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Abstract

The classical targets for antipsychotic and antidepressant drugs are G protein-coupled receptors 

and neurotransmitter transporters, respectively. Full therapeutic actions of these drugs require 

several weeks. We show how therapeutic effects may eventually accrue after existing therapeutic 

ligands bind to these classical targets, not on the plasma membrane but rather within endoplasmic 

reticulum (ER) and cis-Golgi. Consequences of such binding may include pharmacological 

chaperoning: the nascent drug targets are stabilized against degradation and can therefore exit the 

ER more readily. Another effect may be matchmaking: heterodimers and homodimers of the target 

form and can more readily exit the ER. Summarizing recent data for nicotinic receptors, we 

explain how such effects could lead to reduced ER stress and to a decreased unfolded protein 

response, including changes in gene activation and protein synthesis. In effects not directly related 

to cellular stress, escorting would allow increased ER exit and trafficking of known associated 

proteins, as well as other proteins such as growth factors and their receptors, producing both cell-

autonomous and non-cell-autonomous effects. Axonal transport of relevant proteins may underlie 

the several weeks required for full therapy. In contrast, the antidepressant effects of ketamine and 

other N-methyl-D-aspartate receptor ligands, which occur within <2 hours, could arise from 

dendritically localized intracellular binding, followed by chaperoning, matchmaking, escorting, 

and reduced ER stress. Thus, the effects of intracellular binding extend beyond proteostasis of the 

targets themselves and involve pathways distinct from ion channel and G protein activation. We 

propose experimental tests and note pathophysiological correlates.
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What events take place during the 2 to 3 weeks required for the full therapeutic actions of an 

antidepressant or antipsychotic drug? Most workers agree that a process is activated long 

after the few seconds required for the drug-receptor interaction to attain steady state at the 

plasma membrane. Signal transduction cascades, maintained for several weeks, are thought 

to be involved. Among the postulated downstream mechanisms are gene activation and 
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neurogenesis. A satisfactory mechanistic picture would also explain the more rapid 

antidepressant effects of ketamine and other N-methyl-D-aspartate (NMDA) glutamate 

receptor blockers.

The new therapeutic hypotheses reviewed here continue to focus on the classical targets. For 

the serotonin selective reuptake inhibitors (SSRIs), the targets are the serotonin transporter 

(SERT) and, to a lesser extent, the norepinephrine transporter. For antipsychotic drugs, the 

dopamine D2/D3 and serotonin 2A (5-HT2A) G protein-coupled receptors (GPCRs) 

comprise the classical targets. Recently described antidepressant effects of ketamine and 

related compounds occur within 2 hours; the target is the NMDA receptor. But in the new 

hypotheses, the targets are in a novel location: the endoplasmic reticulum (ER) and cis-

Golgi, where they are being synthesized and glycosylated (Figure S1 in Supplement 1).

Intracellular actions of psychiatric drugs are not a novel concept. For decades, we have 

assumed that valproate and lithium act intracellularly, primarily because no high-affinity 

plasma membrane binding sites have been identified. The sigma-1 receptor, originally 

thought to be an opioid receptor, presents another relevant example, because it is an 

intracellular chaperone protein that participates in ER stress signaling (1).

We will not soon have full pathophysiological information about schizophrenia, bipolar 

disease, or depression. Many therapeutic drugs have been analyzed in the absence of detailed 

pathophysiology about their target disease. This essay proceeds similarly, but we comment 

briefly on pathophysiology in the final section.

Statement of the Hypotheses

Antidepressants and antipsychotic drugs are able to bind intracellularly, in the ER and cis-

Golgi, to their nascent receptors. There are several possible sequelae.

1. The target protein achieves a stable state that resists ER associated degradation 

and/or ER retrieval. This is pharmacological chaperoning.

2. In some cases, the intracellular binding enhances assembly or dimerization of the 

target, providing further stability. This is matchmaking.

3. These processes increase the ER exit rate of the receptors.

4. The increased ER exit suppresses one or more arms of ER stress and the 

unfolded protein response (UPR), improving neuronal function in a cell-

autonomous fashion.

5. The increased ER exit allows the targets to co-traffic more effectively with 

candidate beneficial secreted proteins, such as neurotrophins; these can then act 

in a non-cell-autonomous fashion. This is escorting.

