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1  | INTRODUC TION

The reticular thalamic nucleus (Rt) is a sheet of neurons that sur-
rounds the dorsal thalamus laterally, along its dorso-ventral and ros-
tro-caudal axes. This nucleus consists of inhibitory neurons releasing 
gamma-aminobutyric acid (GABA); these neurons mainly contain 
parvalbumin (PV), even though somatostatin (SOM) immunoreac-
tive cells have been recently described in the rodent Rt (Wells et al. 
2016; Clemente-Perez et al. 2017). The Rt plays an important role in 
the interaction between the thalamus and the cerebral cortex, being 
depicted as the ‘guardian of the gateway’ in the thalamocortical 

circuitry (Crick, 1984). The Rt sends inhibitory projections to and re-
ceives excitatory afferents from the thalamocortical circuit, thereby 
modulating the thalamocortical oscillations on which are grounded 
relevant functions such as sensorimotor processing, attention, sleep 
and consciousness (Crick, 1984; Steriade, 2005; Calabrò et al. 2015). 
Impairment of this circuitry results in neurological and psychiatric 
disorders (Paz et al. 2010; Ferrarelli & Tononi, 2011).

The Engrailed-2 (En2) gene is a homeobox transcription factor 
that regulates the expression of genes during embryonic and post-
natal central nervous system (CNS) development and continues to 
be expressed in a subset of differentiated neurons in the adult. In 
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Abstract
The reticular thalamic nucleus (Rt) is a sheet of neurons that surrounds the dorsal 
thalamus laterally, along its dorso-ventral and rostro-caudal axes. It consists of inhibi-
tory neurons releasing gamma-aminobutyric acid (GABA). This nucleus participates 
in the circuitry between the thalamus and the cerebral cortex, and its impairment 
is associated with neuro-psychiatric disorders. In this study, we investigated the Rt 
anatomy of Engrailed-2 knockout mice (En2−/−), a mouse model of autism spectrum 
disorder (ASD), using parvalbumin as an immunohistochemical marker. We compared 
4- and 6-week-old wild type (WT) and En2−/− mice using various morphometric pa-
rameters: cell area, shape factor, circularity and cell density. Significant differences 
were present in 6-week-old male mice with different genetic background (WT vs. 
En2−/−): the Rt neurons of En2−/− mice showed a bigger cell area, shape factor and 
circularity when compared with WT. Age (4 weeks vs. 6 weeks) influenced the shape 
factor of WT females, the circularity and cell density of En2−/− males, and the shape 
factor and circularity of En2−/− females. Gender affected cell density in 4-week-old 
WT mice, shape factor and cellularity of 6-week-old WT mice, and cell area, shape 
factor and cell density of En2−/− at 6 weeks. Intrasubject (left–right) asymmetry of Rt 
was never observed. These results show for the first time that sex- and age-related 
changes occur in the Rt GABAergic neurons of the En2−/− ASD mouse model.
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the developing mouse brain, En2 is mainly expressed in the neural 
tube where it acts as a patterning gene to determine antero-poste-
rior cell fate identity (Joyner, 1996), regulating cerebellar patterning 
and connectivity (Joyner et al. 1991; Sillitoe et al. 2010). En2 gene 
is essential for the correct development of monoaminergic neu-
rotransmitter pathways. In particular, this gene contributes to ma-
ture dopaminergic (DA) neuron survival in normal and Parkinson’s 
disease mouse models (Simon et al. 2005; Sgado et al. 2006; Alavian 
et al. 2009; Benayed et al. 2009; Alvarez-Fischer et al. 2011; Fox & 
Deneris, 2012; Viaggi et al. 2015). Mice lacking the En2 gene present 
various neuropathological changes including cerebellar hypoplasia, 
reduced Purkinje cell numbers, disruption of cerebellar patterning 
and foliation, reduced hippocampal weight, increased dentate gyrus 
cell turnover, and anterior shift in the position of the amygdala. 
These neuroanatomical changes are substrates for psychiatric dis-
orders such as autism spectrum disorders (ASD) and schizophrenia. 
Similarly, En2−/− mice show behavioral abnormalities in social inter-
action, depression-related tasks, contextual-fear conditioning, spa-
tial memory, seizure threshold and sensory-motor gating (Millen et 
al. 1994; Cheh et al. 2006; Kuemerle et al. 2007; Tripathi et al. 2009). 
Since human genetic studies have demonstrated that En2 is associ-
ated with ASD, En2−/− mice are considered a useful neurobiological 
model of ASD (Gharani et al. 2004; Benayed et al. 2009). Many of 
the abnormal behaviors shown by En2−/− mice depend on changes in 
GABAergic neurotransmission; indeed, loss of GABAergic inhibitory 
neurons has been described in the hippocampus and in different cor-
tical areas of En2−/− mice (Gogolla et al. 2009; Tripathi et al. 2009; 
Provenzano et al. 2012; Sgadò et al. 2013; Allegra et al. 2014).

