inputs stimulated using an extracellular 160 
bipolar concentric electrode placed in cortical layers 5/6. EPSCs were isolated by the 161 
continuous presence of the GABAA receptor antagonist bicuculline (10 μM). Miniature EPSCs 162 
(mEPSCs) were recorded in the presence of bicuculline (10 μM) and 1μM tetrodotoxin (TTX). 163 
The amplifier output and stimulus isolator was controlled using pClamp9 software. Series 164 
resistance (Rs) was monitored using a 10mV hyperpolarizing step preceding each evoked 165 
event, also used to calculate input membrane resistance (Rm) and capacitance (Cm). Recordings 166 
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with >25% variation in Rs or Cm were excluded from the analysis. All recordings were performed 167 
at 30-32°C. 168 

Drugs were made as concentrated stock solutions in either water or DMSO (1:1,000 or 169 
1:10,000) and diluted to their final concentration on the day of experiments. For experiments 170 
using AM251, tetrahydrolipstatin (THL) or RHC 80267, BSA (0.05%) was used as a carrier and 171 
was added to the slices with drugs or with control DMSO solutions for at least 1 hour before 172 
recording and maintained throughout the experiment. For experiments in which BAPTA or 173 
GDPβS were included in the internal pipette solution, cells were held in whole cell configuration 174 
for at least 30 minutes for dialysis before beginning baseline recordings. In interleaved controls, 175 
cells were dialyzed with standard internal solution and similarly held in whole cell configuration 176 
for 30 minutes before baseline acquisition.  177 

Data Analysis 178 

Statistical analyses were conducted with Microsoft Excel, OriginPro9.0, and MATLAB software. 179 
Semi-automated analysis of mEPSCs was performed using the template matching algorithm in 180 
Stimfit software (Guzman et al., 2014). Depression during time series experiments, or paired 181 
pulse ratio changes, were analyzed by comparing the mean EPSC amplitude and paired pulse 182 
ratio 10-15 minutes after beginning kainate application with the baseline using a non-parametric 183 
Wilcoxon signed rank test for each group. Comparisons between two groups were made using a 184 
Wilcoxon rank sum test. Differences were considered significant when p < 0.05. Data are shown 185 
as mean ± SEM. 186 

Results  187 

Kainate receptors mobilize eCBs in dSPNs 188 

To determine how acute activation of kainate receptors influences corticostriatal synaptic 189 
transmission, we made recordings from striatal direct pathway SPNs (dSPNs) using BAC 190 
transgenic mice expressing a fluorescent reporter (tdTomato) under the control of the drd1a 191 
promoter (Shuen et al., 2008). Corticostriatal EPSCs in dSPNs were evoked in a parasagittal 192 
slice preparation that preserved cortical afferents with a bipolar electrode placed in layers 5/6 of 193 
the cortex (Ding et al., 2008). Application of a low concentration of kainic acid (KA, 100 nM) for 194 
15 minutes depressed the amplitude of corticostriatal evoked EPSCs in dSPNs. In most cases 195 
the depression remained 10-15 minutes after washing out the agonist. Figure 1A illustrates a 196 
representative time course of an individual recording, and Figure 1D is the grouped data of all 197 
the recordings in these conditions (p = 0.005, n = 12 cells from 8 animals, Wilcoxon signed rank 198 



 

 7 

test, Figure 1A & D). Depression of the EPSC was accompanied by an increase in the paired 199 
pulse ratio of EPSCs measured at an interstimulus interval of 40ms (PP40) (p = 0.012, Wilcoxon 200 
signed rank, Figure 1 B & C). The magnitude of the inhibition of the EPSC in response to KA 201 
application correlated significantly with the change in the paired pulse ratio, suggesting that the 202 
depression of the EPSC involves a decrease in presynaptic release probability (p = 0.034, 203 
ANOVA, F = 6.051, Figure 1E). 204 

To further confirm the effect of activation of kainate receptors on release probability at striatal 205 
synapses, we recorded miniature EPSCs (mEPSCs) before and after a 15 minute application of 206 
KA. KA consistently decreased the frequency, but not amplitude of mEPSCs (Hz: p = 0.012, 207 
Amplitude: p = 0.477, n = 9 cells from 8 animals, Wilcoxon signed rank, Figure 1F & G). Even 208 
though mEPSCs in dSPNs reflect contributions from both corticostriatal and thalamostriatal 209 
synapses (Ding et al., 2008), corticostriatal synapses are the most prominent excitatory input 210 
(Huerta-Ocampo et al., 2014). Therefore, the KA mediated suppression of mEPSC frequency is 211 
consistent with our observations that evoked corticostriatal EPSCs are inhibited by a decrease 212 
in release probability after 100 nM KA application.  213 

