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Abstract

Only a few vertebrates communicate acoustically, notably the three
birds’ group - songbirds, hummingbirds, and parrots; and some mammals —
cetaceans, bats, elephants, seals, and hominids are able to produce elaborate
patterns of vocalization. Vocal learning and Imitation is a rare trait and one of
the highest forms of social learning. Here detailed anatomical investigation of
the brain of Indian parrot - an exclusive imitator, reveal that brain wiring of parrot
is unique with specialized cells and lacking multilayered cortical structure. We
encounter an unusual neuronal type, known as Von Economo Neurons (VENS)
in parrot — those have been noticed to date only in a few groups of mammals
like humans, elephants, cetaceans, pinnipeds, and a few primates. Almost all
are vocal learners. Functionally these neurons are associated with intelligence,
cognition, emotion, facial expression as well as autonomic visceral, olfactory
and gustatory functions. The presence of VENs in vocal counterparts of parrot
pallium especially in the nidopallium caudolaterale (callopallial anterior region),
lemnopallial region - the dorsolateral corticoid area (CDL), and in Arcopallium,
indicate that parrot brain is restricted with compact nuclei and diversity of neural
subtypes. Except VENSs, Fork neurons and enveloping neurons have also been
noticed in these regions. Strikingly similar Neuroarchitecture of vocal control
areas of parrot brain to upper layer of mammalian neocortex provide clues
of involvement of these neurons in the processing of vocal communication
and imitation. These findings are important to understand the common
blueprint of brain wiring of high-level cognition during evolution and related
neurodegenerative disorders.
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Introduction have the ability to imitate sounds. The Parrot family other than
humans, cetaceans, and elephants etc. has shown the capability of

Human language is a unique and complex phenomenon, of the extensive and rich vocal imitation [18-20] that can imitate human

combination of imitation, memory, thought, emotions, logic, syntax,
reasoning etc, and requires an enormous amount of brain resource.
These resources are necessary to assemble information, syntactic

speech without training or an obvious reward [21]. Moreover, parrots
are also found having emotions, cognition and social intelligence [22].

constructions of thousands of words and their interconnections.
The neuronal components of all these brain resources are still
not fully known. Some of them we can definitely find with animal
communication. Vocal production learning and imitation (the
substrate for human language) one of the highest forms of social
learning, is a rare and critical trait appears to have evolved
independently in restricted groups of birds and mammals. Certain
distantly related groups of large brain mammals ~humans, cetaceans
[1], elephants [2,3] harbor seals [4], dolphins [4,5] and pinnipeds
(walrus) [6] can learn to produce elaborate patterns of vocalizations
and can grasp most the meaning of sound. This rare ability is also
reported dramatically in some small brain mammals, such as pygmy
hippopotamus, manatee [7], ring- tailed lemur [8] pig [9,10], Deer
[11], macaque monkey [12], rock hyrax [13], goat [14], and cattle
[15]. In mice (Musmusculus) varying level of complex calls have been
noticed [16]. Vocal communication in bats has also been studied
extensively [17].

A few bird groups- songbirds, hummingbirds, and parrots also

Surprisingly large, spindle -shaped bipolar projection neurons the
Von Economo Neurons (VENs) are discovered in the layer V of the
Anterior Cingulate Cortex (ACC) and Fronto Insular cortex (FI) of
same groups of animals- humans, great apes [23-26], cetaceans [27-
28] elephants [29], in anterior insula of macaque monkey [30-11],
pygmy hippopotamus, the Atlantic walrus, Florida manatee, zebra,
horse pig, [31-32], rock hyrax, and white- tailed deer [33]. Almost all
these species have shown capabilities of vocal production learning.
VENs are considered as unique neurons due to their confined
presence, restricted location, and specific morphology. Functionally
VENSs in great apes has been associated with social cognition and self-
awareness, in cetaceans and elephants these cells have been correlated
with brain size and the ‘social brain’. The speculation that VENs
are recently emerged specialization to facilitate rapid information
processing in large size brain is also not seemingly true as these cells
have also been reported in comparatively smaller brain, like- lemurs
[34] pygmy hippopotamus [31-32], the Florida manatee, [35] as well
as macaque monkey [30,11].
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The emergence and localization of high density of these
specialized neurons in Anterior Insula (AI), and ACC of humans
suggests their role in the development of intelligent behavior [24],
integration of emotions, facial expression, [36], social conduct [37],
as well as regulation of autonomic visceral, olfactory, and gustatory
functions [38] with highly uncertain situations [39], salience
evaluation [40] and self- regulation [36,41]. The vulnerability of
VENSs in pathological Dementia (Social behavior deficit), autism
(language deficit), [36] and neuropsychiatric and neurodegenerative
disorder (Alzheimer’s) suggest their role in social behavior [37].
Certain forms of human dementia that involve loss of self-awareness,
perspective talking, and empathy are also correlated with loss of
these neurons [38-42]. Altered morphology, number and function of
VENSs in autism spectrum disorder [43] propose their role in complex
social-emotional functions, and complicated cognition such as self-
awareness, judgment and emotions. Thus, the emergence of VENS is
of enormous consequence in human brain evolution.

