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There is an utmost necessity of developing novel biomarkers of depression that result 
in a more efficacious use of current antidepressant drugs. The present report reviews 
and discusses a recent series of experiments that focused on analysis of membrane 
protein clustering in peripheral lymphocytes as putative biomarkers of therapeutic 
efficacy for major depressive disorder. This review recapitulates how the ideas were 
originated, and the main findings demonstrated that analysis of serotonin transporter 
and serotonin 2 A receptor clustering in peripheral lymphocytes of naïve depression 
patients resulted in a discrimination of two subpopulations of depressed patients that 
showed a differential response upon 8 weeks of antidepressant treatment. The paper 
also reviews the usefulness of animal models of depression for an initial evaluation of 
membrane protein clustering in lymphocytes, which provides a screening tool to 
determine additional proteins to be further evaluated in depression patients. Finally, the 
present review provides a brief discussion of the general field of biomarkers of depression 
in relation to therapeutic outcomes and suggests additional ideas to provide extra value 
to the reviewed studies.
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CLINICAL INTEREST AND GENERAL APPROACHES FOR 
DEVELOPING NOVEL BIOMARKERS OF DEPRESSION

There is a pressing necessity to provide a better way for diagnosis, prognosis, and therapeutic 
treatment of psychiatric disorders. This is because in contrast to other medical specialties, 
psychiatry has lacked clear biological indicators (i.e., biomarkers) to help guide a proper 
diagnosis or prognosis or to ascertain the best therapeutic approach for individuals suffering 
mental disorders (for a general review of the neurobiology, physiopathology, and treatment 
of depression, see Otte et  al., 2016). This is of particular interest in the context of major 
depressive disorder (MDD) when considering that, although antidepressants are clearly 
efficacious to treat MDD (Cipriani et  al., 2018), a high percentage of patients fail to show 
a proper therapeutic response upon the first antidepressant treatment (Rush et  al., 2006). 
Accordingly, there has been an exponential increase in the number of publications focusing 
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on biomarkers of depression (almost 1,400 hits when searching 
for the term “biomarkers of depression” in the past 3 years 
in a recent PubMed search) and on biomarkers of antidepressant 
response (almost 200 hits when searching for the term 
“biomarkers of antidepressant response” in the past 3 years 
in a recent PubMed search). Although this blooming of 
publications indicates a keen interest by researchers in evaluating 
the efficacy of multiple biomarkers of depression, it seems 
that most of these biomarkers may not be  specific for MDD, 
and at the same time, there is a need of additional studies 
and clinical trials to validate the efficacy of these putative 
biomarkers (Quevedo and Yatham, 2018).

Current approaches to the discovery of novel biomarkers 
of diagnosis and/or therapeutic efficacy for MDD are mostly 
based on technological advances in neuroimaging or on the 
use of “Omics” technologies (i.e., genomics or other “Omics” 
approaches primarily used to define peripheral biomarkers of 
MDD) (see Gururajan et  al., 2016; Voegeli et  al., 2017; Busch 
and Menke, 2018). Recently, a series of systematic reviews 
have evaluated the effectiveness of multiple biomarkers of 
depression using genomics (Menezes et  al., 2019), epigenomics 
(Goud Alladi et  al., 2018), metabolomics (MacDonald et  al., 
2018), antidepressant pharmacologic treatment response (Voegeli 
et al., 2017), inflammatory biomarkers (Smith et al., 2018; Yang 
et  al., 2018), and neuroimaging biomarkers (Drago et  al., 2018; 
Levy et  al., 2019; Suh et  al., 2019).

Hypotheses-based approaches can also help to define novel 
biomarkers of depression and complement the information 
obtained from neuroimaging and “Omics” studies, with the final 
purpose of finding specific combinations of biomarkers (including 
“Omics,” neuroimaging, and hypotheses-based approaches) that 
can be  translated to the clinical and public health settings. In 
fact, some of the most replicated studies on biomarkers of 
depression are based on hypotheses-based approaches, such as 
alterations on serotonin transporter (SERT) binding in platelets 
or alterations in serum proinflammatory cytokines that may 
relate to specific inflammatory events underlying the 
pathophysiology of depression (reviewed in Gadad et  al., 2018).

Following that line of thinking, during the past few years, 
we  carried out an experimental approach to develop and test 
the hypothesis that alterations in the patterns of membrane protein 
clustering in peripheral lymphocytes can predict the therapeutic 
outcomes of psychopharmacological treatment in MDD. The 
present scientific review summarizes and discusses our findings, 
providing a proper context on how the studies were developed 
and points out toward additional experimental approaches designed 
for the validation and clinical translation of this approach.

DEVELOPMENT OF THE HYPOTHESIS 
THAT ALTERATIONS IN MEMBRANE 
PROTEIN CLUSTERING MAY BE  A 
PUTATIVE BIOMARKER OF MDD

During the second half of the 1990s, a series of reports from 
the laboratory of Drs. Erminio Costa and Alessandro Guidotti 

(University of Illinois at Chicago) provided the first 
demonstrations that the extracellular matrix protein reelin was 
heavily downregulated (about 50%) in multiple brain areas 
from schizophrenia post-mortem brain samples (Impagnatiello 
et  al., 1998) and in the cerebral cortex of bipolar patients 
with psychotic episodes (Guidotti et  al., 2000). These findings 
were followed by other laboratories that not only were able 
to replicate them but also demonstrated a downregulation of 
reelin levels in the hippocampus of schizophrenia, bipolar 
disorder, and major depression (Fatemi et  al., 2000).

Reelin is an extracellular matrix protein involved in 
developmental regulation of neuronal migration and in regulation 
of neural plasticity in the adult brain, which (as mentioned 
above) is downregulated in multiple psychiatric disorders (see 
Ishii et  al., 2016, as a review). Reelin primarily binds to the 
membrane receptors apolipoprotein receptor 2 and the very 
low density lipoprotein receptor in a heterodimeric combination 
and brings about the phosphorylation of the cytoplasmic adaptor 
protein DAB1, resulting in the activation of multiple signaling 
pathways resulting in the control of neural migration and 
cortical layer formation, promotion of protein translation, 
dendrite outgrowth and development of dendritic spines, and 
in regulation of glutamatergic synaptic plasticity (reviewed in 
Lee and D’Arcangelo, 2016).