Presynaptic kainate receptors are known to directly inhibit glutamate release at a number of 214 
synapses in the cortex and hippocampus (Chittajallu et al., 1996; Contractor et al., 2000; 215 
Jouhanneau et al., 2011); however, in the striatum retrograde endocannabinoid signaling is a 216 
major mechanism for depression of glutamate release (Gerdeman et al., 2002), and 217 
pharmacological activation of kainate receptors has been shown to lead to eCB release in the 218 
hippocampus (Lourenco et al., 2011). Therefore, we tested whether the effect of KA might be 219 
mediated indirectly through an eCB signaling pathway. Application of the CB1 receptor 220 
antagonist AM251 (2μM) 60 minutes prior to, and maintained throughout the recording, 221 
prevented KA-mediated depression of the corticostriatal EPSC (p = 0.240, n = 11 cells from 7 222 
animals, Wilcoxon signed rank test, Figure 2A). AM251 also prevented a consistent increase in 223 
the paired pulse ratio (p = 0.206, Wilcoxon signed rank test, Figure 2 B & C).  There was no 224 
significant difference between either the baseline EPSC amplitude or PP40 ratio in the DMSO 225 
and AM251 treated groups (EPSC amplitude: 170.9 ± 21.37 (DMSO), 142.3 ± 14.5 (AM251), p 226 
= 0.465, Wilcoxon signed rank; PP40 ratio: 1.095 ± 0.061 (DMSO), 1.076 ± 0.070 (AM251), p = 227 
0.700, Wilcoxon signed rank). Additionally, cells from slices incubated with AM251 did not show 228 
a consistent reduction in mEPSC frequency in response to kainate application (Figure 2 F & G, 229 
p = 0.810, n = 7 cells from 6 animals, Wilcoxon signed rank).  230 
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In contrast to our results from dSPNs, in recordings from indirect pathway iSPNs, application of 231 
kainate did not significantly depress corticostriatal EPSCs, demonstrating a pathway and cell 232 
type-specific mechanism (p = 0.359, n = 9 cells, 4 animals, Wilcoxon signed rank, Figure 2D) 233 
Together this demonstrates that activation of kainate receptors by a low concentration of agonist 234 
leads to an eCB dependent presynaptic depression of corticostriatal EPSCs in dSPNs but not 235 
iSPNs. 236 

Kainate receptors mobilize 2-AG via a Gα pathway  237 

We next sought to address which eCB species might underlie kainate-mediated EPSC 238 
depression in dSPNs. 2-AG is produced exclusively by the enzyme diacylglycerol lipase (DAG-239 
L), which hydrolyzes diacylglycerol into 2-AG (Gao et al., 2010). Incubating slices with DAG-L 240 
inhibitor RHC 80267 (50 μM), starting at least 60 minutes prior to and during recording, 241 
prevented the KA mediated depression of corticostriatal EPSCs (p = 0.562, n = 7 cells from 3 242 
animals, Wilcoxon signed rank test, Figure 3A & B). An alternate DAG-L inhibitor, 243 
tetrahydrolipstatin (THL) (10 μM) had the same effect when it was co-applied to slices, fully 244 
blocking the KA mediated depression of the EPSC (p = 0.831, n = 11 cells from 10 animals, 245 
Wilcoxon signed rank test, Figure 3A & B). Therefore kainate receptor activation leads to the 246 
mobilization of 2-AG and CB1 receptor activation causing depression of EPSCs in striatal 247 
dSPNs.  248 

DAG-L activation and eCB mobilization are dependent upon signaling pathways that are 249 
activated by G-protein coupled receptor activation, and in particular the Gq linked group 1 250 
metabotropic glutamate receptor 5 (mGluR5) in SPNs. Therefore we tested whether the effect of 251 
application of KA might be indirectly mediated through mGluR5. The depression of the EPSC, 252 
measured 10-15 minutes following the start of KA application, was still intact in the presence of 253 
the mGluR5 antagonist MPEP (10 μM) (p = 0.031, n = 6, Wilcoxon signed rank, Figure 3C) 254 
Additionally, hyperpolarizing the neuron to -100mV to reduce potential effects from 255 
depolarization of the postsynaptic neuron also failed to reduce the KA mediated depression of 256 
the EPSC (p=0.031, n = 6, Wilcoxon signed rank, Figure 3C).  Kainate receptors are known to 257 
exert their effects both though ionotropic actions, requiring current flux through an integral 258 
channel pore, and through activation of non-canonical signaling pathways in a manner not 259 
strictly correlated with current flux through the channel (Rozas et al., 2003). The very low 260 
concentration of KA (100 nM) that we used in these experiments produced only a very small 261 
inward current (32.7 ± 4.59 pA, n = 45) and there was no correlation between the KA induced 262 
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current and the amount of depression of the corticostriatal EPSC (p = 0.221, F=1.54, ANOVA, 263 
Figure 3D).  264 