Recently ubiquitous localization of VENs in many neocortical
regions of pygmy hippopotamus and their presence in layer II of the
frontopolar cortex.

Artiodactyls especially domesticated pig, sheep, cow, and white-
tailed deer [34] also abandoned the speculation that these neurons are
the specialization of only hominids and large mammals.

Taken together, these interpretations imply that the VENs
functions have been associated with their presence in functionally
distinct areas of the human brain. But the presence of these cells in
the diverse group of animals emphasized the need to understand the
function of these cells in different animals.

The number and arrangement of VENs have also been found to
be proportionately related to the complexity of social interactions
of the hominid species. Socially humans and bonobos are the most
interactive in which VENs are almost clustered and numerically high.
The number is the highest in humans than in gorillas, and least in
orangutans which had only a few isolated VENs [23]. On the basis of
the review, we have reason to speculate that vocal production learning
is the common function in all VENs containing animals and these
neurons may also be present in those bird taxa that are known to
produce phonological syntax naturally. Parrots’ oratory skill and their
emotional make-up compel to think, that their neuronal components
may provide some special clues, to understand the process of
evolution of vocal production learning and language. Until now, it is
also not clear what type of neuroarchitecture is responsible for such
complex cognitive behavior and social intelligence in birds, while the
high brain- body ratio, brain circuitry and connectivity of birds and
mammals are found remarkably similar [19,44]. Comparative study
of neural groupings characteristic of bird telencephalon and the
laminar arrangement of neurons found in the mammalian neocortex
is necessary to determine the structural homologous relationship
between bird pallium and mammalian neocortex.

The present paper is an attempt to explore in much greater detail
the possible shared neural features of birds and mammals that may
generate such higher levels of consciousness, and also determine
whether a morphologically similar neuroarchitecture is present
in parrots which display complex intelligent behavior similar to

intelligent mammals. This study also explicates that the large spindle
neurons which are unique to all those brains that are thought to be
responsible for social organization, empathy, speech, and emotion,
may also be present even in non-mammalian convergently related
groups with equivalent behavior competence.

Materials and Methods

An approximate ten-year-old parrot, remarkably capable of
imitating human voice was tamed and caged for behavioral studies for
two years. This parrot died naturally and the brain had been dissected
outand immediately fixed in 4% Paraformaldehyde in 0.1m phosphate
buffer (4°C, pH 7.4) for four days. Two budgerigars (Melopsittacus
undulatus) approximately five years old were purchased from local
bird market of Allahabad (U. P), India. A combination of Ketamine
(24 mg/Kg) and Xylazine (12mg/Kg) was injected through the vein
of left leg to anesthetize. Animals initially perfused intracardially
with physiological saline (0.9% NaCl) at 4°C and then with fixative
solution (2% Paraformaldehyde in 0.1m phosphate buffer 4°C, pH
7.4). Two adult chickens (Gallus gallus) had also been purchased.
Their brains were removed quickly and kept in the same fixative
solution overnight.

