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This  paper  compared  the  density  of  calbindin  D28k  (CB),  calretinin  (CR)  and  parvalbumin  (PV)  containing
neurons  in  prenatal,  newborn  and  postnatal  periods  in the cingulate  cortex  (CC)  of  the  guinea  pig as  an
animal  model.  The  distribution  and  co-distribution  among  calcium-binding  proteins  (CaBPs)  was  also
investigated  during  the  entire  ontogeny.  The  study  found  that  CB-positive  neurons  exhibited  the  highest
density  in  the  developing  CC. The  CC  development  in the  prenatal  period  took place  with  a  high  level  of  CB
and  CR  immunoreactivity  and both  of  these  proteins  reached  peak  density  during  fetal  life.  The density
ingulate cortex
ntogeny
albindin
alretinin
arvalbumin
uinea pig

of  PV-positive  neurons,  in  contrast  to  CB  and  CR-positive  neurons,  reached  high  levels  postnatally.  The
observed  changes  of  the CaBPs-positive  neuron  density  in the  developing  CC  coincide  with  developmental
events  in  the guinea  pig.  E.g. the eyes  opening  moment  may  be  preceded  by  elevated  levels of CB  and
CR  at E50,  whereas  high  immunoreactivity  of  PV  from  P10  to P40 with  a peak  at  P20  may  indicate  the
participation  of  PV in  enhancement  of the  inhibitory  cortical  pathway  maturation.

© 2018  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The cingulate cortex (CC) is one of the major components of a
losed neural circuit (the Papez circuit), important for memory con-
rol and emotion expression (Papez, 1995; Vann and Nelson, 2015).
he CC resides in the inner surface of the cerebral hemispheres and
s usually considered to be a part of the limbic cortex. Although the
C is usually divided into different cytoarchitectural parts based
n various criteria, there is common consent that anterior (ACC)
nd posterior (PCC) parts are the main regions of the CC in mam-
als. Numerous functional and anatomical data have highlighted

he role of the ACC in cognitive and emotional processing (Allman
t al., 2001; Etkin et al., 2011). A close relationship between ACC
aturation and the ability to regulate emotion was revealed (Hung

t al., 2012). Interestingly, the ACC is one of the frontal brain struc-
ures whose development continues until early adulthood (Shaw

t al., 2008; Hung et al., 2012). The PCC is known to be involved
n modifying behavior in response to unpredictable changes, face
rocessing, consciousness maintenance as well as in integrating the
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E-mail addresses: beata.hermanowicz@uwm.edu.pl (B. Hermanowicz-Sobieraj),

nkar@uwm.edu.pl (A. Robak).

ttps://doi.org/10.1016/j.aanat.2018.11.007
940-9602/© 2018 Elsevier GmbH. All rights reserved.
sense of self-location (Oblak et al., 2011; Pearson et al., 2011; Zhang
et al., 2017; Guterstam et al., 2015). The PCC is also important for
long-term memory formation (Bird et al., 2015). Abnormalities of
the CC anatomy and functional connections have been observed in
a number of neuropsychiatric disorders (Foland-Ross et al., 2014;
Leech and Sharp, 2014) and the CC is one of the first brain struc-
tures affected by Alzheimer’s disease (Buckner et al., 2009; Raj et al.,
2012). An important factor in the regulation of activities mediated
by the CC is GABAergic control. For instance, differences in GABA
levels in the ACC are related to fear recovery intensity in young men
(Levar et al., 2017). Moreover, GABA-level reduction in the ACC is
linked to the problem of recurrent depression (Gabbay et al., 2017).
In the mammalian cerebral cortex, excitatory pyramidal neurons,
which use glutamate as a neurotransmitter, constitute 70–80% of
the total neurons, while the remaining 20–30% constitute interneu-
rons using GABA as a major neurotransmitter (DeFelipe and Farinas,
1992; Kawaguchi and Kubota, 1997; Markram et al., 2004). GABA
signaling plays a vital role in orchestrating and controlling cortical
circuitry development. Depending on the period of ontogeny, GABA
may  act as an inhibitory or excitatory neurotransmitter (Wang et al.,
2002; Dieni et al., 2012; Moss and Toni, 2013). The excitatory prop-