From there on, studies focusing on the origin of reelin 
downregulation observed in psychiatric disorders (primarily 
in schizophrenia) pointed toward epigenetic alterations involving 
a hypermethylation of CpG islands in the reelin gene promoter 
as the cause of brain reelin deficits (recently reviewed in 
Guidotti et  al., 2016). At the same time, studies on animal 
models of depression provided numerous evidences that reelin 
downregulation in the subgranular zone of the dentate gyrus 
may affect the maturation of dentate newborn neurons (Lussier 
et al., 2009, 2013a) and dysregulate the glutamatergic-GABAergic 
systems crosstalk in limbic brain areas (Lussier et  al., 2013b). 
These alterations could be  reversed by conventional 
antidepressants (Fenton et  al., 2015) or by anti-inflammatory 
drugs with an antidepressant effect such as etanercept (Brymer 
et  al., 2018). Reelin haploinsufficient heterozygous reeler mice 
show some subtle alterations in neurochemistry and behavior, 
but otherwise are almost indistinguishable from wild-type mice; 
however, we  have found that these animals are extremely 
susceptible to the depressogenic effects of repeated subcutaneous 
injections of the stress hormone corticosterone and show 
depressive-like behavioral paradigms at corticosterone doses 
that fail to induce such behaviors in wild-type mice, which 
prompted us to consider reelin downregulation as a putative 
vulnerability factor for depression (Lussier et  al., 2011). In 
summary, all these studies indicated a possible important role 
for reelin in the pathophysiology of depression (reviewed in 
Caruncho et  al., 2016).

Concomitantly, other reports provided evidence indicating 
that reelin induces protein translation in synaptosome preparations 
(Dong et  al., 2003), increases the number and clustering of 
synaptosomal membrane proteins (Caruncho et  al., 2004), and 
promotes the clustering of the canonical reelin receptors ApoER2 
and VLDLR (Strasser et  al., 2004). For recent reviews of the 
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canonical and non-canonical reelin signaling pathways, see  
Bock and May (2016) and Lee and D’Arcangelo (2016).

Reelin is also expressed in blood plasma (Smalheiser 
et  al., 2000) where it is secreted by hepatocytes (Smalheiser 
et  al., 2000) and platelets (Tseng et  al., 2010), and plasma 
reelin levels are also altered in neuropsychiatric disorders 
(Fatemi et  al., 2001).

ALTERATIONS IN SEROTONIN 
TRANSPORTER (SERT) AND 
SEROTONIN RECEPTOR 2A (5HT2A) 
PERIPHERAL LYMPHOCYTES FROM 
ANIMALS WITH REELIN DEFICITS

The observations of reelin alterations in depression summarized 
above are the evidence that reelin induces membrane protein 
clustering (Dong et  al., 2003; Caruncho et  al., 2004), the 
finding that animals with reelin deficits (i.e., heterozygous 
reeler mice) are quite susceptible to the depressogenic effects 
of corticosterone (Lussier et  al., 2011), and the demonstration 
of reelin expression in blood plasma and its alterations in 
psychiatric disorders (Smalheiser et  al., 2000; Fatemi et  al., 
2001), prompted us to evaluate the possibility that animals 
expressing low reelin levels (such as heterozygous reeler mice) 
might show alterations in membrane protein clustering in 
peripheral blood cells.

We primarily centered our studies on analyzing the patterns 
of membrane clustering of two proteins pertaining serotonergic 
neurotransmission (SERT and 5HT2A) that are also expressed 
in lymphocytes and may be  involved in the regulation of 
inflammatory processes (recently reviewed by Wu et  al., 2018; 
also see Ahern, 2011). Alterations in SERT and 5HT2A are 
directly involved in the pathophysiology of depression and 
represent some of the targets of antidepressant medication, 
which is not surprising when considering the essential roles 
that the serotonergic system plays in the regulation of behavioral 
patterns directly affected in depression, such as mood, emotion, 
or sleep (for a recent review of the serotonergic hypothesis 
of depression, see Fakboury, 2016).

Our studies analyzing the pattern of membrane clustering 
of the serotonin transporter protein (SERT) in peripheral 
lymphocytes from heterozygous reeler mice, null reeler mice, 
and wild-type mice showed a patchy pattern of expression of 
SERT immunolabeling in lymphocyte membranes that becomes 
disrupted in animals with reelin deficits (Rivera-Baltanas et  al., 
2010). In fact, heterozygous reeler mice showed a significant 
increase in SERT cluster size, while in null reeler mice SERT 
immunolabeling was mostly evidenced as a diffuse staining and 
was difficult to demonstrate well-detailed patches (Rivera-Baltanas 
et  al., 2010). A schematic representation of alterations in SERT 
clustering in reeler mice lymphocytes is illustrated in Figure 1A.

Additionally, we  also evaluated possibly alterations in SERT 
and 5HT2A protein clustering in the repeated-corticosterone 
model of depression (Romay-Tallon et  al., 2018). This is a 

A

B

FIGURE 1 | Schematic representation of serotonin transporter (SERT) clusters in the plasma membrane of one representative lymphocyte in reeler mice (A) and  
in rats treated with corticosterone (B). Note that heterozygous reeler mice (Reln +/−) have an increase in SERT cluster number and size in comparison to  
wild-type mice (Reln +/+) and that homozygous reeler mice (Reln −/−) show much larger clusters that sometimes are difficult to differentiate [see Panel (A), and 
Rivera-Baltanas et al., 2010]. After repeated-corticosterone treatment, a well-defined animal model of depression, SERT clusters also appear to increase in  
size [see Panel (B), and Romay-Tallon et al., 2018].
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well-characterized animal model of depression (see Sterner and 
Kalynchuk, 2010, as a review) that we  have used in many of 
our studies pertaining reelin and depression (see above). 
We  found that repeated-corticosterone induced an increase in 
cluster size but not in cluster number for both SERT and 
5HT2A (Romay-Tallon et al., 2018). A schematic representation 
of alterations in SERT clustering in lymphocytes from animals 
treated with corticosterone is illustrated in Figure 1B.

