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ABSTRACT
Although neocortical neuronal morphology has been

documented in the adult giraffe (Giraffa camelopardalis

tippelskirchi) and African elephant (Loxodonta africana),

no research has explored the cortical architecture in

newborns of these species. To this end, the current

study examined the morphology of neurons from several

cortical areas in the newborn giraffe and elephant. After

cortical neurons were stained with a modified Golgi

technique (N 5 153), dendritic branching and spine dis-

tributions were analyzed by using computer-assisted

morphometry. The results showed that newborn elephant

neurons were considerably larger in terms of all dendritic

and spine measures than newborn giraffe neurons. Quali-

tatively, neurons in the newborns appeared morphologi-

cally comparable to those in their adult counterparts.

Neurons in the newborn elephant differed considerably

from those observed in other placental mammals, includ-

ing the giraffe, particularly with regard to the morphology

of spiny projection neurons. Projection neurons were

observed in both species, with a much larger variety in

the elephant (e.g., flattened pyramidal, nonpyramidal

multipolar, and inverted pyramidal neurons). Although

local circuit neurons (i.e., interneurons, neurogliaform,

Cajal–Retzius neurons) resembled those observed in

other eutherian mammals, these were usually spiny,

which contrasts with their adult, aspiny equivalents.

Newborn projection neurons were smaller than the adult

equivalents in both species, but newborn interneurons

were approximately the same size as their adult counter-

parts. Cortical neuromorphology in the newborn giraffe is

thus generally consistent with what has been observed

in other cetartiodactyls, whereas newborn and adult ele-

phant morphology appears to deviate substantially from

what is commonly observed in other placental mammals.
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Recent investigations into the morphology of neocort-

ical neurons in relatively large brained mammals have

revealed evolutionarily conserved features across spe-

cies, but also some characteristics that are unique

within phylogenetic groups. Within cetartiodactyls,

pyramidal neurons are the dominant type in the neocor-

tex, with an apical dendrite morphology that appears to

exist along a continuum from those that are similar to

apical dendrites in ‘‘typical’’ (i.e., primate/rodent-like)
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pyramidal neurons (Bianchi et al., 2012) to those that

differ slightly in terms of apical branching profiles (e.g.,

humpback whale, minke whale, bottlenose dolphin:

Butti et al., 2015; pygmy hippopotamus: Butti et al.,

2014; giraffe: Jacobs et al., 2015). In the African ele-

phant neocortex, however, neuronal morphology is dis-

tinct from all other placental mammals examined to

date (Jacobs et al., 2011), including other afrotherians

like the rock hyrax (Bianchi et al., 2011). Specifically,

differences in the elephant projection neurons are man-

ifested not only in apical dendrite morphology, which is

characterized by widely bifurcating rather than singu-

larly ascending apical dendrites (Mountcastle, 1997;

Innocenti and Vercelli, 2010), but also by the preva-

lence of several horizontally oriented spiny neurons

such as flattened pyramidal and nonpyramidal multipo-

lar neurons (Jacobs et al., 2011). The neuronal morphol-

ogy observed in these species to date, however, has

been limited to the adult neocortex. The present study

addresses this deficit by exploring the neuronal mor-

phology in several neocortical regions of the newborn

giraffe (Giraffa camelopardalis tippelskirchi) and African

elephant (Loxodonta africana). The availability of well-

preserved newborn brain tissue in both the elephant

and giraffe presented a rare opportunity not only to ver-

ify our neuromorphological findings in the adults

(Jacobs et al., 2011, 2015), but also to document neu-

ronal types early in development.