In this study, given the role of Rt in the thalamocortical circuitry, 
we examined whether Rt of 4- and 6-week-old mice (Wild type and 
En2−/−) displayed genetic, sex-related or age-related changes of 
GABAergic neurons, using immunohistochemistry as an interneu-
ron-specific marker.

2  | MATERIAL S AND METHODS

2.1 | Mice

The En2−/− mice were generated as previously described by Joyner 
et al. (1991). The original En2 mutants (mixed 129Sv × C57BL/6J and 
outbred genetic background) were crossed at least five times into a 
C57BL/6J background. Heterozygous mating (En2+/− × En2+/−) was 
used to generate the En2+/+ (wild type, WT) and En2−/− (KO-mice) 
littermates for this study. The En2−/− status in adult mice was con-
firmed by tail DNA PCR genotyping according to the protocol avail-
able on the Jackson Laboratory website (www.jax.org; mouse strain 
En2tm1Alj). KAPA Mouse genotyping Kit (KAPA biosystems), con-
sisting of KAPA Express Extract and KAPA2G Fast Genotyping Mix 
was used for the routine extraction and amplification of DNA for 
mouse genotyping. Experiments were conducted in conformity with 
the European Directive of 22 September 2010 (2010/63/UE) and in 
agreement with the Italian DM26/14. Experiments were approved 

by the Ethic Committee of the University of Pisa. Forty animals were 
used in this study, including WT and En2−/− male and female mice 
(weight = 18–30 g), as shown in Table 1.

Mice were deeply anesthetized by intraperitoneal (i.p.) injection 
of chloral hydrate (400 mg kg–1) and perfused through the left ven-
tricle with 200 mL 4% paraformaldehyde in 0.1 m phosphate buff-
ered saline pH 7.4 (PBS). The brain was removed and immersed in 4% 
paraformaldehyde for 24 h. Transverse brain sections were paraffin 
embedded and routinely processed for histology.

2.2 | Immunohistochemistry

Immunoperoxidase was performed on serial 5-μm paraffin sections 
using a mouse monoclonal Anti-PV (1 : 2000, Sigma, P3088, Clone 
PARV-19). Epitope retrieval was carried out at 120 °C in a pressure 
cooker for 5 min with a Tris/EDTA buffer, pH 9.0. Sections were 
pretreated with 1% H2O2 in PBS for 10 min to quench endogenous 
peroxidase activity, then rinsed with 0.05% Triton-X (TX)-100 in PBS 
(3 × 10 min), and blocked for 1 h with 5% normal horse serum (PK-
7200, Vector Labs) in PBS. The sections were then incubated over-
night at 4 °C in a solution of anti-PV with 2% normal horse serum and 
0.05% TX-100 in PBS. Sections were then rinsed in PBS (3 × 10 min), 
incubated with biotinylated anti-mouse IgG (5 μg/mL, BA-2001, 
Vector Labs), and then with ABC reagent (Vectastain Kit, PK-7200, 
Vector Labs). Sections were again rinsed in PBS (3 × 10 min). Finally, 
the staining was developed by incubating the sections in diamin-
obenzidine (sk-4105, Vector Labs) solution. The specificity of im-
munohistochemical staining was tested using negative control 
sections, in which the primary antibody, the anti-mouse IgG or the 
ABC complex was replaced with PBS or non-immune serum. Under 
these conditions, absence of non-specific staining was confirmed. 
The specificity of the antibodies has already been tested in previous 
studies: PV (http://antib odyre gistry.org/AB_477329).