The results of these studies, together with evidence of 
alterations in SERT binding in lymphocytes of depression 
patients (Urbina et  al., 1999; Lima and Urbina, 2002; Lima 
et  al., 2005; Pena et  al., 2005), brought us to develop the idea 
that perhaps the pattern of SERT clustering in lymphocytes 
might be  disrupted in depression patients and if so to study 
if those alterations correlate with scores on psychological scales.

ALTERATIONS IN SERT AND 
SEROTONIN 2A RECEPTOR (5HT2A) IN 
PERIPHERAL LYMPHOCYTES FROM 
DEPRESSION PATIENTS

We hypothesized that in naïve depression patients (i.e., patients 
who had not taken antidepressants at least for several months) 
the pattern of SERT clustering in lymphocytes would follow 
the lines of that observed in heterozygous reeler mice (i.e., the 
average SERT cluster size would be larger in depression patients 
than in normal controls) and that response to antidepressant 
medication would be  followed by a reversal of the alterations 
in the pattern of SERT clustering. Our findings generally showed 
that this was the case (i.e., naïve depression patients showed 
a similar number of SERT clusters per lymphocytes but they 
were of a larger size than those observed in samples from 
control non-psychiatric patients, for example, the average size 
of SERT clusters in the control population was about 0.11 and 
0.14  μm2 for naïve depression patients). However, the analysis 
of the distribution of SERT cluster size allowed us to differentiate 
two subpopulations of naïve depression patients that we named 
D-I and D-II, the D-I subpopulation represented about ¾ of 
the patients and showed more than 40% of SERT clusters being 
between 0.05 and 0.010  μm2 (the modal peak of cluster size), 
while the DII subpopulation showed around 25% of SERT 
clusters between 0.05 and 0.010  μm2 (Rivera-Baltanas et  al., 
2012). Although we  thought that these two subpopulations 
perhaps might reflect differential scores in psychological scales 
(i.e., in the Hamilton Depression Rating Scale, HDRS), when 
we  proceeded to check the scores we  observed that this was 
not the case, so that naïve depression D-I and D-II patients 
had similar HDRS scores (Rivera-Baltanas et  al., 2012).

Interestingly, upon 8 weeks of psychopharmacological 
treatment, there was a differential response between D-I and 
D-II patients, as about half D-I patients showed no-response 
or a partial response to antidepressant medication, while the 
whole group of D-II patients responded to treatment and 75% 
of them showed remission of symptoms (see Table 1, and 

also Rivera-Baltanas et  al., 2012, 2014, 2015). When analyzing 
the patterns of SERT clustering in lymphocytes after treatment, 
we found a significant increase in the number of SERT clusters 
within the size modal peak and a general increase in SERT 
cluster number in D-II patients, while there were no observable 
changes in the pattern of SERT clusters in D-I patients. A 
schematic representation of alterations in SERT clustering in 
lymphocytes from patients with depression is illustrated in 
Figure 2. In addition, the changes observed in D-II patients 
correlated with the amelioration of depression symptoms in 
these patients. These findings allowed us to suggest that analysis 
of the pattern of SERT protein clustering in lymphocytes could 
be  considered a putative biomarker of therapeutic efficacy in 
MDD (Rivera-Baltanas et al., 2012) and prompted us to analyze 
the pattern of SERT clustering in relation to additional 
psychological scales like Self-Assessment Anhedonia Scale (SAAS) 
(Olivares et al., 2005; Rivera-Baltanas et al., 2015) and to study 
possible alterations in the pattern of clustering of other proteins 
like 5HT2A receptor (Rivera-Baltanas et  al., 2014).

We focused on the study of the patterns of SERT clustering 
in depression patients in relation to a scale that measures 
anhedonia symptoms, because anhedonia is not only considered 
a key symptom of depression (APA, 2013) but is also 
conceptualized as a specific endophenotype of MDD (Pizzagalli, 
2014) and a predictor of treatment response (Spijker et  al., 
2001). The use of the SAAS scale to provide a possible 
correlation between anhedonia scores and SERT clusters was 
also motivated by the issue that the HDRS does not properly 
evaluate anhedonia symptoms (Berrios and Olivares, 1995; 
Olivares and Berrios, 1998). When we  evaluated the SAAS 
scores of D-I and D-II naïve depression patients, we  did not 
found any difference between the two groups (Rivera-Baltanas 
et  al., 2015). However, the post-treatment analysis evidenced 
differences in response between the D-I and D-II groups 
that were higher than those observed in the SERT-HDRS 
study, as the population of treated D-I patients did not improve 
at all SAAS scores, while D-II patients showed a remarkable 
improvement after 8 weeks of psychopharmacological treatment 
(Rivera-Baltanas et  al., 2015). These findings may have some 
implications in developing proper strategies for the treatment 

TABLE 1 | Differential improvement in scores in the Hamilton Depression Rating 
Scale (HDRS) passed to D-I and D-II patients after 8 weeks of antidepressant 
treatment.

HDRS after 
treatment

Non-responders 
and partial 

responders (%)

Responders 
without 

remission (%)

Remission of 
symptoms (%)

Overall depression 36 32 32
D-I 45 33 22
D-II 0 25 75

Non-responders: HDRS scores improvement of less than 25%.
Partial responders: HDRS scores improvement between 25 and 50%.
Responders without remission: HDRS scores improvement of more than 50%, but 
absolute value of 7 or more.
Remission of symptoms: HDRS scores improvement of more than 50%, and absolute 
value below 7.
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of anhedonia symptoms in MDD, as anhedonia seems to 
be  particularly refractory to treatment with current first- 
line antidepressant drugs (Shelton and Tomarken, 2001;  
Nutt et  al., 2007; McCabe et  al., 2009).