6. The binding of ligand within the ER can disrupt endogenous trafficking of either 

the target or a co-trafficked protein. This could be termed abduction.

Note that items 5 and 6 emphasize the molecules escorted or abducted by the drug-target 

complex, not the drug targets themselves.
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Thus, the hypothesis states that the therapeutic effects of psychiatric drugs occur via inside-

out signal transduction beginning in the ER. This contrasts with the usual assumption that 

therapeutic drugs act outside-in, via the membrane-localized drug-receptor interaction. 

Importantly, we will show how downstream effects can extend beyond proteostasis (2) of the 

targets themselves.

Recent Work on Nicotinic Receptors Reveals the Principles

Pharmacological Chaperoning and Matchmaking

Our laboratory’s work focuses on explaining the molecular, cellular, and circuit-based 

instantiation of such terms as plasticity and adaptation during chronic exposure to nicotine. 

At the subcellular level, nicotine acts as a pharmacological chaperone for α4β2 nicotinic 

acetylcholine receptors (nAChRs) (3–5) (Figure 1). A pharmacological chaperone is a small 

molecule that stabilizes a protein by binding, as either a substrate, agonist, antagonist, or 

allosteric modulator, at a physiologically relevant site on the target protein, but the binding 

primarily occurs within an organelle and usually during biosynthesis and trafficking of the 

target protein. A pharmacological chaperone is not a chaperone protein, although in some 

cases the effects might be similar. We are beginning to understand how pharmacological 

chaperoning by nicotine underlies both some initial events of nicotine addiction and some 

apparent neuroprotective actions of nicotine in Parkinson’s disease (6).

Nicotinic Ligands, Acting on nAChR, Modify the Unfolded Protein Response

The unfolded protein response is a homeostatic mechanism that fine-tunes the cell in 

response to the demands of newly synthesized proteins that enter the ER. In mammalian 

cells (Figure 1), the unfolded protein response is thought to become activated when an ER-

resident chaperone, immunoglobulin binding protein (BiP; also known as 78 kDa glucose-

regulated protein GRP-78 or heat shock 70 kDa protein 5 HSPA5), binds to hydrophobic 

groups on unfolded or partially folded proteins. As a consequence, BiP dissociates from 

three other proteins in the ER membrane: protein kinase R-like ER-localized eukaryotic 

initiation factor 2α (eIF2α) kinase (PERK), inositol-requiring enzyme 1 (IRE1), and 

activating transcription factor 6 (ATF6). Each of these three proteins then activates a 

pathway resulting in gene activation, protein synthesis, and post-translational modifications. 

The overall result initially increases the protein processing capacity in the ER, but the 

PERK-eIF2α pathway eventually decreases the level of translation by membrane-bound 

ribosomes (7–10).

Many details of the UPR are emerging. During the UPR, some genes are activated, while 

others are repressed. Of particular interest to those studying receptors and transporters, 

membrane proteins may produce a signal that triggers a UPR, even if they have no ER 

lumenal domain (which would eventually become extracellular), and the three pathways may 

be activated differentially during the lumenal versus transmembrane triggers (11).

When ER stress and the UPR continue for long periods, they appear capable of reducing cell 

function as well. Endoplasmic reticulum stress occurs in certain dystonia subtypes caused by 

defective ER-associated proteins (12) and in several examples of inflammation (13). The 
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most extreme outcome is apoptosis. Endoplasmic reticulum stress and the UPR are clearly 

activated during several neurodegenerative diseases (14,15).

We review here, for the first time, our recent work indicating that the intracellular interaction 

between nicotine and nAChRs is sufficient to modulate ER stress and to decrease the UPR. 

These effects were monitored by the number of Sec24d molecules in condensed 

endoplasmic reticulum exit sites, by translocation of ATF6, and by phosphorylation of 

eIF2α. Three ligands tested—the full agonist nicotine, the partial agonist cytisine, and the 

competitive antagonist dihydro-β-erythroidine—suppressed the UPR. Interestingly, these 

ligands had diverse effects on the subunit stoichiometry of the assembly receptors, on the 

trans-Golgi network, and on the eventual upregulation of plasma membrane nAChRs. These 

observations provide the first suggestions of a pathway leading from intracellular 

pharmacological chaperoning to modified gene activation (16).

