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calcium-binding proteins

Intracellular protein calretinin (CR) acquired its name based on structural similarity to calbindin
D28k and the site of first detection—retina (Rogers, 1987). Soon after this discovery, a basic
description of the distribution of CR in rodent brain emerged from the work of several authors
(reviewed by Baimbridge et al., 1992; Andressen et al., 1993). In the upcoming years, calcium-
binding proteins (CaBP) calretinin, parvalbumin (PV), and calbindin (CB) could be shown to be
expressed in largely non-overlapping interneuronal populations. The usefulness of utilizing PV, CB,
and CR for categorization of interneuronal subpopulations was validated by gene cluster analysis
(Toledo-Rodriguez et al., 2004).

While extensive literature on PV expressing (PV+) interneurons’ physiological functions and
changes in various pathological conditions have been published, we still have a limited view about
the CR+ (and CB+) interneurons. This is quite disappointing, considering their increasing number
in primates and various unique features they possess. In the Research Topic “At the top of the
interneuronal pyramid—calretinin expressing cortical interneurons,” we intended to provide a
summary of current knowledge on CR+ cortical neurons and especially to emphasize and discuss
those “unique features” of CR+ neurons mentioned above.

In the first article of this compilation, the story begins with a mini-review on protein calretinin
from Beat Schwaller (Schwaller, 2014). The Author not only offers a summary of what is known
about the expression and physiological role of calretinin in cellular homeostasis, but, to mention
one of many interesting aspects, the reader also learns why calretinin “may be a potential
therapeutic target for treatment of Huntington disease” (see Dong et al., 2012 for original research
report).

Further two original research papers focus on the development of CR+ neurons during the
ontogenesis of human cerebral cortex. Miriam Gonzáles-Gómez and Gundela Meyer (González-
Gómez and Meyer, 2014) put emphasis on the expression of CR in neuronal progenitors during
the early period (between 6 and 14 gestational weeks, gw) of human corticogenesis. At the early
embryonic time, the expression of CR is unrelated to the GABAergic neurons and could be seen also
in glutamatergic neurons of the preplate and “pioneer” cortical plate. Complementary to this paper,
Nevena V. Radonjić with colleagues (Radonjic et al., 2014) describes the pattern of expression
of a transcription factor (Gsx2) and its two downstream effectors, (Ascl1 and Sp8) proposed to
be involved in the CR cell lineage, in the human fetal cortex at later stadium of corticogenesis,
at midgestation (20 gw). The authors reported the co-expression of these factors with CR+
cells that were dividing in the cortical ventricular and subventricular zones (VZ/SVZ). Their
results support the hypothesis that the VZ/SVZ, besides the ganglionic eminences in subpallium,
is an additional source of interneurons in the primate developing cortex. However, alternative
hypothesis have been suggested (Hansen et al., 2013; Ma et al., 2013). In the next—4th article of
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our compilation, review paper from Ana Hladnik and colleagues
(Hladnik et al., 2014), authors broadly discuss this controversial
topic. They propose that contradictory results about the origin
of cortical CR+ interneurons in primates might be partially
explained by regional variations in the site of CR+ neurons
origin. According to their hypothesis, the main source of CR+
interneurons for the frontal lobe might be the local pallial
VZ/SVZ, while subpallial ganglionic eminences supply CR+
interneurons for posterior and lateral regions of primate cerebral
cortex.

One fact, which indirectly supports the concept of an
additional source of CR+ interneurons in primate cortex, is the
significantly higher proportion of CR+ cells compared to non-
primate mammals. Another two main classes of interneurons,
those containing PV and CB (or somatostatin) do not show
such a robust increase in proportion during evolution. In the
5th article of this Research Topic, mini review from Domagoj
Džaja and colleagues (Dz̆aja et al., 2014), authors address this
topic and the significance of the 5-fold increase of CR+ neurons
in the layers II/III of primate cortex in relation to rodents, for
the function of neocortical neuronal circuits in primate brain.
Importantly, they open and discuss the question of the role of
those additional CR+ interneurons in formation of neuronal
assemblies.

In the 6th article, Daniela Camillo with colleagues (Camillo
et al., 2014) studies the visual response properties of neurons
that express or have transiently expressed CR during their
development in mouse primary visual cortex. Besides other
interesting findings, their results again accentuate the
(functionally not well understood) high extent of transient
CR expression in pyramidal neuron precursors during
corticogenesis.