To further test whether kainate-mediated EPSC depression involved activation of G-protein 265 
signaling, and specifically Gα subunits, we included the non-hydrolyzable GDP analog GDPβS 266 
(2 mM) in the patch pipette and dialyzed cells for at least 30 minutes before recording 267 
corticostriatal EPSCs. In recordings in which we included GDPβS KA mediated depression, 268 
although still observed in some recordings, was significantly reduced (p = 0.102, n = 11 cells, 9 269 
animals, Wilcoxon signed rank, Figure 3E), while in interleaved recordings in which the cells 270 
were dialyzed for the same time with a normal internal solution the KA mediated depression was 271 
intact (p = 0.002, Wilcoxon signed rank, n = 10 cells, 7 animals, Wilcoxon signed rank, Figure 272 
3E). Several prior reports have functionally linked kainate receptor effects to G-protein signaling, 273 
including direct effects on transmitter release (Rodriguez-Moreno and Lerma, 1998; Frerking et 274 
al., 2001), and postsynaptic effects of kainate receptor activation on ion channels (Melyan et al., 275 
2002; Fernandes et al., 2009). Additionally, co-immunoprecipitation and proteomic analysis 276 

have detected interactions between kainate receptor subunits GluK1 and GluK5 and G o and 277 

G q G-proteins (Ruiz et al., 2005; Rutkowska-Wlodarczyk et al., 2015). Activation of Gα 278 
subunits are known to stimulate eCB synthesis (Olmo et al., 2016), therefore, the reduction in 279 
EPSC inhibition seen here with postsynaptic loading of GDPβS is consistent with kainate 280 
receptor stimulation of a G-protein pathway to mobilize 2-AG. 281 

The DAG-L enzyme can be activated in a Ca2+ dependent manner to mobilize 2-AG (Kondo et 282 
al., 1998; Shonesy et al.). In recordings where we included the kinetically fast calcium chelator 283 
BAPTA (17 mM) in the patch pipette KA mediated depression was significantly reduced (p = 284 
0.006, n = 8 cells, 4 animals, Wilcoxon rank sum, Figure 3E) compared to dialysis with control 285 
internal solutions containing EGTA. We also tested whether the KA mediated depression was 286 
dependent on the protein kinase C (PKC) pathway, which has been implicated in kainate 287 
receptor dependent inhibition of the slow afterhyperpolarization potential (sAHP) (Fisahn, 2005 288 
#81). Incubation of slices with the PKC inhibitor bisindolymaleimide (BDM, 0.1μM) failed to 289 
prevent the KA mediated EPSC depression (p = 0.031, n = 7, Wilcoxon signed rank, Figure 290 
3C). Taken together our results demonstrate that application of a low concentration of KA 291 
mobilizes the eCB 2-AG from dSPNs via a G-protein and Ca2+ dependent activation of the 292 
enzyme DAG-L. 293 

As we had found that kainate receptor activation mobilizes 2-AG we wanted to determine 294 
whether Group 1 mGluR activation linked to the same signaling pathway. In the striatum, mGluR 295 
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activation is required for high-frequency eCB dependent long-term depression (eCB-LTD) in 296 
iSPNs (Kreitzer and Malenka, 2005), and in dSPNs in the dorsolateral striatum a spike timing 297 
dependent mGluR mediated eCB-LTD has also been described at corticostriatal synapses 298 
(Shen et al., 2008). However, direct activation of Group 1 mGluRs by the agonist 299 
dihydroxyphenylglycine (DHPG) was demonstrated to cause only a small transient depression 300 
of EPSCs in dSPNs (Kreitzer and Malenka, 2007). We found that the mGluR agonist DHPG (50 301 
μM) depressed the corticostriatal EPSC amplitude in dSPNs (p = 0.008, n = 7 cells, 5 animals, 302 
Wilcoxon signed rank test, Figure 3 F & G). There was partial washout of the DHPG mediated 303 
depression (the amplitudes were not different to baseline at 10-15 minutes after washout, p = 304 
0.156, Wilcoxon signed rank test) unlike the effect of KA, which persisted after washout of the 305 
drug. The effect of DHPG was blocked by pre-application of the DAG-L inhibitor THL (p = 0.844, 306 
n = 7 cells, 4 animals, Wilcoxon signed rank, Figure 3F & G) demonstrating that Group 1 307 
mGluR activation can mobilize 2-AG in dSPNs, as does the activation of kainate receptors. 308 