erties of GABA decrease gradually with differentiation of immature
neurons into the mature forms (Pontes et al., 2013). Markers for
examining the GABAergic system complexity in the cerebral cortex
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re calcium-binding proteins (CaBPs), as the most specific among
hem (calbindin D28k — CB, calretinin — CR and parvalbumin — PV)
o-exist with GABA in separate populations of non-pyramidal neu-
ons. Moreover, interneurons containing CaBPs constitute 90% of
otal GABAergic neurons in the macaque monkey cerebral cortex,
mphasizing the same essential role of calcium ions for neuronal
unctions (DeFelipe et al., 1989; DeFelipe, 1993; Raghanti et al.,
010). Each of these three CaBPs are notably useful neuronal mark-
rs in view of their variable localization and abundance in both
eveloping and adult brains (Hof et al., 2001; Bogus-Nowakowska
t al., 2012; Żakowski and Robak, 2013). They are suitable markers
or determining developmental alterations of normal brain orga-
ization and for detecting changes in various pathological states
Żakowski and Robak, 2013; Ahmadian et al., 2015). Moreover,
ccording to the brain region, its connections or species of ani-
al, expression of individual CaBPs may  also vary (Alonso et al.,

990; Celio, 1990). To date, no study has investigated changes in
he density of neurons positive for CB, CR and PV in the CC both
hroughout fetal and postnatal development of the guinea pig. Most
eports concern CaBP occurrence in the adult mammals (Hof and
imchinsky, 1992; Hof et al., 1993; Nimchinsky et al., 1997; Zhao
t al., 2013; Xu and Zhang, 2015; Hermanowicz-Sobieraj et al.,
018). Only a few papers relate to CB, CR and PV immunoreactivity
uring postnatal development in the cat, dog and rat (Alcantara
t al., 1993; Alcantara and Ferrer, 1995; de Lecea et al., 1995;
chierle et al., 1997; Moon et al., 2002). Among commonly used
pecies of rodents, the guinea pig is an intriguing laboratory animal
n biomedical studies. The guinea pig appears to be more compara-
le to humans than to generally examined rodents, e.g. in the aspect
f ontogeny (Dobbing and Sands, 1970; West, 1987; Workman et al.,
013). Therefore, in the present paper, we focus on comparing the
ensity of CB, CR and PV-positive neurons among stages of prena-
al, newborn and postnatal periods in the CC of the guinea pig. We
lso investigated the distribution and co-distribution of CaBPs in
his brain region throughout ontogeny.

. Material and methods

.1. Animals

The study was conducted on 21 female Dunkin-Hartley guinea
igs (Nofer Institute Occupational Medicine in Łódź, Poland),
ivided according to the days of fetal and postnatal life into seven
xperimental groups: E40, E50, E60 — 40th, 50th, 60th day of
estation, P0 — newborn, P10, P20, P40 — 10th, 20th, 40th day
fter birth. In addition, data from our previously published paper
Hermanowicz-Sobieraj et al., 2018) concerning the numbers of
erikarya containing CB, CR and PV in the CC of the adult guinea pig
P100) were used to analyze the statistical differences among P100
nd stages examined in the present paper as well as to compare
he density of neurons among all the stages. The CC of three speci-

ens were examined in each group. The animal care and treatment
rocedures were performed in accordance with guidelines of the
uropean Union Directive for animal experiments (2010/63/EU).
ll protocols were accepted by the Local Animal Ethics Commit-

ee of the University of Warmia and Mazury in Olsztyn, Poland. All
etails of tissue preparation have been described in our previously
ublished manuscript (Hermanowicz-Sobieraj and Robak, 2017).

.2. Immunohistochemistry
Procedures for immunostaining were consistent with those pre-
iously reported (Hermanowicz-Sobieraj and Robak, 2017). The
ections containing the CC were processed for single immunoen-
ymatic labelling (DAB method) and double immunofluorescence
 of Anatomy 222 (2019) 103–113

labelling. For the first labelling method, the following antibod-
ies were used in the study: rabbit anti-CB D28k (1:4000, code
CB-38, Swant, Switzerland), mouse anti-CR (1:4000, code 6B3,
Swant, Switzerland), mouse anti-PV (1:4000, code P3088, Sigma
Aldrich, USA). For the second labelling method, two mixture solu-
tions of antibodies were prepared: rabbit anti-CB D28k (1:4000,
code CB-38, Swant, Switzerland) and mouse anti-CR (1:4000, code
6B3, Swant, Switzerland) as well as rabbit anti-CB D28k (1:4000,
code CB-38, Swant, Switzerland) and mouse anti-PV (1:4000, code
P3088, Sigma Aldrich, USA). In order to show the bound antibodies,
sections were incubated with anti-rabbit Alexa Fluor 555 antibod-
ies (1:800, code A-31572, Molecular Probes, USA) to visualize CB
D28k and anti-mouse Alexa Fluor 488 antibodies (1:800, code A-
21202, Molecular Probes, USA) to visualize CR and PV.