Although the terms “interneurons” and “local circuits
neurons” are often used synonymously, the CR+ interneurons
were also shown to participate on long range cortical
connectivity: by being targeted via connections from remote
cortical areas (Gonchar and Burkhalter, 2003) as well as by
sending long range cortico-cortical axons (Tomioka and
Rockland, 2007). In the 7th article of our Research Topic,
Rastislav Druga with colleagues (Druga et al., 2014) describes
the distribution of CR+ neurons in the claustrum of the rat.
Interestingly, a small portion of those neurons could be found
to send dendrites in the neighboring telencephalic structures
(striatum) or the insular cortex. This pattern of interconnectivity
is consistent with the concept of claustrum as a global processing
and synchrony detection system (Smythies et al., 2014), and
implies that CR+ neurons could be directly involved in this
function.

In the 8th article of our Research Topic, Bruno Cauli with
colleagues (Cauli et al., 2014) provides a closing comprehensive
summary of what is known about the anatomy and physiology of
bipolar cortical CR+ interneurons. Besides the themes elaborated
also in the individual articles of this compilation, additional
exciting topics as for example the involvement of CR+ neurons
in neurovascular coupling, are reviewed here. Summarizing
the available evidence, authors state that probably the bipolar
CR+ interneurons are amongst the most complex cells in the

cerebral cortex because they seem to be involved in every major
mechanism that supports successful neuronal computation.
Hence, from this point of view, the heterogeneous population of
CR expressing neurons really seems to stand “at the top of the
interneuronal pyramid.”

And finally, in the last, 9th article of this research topic,
a “window” to an important research field—function and
malfunction of CR+ interneurons in various neuropsychiatric
disorders—is being opened. In this review paper, Kinga Tóth
and Zsófia Maglóczky (Tóth and Maglóczky, 2014) discuss the
vulnerability of CR+ hippocampal interneurons to epilepsy.
They summarize that the sensitivity of CR+ interneurons to
epileptic activity plays an important role in the impairment
of dendritic inhibition in epilepsy, with potential significant
involvement in epileptogenesis. A different situation, with
preservation of CR+ interneurons and loss of PV+ and/or
CB+ interneurons could be found in other conditions as
schizophrenia, bipolar disorder, and major depression (Beasley
et al., 2002; Cotter et al., 2002; Sakai et al., 2008). It remains
an exciting task for the future to establish a more detailed
view of the role of CR+ interneurons in various pathological
states.

All the aforementioned contributions are collected also in
a single e-book. We hope this may be useful for researchers
approaching this research field. More than anything else, we
hope to inspire further research on this intriguing neuronal
population and on its function and malfunction in neural
circuits.

Acknowledgments

At this point, we would like to kindly thank all authors who
submitted their articles to Research Topic on CR+ neurons
and to all reviewers for their great work. Further, we want to
thank the Chief Editor of Frontiers of Neuroanatomy Professor
Javier DeFelipe for the unique possibility to publish the collection
in this superb journal. And finally, we also would like to
acknowledge the excellent support we always got from the
Frontiers Editorial Office Team.

References

Andressen, C., Blümcke, I., and Celio, M. R. (1993). Calcium-binding

proteins: selective markers of nerve cells. Cell Tissue Res. 271,

181–208.

Baimbridge, K. G., Celio, M. R., and Rogers, J. H. (1992). Calcium-binding proteins

in the nervous system. Trends Neurosci. 15, 303–308.

Beasley, C. L., Zhang, Z. J., Patten, I., and Reynolds, G. P. (2002). Selective

deficits in prefrontal cortical GABAergic neurons in schizophrenia defined by

the presence of calcium-binding proteins. Biol. Psychiatry 52, 708–715. doi:

10.1016/S0006-3223(02)01360-4

Camillo, D., Levelt, C. N., and Heimel, J. A. (2014). Lack of functional

specialization of neurons in the mouse primary visual cortex that have

expressed calretinin. Front. Neuroanat. 8:89. doi: 10.3389/fnana.2014.00089

Frontiers in Neuroanatomy | www.frontiersin.org 2 August 2015 | Volume 9 | Article 108

http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


Barinka et al. Calretinin expressing cortical interneurons

Cauli, B., Zhou, X., Tricoire, L., Toussay, X., and Staiger, J. F. (2014). Revisiting

enigmatic cortical calretinin-expressing interneurons. Front. Neuroanat. 8:52.

doi: 10.3389/fnana.2014.00052

Cotter, D., Landau, S., Beasley, C., Stevenson, R., Chana, G., Macmillan, L., et al.

(2002). The density and spatial distribution of GABAergic neurons, labelled

using calcium binding proteins, in the anterior cingulate cortex in major

depressive disorder, bipolar disorder, and schizophrenia. Biol. Psychiatry 51,

377–386. doi: 10.1016/S0006-3223(01)01243-4

Dong, G., Gross, K., Qiao, F., Ferguson, J., Callegari, E. A., Rezvani, K., et al.