Postsynaptic GluK2 containing kainate receptors mobilize 2-AG in dSPNs 309 

The GluK2 subunit is required for functional kainate receptor expression in the mature striatum, 310 
(Chergui et al., 2000) although the exact kainate receptor stoichiometry in dSPNs and iSPNs is 311 
unknown.  Kainate receptors are heterotetramers formed from combinations of the GluK1-5 312 
subunits and likely exist in complexes requiring the low affinity GluK1-3 subunits combined with 313 
at least one of the high affinity GluK4 and 5 subunits (Fernandes et al., 2009). To determine if 314 
postsynaptic GluK2 containing receptors in dSPN mediate the mobilization of eCBs we 315 
generated conditional knockout mice that lack expression of the gene, Grik2, encoding the 316 
kainate receptor subunit GluK2 (Grik2f/f mice) selectively in dSPNs (D1-Cre;Grik2f/f) (Gong et 317 
al., 2007). Further intercrossing mice expressing the Ai9 allele (Madisen et al., 2010) allowed for 318 
identification of dSPNs (D1-Cre;Grik2f/f;Ai9). The current mediated by 10 μM KA was eliminated 319 
in dSPNs in these mice but present in neighboring iSPNs from the same slices (Figure 4A&B). 320 
Additionally, we found that D1-Cre;Grik2f/f;Ai9 mice lacked significant KA mediated EPSC 321 
depression in response to 100 nM KA, and also lacked a consistent increase in the paired pulse 322 
ratio (PPR), confirming that postsynaptic GluK2 containing kainate receptors are required for 323 
kainate mediated presynaptic depression of corticostriatal synapses in dSPNs, (EPSC 324 
amplitude: p = 0.110 n= 12 cells, 9 animals; PPR:  p = 0.424 Wilcoxon signed rank; Figure 4 325 
C&D). In these experiments there was a small, but not statistically significant, depression of the 326 
EPSC amplitude seen in some recordings from the D1-Cre;Grik2f/f mice. However, unlike in 327 
control experiments this was not long lasting, leading us to conclude that GluK2 containing 328 
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kainate receptors on dSPNs are largely responsible for the depression of corticostriatal EPSCs.  329 
We also observed a higher baseline paired pulse ratio in the D1-Cre;Grik2f/f mice, which could 330 
indicate adaptive changes at the corticostriatal synapse to compensate for the loss of GluK2 331 
containing receptors in dSPNs (p = 0.010, n = 12 cells, 9 animals (D1-Cre;Grik2f/f), n = 9 cells, 332 
5 animals (D1-Cre;Grik2 wt/wt mice), Wilcoxon rank sum). 333 

Synaptic activation of kainate receptors inhibits corticostriatal synapses in dSPNs 334 

To determine if dSPN kainate receptors could mobilize eCBs in response to synaptically 335 
released endogenous glutamate, we stimulated cortical afferents with trains at 25Hz for 1 336 
second (Figure 5A). When these trains were repeated with a 20 second inter-train interval, the 337 
initial EPSC of the final train (E5) was significantly depressed compared to the average EPSC 338 
during the baseline period (p = 0.017, n = 18 cells, 10 animals, Wilcoxon signed rank, Figure 339 
5B &C). While a reduction in EPSC amplitude due to vesicle depletion occurs within the 1 340 
second trains, the depression that accrued over the course of multiple trains, from the 1st to the 341 
5th train, was due to eCB mobilization as it was completely eliminated by the CB1R antagonist 342 
AM251 and, in fact, recordings in AM251 showed a slight potentiation of E5 (p = 0.016, n = 8 343 
cells, 5 animals, Wilcoxon signed rank test, Figure 5B & C). The E5:E1 ratio was less than 1 in 344 
the control group (dSPN) but not the AM251 group, demonstrating that the depression of the 345 
EPSC was eliminated by CB1R antagonism (dSPN: p = 0.001, AM251: p = 0.844, Wilcoxon 346 
signed rank test, Figure 5D). This train-mediated effect was a short-term depression and 347 
following cessation of the train the EPSC amplitude returned to the baseline value within 1 348 
minute (p = 0.306, Wilcoxon signed rank). To further establish whether this short-term synaptic 349 
depression occurred through activation of postsynaptic kainate receptors or through mGluRs we 350 
first recorded 25 Hz trains in D1-Cre;Grik2f/f;Ai9 conditional GluK2 knockout mice. In these 351 
recordings the trains failed to cause depression of E5 (p = 0.946, n = 13 cells, 4 animals, 352 
Wilcoxon signed rank, Figure 5E). This is consistent with kainate receptors being preferentially 353 
activated by these synaptic trains, however it is possible that mGluRs, localized at these 354 
synapses, could also play a role in eCB mobilization. We therefore performed experiments in 355 
the presence of the Group 1 antagonist MPEP. We observed a depression of the E5 EPSC in 356 
recordings from WT mice (E5: p = 0.001, n = 14 cells, 7 animals, Wilcoxon signed rank; E5:E1 357 
ratio: p=0.004, Wilcoxon signed rank,, Figure 6 A&B) similar to recordings without MPEP. We 358 
also found that in recordings from D1-Cre;Grik2f/f mice in which we included MPEP there was 359 
no depression of the EPSC E5 as had been observed previously (E5: p = 0.890, n = 16 cells, 6 360 
animals, Wilcoxon signed rank ; E5:E1 ratio: p = 0.109, Wilcoxon signed rank, Figure 6 A&B).  361 
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Therefore, in dSPNs repetitive 25Hz trains of corticostriatal synaptic stimulation engage kainate 362 
receptor mediated eCB mobilization causing short-term synaptic depression; whereas Group 1 363 
mGluRs, which also have the potential to link to the same signaling pathways, do not participate 364 
in synaptic depression during repetitive 25Hz trains.   365 