Brains of all the specimens were cut along the sagittal plane and
divided into two hemispheres.
Golgi staining

After fixation the left hemispheres of telencephalon of all the
specimens were incubated in a chromating solution of 2% potassium
dichromate and 5% glutaraldehyde for approximately 3 days (Golgi-
Colonnier method). Metal impregnation was then done in 0.75% silver
nitrate solution for 24-36 hours. After the first round of staining, the
chromation and silver impregnation steps were repeated twice for two
days, with gradually increasing the length of the silvering time and
reduction of chroming time. In all the cases tissues were washed in
distilled water between changes in solutions and fixative was replaced
with a freshly prepared solution. Approximately 25 ml of solution
was used for each brain and kept in the dark. After the completion of
third and final impregnation all the pieces were dehydrated for two
to five minutes immersions in increasing concentrations of alcohol,
and then in xylene for 5 min. Finally, hemispheres were immediately
embedded in paraffin at 37°C and sectioned at 100 pum on a sliding
microtome. Sections were then proceeded to remove paraffin by
treating with xylene and 100% ethanol. Sections were then mounted
on clean slides and cover-slipped using DPX.

Nissl stain

Paraffin blocks of the right hemisphere of all specimens were
prepared, 20 um serial sections were cut by sliding microtome and
sections were hydrated through a cold decreasing ethanol series
and incubated for approximately 5 minutes in a filtered 0.5% cresyl
violet (Sigma) solution prepared in acetate buffer (0.1 M, pH 3.5).
The sections were differentiated and dehydrated in 95% and 100%
ethanol, cleared in the xylene substitute and cover slipped with DPX.

Sections were studied and photographed by using a digital photo
automat camera (Nikon). Single neurons were traced, and drawings
of neurons were prepared with a camera Lucida. Serial sections from
both hemispheres of the brain were studied for detailed morphological
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Figure 1: (A- D) Represents the macroscopic views of the brain of the parrot
investigated in the present study. Dorsal (A,B) ventral (D) and lateral (C).
(E) —diagrammatic representation of the brain of Indian ring neck parrot -
demonstrate locations of all nine vocal control areas in caudolaterale
telencephalon proposed by Jarvis & Mello 2000.

analysis of Golgi-impregnated and Nissl stained neurons.

The vocal control nuclei in parrot, has been identified with
the help of budgerigar brain atlas in which, these vocal areas are
previously identified by a combination of methods, which includes
tract tracing, Nissl staining of brain sections, lesioning of specific
brain regions, electrophysiological recordings [45-47] and vocalizing
driven gene (ZENK) expression [48-49]. Boundaries of all nine vocal
control nuclei, as well as other nuclei, have been identified and traced
in each Nissl stained series sections. All the telencephalic, thalamic
and mesencephalic nuclei were clearly demarcated due to staining of
various degrees. Morphologically distinct neuronal classes present
in vocal counterparts have also been studied by Golgi-impregnation
method. The neurons which were well impregnated were used to
study the detailed morphological analysis. Morphometry and scales
shown in Photomicrographs and drawings were determined by
ocular scale calibrated for each objective using a stage micrometer.

Statistical analysis

We performed Sholl analysis [50] for Morphometry using ‘simple
Neurite tracer’ Image J (Fiji) to characterize the morphologic neuronal
class of imaged neuron. The Initial quantification of a neuron is
performed by counting the number of dendritic intersections for
concentric circles, usually centered at the center of soma, of the
gradually increasing Sholl radius. Using Sholl analysis we selected
variables that contributed most to the overall variability to distinguish
different neuronal types.

Figure 2: Represents, Camera Lucida drawing prepared from Nissl stained
sections of parrot brain. Locations and outlines of all vocal counterparts and
other nuclei are demarcated in (A-F). Red, blue and green colored dots in
different areas indicate the distribution of VENSs, fork and pyramidal cells
respectively.

Terminology and abbreviations are used according to revised
nomenclature for telencephalon and some related brainstem nuclei
[51,52].