Psychiatric Drugs Are Candidate Intracellular Ligands

Because they are weak bases, orally available central nervous system drugs have high 

membrane permeability, allowing them to pass through the blood-brain barrier, at least in 

their neutral, deprotonated form. No specific membrane transporter is required. An 

appreciation for this permeability may be gained by inspecting the record for any drug in 

PubChem Compound, a sister database to PubMed. The logP or clogP entry describes the 

logarithm of a compound’s partition constant between octanol and water. All drugs 

described in this review have logP values >2, rendering them even more membrane-

permeant than nicotine (logP = 1.1). Thus, they also readily penetrate into neurons and into 

organelles. The ER has a pH very similar to that of cerebrospinal fluid. The protonation-

deprotonation process occurs in milliseconds, and both in the extracellular solution and the 

ER, it is the protonated forms of the drug that usually bind to its receptor (Figure 1 A).

Central nervous system drugs are designed not to be substrates for various plasma membrane 

efflux pumps, which would remove them from cerebrospinal fluid. Thus, they also remain 

intracellular and intraorganellar. They bind very tightly to their targets. They are resistant to 

enzymatic metabolism, thus allowing them to interact with their targets for hours to days. 

Thermodynamics dominates: within the ER, the drug-receptor interaction spends several 

minutes, hours, or days finding its lowest free-energy state (which is also the tightest-

binding state, explaining how therapeutic effects of psychiatric drugs occur at surprisingly 

low doses). This tightly bound state is often resistant to ER associated degradation, hiding 

the hydrophobic domains that would otherwise bind BiP and thus allowing binding with the 

vesicle coat protein II complex (COPII) and exit from the ER (Figure S1 in Supplement 1). 

The COPII complex comprises five distinct proteins first identified by yeast genetics (10). 

For this essay, a key protein is Sec24, which binds the transported cargo protein and has four 

isoforms (a through d) in higher eukaryotes (17).

Recent Work on GPCRs Relevant to Psychiatric Drugs

Some concepts in this section are illustrated in Figure 2. Pharmacological chaperoning of 

psychiatric drug targets would be most important for cases where these GPCRs are 
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substantially retained in the early secretory pathway. Early experiments showed that GPCRs 

have a marked intracellular component (18), for instance, in microsomal fractions enriched 

with markers for endoplasmic reticulum and Golgi (19,20).

5-HT2A and Dopamine D2/D3 Receptors Localize Partially to the ER

The major accepted targets for antipsychotic drugs are dopamine D2/D3 and serotonin 5-

HT2A. Systematic and anecdotal observations from many laboratories suggest that D2/D3 

receptors remain to some extent in intracellular membranes (21), and probably in the ER 

(22), even under normal circumstances. Studies of 5-HT2A receptors also show that they are 

strongly intracellular (23,24) and are partially localized in ER (25). It cannot yet be claimed 

that this situation is fully analogous to that for α4β2 nAChRs, but ER and cis-Golgi 

retention does increase the possibility for ER stress. Dopaminergic neurons may exhibit ER 

stress even in normal circumstances (26).

Many elegant experiments also show how ligands control the trafficking of 5-HT2A 

receptors in the late exocytotic/endocytotic pathway (27) (Figure 2A), consequent on their 

phosphorylation by receptor kinases and interaction with β-arrestins. However, a recent 

article suggests that the ability of drugs to induce internalization and downregulation of 5-

HT2A receptors is unrelated to antipsychotic actions (28).

GPCR Ligands Act as Pharmacological Chaperones

That GPCR ligands, both agonists and antagonists, can act as pharmacological chaperones is 

an established concept (Table S1 in Supplement 1) (29–39). Previous experiments have 

concentrated on direct upregulation of the GPCR by pharmacological ligands, with only 

passing attention (33) to the consequences for ER physiology. Antipsychotic drugs that are 

GPCR ligands, like other psychiatric drugs, possess pharmacokinetic, binding, and 

metabolic characteristics that render them highly accessible to the lumen of the ER and 

roughly as stable within that lumen as in the extracellular solution. Furthermore, the 

endogenous neurotransmitters are not present within the lumen to compete with the 

therapeutic ligands. The major classes of GPCR ligands include agonists, antagonists, 

allosteric modulators, and inverse agonists. As explained above, the ligand-receptor complex 

can thoroughly explore the energy landscape within intracellular compartments, eventually 

finding the state of tightest binding. As a result, class A GPCRs display a range of binding 

states, representing distinct conformations (40,41). These conformations are stabilized by 

binding of G proteins, β-arrestin (42), ions, and accessory proteins. Inverse agonism may be 

the mode in which antipsychotic drugs bind most tightly within the ER.