An Olympus BX51 microscope equipped with a CCD camera con-
nected to a PC was used for analysis of stained sections. Images were
acquired with Cell-F software (Olympus GmbH, Germany).

2.3. Controls

The specificity of the primary antibodies used in the present
study were confirmed in our previous studies (Równiak et al.,
2015; Hermanowicz-Sobieraj and Robak, 2017; Hermanowicz-
Sobieraj et al., 2018) and by other investigators (Airaksinen et al.,
1997; Zimmermann and Schwaller, 2002; Mészár et al., 2012). The
specificity of the primary antibodies was also investigated by the
manufacturers. Immunoblot analysis was  used to test rabbit anti-
CB (CB-38) and mouse anti-CR (6B3). These both antibodies showed
band at 28 kDa for CB and 29 kDa for CR in immunoblots of the
guinea pig brain extracts. To test the specificity of the secondary
antibodies, omission of primary antibodies, their replacement by
non-immune sera, PBS or irrelevant antibodies were applied. A
complete lack of immunoreactive elements was  detected.

2.4. Cell count and statistics

The neurons positive for CB, CR and PV were counted on sec-
tions containing the CC throughout the rostrocaudal extent with
the use of an Olympus BX51 microscope equipped with Cell-F
image analysis software (Olympus GmbH, Germany) in subsequent
stages of development. The same number of sections per animal
(n = 3) were always analyzed depending on the period of devel-
opment. Every 7th, 12th and 16th section was examined in fetal,
newborn and postnatal brains, respectively. For each tested brain,
the starting and ending points were always constant. In order to
differentiate layers in the guinea pig CC, sections stained by the
Klüver-Barrera method were used (Robak et al., 2003). The num-
ber of labeled neurons was  counted at 40× magnification using the
347.6 �m × 260.7 �m field as test frames, which covered the entire
examined brain region per section. To calculate the mean density
of neurons within the whole CC at each developmental stage, the
number of CB, CR and PV-positive neurons from test frames per
section were averaged. The obtained neural number was  then aver-
aged on all examined sections per brain and subsequently averaged
at each developmental stage. Mean neural density refers to the test
frame area and the obtained results were expressed as the num-
ber of neurons/mm2. To determine the mean density of neurons
at P100, we recalculated our previously published results concern-
ing the number of perikarya containing CB, CR and PV in the CC of

an adult guinea pig (Hermanowicz-Sobieraj et al., 2018). The analy-
sis of statistical differences among developmental stages (E40, E50,
E60, P0, P10, P20, P40, P100) was  performed using one-way ANOVA
and Tukey’s post hoc t-test (*P ≤ 0,05; **P ≤ 0,001).
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Fig 1. The CB (A), CR (B) and PV (C) — positive neuron density in the guinea pig CC
at  fetal (E40, E50, E60), newborn (P0) and postnatal (P10, P20, P40, P100) devel-
opmental stages. Data were statistically evaluated by one-way ANOVA and Tukey’s
post hoc t-test (differences among stages) (*P ≤ 0,05; **P ≤ 0,001).
A:  (a) — E40 differs from all other developmental stages (**P < 0,001), (b) — E50
differs from all other developmental stages (**P < 0,001), (c) — P10 differs from
P20–P100 (**P < 0,001), (d) — P40 differs from P100 (**P < 0,001); � — E60 differs
from P10–P100 (**P < 0,001), © — P0 differs from P20–P100 (**P < 0,001), � — P20
differs from P100 (**P < 0,001).
B: (a) — E40 differs from all other developmental stages (**P < 0,001), (b) — E50 dif-
fers  from all other developmental stages (**P < 0,001), (c) — P40 differs from P100
(**P  < 0,001); � — E60 differs from P20 (*P < 0,05) and P100 (**P < 0,001); © — P0 dif-
fers from P20 (*P < 0,05) and P100 (**P < 0,001); � — P10 differs from P40 (*P < 0,05)
and  P100 (**P < 0,001); * — P20 differs from P40 (**P < 0,001).
C: (a) — E50 differs from E60–P100 (**P < 0,001), (b) — P0 differs from P10–P100
(**P < 0,001), (c) — P20 differs from P40 (*P < 0,05) and P100 (**P < 0,001), (d) — P40
B. Hermanowicz-Sobieraj et al. / A

. Results

The immunohistochemical analysis revealed the presence of
ell populations and fibers positive for CB, CR and PV in the CC of
he guinea pig throughout ontogeny. All examined CaBPs showed
mmunoreactivity at E40 and they were present in all studied
tages. The CB-positive neuron density was the highest in the CC in
ost of studied stages. The density of PV-positive neurons was  the

east numerous in the CC at early prenatal developmental stages,
hile their density later increased. Contrary to PV, the density

f CR-positive neurons at early fetal stages was  high and it then
ecreased. The density of CB, CR and PV-positive neurons in the CC

n subsequent developmental stages is shown in Figs. 1 and 7.