Results

Parrot brain is the largest sized brain among birds and has a
noticeable notch between both large cerebral hemispheres that isolates
the telencephalon into two halves. In the dorsal view, telencephalon is
narrowed at the rostral side (Figures 1A, B, and C). Indian parrot the-
Psittacula krameri are characterized by high EQ values that suggest
high brain volumes in relation to their body masses; parrot brains are
structured differently than the brains of other vocallearning birds, like-
songbirds and hummingbirds. Here detailed anatomical investigation
of the brain of Indian parrot-reveal that its neuroarchitecture and
brain wiring is unique with specialized cells and without multilayered
cortical structure. All the telencephalic, thalamic and mesencephalic
areas show the varied staining intensity in Niss] stain and thus are
clearly demarcated. Figures 1A-D represents the dorsal, ventral,
lateral view of parrot brain. The vertical lines in (Figure 1E) indicate
the locations of the sections of interest. The outlines of different
nuclear parts of green ring neck Parrot were found to be almost
same when compared with budgerigar vocal areas. Outline of each
of these areas has been prepared by using camera Lucida (Figures
2A-F). Detailed examination of Nissl and Golgi stained transverse
series sections of brain of two species of parrot unveiled the presence
of specialized class of neurons in several locations in lateral medial
regions of telencephalon, particularly, in Nidopallium Caudolaterale
(NCL), dorsolateral corticoid region (CDL), Arcopallium (A) and
their corresponding vocal nuclei. All these areas were identified
on the basis of the Modern consensus view of the avian brain as
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Figure 3: (A,B) High-magnification photomicrographs of Nissl stained
sections demonstrating the different morphology of the parrot VENSs identical
to macaque, cetaceans, and human. (A)-VEN in Budgerigar, (B)- VEN in
parrot (C) - Magnified stout spindle-shaped soma with single apical and
single basal dendrite of VEN showing nucleolus. (D & E) - VENs in high
magnification in CDL area with extremely slender cell body as noticed in
hominid (Nimchinsky et al.1995) and cetaceans, (Butti et al. 2014). (F)-
Magnified image of VEN and Pyramidal cell in Arcopallium. (G)- Demonstrate
the fork cell in Nissl stained sections with bifid soma and two apical dendrites,
long black arrow in all photographs indicates the apical dendrites of VENs,
red arrow indicates apical dendrite of pyramidal cells and short arrows
indicate the apical dendrites of fork neurons. Circle in (Figure E) indicate the
small fusiform cells. (H)- Single pyramidal cell — (1) - single large fusiform cells
in high magnification. -scales =50 um in all photograph.

described by Jarvis [53] (Figure 2A-F). These regions accomplish
sensory processing, motor control and sensory-motor learning in
birds similar to the mammalian neocortex. In these brain regions, we
discovered the presence of two unique cell morphotype comparable
to Von Economo Neurons (VENSs) and fork cells in humans, great
apes, [23,36,24], and macaque monkey [30]. The neurons which share
morphological similarities described by the classical neuroanatomists
such as Von Economo [53] in humans, classified as VENs on the
basis of the presence of a large elongated soma, a prominent basal
and apical dendrite and presence of the nearest complete pyramidal
neurons [23] and fork neurons [30]. VENs were identified as large,
rod and corkscrew, atypical pyramidal type, bipolar, projection
neurons- characterized with elongated, spindle- shaped perikaryon,
large apical dendrite, and a single basal dendrite with very sparse
branching (Figures 3A and B). Fork cells are characterized by
bifurcated long apical dendrites and a single basal dendrite, (Figure
3G) analogous to the fork cells found in frontoinsular, the cortex
of humans, great apes [54] and macaque monkey [30]. Both are
exceptional neuronal type present intermingled with each other and
were larger than neighboring pyramidal cells (Figures 3E-G) and
noticeably larger than surrounding fusiform neurons (Figures 31 &

k)

Figure 4: (A) Scanned micro photomicrographs of the Nissl stained
coronal section of caudal telencephalon of parrot showing the location
and arrangement of the large bipolar neuronal types in NLC and AAc. The
insert shows the distribution of VENs and fork neurons in NCL and AAc.
(B)- Camera Lucida drawing of the same section of parrot brain indicates
the distribution of VEN, PY, and fork cells in AAC and NLC and CDL region.
(C)- Photomicrograph of Nissl stained section showing a mixed population of
VENS, Forks and Pyramidal neuron (PY) in NCL. (D)- Distribution of neurons
in AAc. The long black arrow indicates VENs and the short black arrow
indicates PY cells. Red Arrows indicates fork neurons.