Evidence for involvement of GPCRs in ER stress is found in a recent Caenorhabditis elegans 
study, showing that an octopamine receptor, an invertebrate homolog of mammalian 

adrenergic receptors, is associated with an unfolded protein response (43). The identified 

genes are part of the “activated in blocked UPR” pathway, which differs from the classical 

mammalian UPR” pathway. An interesting point of the study is that the consequences of the 

UPR manipulation are read out in non-cell-autonomous fashion, by effects on the animal’s 

immune system.
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Matchmaking in GPCR Homodimers and Heterodimers

Matchmaking is considerably less developed at GPCRs. That the atypical antipsychotics 

seem to bind weakly to D2 receptors and more strongly to 5HT2A receptors has been 

interpreted previously in terms of either cell-autonomous or non-cell-autonomous 

interactions in signaling downstream from inhibition of G protein and/or arrestin signaling. 

However, in the context of possible matchmaking, one should consider whether direct or 

indirect physical contact occurs between these two GPCR classes and, if so, whether such 

interaction is altered by drugs. Many articles show that class A and class C GPCRs can exist 

as dimers, and in some cases, heterodimerization is required for ER exit (40). 

Homodimerization or heterodimerization of GPCRs would be favored while the GPCRs are 

being concentrated by direct binding to the several dozen Sec24 molecules associated with 

each COPII vesicle. Of specific interest, heterodimers between D2 receptors and 5-HT2A 

receptors have been reported (44,45), but it is not clear whether ligand binding affects the 

strength of this binding or indeed any heterodimeric interaction between GPCRs.

Heterodimers between 5-HT2A and a metabotropic glutamate receptor, metabotropic 

glutamate receptor 2 (mGluR2), occur in cortical neurons (46,47). An experimental mGluR2 

prodrug, LY2140023, has shown promise for schizophrenia (48–50). In Supplement 1, we 

explain how the prodrug strategy (51) yields a ligand that can bind to its target in the early 

exocytotic pathway. Again, whether the mGluR2 ligand affects the probability of 

heterodimerization is not known.

Endoplasmic reticulum-resident metabotropic glutamate receptor 5 (mGluR5), and probably 

other ER-resident GPCRs, participate in signal transduction, including G protein activation 

(52). Membrane permeant mGluR5 allosteric modulators are active in animal models of 

depression (53). Whether the apparent benefits arise from ER-based activation, chaperoning, 

or matchmaking is not known.

Several antipsychotic drugs interact with literally dozens of molecular targets (54). This 

enhances the possibility for matchmaking within the ER, as explained below for SERT.

Escorting Effects with GPCRs

Escorting is the least developed, but perhaps most powerful, concept for the effects of ER 

binding to GPCRs, and is not explained in Figure 2. In principle, any protein that 1) interacts 

with GPCRs within the early exocytotic pathway, 2) interacts with other proteins as well, 

and 3) exists in rate-limiting quantities might affect cell function if it is differentially 

escorted or abducted as a result of ligand binding to GPCRs. The GPCR-associated sorting 

proteins family should be studied in this regard (55). Homer proteins, when overexpressed, 

may interact with metabotropic glutamate receptors in the ER (56). Receptor-associated 

membrane proteins (57) and major histocompatibility proteins (58) present other possible 

families. If the escorted protein becomes secreted, non-cell-autonomous results are possible.
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Side Effects of GPCR Drugs

That psychiatric drugs activate off-target receptors has long been suspected as the cause for 

agranulocytosis, weight gain, and other side effects. These side effects could also arise from 

intracellular binding.

That both agonists and antagonists of D2 receptors lead to several types of dyskinesias is 

usually ascribed to circuit-based phenomena. We point out that both agonists and antagonists 

could act as pharmacological chaperones of GPCRs. A partially analogous situation, in 

which both agonists and antagonists of nAChRs act as pharmacological chaperones to 

suppress ER stress, has been described at nAChRs (16). Thus, pharmacological chaperoning, 

matchmaking, escorting, abduction, or UPR-related changes in gene activation could cause 

some dyskinesias.