.1. Calbindin

Among the three studied proteins, the CB-positive neurons
howed the highest density and were observed in the CC from E40
nwards. Although all layers of the CC contained CB-positive struc-
ures, only single-CB containing cells were noted in layer I, while
he remaining CC layers were characterized by high CB immunore-
ctivity in both perikarya and fibers. In general, CB-positive cells
n the V–VI layers of the CC were intensely stained and loosely
rranged in comparison with the perikarya in layers II–III, which
ere placed close together and displayed rather low immunore-

ctivity (Fig. 2A). CB containing fibers within the layers V–VI were
aricose and oriented in different directions, while in layers II–III
he fibers were smooth and mostly oriented in parallel to the corpus
allosum fibers (Fig. 5A–B). In general, perikarya and fibers positive
or CB were similarly distributed within the CC layers throughout
ntogeny, although their delineation was more clearly observed
fter E50. The density of CB-positive neurons decreased through-
ut the CC ontogeny (Figs. 1 A, 2 B–H, 7). The highest density
f neurons positive for this protein was detected at E40. In two
ubsequent developmental stages, the CB-positive neuron density
apidly decreased (**P < 0,001). The first decline was observed at
50 (**P < 0,001) and the second decline at E60 (**P < 0,001). The
ecline between E40 and E50 was lower than between E50 and E60
Fig. 1A). From E60 to P10 the density was maintained at a similar
evel (P > 0.05), while at P20 it decreased (**P < 0.001) and remained
nchanged to P40 (P > 0.05) (Fig. 1A). At P100, another significant
ecrease of the CB-positive neuron density was noted (**P < 0.001)
Fig. 1A). Therefore, the density of neurons at P100 differs signif-
cantly from all other stages examined (Fig. 1A). The decline in
B-positive neuron density in postnatal developmental stages was

ower than during prenatal development. CB-positive neurons co-
ocalized sporadically with PV from E50 onwards (Fig. 6A–B), but
ever contained CR in the CC throughout ontogeny (Fig. 6C–D).

.2. Calretinin

CR was present within the CC of the guinea pig in all devel-
pmental stages in perikarya and fibers. Two  subpopulations
f neurons positive for CR were observed (with higher and
ower immunoreactivity). Varicose and smooth fibers oriented
n different directions transversing the CC were detected among
R-positive perikarya (Fig. 5C–D). The distribution pattern of CR-
ositive structures was similar in subsequent age groups. In the

ayer I of the CC, CR containing cells were rarely noted. In general,
he vast majority of CR-positive perikarya was observed in the lay-
rs II–III of the CC (Figs. 3 A, 7 ). Significant differences in the density
f CR-positive neurons were found among studied developmental

tages in the CC (Figs. 1 B, 3 B–H, 7). The density of CR-positive
eurons was relatively high at E40 and significantly increased up
o E50 (**P < 0.001), reaching peak value at this stage. At E60, an
brupt decrease was noted (**P < 0.001) (Fig. 1B) and, from this

differs from P100 (**P < 0,001); � − E40 differs from E60–P100 (**P < 0,001), © —
E60 differs from P10–P100 (**P < 0,001); � — P10 differs from P20 (*P < 0,05) and
P100 (**P < 0,001).
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Fig. 2. CB immunoreactivity in the guinea pig CC (A–H); distribution pattern of CB-positive structures throughout the whole CC (A); CB-positive structures at fetal (B–D),
newborn (E) and postnatal (F–H) developmental stages. II–III — the CC superficial layers, V–VI — the CC deep layers. Scale bars: 1000 �m (A), 200 �m (B–H); note the frame
at  image A, it shows the region from which enlarged images (B—H) were taken.
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ig. 3. CR immunoreactivity in the guinea pig CC (A–H); distribution pattern of CR
ewborn (E) and postnatal (F–H) developmental stages. II–III — the CC superficial la
t  image A, it shows the region from which enlarged images (B–H) were taken.

tage, the density of CR-positive neurons remained at a similar
evel until P20, so that from E60 to P20 the density of CR-positive
eurons did not differ significantly. At P40 a slight, but statistically
ignificant, increase of the CR-positive neuron density was  reported
**P < 0.001) (Fig. 1B), while at P100 a decrease of the density was

oted (**P < 0.001) and the density of neurons at P100 differs sig-
ificantly from all other stages examined (Fig. 1B). During the CC
evelopment, no co-localization between CR and CB was  detected
Fig. 6C–D).
tive structures throughout the whole CC (A); CR-positive structures at fetal (B–D),
V–VI — the CC deep layers. Scale bars: 1000 �m (A), 200 �m (B–H); note the frame

