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Cell-surface protein endocytosis is critically involved in the regulation of organismal homeostasis, immune 

responses, development and neurotransmission [1,2,3,4]. Mechanisms underlying the endocytosis of cell surface 

proteins have been extensively investigated. However, until very recently no study has reported how 

non-internalized cell surface proteins may behave following endocytosis of same type of proteins. Here, we 

highlight findings that regulated NMDA receptor (NMDAR) internalization not only reduces the amount of 

NMDARs expressed on neuronal surface but also through activating PKD1 pathway phosphorylates and 

down-regulates remaining (non-internalized) surface NMDARs. This down-regulation of remaining surface 

NMDARs plays a critical role in the modulation of NMDAR-mediated synaptic responses by NMDAR 

internalization. 
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Cell-surface proteins including receptors/channels 

undergo internalization constitutively or induced by 

regulated stimulations. The cell-surface protein 

internalization plays critical roles in the regulation of 

organismal homeostasis, development, immune responses 

and neurotransmissions [1, 2, 3]. Depending upon whether 

clathrin or caveolae is involved, detailed mechanistic studies 

have shown that there are clathrin or caveolae dependent or 

independent endocytosis [1, 2, 3]. 

In constitutive internalization, the amount of internalized 

cell surface proteins is balanced by that of externalized 

proteins. Regulated internalization of cell-surface proteins 

such as receptors/channels can be induced by external (such 

as ligands) stimulation. This type of internalization has been 

accepted as a general mechanism for reducing the number of 

receptor proteins on cell surface, and thereby regulating the 

function of the receptors [1, 2, 3, 4]. Furthermore, the 

stimulation-induced protein internalization has been found to 

be an important mechanism triggering intracellular 

down-stream signaling pathways [5]. However, until very 
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recently no study was conducted to clarify how 

non-internalized cell surface proteins may behave following 

endocytosis of same type of proteins. 

N-methyl-D-aspartate receptors (NMDARs) are a subtype 

of glutamate receptors and involved in many physiological 

and pathophysiological processes, such as synaptic plasticity, 

learning and memory, neuronal development and death 
[6,7,8,9,10,11]. Neuronal surface NMDARs are known to undergo 

homologous and heterologous internalization, which can be 

induced respectively by stimulating both the glutamate and 

glycine binding sites on the receptor [12, 13] and by stimulating 

group 1 metabotropic glutamate receptors (mGluRs) [14, 15, 16, 

17, 18]. The dysregulation of NMDAR trafficking has been 

found to be related to the development of some 

neuropsychological disorders [19, 20, 21, 22]. 

Our previous studies have shown that through intracellular 

signaling mediated by Na+ and/or Ca2+ neuronal surface 

NMDARs may cross talk to each other and therefore the 

activity of one NMDAR can be regulated by other NMDARs 
[11, 23, 24]. Based on these findings, we questioned: may 

endocytosis of some NMDARs affect the activity of 

remaining (non-internalized) neuronal surface NMDARs? To 

address this question we conducted investigations by using a 

combination of electrophysiological, biochemical, and 

genetic approaches. Our data demonstrate that through 

activating PKD1, NMDAR endocytosis down-regulates 

remaining surface NMDARs and thereby inhibits 

NMDAR-mediated synaptic transmissions [25]. 

I. Regulated internalization of NMDARs inhibits the 

activity of remaining (non- internalized) surface NMDARs 
[25]. NMDAR-mediated single-channel activity evoked with 

NMDA (10 µM) and glycine (3 µM) added into the patch 

pipette was recorded in cell-attached patches on cultured 

hippocampal neurons (Fig. 1). In this recording configuration 

(Fig. 1), the patch electrode isolates the recorded 

receptor/channels from the extracellular bath environment 

and therefore prevents the direct stimulation by bath-applied 

lipophobic agents such as NMDA and/or glycine [23, 24, 25]. 

The regulated endocytosis of NMDARs, which were located 

outside the membrane patches, was induced by bath 

application of the group 1 mGluR agonist, 

(S)-3,5-Dihydroxyphenylglycine (DHPG, 50 µM) [14, 15] or 

high concentration of NMDA (1 mM) and glycine (100 µM) 

(NMDA/glycine) [13]. NaCl and KCl in the extracellular bath 

solution were replaced by Na2SO4 and Cs2SO4. No damage 

of neurons was noted following bath application of high 

NMDA/glycine [23, 26].  

Our data showed that bath application of either DHPG or 

NMDA/glycine not only caused significant reductions of 

NMDARs expressed on neuronal surface but also inhibited 

NMDAR activity recorded in cell-attached patches [25]. 