Discussion 366 

Kainate receptors mobilize endocannabinoids at striatal dSPN synapses 367 

Kainate receptor subunits are expressed throughout the brain and have a number of diverse 368 
roles in regulating synapses and neuronal excitability (Contractor et al., 2011). Several 369 
mutations and allelic variations in the GRIK genes have been associated with neuropsychiatric 370 
and neurological disorders including intellectual disability (Motazacker et al., 2007; Guzman et 371 
al.), bipolar disorder (Pickard et al., 2008), and obsessive-compulsive disorder (OCD) (Delorme 372 
et al., 2004).  Alterations in striatal function have been well studied in animal models of OCD, 373 
strongly implicating alterations in this brain region in OCD pathology (Burguiere et al., 2015; 374 
Monteiro and Feng, 2016). We recently demonstrated that mice lacking all five subunits of the 375 
kainate receptor have pronounced striatal dependent phenotypes, including perseverative 376 
behaviors, and physiological and morphological disruptions of SPNs (Xu et al., 2017). However, 377 
it remained unclear whether kainate receptors expressed in mature SPNs regulated the striatal 378 
circuit and, if so, whether specific receptor subunits were required for ongoing kainate receptor 379 
activity.   380 

In the current work, we tested the consequence of acute activation of kainate receptors on 381 
corticostriatal synaptic transmission. Consistent with what has been seen at synapses in the 382 
hippocampus, activation of kainate receptors with a low concentration of agonist depressed the 383 
EPSC amplitude (Contractor et al., 2000). The reduction in EPSC amplitude involved a 384 
decrease in presynaptic glutamate release indicated by a concomitant increase in the paired 385 
pulse ratio. Additionally, 100 nM KA led to a consistent reduction in mEPSC frequency but not 386 
amplitude in dSPNs. However, unlike at other synapses where presynaptic kainate receptors 387 
directly inhibit transmitter release (Kullmann, 2001), we found that dSPN kainate receptors 388 
mediated this depression through release of eCBs. The KA mediated depression was prevented 389 
by antagonizing the presynaptic CB1 receptor and also by inhibitors of DAG-L, demonstrating 390 
that 2-AG synthesis was necessary. This occurred selectively in dSPNs and not iSPNs 391 
demonstrating functional heterogeneity and potentially reflecting molecular diversity between 392 
the two SPN types.  393 
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Kainate receptor eCB release involves postsynaptic receptors and activation of a G-394 
protein signaling pathway 395 

Prior work has demonstrated that activation of GluK2 containing kainate receptors can mobilize 396 
anandamide (AEA) and modulate GABA release at synapses onto CA1 neurons in the 397 
hippocampus (Lourenco et al., 2011). However, those studies used relatively high 398 
concentrations of KA that depolarized the cell, and there was a clear correlation between the 399 
amount of KA induced inward current and the depression of the EPSC, suggesting that 400 
depolarization was necessary for the eCB release. Previous work in SPNs has shown eCBs are 401 
released in response to depolarization and Ca2+ influx through voltage gated Ca2+ channels 402 
(VGCCs) (Kreitzer and Regehr, 2001; Adermark and Lovinger, 2007). Therefore the extent to 403 
which substantial depolarization is required for KAR-eCB mobilization was unclear (Lourenco et 404 
al., 2011). 405 