3.3. Parvalbumin

Both perikarya and fibers that displayed immunoreactivity for
PV were found in the CC at all studied developmental stages, from
E40 onwards. The fibers, usually oriented in different directions,

could be divided into two  types based on their morphology: smooth
and varicose (Fig. 5E–F). PV-positive structures were restricted to
the layers V–VI of the CC at E40, while at E50, single perikarya
containing this protein also appeared in the layers II–III (Fig. 7).
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Fig. 4. PV immunoreactivity in the guinea pig CC (A–H); distribution pattern of PV-positive structures throughout the whole CC (A); PV-positive structures at fetal (B–D),
newborn (E) and postnatal (F–H) developmental stages. II–III — the CC superficial layers, V–VI — the CC deep layers. Scale bars: 1000 �m (A), 200 �m (B–H); note the frame
at  image A, it shows the region from which enlarged images (B–H) were taken.

Fig. 5. CaBPs immunoreactivity in the fibers of the guinea pig CC. Note varicose (single arrows) and smooth (double arrows) immunoreactive fibers for CB (A, B), CR (C, D)
and  for PV (E, F); roman numerals indicate layers of the CC. Scale bars: 200 �m (A, B, D–F), 100 �m (C).
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o-localization of CB and CR in the cg. Single arrows indicate double labelled cells; 
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n subsequent developmental stages, the pattern of PV distribution
as almost unchanged. In particular, PV-positive perikarya were
resent in all layers of the CC with the exception of layer I. They
ere more numerous in layers V–VI of the CC than in layers II–III

Figs. 4 A, 7 ). The density of PV-positive neurons in the CC var-
ed considerably throughout development (Figs. 1 C, 4 B–H, 7). At
40 and E50, the PV-positive neuron density was low and it con-
iderably increased at E60 (**P < 0.001) and remained at a similar
evel until P0 (P > 0.05) (Fig. 1C). From P0, the density of PV-positive
eurons increased up to P10 (**P < 0.001) and remained high up to
40. However, a slight increase was noted at P20 (*P < 0.05) and the
V-positive neuron density reached the highest value at this stage.
rom P40, the density of PV-positive neurons slightly decreased in
elation to P20 (*P < 0.05), while the largest decrease was noted at
100 (**P < 0.001) (Fig. 1C). Discrete co-localization between PV and
B in neurons of the CC was observed after E50 (Fig. 6A–B).

. Discussion

To the extent of our knowledge, the present study is the first to
xamine the developmental changes of three principal markers for
ABAergic cortical neurons (CB, CR and PV) in the guinea pig CC.

he density of CaBPs-positive neurons differs greatly among devel-
pmental stages. Our results show that among the three examined
aBPs, the CB-positive neuron density is the highest during the CC
evelopment. The densities of both CB and CR-positive neurons
 PV (A, B); lack of co-localization of CB and CR (C, D) in the guinea pig CC. Note
e arrows indicate single labelled cells; cg — cingulum; cc — corpus callosum. Scale

reach peak values during fetal development. Elevated levels of CB
and CR at fetal stages, especially at E50, are essential for guinea pig
CC prenatal development. The PV-positive neuron density, contrary
to CB and CR, reaches a high level postnatally in the period from P10
to P40 with the peak value at P20.

4.1. CB, CR and PV immunoreactivity in the CC — interspecies
comparisons

Based on the available data, it can be concluded that the
expression patterns of CaBPs are rather analogous among differ-
ent mammalian species during corticogenesis. Namely, CB and CR
usually start to be observed in the developing cortical plate, and
although PV occurs in a later period of ontogeny, it usually appears
when cortical lamination is practically completed (Hof et al., 1999).
In the guinea pig, these three CaBPs were present in the CC in the
same period of prenatal development (E40), which is not entirely
consistent with the above assumption. Considering that the appear-
ance of PV may  indicate the completion of the cortical lamination,
it might be assumed that the CC lamination in the guinea pig is
practically completed at E40. In the guinea pig CC, five cortical lay-
ers were distinguished: three superficial layers (I–III) and two  deep

layers (V–VI). According to Wree et al. (1981), there is a lack of layer
IV in the guinea pig CC. The CC neurogenesis in the rat occurs in the
period between E13 and E20, which approximately corresponds to
the period between E23 and E34 in the guinea pig (Bayer, 1990;
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ig. 7. Schematic drawing showing the distribution of CB, CR and PV-positive peri
P0)  and postnatal developmental stages (P20, P40).