Although neocortical neuronal development has been

extensively investigated in primates (Lund et al., 1977;

Marin-Padilla, 1992; Travis et al., 2005; Bianchi et al.,

2013; Elston and Fujita, 2014), rodents (Parnavelas

et al., 1978; Miller, 1981) and, to a lesser extent,

felines (Marin-Padilla, 1971, 1972), there is little neuro-

developmental information for other, relatively large

brained species (Manger, 2008). Giraffes and especially

elephants have prolonged developmental periods, with

substantial increases in brain size from the neonate to

the adult. In giraffes, biological measures indicate that

sexual maturity is reached at �4–5 years of age (Hall-

Martin et al., 1978). In elephants, sexual maturity is

reached at �15 years of age, although successful

reproduction for males can take 10–20 more years

(Millar and Zammuto, 1983; Moss and Lee, 2011). Pro-

longed postnatal neurodevelopmental periods are also

common in many mammals (Sacher and Staffeldt,

1974). Thus, given the relatively immature size of the

newborn brains examined in the present study, we

expected the neurons in our sample to be significantly

smaller than their adult counterparts.

Based on our previous examination of neurons in

adult giraffe and elephant neocortex (Jacobs et al.,

2011, 2015), two other predictions follow. Quantita-

tively, as was the case with the adult animals, we

expected the dendritic systems within the same neuro-

nal type to be more extensive in the newborn elephant

than in the newborn giraffe. Qualitatively, the newborn

samples allowed us to investigate whether the funda-

mental neuromorphological differences we observed

between the adult elephant and giraffe also obtained in

newborn animals. In general, we expected the newborn

giraffe neocortex to exhibit a more typical columnar

organization, with vertically ascending apical dendrites,

than the newborn elephant neocortex, which would be

characterized by widely bifurcating apical dendrites and

a greater variety of neuronal morphologies that are

unlike those characteristic of anthropoid primate and

murid rodent models. In contrast, little variation was

expected for local circuit neurons (e.g., interneurons,

neurogliaform, and Cajal–Retzius neurons) between the

two species, as these neurons have been shown to be

relatively uniform and morphologically conserved across

eutherian mammals (Hof et al., 1999; Sherwood et al.,

2009).

MATERIALS AND METHODS

Specimens
Cortical samples were obtained from a newborn

giraffe (Giraffa camelopardalis tippelskirchi) and a new-

born African elephant (Loxodonta africana). The brain of

a 1-day old female giraffe with failure to thrive (378 g;

autolysis time [AT] 5 6 hours) was provided by the

Cleveland Metroparks Zoo. The brain of a stillborn male

elephant (1,745 g; AT< 12 hours) was provided by the

Alabama Veterinary Diagnostic Laboratories, Auburn.

Both brains were immersion-fixed in 10% formalin

(giraffe: 30 days; elephant: �10 months). Cortical areas

of interest were removed and stored in 0.1 M

phosphate-buffered saline (PBS) with 0.1% sodium azide

for 3 months prior to Golgi staining. The present study

was approved by the Colorado College Institutional

Review Board (#011311-1).

Tissue selection
In the giraffe, tissue blocks (3–5 mm thick) were

removed from the primary motor and visual cortices of

the right hemisphere (Fig. 1). Motor cortex tissue was

located anteriorly on the dorsomedial aspect of the cer-

ebrum (Badlangana et al., 2007), and was removed

about 1–2 cm lateral to the longitudinal fissure; visual

cortex tissue was located posteriorly on the dorsome-

dial aspect of the cerebrum and was removed about

2–3 cm lateral to the longitudinal fissure (Fig. 1). In the

elephant, tissue blocks (3–5 mm thick) were removed

from the frontal, motor, and occipital (i.e., putative
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visual) cortices of the right hemisphere (Jacobs et al.,

2011). Frontal cortex tissue was located anterior to the

orbital gyri (Jacobs et al., 2011) and was removed 3–

5 cm from the midline; motor cortex tissue was located

anteriorly on the dorsomedial aspect of the neocortex

and was removed about 1–2 cm lateral to the longitudi-

nal fissure; occipital cortex tissue was located in the

parieto-occipital contour near the midline and was

removed 3–5 cm anterior to the cerebellum (Fig. 1).