(2012). Calretinin interacts with huntingtin and reduces mutant huntingtin-

caused cytotoxicity. J. Neurochem. 123, 437–446. doi: 10.1111/j.1471-

4159.2012.07919.x

Druga, R., Salaj, M., Barinka, F., Edelstein, L., and Kubová, H. (2014). Calretinin

immunoreactivity in the claustrum of the rat. Front. Neuroanat. 8:160. doi:

10.3389/fnana.2014.00160

Dz̆aja, D., Hladnik, A., Bicanic, I., Bakovic, M., and Petanjek, Z. (2014).

Neocortical calretinin neurons in primates: increase in proportion and

microcircuitry structure. Front. Neuroanat. 8:103. doi: 10.3389/fnana.2014.

00103

Gonchar, Y., and Burkhalter, A. (2003). Distinct GABAergic targets of feedforward

and feedback connections between lower and higher areas of rat visual cortex.

J. Neurosci. 23, 10904–10912.

González-Gómez, M., and Meyer, G. (2014). Dynamic expression of calretinin

in embryonic and early fetal human cortex. Front. Neuroanat. 8:41. doi:

10.3389/fnana.2014.00041

Hansen, D. V., Lui, J. H., Flandin, P., Yoshikawa, K., Rubenstein, J. L., Alvarez-

Buylla, A., et al. (2013). Non-epithelial stem cells and cortical interneuron

production in the human ganglionic eminences. Nat. Neurosci. 16, 1576–1587.

doi: 10.1038/nn.3541

Hladnik, A., Dz̆aja, D., Darmopil, S., Jovanov-Milos̆evic, N., and Petanjek, Z.

(2014). Spatio-temporal extension in site of origin for cortical calretinin

neurons in primates. Front. Neuroanat. 8:50. doi: 10.3389/fnana.2014.

00050

Ma, T.,Wang, C.,Wang, L., Zhou, X., Tian, M., Zhang, Q., et al. (2013). Subcortical

origins of human and monkey neocortical interneurons. Nat. Neurosci. 16,

1588–1597. doi: 10.1038/nn.3536

Radonjic, N. V., Ortega, J. A., Memi, F., Dionne, K., Jakovcevski, I., and Zecevic, N.

(2014). The complexity of the calretinin-expressing progenitors in the human

cerebral cortex. Front. Neuroanat. 8:82. doi: 10.3389/fnana.2014.00082

Rogers, J. H. (1987). Calretinin: a gene for a novel calcium-binding protein

expressed principally in neurons. J. Cell Biol. 105, 1343–1353.

Sakai, T., Oshima, A., Nozaki, Y., Ida, I., Haga, C., Akiyama, H., et al.

(2008). Changes in density of calcium-binding-protein-immunoreactive

GABAergic neurons in prefrontal cortex in schizophrenia and bipolar disorder.

Neuropathology 28, 143–150. doi: 10.1111/j.1440-1789.2007.00867.x

Schwaller, B. (2014). Calretinin: from a “simple” Ca(2+) buffer to amultifunctional

protein implicated in many biological processes. Front. Neuroanat. 8:3. doi:

10.3389/fnana.2014.00003

Smythies, J., Edelstein, L., and Ramachandran, V. (2014). Hypotheses relating to

the function of the claustrum II: does the claustrum use frequency codes? Front.

Integr. Neurosci. 8:7. doi: 10.3389/fnint.2014.00007

Toledo-Rodriguez, M., Blumenfeld, B., Wu, C., Luo, J., Attali, B., Goodman,

P., et al. (2004). Correlation maps allow neuronal electrical properties to be

predicted from single-cell gene expression profiles in rat neocortex. Cereb.

Cortex 14, 1310–1327. doi: 10.1093/cercor/bhh092

Tomioka, R., and Rockland, K. S. (2007). Long-distance corticocortical GABAergic

neurons in the adult monkey white and gray matter. J. Comp. Neurol. 505,

526–538. doi: 10.1002/cne.21504

Tóth, K., and Maglóczky, Z. (2014). The vulnerability of calretinin-containing

hippocampal interneurons to temporal lobe epilepsy. Front. Neuroanat. 8:100.

doi: 10.3389/fnana.2014.00100

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 © 2015 Barinka, Maglóczky and Zecevic. 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) or licensor 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.

Frontiers in Neuroanatomy | www.frontiersin.org 3 August 2015 | Volume 9 | Article 108

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

	Editorial: At the top of the interneuronal pyramid—calretinin expressing cortical interneurons
	Acknowledgments
	References