orkman et al., 2013). The guinea pig, compared to widely-used
aboratory animals, is an unusual rodent, which in many aspects

ore resembles humans. Namely, in the guinea pig and humans, in
ontrast to the rat and mouse, dynamic brain development occurs
o a large extent before the birth (Dobbing and Sands, 1970; West,
987). In the guinea pig brain development, three trimesters occur-
ing prenatally were distinguished, which is more complementary
o human brain development. In the rat and mouse, one of the three
rimesters occurs after birth (West, 1987). Interestingly, during the
renatal period, the GABAergic action switches from stimulating
o inhibitory in a group of mammals, which have relatively long
estation, including humans and the guinea pig, although in other
odents operation of the GABAergic system remains stimulating
uring postnatal life (Coleman et al., 2013; Shaw et al., 2018).

Some changes in CaBPs immunoreactivity during the guinea pig
C development seem to correspond more to those demonstrated
n the cat than in the dog and rat. In the cat, the density of CB-
ositive neurons in the CC generally decreased in the period from
0 to P28/35 (Alcantara and Ferrer, 1995). A similar decrease was
throughout the CC guinea pig layers (II–III, V–VI) at fetal (E40, E50, E60), newborn

observed in the guinea pig in the period from E40 to E60, which
corresponds approximately to the examined postnatal period (P0-
P28/35) in the cat (Workman et al., 2013). On the other hand,
CB immunoreactivity in the dog, in contrast to the guinea pig,
increased in non-pyramidal cells of the ACC from P0 to P28 and
then gradually decreased to P180 (Moon et al., 2002). As regards
PV, in the dog and rat, in contrast to the guinea pig, the first
neurons containing this protein were observed in the CC at P7
and P8-P9, respectively (Alcantara et al., 1993; de Lecea et al.,
1995; Moon et al., 2002). In the guinea pig, PV immunoreac-
tivity was  observed from E40. Taking into account that P8-9 in
the rat coincides to E47-E48 in the guinea pig (Workman et al.,
2013), we may  assume that PV in the guinea pig appears ear-
lier than in the rat. Despite the fact that PV appeared in different
periods of the CC ontogeny in various mammals (interspecies dif-
ferences), immunoreactivity of this protein changed in a similar

way during postnatal development. In the dog ACC (Moon et al.,
2002), PV immunoreactivity during postnatal development initially
increased and then gradually decreased, which seems to reflect
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he postnatal changes in the density of PV-positive neurons in the
uinea pig.

.2. CB, CR and PV immunoreactivity in the CC — functional
mplications

GABAergic neurons might be segregated into distinct non-
verlapping subgroups based on their CaBPs expression: CB, CR and
V in the cerebral cortex. Although GABAergic interneurons rep-
esent a considerable minority among total mammalian cortical
eurons, their role in general activity modulation of the cere-
ral cortex is fundamental. CB, CR and PV, as appropriate markers
or examining the architecture of interneuron networks in the
erebral cortex, belong to morphologically and functionally dis-
inct subpopulations of GABAergic interneurons. A majority of
B-positive interneurons have a morphology of double-bouquet,
hile CR-positive interneurons (apart from double-bouquet cells)

re expressed by bipolar and Cajal–Retzius cells (DeFelipe et al.,
990; Conde et al., 1994; Wouterlood et al., 2000). Both CB and
R-positive interneurons make synapses on dendrites of pyrami-
al neurons and are classified as non-fast-spiking (Zaitsev et al.,
005). On the other hand, PV is expressed in basket and chan-
elier populations of GABAergic neurons (Kawaguchi and Kubota,
997; Kawaguchi and Kondo, 2002). These types of interneurons
xhibit characteristics of fast-spiking cells, although their electro-
hysiological properties are not the same (Woodruff et al., 2009).
ast-spiking PV interneurons are essential for signal transmis-
ions in neocortical microcircuits (Sohal et al., 2009). They induce
amma  oscillations, which are recorded in cortical regions dur-
ng the performance of cognitive operations, including memory
asks (Gulyás et al., 2010). GABAergic signaling is essential for the
egulation of brain activity during development, while GABAergic
ransmission is disrupted in some neurodevelopmental disorders
Chattopadhyaya and Cristo, 2012). Taking into account the impor-
ant role of GABA in brain development and the fact that each of the
tudied CaBPs mostly co-localized with GABA in the cerebral cortex,
t seems acceptable that some changes of the CaBPs expression at
arious periods of the CC development might be under GABAergic
ontrol.