Recent Work on SERT

Raphe neurons are the major neuronal type that express SERT, the primary target of SSRIs. 

In raphe neurons, most axonal SERT is on the plasma membrane (PM), but most SERT is 

cytoplasmic in the soma and dendrites of neurons, in platelets, and in astrocytes (59-61). 

Thus, intracellular events such as chaperoning, matchmaking, and escorting have the 

potential to alter SERT biology.

Chaperoning is an established concept at SERT. The alternating access model of 

neurotransmitter transport (62) summarizes the concept that neurotransmitter transporters 

shuttle between two major conformations, in which a central region of the transporter faces 

either the cytosolic or cytoplasmic/ER lumenal compartment. Within and between each of 

these two orientations, several substates occur. For neurotransmitter transporters as for other 

proteins, “by saturating SERT with a ligand, we shift the equilibrium toward protein 

conformations optimal for binding that ligand” (63). The most stable state often has the 

greatest resistance to degradation. Each class of ligands favors distinct conformations, in 

some cases specifically favoring posttranslational modification, trafficking, and interaction 

of the transporter with regulatory proteins (63). These conformations are stabilized by 

binding of substrates such as Na+, Cl−, and K+, which themselves have different 

concentrations in the cytoplasm versus ER lumen versus extracellular space. Binding of 

fluoxetine has been best studied, and in its presence the most stable conformation appears to 

be midway between the extracellular/lumenal-facing and cytosol-facing orientation of the 

permeation pathway (63). There is evidence that even among the SSRIs, the various ligands 

interact differentially with the binding of the inorganic co-substrates (for instance fluoxetine 

vs. paroxetine) (64). These differences add to the possibilities for explaining how subsets of 

patients are benefited by distinct SSRIs.

Within the ER, neurotransmitter transporters interact with the protein chaperones calnexin, 

calreticulin, and BiP. This binding facilitates both intramolecular and intermolecular 

arrangements of hydrophobic segments (65,66). Presumably, like most molecules that exit 

the ER, the transporter must be correctly folded before binding to Sec24c or other members 

of the COPII cargo-binding protein Sec24 family (67). As noted, SSRIs may favor this 

specific form of chaperoning. Ibogaine, a hallucinogenic alkaloid, has complex 
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pharmacology including blockade of SERT and the dopamine transporter. At SERT, 

ibogaine acts as a pharmacological chaperone to rescue some ER exit mutations (67). 

Interestingly, SERT appears to be the only neurotransmitter transporter studied to date that 

specifically requires Sec24c to exit the ER. The structural basis for this difference is not 

known (68), but that neuronal proteins specifically utilize individual Sec24 isoforms has 

precedents in the ER exit literature (69,70). This concept also applies to neuronal proteins 

(68,71).

Matchmaking is less well established at SERT. Serotonin transporter and neurotransmitter 

transporters dimerize in the ER as a prerequisite for binding to Sec24 (68). Ligands for 

SERT enhance ER exit, but it is not known whether SSRIs affect this dimerization. Once 

dimerized, mutations in the C-terminus of SERT impair its ability to bind to Sec24 proteins 

(67).

What are the escort consequences of enhanced ER exit of SERT? Baudry et al. (72) showed 

that an SSRI suppresses microRNA16 and enhances S100β exit. Other research suggests a 

role for p11 (S100A10) (73). Most researchers postulate that these are consequences of 

excess extracellular serotonin (74). Within the framework of the present review, one would 

suggest that these actions arise via suppression of ER stress and/or escorting or abduction.

Axonal Transport

The effects of psychiatric drugs have long been assumed to involve gene activation, and the 

ER stress/UPR pathway has direct influences on gene activation but this process takes just a 

day or two. The inside-out view, in which therapeutic effects result from action in the ER, 

leads one to emphasize the role of intracellular trafficking during the several weeks involved 

in the full action of antipsychotic and antidepressant drugs. Some effects occur within days, 

perhaps because of effects that occur in the soma; on an intermediate time scale, events 

might involve transport to dendrites. Slow axonal transport and restructuring occur at a rate 

of ~1 mm per day, accounting for the most delayed effects, for instance, ~30 days at the 

axon terminal of a 3 cm human axon. This might be briefer in animals with shorter axons. 

No retrograde transport need be invoked.