2.3 | Image acquisition and processing

Morphometry was performed on three transverse brain sections 
per animal. To obtain a representative rostro-caudal morphologi-
cal depiction of Rt, sections corresponding to Bregma −0.8 ± 0.3, 
−1.4 ± 0.3 and −2 ± 0.3, respectively (Paxinos and Franklin, 2001), 
were selected. Left and right Rt nuclei were manually drawn at 4× 
magnification to obtain their area; all immunoreactive cell bodies 

TA B L E  1   Animal groups used in this study.

Group Age (weeks) Sex WT En2−/−
Total no. 
animals/group

1 4 M 5 5 10

2 4 F 5 5 10

3 6 M 5 5 10

4 6 F 5 5 10

http://www.jax.org
http://antibodyregistry.org/AB_477329
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were counted at 10× magnification, and cell density was calcu-
lated and expressed as cell number per mm2. Immunoreactive cells 
showing a visible nucleus at 40× magnification were segmented by 

semi-automatic processing, and their area, perimeter, circularity and 
shape factor collected (Supporting Information Figure S1). While the 
shape factor was given by the software as 4π × Area/(convex hull 
perimeter)2, the circularity was manually calculated as 4π × Area/
Perimeter2 (Table 2). All measurements and image documentation 
were performed using the Nikon Ni-e Microscope equipped with the 
Nis-ElEmENts Br Software (Nikon Instruments SPA).

2.4 | Statistics

Statistical analysis was performed for all the obtained values to de-
termine intra-subject differences (left–right asymmetry), intra-group 

TA B L E  2   Morphological domains and morphometric indicators, 
along with their description

Morphological 
domain

Morphometric 
indicator Description

Size Area Area of the cell body 
expressed in μm2

Shape Shape factor
Circularity

4π × Area/(convex hull 
perimeter)2

4π × Area/Perimeter2

F I G U R E  1   Representative images 
of the three bregma levels used 
for morphometric analyses of PV 
immunolabeled Rt: (a) 0.8 ± 0.3, (b) 
−1.4 ± 0.3, (c) −2 ± 0.3. Drawings on the 
right indicate the Bregma level according 
to the mouse brain atlas by Paxinos & 
Franklin (2001). Rt is encircled by a black 
line in histological sections. Co, cortex; 
CPu, caudate-putamen; Hi, hippocampus; 
LGP, lateral globus pallidus; LV, lateral 
ventricle; Rt, reticular thalamic nucleus; 
Th, thalamus.
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differences (males vs. females) and inter-group differences (WT vs. 
En2−/− and 4-week vs. 6-week-old animals). For intra-subject sta-
tistical analysis, a paired t-test was used; for all the other compari-
sons, an unpaired t-test was used. Significance was set at P < 0.05. 
Statistical analysis was performed using GraphPad (Graphpad prism 
v5.00 for Windows, GraphPad Software).

3  | RESULTS

Immunohistochemical analysis revealed the presence of PV immu-
noreactive (ir) neurons along the anterior-posterior and dorso-ven-
tral axes of the Rt in both WT and En2−/− mice males and females at 4 

and 6 weeks of age (Figure 1). Immunostaining was mainly observed 
in the neuronal soma; PV-positive fibers were rarely seen (Figure 2). 
Intra-subject (left–right) asymmetry of Rt was not observed.

3.1 | Effect of genotype (WT vs. En2−/−)

In 4-week-old animals, no differences were observed between WT 
and En2−/− of either sex. The 6-week-old En2−/− males showed in-
creased cell area (P = 0.0104), as well as shape factor (P = 0.0014) 
and circularity (P = 0.0014) when compared with WT animals. The in-
creased size of neurons in En2−/− mice corresponded to a decreased 
cell density in 6-week-old males, although it was not statistically 

F I G U R E  2   Representative 
section (bregma-1.4 ± 0.3) showing 
PV immunoreactivity in the Rt. 
Immunolabeling is mainly localized in the 
neuronal somata.