The present results reported that the density of CB-positive neu-
ons in the CC was the highest at E40 and after this time decreased
ntil P100. More significant declines in the CB-positive neuron den-
ity were observed during fetal life than in newborns and after birth,
owever, the most considerable decrease was identified between
50 and E60. Interestingly, in the same period, a rapid decline of
he CR-positive neuron density was observed in the guinea pig CC.
his reduction may  be linked to the action of the GABAergic system,
hich switches from stimulating to inhibitory at E55 in the guinea
ig hippocampus (Coleman et al., 2013). This switch may  be trig-
ered by maternal oxytocin during labor, thus providing protection
gainst anoxic injury in the fetal brain (Carbillon, 2007). In various
rain regions, the reduction of CB immunoreactivity coincides with
he appearance of PV. A similar relationship was observed in the
uinea pig CC. Namely, a sharp decrease of the CB-positive neu-
on density between E50 and E60 seems to coincide with a rapid
ncrease in the PV-positive neuron density. Moreover, a period of
o-existence between CB and PV might also precede the reduction
f CB expression (Yan et al., 1995; Alcantara et al., 1996). On the
ther hand, according to Legaz et al. (2005) neurons containing
B may  express PV, without CB loss. Co-localization of CB and PV

n the guinea pig may  suggest collaboration of these two  CaBPs
hroughout the CC ontogeny. CB acting as Ca2+ buffer and/or sensor

Schwaller et al., 1997; Berggård et al., 2002) might compensate
V, thus ensuring proper Ca2+ level in the CC developing neurons.
he process of neuronal development is particularly vulnerable to a
oss of Ca2+, which is directly related to increased apoptosis (Turner
 of Anatomy 222 (2019) 103–113

et al., 2007). CB is known for its unique anti-apoptotic proper-
ties which are due, not only to Ca2+ buffering, but also the ability
to cooperate with caspase-3 and inhibit its pro-apoptotic activity
(Bellido et al., 2000). The cooperation between CB and caspase-3 is
dependent on the Ca2+ level bound to CB (Bobay et al., 2012). As
CB was  the most expressed CaBPs within the CC almost throughout
the entire developmental period, it can be assumed that CB creates
the crucial anti-apoptotic Ca2+ buffering system during the guinea
pig CC development. It should be also pointed out that in adult
brain CB/PV neurons also exist and they are believed to be basket-
like neurons which provide a strong perisomatic inhibition of local
pyramidal neurons (Pitkänen and Amaral, 1993; Sorvari et al., 1995;
Woodruff and Sah, 2007). However, it should be kept in mind
that the level of the co-expression to be region, age and species-
dependent (Alcantara et al., 1996; Mascagni et al., 2009). E.g. in the
adult rat cortex, CB and PV were present in non-overlapping pop-
ulations of GABAergic interneurons, however double-labelled cells
were found in all cortical layers between P9 and P21, coinciding
with the onset of parvalbumin expression (Alcantara et al., 1996).

In the guinea pig CC development, the density of CR-positive
neurons reached the highest level at E50 and abruptly declined at
E60. It should be noted that the CB-positive neuron density at E50
is also high (higher than CR). The high level of CR and CB density at
E50 in the CC may  be related to events which occur in this period in
the development of the guinea pig, i.e. eyes opening. The moment of
eyes opening in the guinea pig occurs at E52 (Workman et al., 2013).
Interestingly, activation of the ACC in visual attention was  revealed
(Wu  et al., 2017). Moreover, depending on whether the eyes are
open or not, effective connectivity between ACC and PCC changes
(Piantoni et al., 2013). It seems quite possible that the moment of
eyes opening is preceded by an increase of CR immunoreactivity
in the CC. It seems to be noteworthy that after reduction of the
CR-positive neuron density at E60 and a generally similar density
from E60 to P20, an increase in the density of CR-positive neurons
at P40 was documented. Thus, it might be considered that down-
regulation of PV immunoreactivity observed at P40 in the guinea
pig CC allows the upregulation of CR immunoreactivity in the CC
in the same time. In the guinea pig life, P40 corresponds to adoles-
cence and an increase in CR immunoreactivity may  be related to
this developmental period during ontogeny. During adolescence, a
reduced level of GABA in the ACC was noted. This reduced GABA
level contributes to the reduction of ability to inhibit risky behav-
iors among adolescents (Silveri et al., 2013). It is worth noting
that the inhibitory GABAergic neurotransmission in the immature
frontal cortex is only started (Silveri et al., 2013). Among frontal
brain regions, the ACC is one of the last whose development lasts
till early adulthood (Shaw et al., 2008; Hung et al., 2012). Moreover,
adolescence is the time when the first symptoms of some neurode-
velopmental diseases, such as schizophrenia, may  appear (Gogtay
et al., 2011). Taking into account that some anatomical anoma-
lies in the ACC in schizophrenia has been observed (Fornito et al.,
2009) and the CR expression does not differ between patients with
schizophrenia and healthy control subjects (Brisch et al., 2015), it
is quite likely that an increase in CR immunoreactivity at P40 in
the CC may  be the factor that confers the resistance of neurons
vulnerable to degeneration in schizophrenia in further stages of
development. However, although CB is the main Ca2+ buffer in the
developing CC, the role of CR is equally important in the period
from E40 to E60, especially so since CR, like CB, may  act as both a
Ca2+ buffer and sensor (Billing-Marczak and Kuźnicki, 1999). The
CR-positive neuron density was higher than the PV-positive neu-
ron density in fetal stages. In the development of the guinea pig CC,