In a follow-up study, we  studied possible alterations in 
the pattern on 5HT2A receptor clustering in lymphocytes 
in MDD (Rivera-Baltanas et al., 2014). We analyzed alterations 
in 5HT2A clustering in samples from a subset of the same 
population that we  studied for SERT clustering (see above). 
We  were surprised to find that measurements of 5HT2A 
clustering patterns in lymphocytes from naive MDD patients 
not only allowed us to again differentiate two patient 
subpopulations according to the distribution of 5HT2A cluster 
size, but that the same patients who were characterized as 
D-I and D-II when studying SERT clustering parameters 
(see above) were similarly shown as D-I or D-II when 
analyzing the characteristics of 5HT2A clusters and logically 
gave rise to a similar differential response to treatment 
(Rivera-Baltanas et  al., 2014). In fact, these data made us 
think that perhaps there would be  a general disturbance in 
membrane protein clustering in lymphocytes that may 
be  operative in depression. Although logically additional 
studies on clustering patterns of other membrane proteins 
would be  necessary to prove or falsify that hypothesis, 
we  indicated that patterns of clustering of both SERT and 
5HT2A receptor could be  considered as putative biomarkers 
of therapeutic efficacy for MDD (Rivera-Baltanas et al., 2014).

As a possible limitation, we  acknowledge that all these 
studies were carried out in a relatively small number of patients 
and thereby should be  replicated in larger cohorts and also 
tested in a properly designed clinical trial.

ADDITIONAL STUDIES ON MEMBRANE 
PROTEIN CLUSTERING (MPC) IN 
LYMPHOCYTES IN AN ANIMAL MODEL 
OF DEPRESSION

In a very recent report, we  evaluated the patterns of clustering 
of multiple proteins in the repeated-corticosterone model of 
depression (Romay-Tallon et  al., 2018).

We centered our studies on proteins that tend to cluster 
into lipid rafts as alterations in G-protein-coupled receptor 
(GPCR) subunits integration into lipid rafts have been recently 
proposed as a putative mechanism of antidepressant actions 
(reviewed by Senese et  al., 2018). As mentioned above, our 
analyses indicated that changes in SERT and 5HT2A receptor 
MPC in the repeated-corticosterone model of depression paralleled 
those observed in depression patients (Romay-Tallon et  al., 
2018). We  also demonstrated that MPC patterns of SERT, 
5HT2AR, dopamine transporter, and NMDA receptor 2B subunit, 
indicate an increase in cluster size but not in cluster number, 
while MPC analysis of beta-adrenergic receptor 2 gives rise to 

A B C

FIGURE 2 | Schematic representation of SERT clusters in the membrane of lymphocytes from control (A) and depression patients (B,C). Analysis  
of SERT clustering in naïve depression patients allowed the differentiation of two subpopulations of depression patients (D-I and D-II) that primarily differ in the 
average size of SERT clusters. After 8 weeks of antidepressant treatment, there were no changes in SERT cluster number and size for D-I patients, but  
there was an increase in the number of SERT clusters in D-II patients (for more details see text, and Rivera-Baltanas et al., 2012).
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a decrease in receptor cluster size but no changes in numbers, 
and MPC study of pannexin 1 and prion cellular protein indicates 
that both the number and size of clusters are increased in the 
repeated-corticosterone model of depression (Romay-Tallon et al., 
2018). Thereby, this study indicated the feasibility of using 
animal models of depression both to study alterations in MPC 
in lymphocytes (including the design of novel studies focusing 
on mechanistic approaches) and to screen for additional patterns 
of MPC to be  further studied in MDD patients.

OTHER STUDIES DESIGNED TO 
FACILITATE TRANSLATION OF MPC 
STUDIES TO THE CLINICAL SETTING

Thinking about fostering the validation of MPC studies as a 
biomarker of therapeutic efficacy for MDD and how to bring 
those studies closer to the clinical setting, we  came to the 
realization that most diagnoses of MDD are first determined by 
family physicians in a family clinic and that collection of samples 
for MPC studies will be  much facilitated and also be  cheaper 
if those analyses could be  performed directly on blood smears 
instead that having a trained nurse drawing blood samples and 
then performing MPC studies on extracted lymphocytes as it 
was done for the studies mentioned in this review. Accordingly, 
we designed a comparative study of immunolabeling and analysis 
of MPC in extracted lymphocytes and in blood smears (Romay-
Tallon et  al., 2017) and were able to demonstrate that altering 
some parameters in fixation, incubation, and image analysis setting 
can result in similar measurements in MPC in whole blood 
drawn samples and in blood smears (Romay-Tallon et  al., 2017). 
One should also consider that proper establishment of fixation, 
incubation temperature and time, and image analysis protocols 
are essential for an adequate standardization of MPC analysis 
technologies (for a more detailed discussion see Rivera-Baltanas 
et  al., 2010 and Romay-Tallon et  al., 2017).

ADDITIONAL IDEAS AND EXPERIMENTS

The set of experiments discussed here clearly points to the 
interest of the MPC approach for developing of novel biomarkers 
of depression. Logically, this set of studies is complementary 
to the use of other technologies (i.e., “Omics,” neuroimaging, 
etc.) with the final intention of providing novel tools that 
result in a more precise approach to the use of the therapeutic 
arsenal for MDD treatment from a personalized 
medicine viewpoint.

We already mentioned the necessity of validating these 
studies in larger cohorts and in proper clinical trials. It is 
also a necessity to develop a way to perform automatic 
analyses of MPC that will facilitate the standardization for 
the technology and provide more accurate and 
faster measurements.

Next steps will logically involve the analysis in MPC 
patients of proteins that have been screened in animal models, 
as explained above, as this will also increase the efficacy of 
the test and the validation of the biomarker. It is also logic 
to think in using a similar approach for studies of other 
psychiatric disorders not only in terms of evaluating MPC 
as biomarkers of therapeutic efficacy but also of 
differential diagnoses.

Independently of research focusing on fostering MPC analyses 
as biomarkers of psychiatric disorders, there is also the necessity 
of developing mechanistic studies designed to evaluate how 
stress and depression bring about alterations in MPC in immune 
cells, what are the functional/pathological consequences of these 
alterations from a psychoneuroimmunology perspective, what 
are the mechanisms on antidepressant actions on MPC, and 
to evaluate if similar MPC alterations are also prevalent in 
the CNS and what would be the consequences of such changes. 
Finally, we can also surmise that these set of data may foster 
the idea of using MPC as a process to screen for antidepressant 
efficacy of novel compounds.