F I G U R E  3   Histograms showing differences between wild type (WT) and En2−/− mice, of males and females at 4 weeks and 6 weeks of 
age, on cell area, shape factor, circularity and cell density. Asterisks indicate statistical significance: *P < 0.05; **P < 0.01.
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significant. These changes were not observed in females at the same 
age. Results are summarized in Figure 3.

3.2 | Effect of age (4 weeks vs. 6 weeks)

Wild-type males did not show age-related changes regarding cell 
area, shape factor or circularity, whereas WT 6-week-old females 
displayed a higher shape factor compared with younger mice 
(P = 0.0064). En2−/− 6-week-old males showed a higher circularity 
compared with 4-week-old ones (P = 0.112), whereas 6-week-old fe-
males displayed both higher shape factor and circularity compared 
with younger mice (P = 0.093 and 0.0131, respectively). Cell density 
in WT males did not change significantly with age, whereas it de-
creased in En2−/− (P = 0.496). The same result was not observed in 
females, which, however, showed a nearly significant increase in WT 
(P = 0.768). Results are summarized in Figure 4.

3.3 | Effect of gender (male vs. female)

Four-week-old WT male mice showed a significantly higher cell 
density compared with females (P = 0.199) which was not main-
tained at 6 weeks. Conversely, En2−/− animals did not show a 

gender difference at 4 weeks of age that was instead detectable 
2 weeks later, where 6-week-old En2−/− males had a significant 
lower cell density compared with females (P = 0.294). Whereas at 
4 weeks of age the higher cell density observed in WT males was 
not accompanied by a difference in cell area, the lower cell den-
sity of 6-week-old En2−/− males was accompanied by a statistically 
higher cell area (P = 0.034). Neither WT nor En2−/− mice displayed 
significant differences in shape factor or circularity at 4 weeks of 
age. Both shape factor and circularity were lower in males in both 
WT and En2−/− mice at 6 weeks of age; however, circularity was 
not statistically different in En2−/− mice. Results are summarized 
in Figure 5.

4  | DISCUSSION

In this study we showed that the genotype affected only 6-week-old 
males; in particular the Rt neurons of WT mice showed a smaller cell 
area, shape factor and circularity. Age influenced the shape factor of 
WT females, the circularity and cell density of En2−/− males, and the 
shape factor and circularity of En2−/− females. In addition, gender 
affected the cell density in 4-week-old WT mice, shape factor and 
cellularity of 6-week-old WT mice, and the cell area, shape factor 
and cell density of En2−/− at 6 weeks.

F I G U R E  4   Histograms showing differences between 4-week-old and 6-week-old mice, of males and females wild type (WT) and En2−/− 
genotype, on cell area, shape factor, circularity and cell density. Asterisks indicate statistical significance: *P < 0.05; **P < 0.01.
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4.1 | Genotype (WT vs. En2−/−)

In our study, the expression of En2 was not investigated, thus the 
morphological alterations observed in Rt could be related to its vari-
ations in this anatomical region or induced by En2 function in adja-
cent/distant areas (i.e. thalamus and cortical areas) where the En2 
gene is expressed (Brielmaier et al. 2012). In the En2−/− mice model, 
En2 deletion is known to result in decreased monoamine innervation 
of target forebrain structures, affecting forebrain growth, postnatal 
neurogenesis and related behavior (Genestine et al. 2015).

In 6-week-old En2−/− males, we detected a higher cell area and 
a rounder shape of neuronal somata compared with WT. Similarly, 
PV-labeled Rt neurons became more circular in a rat model of focal 
infarction of the somatosensory cortex (Paz et al. 2010). Conversely, 
En2 expression was shown to induce a reduced size of Purkinje cells 
soma, in a transgenic mouse model in which En2 is maintained after 
birth (Jankowski et al. 2004). Although not directly comparable, in 
human subjects diagnosed with autism a significant size reduction 
was found in Purkinje cells, and in frontal and temporal cortex neu-
rons (Casanova et al. 2006; Wegiel et al. 2014a), whereas no changes 
were described in the amygdala (Wegiel et al. 2014b).