4C, D). Figure 3-A, B illustrate the magnifying view of VENs and
(Figure C) demonstrate magnified soma of a VEN. Specific alteration
of both these neuronal type in humans is noticed in behavior
variant frontotemporal dementia [39,42] and associated with social
awareness, empathy, and control of appetite [39]. Lateral part of Oval
nucleus of anterior nidopallium (NAOc) and the central Nucleus of
the Lateral nidopallium (NLc), (Figures 2A-D) contributes to, the
Nidopallium Caudolaterale (NCL) region - a callopallial anterior
region of the telencephalon. NCL was located posterior- laterally in
nidopallium towards the lateral side of arcopallium (Figures 1B, 2D
and 4A). In this nucleus, the cells were arranged in both radial and
vertical fashion and can be distinguished as large spindle-shaped
bipolar neurons (VENs) Pyramidal neurons (PY), and Fork neurons
(F) (Figure 4C). VENSs and fork cells are also predominantly confined
to another well-demarcated nucleus in parrot telencephalon- the
AAC (Figure 4D) - located towards the caudomedial side of NLC
(Figures 1E, 2D, 4A, and 4B) covers the rostral part of arcopallium
(Figures 2D and 4A). These cells were more dispersed in AAC in
comparison to NCL (Figure 4D).

Figures 5A and B represents the distribution of VENs in CDL
region. CDL exhibits the lower density of VENs in comparison to
arcopallium region. However, the number of VENs increased from
rostral to caudal region of CDL. It has also been noticed that spindle
cells measured in this area had larger soma size, greater extension of
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Figure 5: (A) Scanned micro photomicrographs of the Nissl stained coronal
section of caudal telencephalon of parrot showing the location of the presence
of large bipolar neuronal types in CDL and DMm regions. The insert tracing
shows the magnified view of area CDL and DMm showing the arrangement
of large bipolar neurons. (B)-camera Lucida drawing of the same section
specifies location of the nuclei. Red, blue and green colored dots indicate the
distribution of VENSs, fork and pyramidal cells respectively. Arrows indicate
the location of presence of VENSs, and fork cell type.

the dendritic field and were occasionally present in clusters or group
of 3 to 4 neurons (Figures 3D, E and 6A). VENs are demonstrated in
higher magnification in (Figures 3D and E). However fork cells have
not been observed in this area, only a few pyramidal neurons found
to be present infrequently intermingled with VENs.

Additionally, the presence of bipolar VENs, Fork cells and
pyramidal neurons has been noticed in Magnocellular nucleus
of the dorsal thalamus (DMm) identified and named by Striedter
[45], as a region in the dorsal thalamus demarcated by larger cells
than the surrounding areas (Figures 5A, C, D and 6C). These cells
are sparsely distributed in this area. A small concentration of VENs
and comparatively smaller pyramidal neurons were also observed at
the lateral and dorsal part of DMm. On the anterior- medial side of
DMm, a small area demarcated as the Dorsomedial nucleus (DM)
of Inter Collicular complex (ICo) were also found having some large
bipolar neurons. Cells of the Dorsal Medial nucleus of the midbrain
(DM) were in low density and were found scattered in the nucleus.
In addition to VENSs, Pyramidal and fork neuron another unique
neuronal type-the enveloping neuron, (Figure 6D) and small to large
multipolar and smaller fusiform cells have also been investigated in
this study. Surprisingly, all these types are mostly present in humans
and nonhuman mammals and have not been noticed ever in any bird
species. Fork and enveloping neurons have been previously described
in the human insular cortex by Ngowyang [54]. We recognized
“enveloping neurons” as a type that was commonly observed adjoining
capillaries or other cells as previously described by de Crinis [55],

Figure 6: (A) Photomicrographs of Nissl| stained sections through dorsolateral
corticoid (CDL) area of parrot displayed the morphological characteristics
and location of bipolar neurons. (B) — Magnified view of VENs in CDL. (C)-
Photomicrograph of magnifying view of VENs and fork cells in mesencephalic
nuclei, DMm. (D)- Distribution of, Enveloping neurons (ENV), and fork
neurons (F) in DM. Scale = 50um in all photograph.

Syring [56] et al. Either their soma or dendrite would “cuddle” the
space created by a capillary [57] (Figure 6D). Figure 6E indicates the
magnified view of fork cells in DMm. For comparative purposes, we
also examined the brain of adult chicken, the close relative of parrot
as a representative of the vocal non-learner bird. However, VENs and
Fork neurons types have not been observed in any brain areas of Nissl
stained sections of the chicken brain.