CONCLUSIONS

The data discussed in this review indicate the feasibility of 
analysis of MPC as a technology to develop novel biomarkers 
of therapeutic efficacy for MDD, which hopefully together with 
other biomarker technologies can result in a more efficacious 
use of current antidepressant drugs.

AUTHOR CONTRIBUTIONS

HC wrote the initial draft of the review. All authors contributed 
to the original experiments and to the discussion, writing, 
and approval of the final version.

FUNDING

This study was supported by NSERC discovery grants to HC 
and LK and by a Xunta de Galicia Gain program grant to JO.

 

REFERENCES

Ahern, G. P. (2011). 5-HT and the immune system. Curr. Opin. Pharmacol. 
11, 29–33. doi: 10.1016/j.coph.2011.02.004

American Psychiatric Association (2013). DSM-5. Diagnostic and statistical 
manuel of mental disorders. 5th Edn. Washington DC: American 
Psychiatric Publishing.

Berrios, G. E., and Olivares, J. M. (1995). The anhedonias: a conceptual history. 
Hist. Psychiatry 6, 453–470. doi: 10.1177/0957154X9500602403

Bock, H. H., and May, P. (2016). Canonical and non-canonical reelin signaling. 
Front. Cell. Neurosci. 10:166. doi: 10.3389/fncel.2016.00166

Brymer, K. J., Fenton, E. Y., Kalynchuk, L. E., and Caruncho, H. J. (2018). 
Peripheral etanercept administration normalizes behavior, hippocampal 
neurogenesis, and hippocampal reelin and GABAA expression in a 

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1016/j.coph.2011.02.004
https://doi.org/10.1177/0957154X9500602403
https://doi.org/10.3389/fncel.2016.00166


Caruncho et al. Membrane Protein Clustering in Major Depression

Frontiers in Pharmacology | www.frontiersin.org 7 March 2019 | Volume 10 | Article 190

preclinical model of depression. Front. Pharmacol. 9:121. doi: 10.3389/
fphar.2018.00121

Busch, Y., and Menke, A. (2018). Blood-based biomarkers predicting response 
to antidepressants. J. Neural Transm. (in press). doi: 10.1007/s00702-018-1844-x

Caruncho, H. J., Dopeso-reyes, I. G., Loza, M. I., and Rodriguez, M. A. (2004). 
GABA, reelin and the neurodevelopmental hypothesis of schizophrenia. Crit. 
Rev. Neurobiol. 16, 25–32. doi: 10.1615/CritRevNeurobiol.v16.i12.20

Caruncho, H. J., Brymer, K., Romay-Tallon, R., Mitchell, M. A., Rivera-Baltanas, 
T., Botterill, J., et al. (2016). Reelin-related disturbances in depression: 
implications for translational studies. Front. Cell. Neurosci. 10:48. doi: 10.3389/
fncel.2016.00048

Cipriani, A., Furukawa, T. A., Salanti, G., Chaimani, A., Atkinson, L. Z., Ogawa, 
Y., et al. (2018). Comparative efficacy and acceptability of 21 antidepressant 
drugs for the acute treatment of adults with major depressive disorder: a 
systematic review and meta-analysis. Lancet 391, 1357–1366. doi: 10.1016/
S0140-6736(17)32802-7

Dong, E., Caruncho, H., Liu, W. S., Smalheiser, N. R., Grayson, D. R., Costa, 
E., et al. (2003). A reelin-integrin receptor interaction regulates Arc mRNA 
translation in synaptoneurosomes. Proc. Natl. Acad. Sci. U. S. A. 100, 
5479–5484. doi: 10.1073/pnas.1031602100

Drago, T., O’Regan, P. W., Welaratne, I., O’Callaghan, A., Malkit, M., Roman, 
E., et al. (2018). A comprehensive regional neurochemical theory in depression: 
a protocol for the systematic review and meta-analysis of 1H-MRS studies 
in major depressive disorder. Syst. Rev. 7:158. doi: 10.1186/s13643-018-0830-6

Fakboury, M. (2016). Revisiting the serotonin hypothesis: implications for major 
depressive disorders. Mol. Neurobiol. 53, 2778–2786. doi: 10.1007/
s12035-015-9152-z

Fatemi, S. H., Earle, J. A., and McMenomy, T. (2000). Reduction in reelin 
immunoreactivity in hippocampus of subjects with schizophrenia, bipolar 
disorder and major depression. Mol. Psychiatry 5, 654–663. doi: 10.1038/
sj.mp.4000783

Fatemi, S. H., Kroll, J. L., and Stary, J. M. (2001). Altered levels of reelin and 
its isoforms in schizophrenia and mood disorders. Neuroreport 12, 3209–3215. 
doi: 10.1097/00001756-200110290-00014

Fenton, E. Y., Fournier, N. M., Lussier, A. L., Romay-Tallon, R., Caruncho, 
H. J., and Kalynchuk, L. E. (2015). Imipramine protects against the deleterious 
effects of chronic corticosterone on depression-like behavior, hippocampal 
reelin expression, and neuronal maturation. Prog. Neuro-Psychopharmacol. 
Biol. Psychiatry 60, 52–59. doi: 10.1016/j.pnpbp.2015.02.001

Gadad, B. S., Jha, M. K., Czysz, A., Furman, J. L., Mayes, T. L., Emslie, M. P., 
et al. (2018). Peripheral biomarkers of major depression and antidepressant 
treatment response: current knowledge and future outlooks. J. Affect. Disord. 
233, 3–14. doi: 10.1016/j.jad.2017.07.001

Goud Alladi, C., Etain, B., Bellivier, F., and Marie-Claire, C. (2018). DNA 
methylation as a biomarker of treatment response variability in serious 
mental illnesses: a systematic review focused on bipolar disorder, schizophrenia, 
and major depressive disorder. Int. J. Mol. Sci. 19:E3026. doi: 10.3390/
ijms19103026