Although we did not find significant differences regarding cell 
density, reduced PV immunolabeling was detected in adult En2−/− 
mice hippocampus and cerebral cortex (Tripathi et al. 2009; Sgadò 
et al. 2013). Conversely, an increased number of PV-immunolabeled 
neurons were reported previously in the visual cortex of the same 
mice at postnatal day 30 (Allegra et al. 2014). The different brain 
structures, ages and counting procedures used in other studies 
might account for these discrepancies.

4.2 | Effect of age (4 week vs. 6 weeks)

En2 is mainly expressed in the developing mouse starting at the 
neural plate stage and continuing throughout embryonic and post-
natal development (Davis & Joyner, 1988; Joyner, 1996; Wilson 
et al. 2011). However, En2 mRNA expression was also seen in 
the adult hippocampus and cerebral cortex (Tripathi et al. 2009; 
Sgadò et al. 2013), indicating that it may also have a function in 
these brain areas through the adult age. Our results could support 
these findings, showing Rt changes in 6-week-old En2−/− that were 
not present at 4 weeks (compared with WT animals). In particu-
lar, shape factor was significantly higher at 6 weeks in both WT 

F I G U R E  5   Histograms showing differences between male and female mice, of wild type (WT) and En2−/− genotype, at 4 weeks and 
6 weeks of age, on cell area, shape factor, circularity and cell density. Asterisks indicate statistical significance: *P < 0.05; **P < 0.01; 
***P < 0.001.
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and En2−/− females, whereas circularity was higher in both genders 
only in En2−/− mice.

The decrease in cell density observed in our study between 4 
and 6 weeks of age in En2−/− males was also evident in the visual cor-
tex from postnatal day 30 to days 90–120 in a previously reported 
study on both genotypes (Allegra et al. 2014). However, these data 
were only barely significant (P = 0.496) and the possibility of a type 2 
error should not be underestimated.

Although in the present study we did not reveal any age-depen-
dent alteration of cell area, a greater neuronal volume was found in 
different brain regions of autistic subjects from 11 to 23 and from 
36 to 60 years old when compared with younger autistic subjects 
(Wegiel et al. 2014b).

4.3 | Effect of gender

In the study, we detected gender-related alterations in both 
WT and En2−/− mice. In particular, Rt of 6-week-old WT females 
showed rounder neuronal somata than those of males of the same 
age. Moreover, WT females at 4 weeks displayed lower cell density 
when compared with males. Sex differences have been described 
in brain structures of non-pathological rodents; for this reason one 
of the most studied nuclei is named the sexually dimorphic nucleus 
of the preoptic area, which is smaller and contains fewer neurons 
than in females (Gorski et al. 1980). Conversely, neurons are more 
numerous in females than males in the antero-ventral peri-ventric-
ular nucleus, similar to our findings in the Rt nucleus (Simerly et 
al. 1985).

In En2−/− mice, gender-related alterations were present at 
6 weeks, but not at 4 weeks. Males were indeed characterized 
by a higher neuronal cell area and a lower cell density. These gen-
der-related morphological differences have never been reported 
in studies performed in this mice strain; nor, likewise, have any 
gender-related differences of behavioral traits and gene expres-
sion profiles (Brielmaier et al. 2012; Sgadò et al. 2013; Chelini et 
al. 2018). However, evidence of gender differences in the brain 
structure was found in young children with ASD (Retico et al. 
2016).

In summary, the present study showed for the first time that 
changes occur in the Rt GABAergic neurons of En2−/− mice of both 
sexes at 4 and 6 weeks of age. This may lead to abnormal function-
ing of the Rt, which seems to have a critical role in the regulation 
of attention in models of autism and neurodevelopmental disorders 
(Ahrens et al. 2015; Wells et al. 2016; Krol et al. 2018). Some of the 
obtained results showed only subtle and not statistically significant 
differences, and others were only slightly statistically different: 
more studies with a bigger sample size might be helpful to confirm 
and corroborate the data presented here.
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