Application of dynamin inhibitory peptide (DIP), Myr-4–

Figure. 1 Through the activation of PKD1, regulated NMDAR internalization down-regulates 
remaining surface NMDARs. A diagram shows recording of single NMDAR/channels in 
cell-attached patches before and after regulated internalization of cell surface NMDARs 

induced by bath application of high NMDA/glycine (N+G) or DHPG. Examples of 
NMDAR-mediated current traces recorded before (Left) and after (Right) N+G or DHPG 
application are shown above the diagram. Extr.: Extracellular, Intr: Intracellular. P: serine 
phosphorylation; C: closed level; O: opened level 
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QVPSRPNRAP (50 µM), which prevents 

dynamin-dependent receptor internalization [13,27,28], blocked 

the NMDAR down-regulation induced by either DHPG or 

high NMDA/glycine. We then examined effects of 

immobilizing NMDARs inside and/or outside the membrane 

patches by application of X-link consisting of 5 µg/ml 

goat-anti-mouse IgG and 2.5 µg/ml GluN1 antibody (mouse). 

We found that X-link application effectively prevented 

NMDAR endocytosis induced by high NMDA/glycine. 

However, immobilization of recorded NMDAR/channels 

within the membrane patch could not prevent the inhibition 

of the recorded NMDARs following endocytosis of NMDAR 

located outside of the patch except that X-link was also bath 

applied. Furthermore, immobilization of NMDARs outside 

of the membrane patch successfully prevented the reduction 

of the activity of recorded NMDARs which were within the 

membrane patches and not immobilized. Thus, we conclude 

that following bath application of either DHPG or high 

NMDA/glycine, the inhibition of recorded NMDARs which 

remained on the neuronal surface is induced by endocytosis 

of remote NMDARs outside of the membrane patch [25]. 

II. Through activation of PKD1 the regulated NMDAR 

internalization causes serine phosphorylation of surface 

NMDARs and down-regulates remaining surface NMDARs 
[25] (Fig. 1). 

To understand the mechanisms underlying NMDAR 

endocytosis-induced inhibition of remaining surface 

NMDARs, we examined remaining surface NMDARs 

located at the synaptic plasma membrane (LP1) [29, 30, 31]. We 

found that the serine phosphorylation of the GluN2A and 

GluN2B subunits of membrane NMDARs increased 

significantly following regulated NMDAR endocytosis. 

Detailed investigations clarified that serine residue 1416 

(s1416) of the GluN2A and the C-tail of GluN2B were 

critical phosphorylation sites on NMDARs. Furthermore, we 

found that PKD1 activity was enhanced following regulated 

NMDAR endocytosis and that PKD1 phosphorylated surface 

NMDAR proteins directly. Application of active 

recombinant PKD1 into cells depressed NMDAR activity. 

This suppression produced by PKD1 required s1416 in the 

GluN2A subunit or C-terminus in the GluN2B subunit. 

Neither application of the protein kinase inhibitor 

staurosporine nor knocking down PKD1 by infection of 

PKD1 shRNA affected NMDAR endocytosis. But both the 

phosphorylation and inhibition of NMDARs induced by 

NMDAR internalization were prevented. Taking all the 

findings together, we conclude that PKD1 plays a critical 

role in the regulation of remaining NMDARs by regulated 

NMDAR endocytosis [25] (Fig. 1). 

III. Remaining surface NMDARs play a key role in the 

regulation of NMDAR-mediated synaptic activity by 

NMDAR internalization [25]. 

Miniature excitatory post-synaptic currents (mEPSCs) in 

cultured hippocampal neurons without or with knockdown of 

PKD1 were recorded. Similar to those reported previously [14, 

15, 16, 17], both the NMDAR and AMPAR-mediated mEPSC 

components in neurons without shRNA infection were 

significantly reduced following bath application of DHPG. 

Intracellular application of DIP prevented the DHPG-induced 

inhibition of both the NMDAR- and AMPAR-mediated 

mEPSCs. While AMPAR-mediated synaptic responses 

remained no change, knockdown of PKD1 which blocks the 

inhibition of remaining surface NMDARs, substantially 

abolished the inhibition of NMDAR-mediated mEPSCs [25]. 

It has been generally accepted that through reducing the 

number of active receptor/channels expressed on the 

neuronal surface, the regulated receptor/channel 

internalization inhibits the receptor/channel-mediated 

synaptic responses. Our present work has demonstrated a 

novel and challenging concept that the inhibition of 

remaining surface NMDARs plays a key role in the 

down-regulation of NMDAR-mediated synaptic transmission 

by NMDAR endocytosis. As such, further clarifying how 

NMDAR internalization induces PKD1 activation and how 

remaining surface NMDA receptors regulate synaptic 

transmission will be essential for understanding functional 

changes in the central nervous system associated with 

receptor trafficking. 
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