In this study, we found that a low concentration of KA that does not cause large changes in the 406 
holding current was sufficient to mobilize 2-AG. The magnitude of EPSC depression mediated 407 
by KA was not significantly correlated with alterations in the membrane current. In addition, the 408 
KA-mediated depression was reduced after dialysis of the postsynaptic cell with BAPTA to 409 
chelate calcium, and by including GDPβS in the patch pipette to inhibit postsynaptic G-protein 410 
signaling. These data demonstrate that kainate receptor mediated eCB release in dSPNs 411 
depends on kainate receptor activation of metabotropic signaling pathways. 412 

This non-canonical signaling by a nominally ionotropic ligand gated receptor adds to a growing 413 
list of effects linking kainate receptors, and other ligand gated ion channels, to activation of G-414 
protein signaling pathways (Valbuena and Lerma, 2016). For kainate receptors these diverse 415 
effects range from G-protein mediated mechanism of direct regulation of transmitter release in 416 
the hippocampus (Lauri et al., 2006), modulation of ion channels that control excitability in 417 
neurons of the dorsal root ganglion (DRG) (Rozas et al., 2003) and in hippocampal pyramidal 418 
neurons (Melyan et al., 2002), and regulation of filopodial motility in the hippocampus (Tashiro 419 
et al., 2003) as well as neurite outgrowth in DRGs (Marques et al., 2013). The structural basis of 420 
kainate receptor activation of G-protein pathways remains unclear. Biochemical studies have 421 
demonstrated association through co-immunoprecipitation of Gαq proteins with GluK2/K5 422 
receptor complexes (Ruiz et al., 2005), and through proteomic analysis of Gαo proteins and 423 
GluK1 (Rutkowska-Wlodarczyk et al., 2015). There is also evidence that the kainate receptor 424 
auxiliary subunit NETO1 is required for coupling of kainate receptors to metabotropic signaling, 425 
although again the structural basis for this interaction is still lacking (Wyeth et al., 2014). 426 
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We also found that mice lacking GluK2 receptors in dSPNs (D1-Cre:Grik2f/f mice) do not show 427 
a significant long lasting reduction in EPSC amplitude in response to 100 nM KA. In recordings 428 
from D1-Cre:GriK2f/f mice we did see a small reversible depression of the EPSC amplitude with 429 
KA application. This could reflect activation of kainate receptors on other cell populations that 430 
could also contribute to corticostriatal EPSC depression; however, in this case there was no 431 
change in the paired pulse ratio arguing against a presynaptic mechanism.  432 

Metabotropic glutamate receptors mobilize 2-AG in dSPNs 433 

eCBs are important for regulating corticostriatal synaptic strength  (Gerdeman et al., 2002).  434 
Neuromodulatory receptors such as dopamine receptors (DARs), muscarinic acetylcholine 435 
receptors (mAChRs) and adenosine A2A receptors, interact with the eCB system in complex 436 
ways depending on the SPN cell type (Calabresi et al.; Kreitzer and Malenka, 2005; Orru et al., 437 
2011; Shen et al., 2015). However, mobilization of eCBs has been thought to be primarily 438 
mediated by activation of Group 1 mGluRs (Luscher and Huber, 2010). dSPNs and iSPNs are 439 
functionally and molecularly heterogenous. In iSPNs high frequency stimuli and low frequency 440 
stimuli engage eCB-LTD with different mechanisms, both requiring mGluRs but one mobilizing 441 
2-AG and the other AEA (Lerner and Kreitzer, 2012). In contrast, much less is known about the 442 
pathways that lead to eCB mobilization in dSPNs, or which eCB species can be mobilized in 443 
these neurons. We found that kainate receptor mediated depression of corticostriatal EPSCs 444 
was only observed in dSPNs prompting us to focus on this cell type and determine how 445 
glutamate receptors, both mGluRs and kainate receptors, couple to the same or different eCB 446 
signaling pathways. As with kainate, application of the mGluR antagonist DHPG led to a 447 
reduction of EPSC amplitude at corticostriatal synapses that was blocked by a DAG-L inhibitor. 448 
Therefore in dSPNs, 2-AG is mobilized by activation of either kainate or metabotropic glutamate 449 
receptors. 450 

Kainate receptors regulate short-term plasticity at corticostriatal dSPN synapses 451 