In Golgi stained sections, distinctive morphology, unusual size,
characteristic stout, elongated, gradually tapering, spindle soma
which virtually remains symmetric in its vertical and horizontal axis
having distantly-branched long apical dendrite and a basal dendrite,
strongly verify the correspond of these cells to mammalian VENs
(Figures 7A and B). The basal dendrite also distantly branched
into spiny dendrites. Golgi stained Fork cells are similar to VENs
in their basal aspect with a single large tapered dendrite, but they
are distinguished by two long apical dendrites that bifurcate close
to the soma and appear in a Y-like fashion. They represent the
morphological characteristics of pyramidal projection neurons
(Figures 7A and 8A,B). Figure 8C represents the dendritic extension
of VENs and fork neurons. Cells that formed another subgroup in
most of the regions where VENs were present, could be characterized
as tuft-less pyramidal or at least pyramidal-like, based on the presence
of conical cell bodies, distinct dendrite emanating from the apical
part of the soma and an array of smaller basal dendrites [24] (Figures
8 D,E,F). Figures 9A-D represents Camera Lucida drawing of VENs
and different types of Pyramidal like (PY) neurons present in various
regions.
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Figure 7: (A) Golgi stain parrot VENs possesses the signature feature of
pyramidal projection neurons of the human VENS, long apical dendrite and
a single long occasionally sparsely branched basal dendrite (Nimchinsky et
al.1995) a fork neurons also present intermingled with VEN characterized
by two thick apical dendrites. Dendritic spines are sparse in both types of
neurons. Arrows point out the apical and basal dendrite. (B)- Single VEN with
the extension of the apical and basal dendrite.

Neurite tracer (Fiji) was used to create Sholl radii, for 20 VENs in
nidopallium regions and 12 VENSs of arcopallium and CDL region.
Sum of all Sholl radii indicate that total length and intersections
number of apical and basal dendrites of VENs and fork was
remarkably similar. The number of dendritic Spines per 10 pm along
the extent of all dendrites on the apical dendrite was highest up to 250
to 280 um, + 51.87 and for the basal dendrite; it was 260 to 280 um +
54.57 um (P< .001). The Soma of this cell type was exclusively large
about 70 + 6.74 to 80 + 4.81 pm in length and 25 + 5.67 to 30 + 7.82
pm in width. The apical dendritic field extension was exclusively long.
The total dendritic size varies from 711.5624 + 43.57 um (P< .001).
The max Sholl radii for apical dendrite were 230 + 37um and 220
+17.89 pm for the basal dendritic tree (P< .001). However, in NLC
region basal dendritic field of a few VENS is relatively much shorter,
about 70 * 26.76 - 90 * 78.67 um in budgerigar (Figure 9D). The
apical dendrite of PY neurons gave rise to several branches and in a
few cases bifurcated at 50-100 pm from the cell body (Figures 8C and
D). The somatic roundness was 05.57 + 0.21, n= 07. We also found
another group of so-called small pyramidal type neurons with conical
cell bodies, a distinct whip like long apical dendrite and sparsely
branched basal skirt (Figures 8C and D). The common feature of cells
in this group was the lack of an apical tuft. Both groups of PY cells
included cells that were often atypically oriented, i.e., the cell body and
the dendritic tree as a whole extend diagonally, instead of typically
perpendicularly, somatic roundness was (0.75 £ 0.08, n= 08). The
average dendritic length was 189um + 79.9; the dendritic arbors cover
a significantly larger region around the soma. On the basis of dendritic
branching, dendritic length and the number of spines (intersections
numbers) calculated by Sholl analysis we analyzed that; the dendritic
complexity of apical dendrite of VENs and fork type neurons was
approximately similar. The average critical value of apical dendrites
of VENSs is 280.369 and 278.693 for fork neurons. Apical and basal
dendrites of VENs and fork cells were found symmetric in terms of

Figure 8: Photomicrographs of Golgi stained fork and Pyramidal cells. Scale
bar same for all figures. Scale bar- 50 pm. (A&B): indicates long bifurcated
apical dendrites of fork neuron projecting towards gray matter. (C): dendritic
extension of VENs and fork neurons. (D, E, F): Single typical pyramidal
neuron with single apical dendrite indicated by black arrow. The short white
arrow indicates branched basal tuft closed to soma. Primary and secondary
dendrites possess the significant number of spines. Apical dendrite branched
near soma. Axon arises from the base of soma and branched.