a low density of neurons positive for PV were noted from E40 and
the density increased considerably between E50 and E60. The pres-
ence of PV in the guinea pig CC at E40 may  coincide with initiation
of GABAergic synaptic transmission. GABAergic inhibitory synaptic
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esponses were registered in the mouse neocortex after E18, which
orrespond to E34 in the guinea pig (Verhage et al., 2000; Workman
t al., 2013). However, it should be noted that, early in develop-
ent, GABA is excitatory and in the guinea pig hippocampus it

witches to being inhibitory around E55 (Coleman et al., 2013).
hus, the increase in PV density noted at E60 in the guinea pig CC
oes along with the switch of the role of GABA from excitation to
nhibition (Coleman et al., 2013). The effectiveness of GABAergic
ynaptic responses might be modulated by brain-derived neu-
otrophic factor, which takes part in the neuronal laminas forming
n the developing cerebral cortex (Fukumitsu et al., 2006). PV is
nvolved in the maturation of inhibitory cortical circuits (Alcantara
t al., 1993). The high level of the PV-positive neuron density in
he CC was identified from P10 to P40 with the peak noted at P20.
his may  be associated with enhancement of the inhibitory cortical
ircuit maturation in response to mother separation from young
uinea pigs. Around P20, a guinea pig is usually weaned from its
other. Mother separation is a potentially stressful situation in the

uinea pig’s life. The guinea pig is a precocial mammal  which, from
he moment of birth to weaning, follows its mother and is close
o her (Wewers et al., 2003). Moreover, a subset of neuronal pro-
enitors in the guinea pig lateral striatum which at the moment of
irth were quiescent, became activate during postnatal life, reach-

ng the peak at weaning (Luzzati et al., 2014). PV is the GABAergic
ystem component, thus alterations in PV expression might disrupt
ormal inhibitory neurotransmission (Miettinen et al., 1993). Inter-
stingly, the PV-positive neuron density declined slightly between
20 and P40 and abruptly between P40 and P100 in the guinea pig
C. A similar decrease was documented in relation to a neuronal
opulation containing doublecortin (DCX). Namely, DCX expres-
ion decreased in the guinea pig cerebral cortex from juvenile to
dult stages (Xiong et al., 2008). DCX is essential for the migra-
ion of immature neurons during brain development, but it also
xists in the adult brain, including the guinea pig. Both immature
nd migrating cells containing DCX may  undergo differentiation
o functional populations of GABAergic interneurons (Cai et al.,
009). As the co-localization of PV and DCX in cortical neurons was
etected (Cai et al., 2009), it might be assumed that PV co-operates
ith DCX, thus ensuring the proper postnatal development of the

uinea pig CC neurons.

. Conclusions

In conclusion, our results revealed that the spatiotemporal
xpression of each CaBPs in the developing CC differs greatly. CB is a
rucial Ca2+ buffer almost throughout the entire period of CC devel-
pment. CR appears to be more essential during fetal life, while PV
s more essential in the postnatal developmental period. Crucial
hanges in the density of neurons containing the examined CaBPs
n the developing CC seem to correspond with critical events occur-
ing in the development of the guinea pig, e.g. the elevated levels
f CR and CB at E50 may  precede the eyes opening moment, while

 rapid decrease in CR and CB densities between E50 and E60 and a
onsiderable increase in PV density in this period may  be linked to
he switch of excitatory GABA signaling to inhibitory. In turn, high
V immunoreactivity, from P10 to P40, may  prove the involvement
f this protein in reinforcement of the inhibitory pathway matu-
ation in response to some stressful moments occurring in young
uinea pigs, e.g. weaning from the mother.
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