Previous studies have demonstrated that high frequency (100 Hz) stimulation and mGluR 452 
dependent eCB release is crucial for the induction of long term depression at striatal synapses, 453 
which may help ensure balanced basal ganglia output in response to different patterns of 454 
cortical afferent activity (Gremel et al., 2016). We found that synaptic GluK2 containing kainate 455 
receptors in dSPNs are engaged by trains of 25Hz activity and regulate synaptic transmission 456 
via releasing eCBs. In vivo recordings in anesthetized rats have demonstrated that 457 
corticostriatal projection neurons fire during periods of membrane depolarization known as “UP” 458 
states that last from a few hundred milliseconds to around a second (Stern et al., 1997). Within 459 
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“UP” states, periodigrams of the instantaneous firing frequency indicate a mean value in the 460 
range of 25Hz. Therefore, these trains which activate kainate receptor short term plasticity fall 461 
within the range of physiological afferent stimuli dSPNs receive in vivo. While these specific 462 
experiments used a 1 second 25Hz train repeated at 0.05Hz, the complete range of stimulation 463 
frequencies and patterns that activate kainate receptors at this synapse are not known. 464 
Additionally, the intervals at which UP-states occur in vivo in striatal projecting neurons are not 465 
fully characterized and likely depend on the behavioral state of the animal (Wilson, 1993). In our 466 
experiments we selected a 20 second interstimulus interval to allow for vesicle recovery 467 
following train stimulation (Stevens and Tsujimoto, 1995). Despite the remaining questions, 468 
short-term eCB dependent inhibition of glutamate release by kainate receptor activation 469 
represents a novel mechanism for regulating excitatory dSPN synapses in response to cortical 470 
input. This regulation of glutamate release could in turn affect the probability of action potential 471 
generation in SPNs in response to certain patterns of cortical input, ultimately influencing basal 472 
ganglia output.  473 

Modification of behavioral sequences through a type of reinforcement learning is thought to be 474 
key to understanding the functional role of the cortical-basal ganglia loop (Graybiel and Grafton, 475 
2015). How cortical information is transmitted into the basal ganglia circuit has implications for 476 
how this neural circuit promotes effective, and discourages ineffective, behavioral sequences 477 
(Desrochers et al., 2015; Nakamura et al., 2017). In particular, a selective knockout of the CB1 478 
receptor from orbitofrontal cortex-dorsal striatum projections prevents the normal emergence of 479 
habit-like behavior in an operant task (Gremel et al., 2016). Our results demonstrate that 480 
synaptic GluK2 containing kainate receptors in dSPNs couple to downstream eCB signaling 481 
pathways to regulate the strength of corticostriatal synapses. These findings add to growing 482 
evidence, both from genetic studies associating variants in the GriK2 gene to disorders involving 483 
striatal pathology and behavioral studies in knockout mice, that kainate receptors in the striatum 484 
play an important role in regulating basal ganglia circuits.  485 

 486 

Figure Legends 487 

Figure 1: Kainate receptor activation inhibits glutamate release in dSPNs 488 
(A) Representative time course of recording from a dSPN, identified with the D1tdTomato BAC 489 
transgene. A 15 minute application of 100 nM kainic acid (KA) resulted in a depression of the 490 
EPSC amplitude that persisted for the remainder of the recording (B) Representative ESPC 491 
traces from the same experiment before and after KA application. There is a decrease in 492 
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amplitude and an increase in the paired pulse ratio (PPR). Calibration: 50pA, 40ms (C) Average 493 
PPR for each recording during baseline and 10-15 minutes after beginning KA application (D) 494 
Grouped timecourse of EPSC depression by KA in dSPNs (E) The EPSC inhibition is positively 495 
and significantly correlated with the change in the paired pulse ratio (F) 100 nM KA consistently 496 
reduced the frequency, but not amplitude, of miniature EPSCs (G) Representative mEPSCs 497 
recorded before and after a 15 minute application of 100 nM KA Calibration: 10 pA, 100 ms 498 
 499 
Figure 2: Kainate receptor activation mobilizes eCBs in dSPNs 500 
(A) Timecourse of KA effect on corticostriatal synapses in dSPN in the presence of the CB1 501 
receptor antagonist AM251 (2 μM) (B) Representative traces from one experiment of 502 
corticostriatal EPSCs recorded in a dSPN in the presence of AM251 before and after KA 503 
application. Calibration: 50pA, 40ms (C) Paired pulse ratio measurements of dSPN 504 
corticostriatal EPSCs at interstimulus intervals of 40ms before and after KA in the presence of 505 
AM251. (D) Average KA depression in dSPNs and iSPNs. KA mediated effect is selective for 506 
dSPNs (F) AM251 prevents the KA mediated depression of mEPSC frequency in dSPNs (G) 507 
Representative mEPSC traces in AM251 before and after 100 nM KA application. Calibration: 508 
10 pA,100 ms. 509 
 510 