intersections numbers. Figures 10A-D demonstrates Comparative
dendritic architecture of VENS, fork and pyramidal cells of parrot
and in budgerigar. However, the basal dendritic skirt of pyramidal-
like neurons shows higher Sholl intersections, having average critical
value 390.8247 + 108.78. The Sholl regression coefficient (the measure
of change in density of dendrites as a function of distance from the
cell body) of VENS is .003 to.004 and 2.5 to 9.5 for the pyramidal
neuron. From the above results, it can be concluded that the basal
tufts of pyramidal-like neurons contain more Sholl intersections than
apical dendrites.

Discussion

This study is the first to provide evidence of existence and
localization of specialized classes of neurons, especially- pyramidal,
VENS, fork neurons, and enveloping neurons in parrot brain; those
were exclusively found in V layer of ACC, PFC, and FI of the limited
group of socially intelligent mammals. VENs and other exclusive
neuronal classes the fork cells and enveloping neurons previously
reported only in neocortical regions of humans [54]. Recently VENs
and fork cells have also been observed in layer V of ACC, PFC and
FI of human, great apes [57,38,58], macaque monkey [30], elephants
[59], and cetaceans [27] and in the putative visual cortex of pygmy
hippopotamus [32]. Our results demonstrate that such neuronal
morphology is also present in bird species which do not have a
laminated multilayered cerebral cortex like mammals but represent
the higher level of cognition. It is very interesting to note that VENs
were found only in vocal learner mammals. Vocal learning [60], the
highest form of social learning, incorporate the capability to modify
auditory and syntactic sounds, or reproduce the new combinations
of sounds, is a rare trait, and a critical substrate for spoken language,
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Figure 10: (A-D) Represents quantitative analysis of dendritic morphology
of VENs, fork and Pyramidal neurons- Comparison of dendritic structure
for apical and basal dendritic tree of VENSs, fork and pyramidal neurons of
CDL, NCL and Arcopallium region for (A) maximum scholl radii (B) no of
intersections/ 10 ym (C) total dendritic length in ym. results indicate that VENs
and fork cells have comparatively fewer intersections and sparsely spinous.
There is no any significant difference in total dendritic length of apical and,
the basal dendrite of VENs and fork neurons, however, pyramidal neurons
are smaller than VENs and fork cells and more spinous (more intersection
number). (D)-Total dendritic length of the apical and basal dendrite of VENSs,
fork and pyramidal neurons in budgerigar is smaller than that of parrot.

Figure 9: Represents Camera Lucida drawing of VENSs, fork and different
types of Pyramidal (PY) neurons, present in various regions. Scale bar same
for all drawings. Long arrows point out the apical dendrites, thick arrows
indicate the basal dendrites, and very short arrows represent axons of VENs,
fork and Pyramidal neurons.

predominantly observed in only limited species particularly humans,
cetaceans [1], elephants [3], seals [2,4,5], Pinnipeds (walrus) [6],
Non-Human Primates [61] and Japanese and rhesus monkeys
[61]. These cells were not observed in any other primate species
or any mammalian taxa those do not have vocal acquisition and
social cognition, indicate their involvement in the production of
vocalizations and communicative skills. We have also not found
VENSs in any brain area of vocal non-learner birds like chicken,
which also indicates the correlation of VENs with vocal acquisition.
The non-human great apes and Orangutans are unable to mimic
the sound, but have a complex system of communication (sign
language) and have VENs. Remarkably, in the cerebrum of all three
vocal learning bird groups i.e songbird, hummingbird, and parrot,
there are seven comparable vocal brain nuclei: four posteriorly
located nuclei - NLc (In Nidopallium), AAc (in Arcopallium), DM
and medulla (nXIIts), forming a posterior vocal pathway that project
from NLc to AAc, to DM and medulla vocal motor neurons (nXIIts)
[45,46,62,63] nXIlIts projects to the muscles of the syrinx, the avian
vocal organ. This pathway is responsible for the production of learned
vocalizations. Vocal non-learning birds have DM and nXIIts, but not
having projections from the arcopallium [64] for the production of
innate vocalizations. Jarvis [20] proposed that humans also have
posterior and anterior vocal pathways for production and learning of
language. The human posterior vocal pathway which consists of the
face motor cortex and its projections to midbrain the Periaqueductal
Gray (PAG) and brainstem the nucleus Ambiguous (Am) motor
neurons which are responsible for the production of speech. Like in
vocal non-learning birds, the (PAG) and (Am) in vocal non-learning
mammals do not receive motor cortical (pallial) projections and they
control the production of innate sounds [65-67]. In this manner,