Guidotti, A., Auta, J., Davis, J. M., Di-Giorgi-Gerevini, V., Dwivedi, Y., Grayson, 
D. R., et al. (2000). Decrease in reelin and glutamic acid decarboxylase 67 
(GAD67) expression in schizophrenia and bipolar disorder. Arch. Gen. 
Psychiatry 57, 1061–1069. doi: 10.1001/archpsyc.57.11.1061

Guidotti, A., Grayson, D. R., and Caruncho, H. J. (2016). Epigenetic RELN 
dysfunction in schizophrenia and related neuropsychiatric disorders. Front. 
Cell. Neurosci. 10:89. doi: 10.3389/fncel.2016.00089

Gururajan, A., Clarke, G., Dinan, T. G., and Cryan, J. F. (2016). Molecular 
biomarkers of depression. Neurosci. Biobehav. Rev. 64, 101–133. doi: 10.1016/j.
neubiorev.2016.02.011

Impagnatiello, F., Guidotti, A., Pesold, C., Dwivedi, Y., Caruncho, H., Pisu, 
M. G., et al. (1998). A decrease of reelin expression as a putative vulnerability 
factor in schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 95, 15718–15723. 
doi: 10.1073/pnas.95.26.15718

Ishii, K., Kubo, K.-I., and Nakajima, K. (2016). Reelin and neuropsychiatric 
disorders. Front. Cell. Neurosci. 10:229. doi: 10.3389/fncel.2016.00229

Lee, G. H., and D’Arcangelo, G. (2016). New insights into reelin-mediated 
signaling pathways. Front. Cell. Neurosci. 10:122. doi: 10.3389/fncel.2016.00122

Levy, A., Taib, S., Arbus, C., Peran, P., Sauvaget, A., Schmitt, L., et al. (2019). 
Neuroimaging biomarkers at baseline predict electroconvulsive therapy overall 

clinical response in depression. A systematic review. J. ECT doi: 10.1097/
YCT.0000000000000570

Lima, L., Mata, S., and Urbina, M. (2005). Allelic isoforms and decrease in 
serotonin transporter RNA in lymphocytes of patients with major depression. 
Neuroimmunomodulation 12, 299–306. doi: 10.1159/000087108

Lima, M., and Urbina, M. (2002). Serotonin transporter modulation in blood 
lymphocytes from patients with major depression. Cell. Mol. Neurobiol. 22, 
797–804. doi: 10.1023/A:1021869310702

Lussier, A. L., Caruncho, H. J., and Kalynchuk, L. E. (2009). Repeated exposure 
to corticosterone, but not restraint, decreases the number of reelin-positive 
cells in the adult rat hippocampus. Neurosci. Lett. 460, 170–174. doi: 10.1016/j.
neulet.2009.05.050

Lussier, A. L., Lebedeva, K., Fenton, E. Y., Guskjolen, A., Caruncho, H. J., and 
Kalynchuk, L. E. (2013a). The progressive development of depression-like 
behavior in corticosterone- treated rats is paralleled by slowed granule cell 
maturation and decreased reelin expression in the adult dentate gyrus. 
Neuropharmacology 71, 174–183. doi: 10.1016/j.neuropharm.2013.04.012

Lussier, A. L., Romay-Tallon, R., Caruncho, H. J., and Kalynchuk, L. E. 
(2013b). Altered GABAergic and glutamatergic activity within the rat 
hippocampus and amygdala in rats subjected to repeated-corticosterone 
administration but not restraint stress. Neuroscience 231, 38–48. doi: 
10.1016/j.neuroscience.2012.11.037

Lussier, A. L., Romay-Tallon, R., Kalynchuk, L. E., and Caruncho, H. J. (2011). 
Reelin as a putative vulnerability factor for depression: examining the 
depressogenic effects of repeated-corticosterone in heterozygous reeler mice. 
Neuropharmacology 60, 1064–1074. doi: 10.1016/j.neuropharm.2010.09.007

MacDonald, K., Krishnan, A., Cervenka, E., Hu, G., Guadagno, E., and Trakadis, 
Y. (2018). Biomarkers for major depressive disorder and bipolar disorders 
using metabolomics: a systematic review. Am. J. Med. Genet. B Neuropsychiatr. 
Genet. doi: 10.1002/ajmg.b.32680

McCabe, C., Cowen, P. J., and Harmer, C. J. (2009). Neural representation of 
reward in recovered depressed patients. Psychopharmacology 205, 667–677. 
doi: 10.1007/s00213-009-1573-9

Menezes, I. C., von Werne Baes, C., Lacchini, R., and Juruena, M. F. (2019). 
Genetic biomarkers for differential diagnosis of major depressive disorder 
and bipolar disorder: a systematic and critical review. Behav. Brain Res. 
357-358, 29–38. doi: 10.1016/j.bbr.2018.01.008

Nutt, D., Demyttenaere, K., Janka, Z., Aarre, T., Bourin, M., Canonico, P. L., 
et al. (2007). The other face of depression, reduced positive affect; the role 
of catecholamines in causation and cure. J. Psychopharmacol. 21, 461–471. 
doi: 10.1177/0269881106069938

Olivares, J. M., and Berrios, G. E. (1998). The anhedonias: clinical and 
neurobiological aspects. Int. J. Psychiatry Clin. Pract. 2, 157–171. doi: 
10.3109/13651509809115352

Olivares, J. M., Berrios, G. E., and Bousono, M. (2005). The self-assessment 
anhedonia scale. Neurol. Psychiatry Brain Res. 12, 121–134.