Rapid Antidepressant Effects of Ketamine Occur in Dendrites

Figure 3A shows a previously suggested mechanistic framework (75–77) for the 

antidepressant effects of ketamine, which become established within 1 to 2 hours. Figure 3B 

shows mechanisms within the framework of this review, beginning with the binding of 

ketamine to nascent NMDA receptors in the dendritic ER.

The intracellular binding explanation for the 1- to 2-hour effects of ketamine seems at first 

glance inconsistent with the idea that intracellular binding is also the source of the 2- to 3-

week time course of SSRI antidepressant action. It is, therefore, a key observation that these 

antidepressant effects vanish in valine/valine and methionine/methionine brain-derived 

neurotrophic factor (BDNF) knockin mice, which cannot transport BDNF message to 

dendrites (77). One straightforward interpretation: whereas other psychiatric drugs require 

protein synthesis at the somatic compartment followed by transport to axons, the ketamine 
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actions are local to dendrites, so that the newly synthesized or escorted BDNF can be 

secreted near dendrites within minutes. Dendrites have ribosomes, ER, endoplasmic 

reticulum exit sites, and Golgi and are fully competent to translate and secrete BDNF, 

without requiring the soma (78–80). Supplement 1 discusses local ketamine concentrations 

(76,81–85).

Testing and Applying Inside-Out Hypotheses

We must test hypotheses that intracellular binding in the early exocytotic pathway explains 

actions of antipsychotic and antidepressant drugs. The compartmentalization of drug actions 

must be studied, presumably with isolated neurons. The extent to which drugs bind within 

the ER could be tested most generally with stable isotope-labeled drugs and nanometer scale 

secondary ion mass spectrometry. The compartment in which drugs act could be studied by 

quaternizing the amines to reduce membrane permeation (86). Compartmented cultures also 

seem well suited for such research (87).

Kinetic experiments often shed light on mechanism. One could visualize intracellular 

movements of receptors, transporters, and escorted or abducted proteins as they travel from 

the ER to axons and dendrites in response to drug actions (16,88). Time-resolved proteomic 

and transcriptomic studies could test whether antipsychotic and antidepressant drugs 

produce early effects on ER stress and UPR pathways. These would be conducted both in 

the soma, for GPCRs and SSRIs, and in dendrites for ketamine.

Cell-free systems can report on drug-receptor interactions. Few contemporary articles 

continue to report the binding of psychiatric drugs to purified endoplasmic reticulum from 

brain (19,20), but this seems crucial for understanding how each class of agonist, antagonist, 

inverse agonist, open-channel blocker, or allosteric modulator produces chaperoning and/or 

matchmaking at GPCRs, transporters, or ligand-gated channels. In analogous experiments at 

nAChRs, agonists chaperone and upregulate at concentrations far lower than required to 

activate but far higher than the equilibrium binding constant (16). For antagonists, as well, 

the chaperoning effects occur at concentrations far higher than the equilibrium binding 

constant. Evidently, the chaperoned state(s) require further characterization. Because we 

suggest that key chaperoning events occur at the stage of ER exit and endoplasmic 

reticulum-Golgi intermediate compartment (ERGIC), experiments should incorporate 

reconstituted systems for membrane budding and fusion (10).

If the hypotheses gain further support, psychiatric diseases will belatedly join the list of 

diseases that are approached therapeutically by manipulating early exocytotic pathways 

(2,89). Strategies for designing more effective psychiatric drugs could incorporate the 

experiments described in this section. An appropriate challenge would be to decrease the 

cognitive deficits of schizophrenia (6), perhaps by enhancing the early exocytotic pathways 

of neocortical chandelier and basket cell somata. Although these cells have relatively short 

axons, their complex and numerous axonal terminals might place heavy demands on early 

exocytotic pathways (90,91).
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Comment on Pathophysiology

Three large classes of proteins may participate in pharmacological chaperoning, 

matchmaking, escorting, abduction, ER stress, unfolded protein responses, and related 

mechanisms: class A—one third of a typical cell’s protein species enter the ER; class B—

many additional cytoplasmic protein species govern proteostasis of ER proteins and 

transport of vesicles in the early and late endocytotic pathways; and class C—many 

additional proteins enter the nucleus to govern chromatin structure, initiation, and 

transcription of the genes and messenger RNA processing of the proteins in class A and B. 