Jarvis [68] argued that a mutational event that caused descending
projections of avian arcopallium neurons to synapse onto nXIIts or
mammalian layer 5 neurons of the face motor cortex to synapse onto
may be the only independent major change that is needed to initiate
a vocal learning pathway. We found projection neurons (VENs
and fork), in vocal control nuclei of Arcopallium (AAC) of Indian
parrot, which may involve in the circuitry of posterior vocal pathway
responsible for vocal acquisition in parrot, similar to layer V neurons
of vocal learner mammals. It might signal the further anatomic and
possibly functional amplification of this area in the mammalian
lineage known to have evolved verbal communication and its
emotional implications. Thereafter, other vocal brain regions might
have developed out of contiguous motor brain regions dependent
on pre - accessible connectivity [69]. The proposed human anterior
vocal pathway consists of a loop [69,20] that includes projections
from a lateral-to-medial strip of premotor cortex which consists of
the anterior insula, Broca’s area, the anterior dorsal lateral prefrontal
cortex, the pre-supplementary motor area, and the anterior cingulate
cortex. Most of these areas are VENs containing regions in humans
and vocal learner mammals. This strip projects on to an anterior
region of the striatum, to the globus pallidus, to an anterior portion of
the dorsal thalamus, and then back to the cortex. Similarly, in parrots,
three anteriorly located nuclei NAOc, MMSt, and DMM (VENs
containing regions of parrot) are part of an anterior vocal pathway
[20] where a pallial vocal nucleus (NAOc) projects to the striatal
vocal nucleus (MMSt) the which projects to a nucleus of the Dorsal
thalamus (DMm), and the dorsal thalamus projects back to the pallial
vocal nucleus [46,62]. Lateral part of three major Nidopallium vocal
nucleus including NAOc, NLc and LAN also contributes to NCL
region (the nidopallium caudolaterale) a callopallial anterior region,
already proposed as homologous to mammalian prefrontal cortex
PFC [70-74]. Recent evidence suggests that avian NCL is functionally
equivalent to the mammalian PFC and is involved in higher cognitive
functions like numerical understanding [18,20], working memory
[75], and insightful behavior [74]. Additional evidence for the
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functional equivalence of the avian nidopallium and mammalian
prefrontal cortex comes from studies of the distribution of dopamine
in the avian telencephalon [76-77], which is also widely distributed
in the mammalian frontal and prefrontal cortex [78]. The presence
of VENs in NCL area of parrot suggests that complex cognitive
functions of birds are due to similar specialized neuronal components
of homologous regions of the brain which forms the neural circuitry
responsible for cognition and vocal learning.

The lemnopallial region called the CDL [79], most recently,
has proposed as homologous to mammalian cingulate cortex [80].
Lesions in the anterior cingulate cortex in human are associated with
a form of mutism [81-83]. It is one of the only cortical areas known
to elicit meaningful vocalizations (and not merely sounds) in squirrel
monkeys when stimulated [83]. In the monkey, the ventral anterior
insula has been associated with viscerosensory and -motor functions
including vocalization [84-86]. Thus, this region may be involved in
some aspects of communication in primates, and this is the area to
which the VENs are restricted. The existence of VENSs in dorsal lateral
corticoid area (CDL) of parrot brain also shows the cytoarchitectural
equivalence of this area with primates.

Conclusion

It is possible that the appearance of the combination of unique
neuronal types -VENs and fork cells in some pallial regions of a few
bird species may be the first step in the evolution of social behavior and
vocalization. The structural arguments of neural substrate imply that
lineage close to human, like apes, cetaceans, and elephants and now
parrots and may be some other birds have the parallel morphological
neural substrate to maintain rapid transmission of crucial information.
All these orders appear to have arisen independently and developed
large brain size and specialized large spindle neurons responsible for
their social behavior, and vocal acquisition.
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