Otte, C., Gold, S. M., Penninx, B. W., Pariante, C. M., Etkin, A., Fava, M., 
et al. (2016). Major depressive disorder. Nat. Rev. Dis. Primers. 2, 1–20. 
doi: 10.1038/nrdp.2016.65

Pena, S., Baccichet, E., Urbina, M., Carreira, I., and Lima, L. (2005). Effect of 
mirtazapine treatment on serotonin transporter in blood peripheral lymphocytes 
of major depression patients. Int. Immunopharmacol. 5, 1069–1076. doi: 
10.1016/j.intimp.2005.02.005

Pizzagalli, D. A. (2014). Depression, stress, and anhedonia: toward a synthesis 
and integrated model. Annu. Rev. Clin. Psychol. 10, 393–423. doi: 10.1146/
annurev-clinpsy-050212-185606

Quevedo, J., and Yatham, L. N. (2018). Biomarkers in mood disorders: are 
we  there yet? J. Affect. Disord. 233, 1–2. doi: 10.1016/j.jad.2018.01.002

Rivera-Baltanas, T., Agis-Balboa, R. C., Romay-Tallon, R., Kalynchuk, L. E., Olivares, 
J. M., and Caruncho, H. J. (2015). Serotonin transporter clustering in blood 
lymphocytes predicts the outcome on anhedonia scores in naive depressive 
patients treated with antidepressant medication. Ann. General Psychiatry 14:45. 
doi: 10.1186/s12991-015-0085-8

Rivera-Baltanas, T., Olivares, J. M., Calado-Otero, M., Kalynchuk, L. E., 
Martinez-Villamarin, J. R., and Caruncho, H. J. (2012). Serotonin transporter 
clustering in blood lymphocytes as a putative biomarker of therapeutic 
efficacy in major depressive disorder. J. Affect. Disord. 137, 46–55. doi: 
10.1016/j.jad.2011.12.041

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.3389/fphar.2018.00121
https://doi.org/10.3389/fphar.2018.00121
https://doi.org/10.1007/s00702-018-1844-x
https://doi.org/10.1615/CritRevNeurobiol.v16.i12.20
https://doi.org/10.3389/fncel.2016.00048
https://doi.org/10.3389/fncel.2016.00048
https://doi.org/10.1016/S0140-6736(17)32802-7
https://doi.org/10.1016/S0140-6736(17)32802-7
https://doi.org/10.1073/pnas.1031602100
https://doi.org/10.1186/s13643-018-0830-6
https://doi.org/10.1007/s12035-015-9152-z
https://doi.org/10.1007/s12035-015-9152-z
https://doi.org/10.1038/sj.mp.4000783
https://doi.org/10.1038/sj.mp.4000783
https://doi.org/10.1097/00001756-200110290-00014
https://doi.org/10.1016/j.pnpbp.2015.02.001
https://doi.org/10.1016/j.jad.2017.07.001
https://doi.org/10.3390/ijms19103026
https://doi.org/10.3390/ijms19103026
https://doi.org/10.1001/archpsyc.57.11.1061
https://doi.org/10.3389/fncel.2016.00089
https://doi.org/10.1016/j.neubiorev.2016.02.011
https://doi.org/10.1016/j.neubiorev.2016.02.011
https://doi.org/10.1073/pnas.95.26.15718
https://doi.org/10.3389/fncel.2016.00229
https://doi.org/10.3389/fncel.2016.00122
https://doi.org/10.1097/YCT.0000000000000570
https://doi.org/10.1097/YCT.0000000000000570
https://doi.org/10.1159/000087108
https://doi.org/10.1023/A:1021869310702
https://doi.org/10.1016/j.neulet.2009.05.050
https://doi.org/10.1016/j.neulet.2009.05.050
https://doi.org/10.1016/j.neuropharm.2013.04.012
https://doi.org/10.1016/j.neuroscience.2012.11.037
https://doi.org/10.1016/j.neuropharm.2010.09.007
https://doi.org/10.1002/ajmg.b.32680
https://doi.org/10.1007/s00213-009-1573-9
https://doi.org/10.1016/j.bbr.2018.01.008
https://doi.org/10.1177/0269881106069938
https://doi.org/10.3109/13651509809115352
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1016/j.intimp.2005.02.005
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1016/j.jad.2018.01.002
https://doi.org/10.1186/s12991-015-0085-8
https://doi.org/10.1016/j.jad.2011.12.041


Caruncho et al. Membrane Protein Clustering in Major Depression

Frontiers in Pharmacology | www.frontiersin.org 8 March 2019 | Volume 10 | Article 190

Rivera-Baltanas, T., Olivares, J. M., Martinez-Villamarin, J. R., Fenton, E. Y., 
Kalynchuk, L. E., and Caruncho, H. J. (2014). Serotonin 2A receptor clustering 
in peripheral lymphocytes is altered in major depression and may be a biomarker 
of therapeutic efficacy. J. Affect. Disord. 163, 47–55. doi: 10.1016/j.jad.2014.03.011

Rivera-Baltanas, T., Romay-Tallon, R., Dopeso-Reyes, I. G., and Caruncho, H. J. 
(2010). Serotonin transporter clustering in blood lymphocytes of reeler mice. 
Cardiovasc. Psychiatry Neurol. 2010:396282. doi: 10.1155/2010/396282

Romay-Tallon, R., Kulhawy, E., Brymer, K. J., Allen, J., Rivera-Baltanas, T., Olivares, 
J. M., et al. (2018). Changes in membrane protein clustering in peripheral 
lymphocytes in an animal model of depression parallel those observed in 
naïve depression patients: implications for the development of novel biomarkers 
of depression. Front. Pharmacol. 9:1149. doi: 10.3389/fphar.2018.01149

Romay-Tallon, R., Rivera-Baltanas, T., Allen, J., Olivares, J. M., Kalynchuk, L. E., 
and Caruncho, H. J. (2017). Comparative study of two protocols for quantitative 
image analysis of serotonin transporter clustering in lymphocytes, a putative 
biomarker of therapeutic efficacy in major depression. Biomark. Res. 5:27. doi: 
10.1186/s40364-017-0107-6

Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Steward, J. W., 
Warden, D., et al. (2006). Acute and longer-term outcomes in depressed 
outpatients requiring one or several treatment steps: a STAR*D report. Am. 
J. Psychiatry 163, 1905–1917. doi: 10.1176/ajp.2006.163.11.1905