A sizeable fraction of human genes encode neuronal proteins in class A, B, or C, and 

noncoding regions may also play a role. Malfunctions in classes A, B, or C could well lead 

to a deterioration of neural function.

A marked, but neither apoptotic nor necrotic, deficit of important proteins that pass through 

the ER could account for the observations that reduced gray matter volume occurs in 

schizophrenia, depression, or bipolar disease, but also that this reduction is more subtle than 

in neurodegenerative disease. The accompanying functional deterioration might also be 

subtle enough to avoid ER stress and/or UPR activation, but resilient function (92) could still 

be partially restored by the pharmacological chaperoning, matchmaking, or abduction effects 

of existing antipsychotic and antidepressant drugs. Even if each hypothesis of this article is 

proven, we would hesitate to infer that all psychiatric patients have a neuronal population 

showing cellular stress, according to this phrase’s contemporary biomedical connotations. 

Therefore, inside-out therapeutic mechanisms are compatible with the idea that various 

polygenic, multifactorial, and partially penetrant processes underlie psychiatric diseases. 

However, this compatibility remains vexingly general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Insights from intracellular nicotine actions on the α4β2 nicotinic acetylcholine receptors 

(nAChR). (A) Chaperoning, matchmaking, reduction of endoplasmic reticulum (ER) stress, 

and the unfolded protein response (UPR) (5,16,88). Nicotine enters the neuron, permeates 

into the ER, and serves as a chaperone that favors assembly and stabilization of α4β2 

nAChRs (shown in the insert at bottom). This decreases interactions with immunoglobulin 

binding protein (BiP), modulating protein kinase R-like ER-localized eukaryotic initiation 

factor 2α kinase (PERK)-activating transcription factor 4 (ATF4) and inositol-requiring 

enzyme 1 (IRE1)-X-box binding protein 1 (XBP1) (also shown in the insert at bottom). The 

insert at top shows that during ER stress, activating transcription factor 6 (ATF6) leaves the 

ER and enters the Golgi, where a fragment is cleaved; this then translocates to the nucleus 

and becomes a transcription factor. The UPR influences gene activation, via transcription 

factor binding to at least three unfolded protein response elements (UPRE). Experiments in 

our lab have not yet explored the IRE1 branch of the UPR, and it is shown as a dashed line. 
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The M3-M4 loop of some nAChR subunits (purple) mediates ER retention and export via 

interactions with vesicle coat protein I and II complex proteins (COPI and COPII) (Figure 

S1 in Supplement 1). Ribosomes bound to the ER membrane are shown as gray dots. (B) An 

escort mechanism. The prototoxin lynx is synthesized, then transported to the ER lumen, 

guided by the usual signal sequence. Lynx resembles nAChR toxins from snake venom and 

is thought to bind like these toxins, at the interface between nAChR subunits (6,93). Unlike 

the snake venom toxins, lynx has a Glycophosphatidylinositol (GPI) anchor in the 

membrane. Lynx can therefore guide nAChRs toward cholesterol-rich regions of 

intracellular membranes (cholesterol molecules are shown in the membranes that anchor 

lynx). Nicotine binds at the same interface. One postulated consequence of nicotine binding 

would be displacement of lynx, abducting nAChRs from cholesterol-rich regions. This 

mechanism has not been tested. CSF, cerebrospinal fluid; p-eIF2α, phosphorylated 

eukaryotic initiation factor 2α.
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Figure 2. 
(A, B) Intracellular pharmacological chaperoning and matchmaking of G protein-coupled 

receptors (GPCRs) and downstream effects. (A) The conventional outside-in assumptions 

that GPCR antagonists manipulate second messengers and kinase cascades, resulting in gene 

activation. The diagram includes receptor trafficking in the late exocytotic/endocytotic 

pathway and signaling by p-arrestin. The diagram omits known facts about 

homodimerization and heterodimerization of GPCRs. (B) The inside-out view. Intracellular 

pharmacological chaperoning and matchmaking of GPCR and downstream effects, including 

reduction of endoplasmic reticulum (ER) stress and suppression of unfolded protein 

response. See also Figure 1 and Figure SI in Supplement 1. ATF4, activating transcription 

factor 4; ATF6, activating transcription factor 6; BiP, immunoglobulin binding protein; CSF, 

cerebrospinal fluid; IRE1, inositol-requiring enzyme 1; p-eIF2α, phosphorylated eukaryotic 