Figure 3: Glutamate receptor activation in dSPNs mobilizes 2-AG  511 
(A) Timecourse of KA-mediated depression in the presence of the DAG-lipase inhibitors RHC 512 
(50 μM) or THL (100 μM) (B) Representative EPSCs from individual recordings before and after 513 
KA application recorded in the presence of THL (top) and RHC (bottom). Calibration: 100 pA, 25 514 
ms (C) Summary plot of KA-mediated depression in experiments where cells were held at 515 
hyperpolarized potentials during KA, or the recordings were performed in the presence of the 516 
group I mGluR antagonist MPEP (10 μM), or in the presence of the cell permeable PKC inhibitor 517 
bisindolylmaleimide (BDM, 1 μM) (D) Plot of KA-mediated inhibition of corticostriatal EPSCs 518 
against the agonist induced depolarization of dSPNs by 100 nM KA (E) Timecourse of KA-519 
mediated effects on corticostriatal EPSCs and representative EPSCs in experiments in which 520 

the postsynaptic dSPN was dialyzed for 30 mins with either GDP S or BAPTA (17 mM). 521 

Calibration: 200 pA, 20 ms (control), 100 pA, 20 ms (GDP S), 150 pA, 20 ms (BAPTA) (F) 522 
Timecourse for experiments in which the Group 1 mGluR agonist DHPG (50 μM) was applied in 523 
the presence of absence of the DAG-L inhibitor THL(10 μM). Group 1 mGluR activation 524 
produced an inhibition of the corticostriatal EPSC amplitude in dSPNs similar to KA (G) 525 
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Representative EPSCs recorded before and after DHPG application in the absence (top) and 526 
presence (bottom) of THL. Calibration: 50 pA (top) and 100 pA (bottom), 20ms. 527 

Figure 4: GluK2 containing receptors are required for kainate mediated eCB depression 528 

(A) Example whole-cell current responses to saturating KA (10 μM) application of dSPNs from 529 
control mice (top) and from mice in which GluK2 is specifically ablated in dSPNs (D1cre;Grik2 530 
f/f)(Bottom). Calibration: 200 pA, 300s (B) Summary of whole cell current amplitudes in dSPNs 531 
and iSPNs from D1cre; Grik2 f/f mice as well as dSPNs from control mice (C) KA mediated 532 
effects on corticostriatal EPSCs in dSPNs in control and conditional GluK2 KO mice. No 533 
significant kainate mediated depression is seen in slices from dSPNs in conditional GluK2 KO 534 
mice (D1-Cre;Grik2 wt/wt mice; Ai9: p = 0.008, n = 9 cells from 5 animals, Wilcoxon signed 535 
rank) (D) KA increases the paired pulse ratio in control dSPNs (p = 0.027, Wilcoxon signed 536 
rank) but not dSPNs from D1-Cre;Grik2f/f mice (E) Representative traces from individual 537 
experiments showing EPSCs before and after KA application from dSPNs in control mice and 538 
conditional GluK2 KO mice. Calibration: 150p A (left) and 100 pA (right), 50 ms.  539 

Figure 5: Synaptic activation of kainate receptors causes an eCB mediated short-term 540 
depression of corticostriatal EPSCs during presynaptic trains of activity  541 

(A) Schematic of train stimulation protocol. After 5 minute of baseline recording, five trains (T1-542 
T5) of synaptic stimulation are presented. Each train consists of 25 stimuli at 25 Hz and is 543 
separated by 20 msec.The amplitude of the 1st EPSC in each of the trains (E1 to E5) is a 544 
measure of the accrued depression (B) Representative EPSC traces E1 to E5 for individual 545 
experiments recorded from dSPN in control solution or in the presence of AM251 (2 μM). 546 
Calibration 50 pA (control) and 100 pA (AM251), 25 ms (C) Grouped data of E1 to E5 547 
amplitudes during train stimulation for recordings from dSPNs in control and slices incubated 548 
with AM251 (D) Ratio of the 1st EPSC from the 5th train (E5) to the 1st EPSC from the 1st train 549 
(E1) (E) E1 to E5 amplitudes during trains recorded from dSPNs in D1cre;Grik2 f/f mice (F) 550 
Representative EPSCs from a single experiment of the 1st and 5th train in  D1cre;Grik2f/f mice. 551 
Calibration 50 pA, 25 ms. 552 

Figure 6: Synaptic 25Hz trains do not engage group I mGluRs in dSPNs  553 

(A) Grouped data of normalized amplitudes of EPSCs E1 to E5 during 25 Hz trains in the 554 
presence of MPEP in dSPNs from WT and D1cre;Grik2 f/f mice (B) E5/E1 ratio in dSPNs from 555 
control mice and D1cre;Grik2 f/f mice (C) Representative E1 and E5 traces from individual 556 



 

 18 

experiments in control and conditional GluK2 KO mice in the presence of MPEP. Calibration 557 
200 pA (top), 400 pA (bottom) and 10 ms.  558 

 559 
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