Senese, N. B., Rasenick, M. M., and Traynor, J. R. (2018). The role of G-proteins 
and G-protein regulating proteins in depressive disorders. Front. Pharmacol. 
(in press). doi: 10.3389/fphar.2018.01289

Shelton, R. C., and Tomarken, A. J. (2001). Can recovery from depression 
be  achieved? Psychiatr. Serv. 52, 1469–1478. doi: 10.1176/appi.ps.52.11.1469

Smalheiser, N. R., Costa, E., Guidotti, A., Impagnatiello, F., Auta, J., Lacor, P., 
et al. (2000). Expression of reelin in adult mammalian blood, liver, pituitary 
pars intermedia, and adrenal chromaffin cells. Proc. Natl. Acad. Sci. U. S. A. 
97, 1281–1286. doi: 10.1073/pnas.97.3.1281

Smith, K. J., Au, B., Ollis, L., and Schmitz, N. (2018). The association between 
C-reactive protein, interleukin-6 and depression among older adults in the 
community: a systematic review and meta-analysis. Exp. Gerontol. 102, 
109–132. doi: 10.1016/j.exger.20-17.12.005

Spijker, J., Bijl, R. V., de Graaf, R., and Nolen, W. A. (2001). Determinants of 
poor 1-year outcome of DSM-III-R major depression in the general population: 
results of the Netherlands Mental Health Survey and Incidence Study (NEMESIS). 
Acta Psychiatr. Scand. 103, 122–130. doi: 10.1034/j.1600-0447.2001.103002122.x

Sterner, E. Y., and Kalynchuk, L. E. (2010). Behavioral and neurobiological 
consequences of prolonged glucocorticoid exposure in rats: relevance to 

depression. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 34, 777–790. doi: 
10.1016/j.pnpbp.2010.03.005

Strasser, V., Fasching, D., Hauser, C., Mayer, H., Bock, H. H., Hiesberger, T., 
et al. (2004). Receptor clustering is involved in reelin signaling. Mol. Cell 
Biol. 24, 1378–1386. doi: 10.1128/MCB.24.3.1378-1386.2004

Suh, J. S., Schneider, M. A., Minuzzi, L., MacQueen, G. M., Strother, S. C., 
Kennedy, S. H., et al. (2019). Cortical thickness in major depressive disorder: 
a systematic review and meta-analyis. Prog. Neuro-Psychopharmacol. Biol. 
Psychiatry 88, 287–302. doi: 10.1016/j.pnpbp.2018.08.008

Tseng, W. L., Huang, C. L., Chong, K. Y., Liao, C. H., Stern, A., Cheng, J. C., 
et al. (2010). Reelin is a platelet protein and functions as a positive regulator 
of platelet spreading on fibrinogen. Cell. Mol. Life Sci. 67, 641–653. doi: 
10.1007/s00018-009-0201-5

Urbina, M., Pineda, S., Pinango, L., Carreira, I., and Lima, L. (1999). [3H]-paroxetine 
binding to human peripheral lymphocyte membranes of patietns with major 
depression before and after treatment with fluoxetine. Int. J. Immunopharmacol. 
21, 631–646. doi: 10.1016/S0192-0561(99)00035-1

Voegeli, G., Clery-Melin, M. L., Ramoz, N., and Gorwood, P. (2017). Progress 
in elucidating biomarkers of antidepressant pharmacological treatment response: 
a systematic review and meta-analysis of the last 15 years. Drugs 77, 
1967–1986. doi: 10.007/s40265-017-0819-9

Wu, H., Denna, T. H., Storkesen, J. N., and Gerriets, V. A. (2018). Beyond a 
neurotransmitter: the role of serotonin in inflammation and immunity. 
Pharmacol. Res. doi: 10.1016/j.phrs.2018.06.015

Yang, C., Tiemessen, K. M., Bosker, F. J., Wardenaar, K. J., Lie, J., and Schoevers, 
R. A. (2018). Interleukin, tumor necrosis factor-α, and C-reactive protein 
profiles in melancholic and non-melancholic depression: a systematic review. 
J. Psychosom. Res. 111, 58–68. doi: 10.1016/j.jpsychores.2018.05.008

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Caruncho, Rivera-Baltanas, Romay-Tallon, Kalynchuk and Olivares. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does 
not comply with these terms.

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1016/j.jad.2014.03.011
https://doi.org/10.1155/2010/396282
https://doi.org/10.3389/fphar.2018.01149
https://doi.org/10.1186/s40364-017-0107-6
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.3389/fphar.2018.01289
https://doi.org/10.1176/appi.ps.52.11.1469
https://doi.org/10.1073/pnas.97.3.1281
https://doi.org/10.1016/j.exger.20-17.12.005
https://doi.org/10.1034/j.1600-0447.2001.103002122.x
https://doi.org/10.1016/j.pnpbp.2010.03.005
https://doi.org/10.1128/MCB.24.3.1378-1386.2004
https://doi.org/10.1016/j.pnpbp.2018.08.008
https://doi.org/10.1007/s00018-009-0201-5
https://doi.org/10.1016/S0192-0561(99)00035-1
https://doi.org/10.007/s40265-017-0819-9
https://doi.org/10.1016/j.phrs.2018.06.015
https://doi.org/10.1016/j.jpsychores.2018.05.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Patterns of Membrane Protein Clustering in Peripheral 
Lymphocytes as Predictors of Therapeutic Outcomes in Major Depressive Disorder
	Clinical Interest and General Approaches for Developing Novel Biomarkers of Depression
	Development of the Hypothesis That Alterations in Membrane Protein Clustering May Be a Putative Biomarker of MDD
	Alterations in Serotonin Transporter (SERT) and Serotonin Receptor 2A (5HT2A) Peripheral Lymphocytes From Animals With Reelin Deficits
	Alterations in SERT and Serotonin 2A Receptor (5HT2A) in Peripheral Lymphocytes From Depression Patients
	Additional Studies on Membrane Protein Clustering (MPC) in Lymphocytes in an Animal Model of Depression
	Other Studies Designed to Facilitate Translation of MPC Studies to the Clinical Setting
	Additional Ideas and Experiments
	Conclusions
	Author Contributions

	References