initiation factor 2α; PERK, protein kinase R-like endoplasmic reticulum-localized 

eukaryotic initiation factor 2α kinase; UPRE, unfolded protein response elements; XBP1, X-

box binding protein 1.
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Figure 3. 
Diagrams of a dendrite, showing possible explanations for the 1- to 2-hour delay before 

antidepressant actions of ketamine and related N-methyl-D-aspartate (NMDA) receptor 

blockers. Ketamine exerts at least some of these antidepressant effects via increases in brain-

derived neurotrophic factor (BDNF) secretion (76,77,94,95), and we therefore diagram 

mechanisms leading to BDNF secretion. Brain-derived neurotrophic factor secretion 

presumably requires depolarization, which may explain the requirement for 2-amino-3-(5-

methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid (AMPA) receptor activation (82). Note that 

dendritic endoplasmic reticulum (ER) and Golgi are thought to be simpler than the 

somatically located organelles shown in previous figures. The selective NMDA receptor 2B 

antagonist Ro 25-6981 had similar effects to ketamine (77). The transcription of BDNF is 

not required (as shown by insensitivity to actinomycin D), but its synthesis is required (as 

shown by sensitivity to anisomycin). In hippocampus, ketamine and NMDA, in the absence 

of neuronal activity, led to dephosphorylation of eukaryotic elongation factor (eEF2) (also 

called calcium/calmodulin-dependent eukaryotic elongation factor 2 kinase), but only 

ketamine produced this effect in cortex. Rottlerin and NH125, which inhibit several kinases 

including eEF2 kinase, also had BDNF-dependent antidepressant activity. (A) An outside-in 

mechanism, downstream from NMDA receptor block. Ketamine binds within the NMDA 

receptor pore but does not enter the neuron. The data have generally been interpreted in light 

of the knowledge that ketamine blocks spontaneous miniature excitatory postsynaptic 

currents through NMDA receptors (76). It is implied that decreased Ca2+ influx through 
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NMDA receptors begins the transduction pathway leading to effects on presynaptic or 

postsynaptic efficiency. (B) Possible inside-out mechanisms, resulting from intracellular 

binding to nascent NMDA receptors. Existing data show that ligands can act as 

pharmacological chaperones for glutamate receptors within the ER (96), analogous to 

experiments in which nicotine acts as a pharmacological chaperone for nicotinic 

acetylcholine receptors. Two possible sequelae could lead to increased BDNF secretion. 

First, enhanced ER exit would decrease ER stress, for instance by decreasing phosphorylated 

protein kinase R-like ER-localized eukaryotic initiation factor 2α kinase (pPERK). This 

would decrease phosphorylated eukaryotic initiation factor 2α (p-eIF2α), increasing 

synthesis of ER proteins, including BDNF, thus producing the observed BDNF increase. 

Activation of NMDA receptors increases ER stress markers such as eIF2α phosphorylation 

and CCAAT/enhancer-binding protein homologous protein (CHOP) (97). However, it is not 

known whether blockade of NMDA receptors by ketamine has any effect on eIF2α 
phosphorylation in the absence of ER stress. This would be a key test of the chaperoning-ER 

stress hypothesis. Blockade by MK-801 did decrease caspase-12 activation, even in the 

absence of ER stress; however, caspase-12 activation may occur in a pathway distinct from 

ER stress (98). Second, an escort effect of intracellular ketamine-NMDA receptor binding 

arises from the fact that both NMDA receptors and BDNF are trafficked via a nonstandard 

ER and Golgi vesicle pathway involving synapse-associated protein 97 (SAP97) and 

calcium/calmodulin-dependent serine protein kinase (CASK) (99,100). Additional 

knowledge about the synapse-associated protein 97-calcium/calmodulin-dependent serine 

protein kinase trafficking pathway is crucial for evaluating the escort hypothesis. 

Chaperoning and/or matchmaking would occur in the ER. Escorting would occur when both 

the NMDA receptor and BDNF bind to Sec24 or at a later step. BiP, immunoglobulin 

binding protein; COPI and COPII, vesicle coat protein I and II complex; CSF, cerebrospinal 

fluid; IRE1, inositol-requiring enzyme 1; mRNA, messenger RNA; p-eEF2, phosphorylated 

eukaryotic elongation factor.
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