Neuron selection and quantification
Tissue was stained by using a modified rapid Golgi

technique (Scheibel and Scheibel, 1978b), coded to pre-

vent experimenter bias, and sectioned serially at 120 mm

with a vibratome (Leica VT1000S, Leica Microsystems).

Adjacent sections (40 mm thick) of selected tissue were

stained with 0.5% cresyl violet for cytoarchitectural com-

parisons (Fig. 2). Laminar and cortical thickness mea-

sures were determined by averaging measures of 10

different sampling locations for each region of interest

(Table 1). Neuronal selection was based on established

criteria (Roitman et al., 2002; Jacobs et al., 2011, 2015;

Lu et al., 2013), which required an isolated soma near

the center of the 120-mm-thick section, with as fully

impregnated, unobscured, and complete dendritic arbors

as possible, with no beading or interruptions. To provide

a comprehensive morphological analysis, neurons were

selected to encompass representative typologies in each

species.

Figure 1. Dorsal views of the newborn giraffe (A) and newborn

elephant (B) brains illustrating the relative position of tissue

blocks removed for staining. Specifically, tissue was removed

from the motor and visual cortices in the newborn giraffe, and

frontal, motor, and occipital cortices in the newborn elephant.

Images are based on adult brains as the newborn brains were

too fragmented for accurate drawings. Therefore, only brain

weights are provided.

Figure 2. Photomicrographs of Nissl-stained cortical areas from

the newborn giraffe and newborn elephant. In the giraffe, two

regions were examined: motor (A) and visual (B) cortex. In the

elephant, three regions were examined: frontal (A), motor (B),

and occipital (C) cortex. Scale bar 5 300 mm in Giraffe B (applies

to A,B) and Elephant C (applies to A–C).

Newborn giraffe and elephant neuronal morphology
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Neurons were quantified under a planachromatic

603 oil objective along x-, y-, and z-coordinates using a

Neurolucida system (MBF Bioscience, Williston, VT;

RRID:nif-0000–10294), interfaced with an Olympus BH-

2 microscope equipped with a Ludl XY motorized stage

(Ludl Electronics, Hawthorne, NY) and a Heidenhain z-

axis encoder (Schaumburg, IL). A MicroFire Digital CCD

2-Megapixel camera (Optronics, Goleta, CA) mounted

on a trinocular head (model 1-L0229, Olympus, Center

Valley, PA) displayed images on a 1,920 3 1,200 reso-

lution Dell E248WFP 24-inch LCD monitor. Somata

were first traced at their widest point in the two-

dimensional plane to provide an estimate of cross-

sectional area. Then, dendrites were traced somatofu-

gally in their entirety while accounting for dendritic

diameter and quantity of spines. Dendritic arbors were

not traced into neighboring sections; broken ends and

indefinite terminations were labeled as incomplete end-

ings. Neurons with sectioned segments were not differ-

entially analyzed because elimination of such tracings

would have biased the sample toward smaller neurons

(Schad�e and Caveness, 1968; Uylings et al., 1986).

When present, axons were also traced, although they

typically disappeared after a short distance.

Neurons were traced by one observer (LL). Intrarater

reliability was assessed by having this observer trace

the same soma and dendritic branch 10 times. The

average coefficient of variation for soma size (3.5%),

total dendritic length (TDL; 0.8%), and dendritic spine

number (DSN; 4.3%) indicated that tracings varied little.

Intrarater reliability was further tested with a split plot

design (a 5 0.05), which revealed no significant differ-

ence between the first and last five tracings. For inter-

rater reliability, tracings of 10 different dendritic sys-

tems were compared with the same tracings done by

the primary investigator (BJ). This reliability test was

performed to ensure consistency with previous studies.

Interclass correlations across soma size, TDL, and DSN

(described below) averaged 0.99, 1.00, and 0.98,

respectively. An analysis of variance (ANOVA; a 5 0.05)

indicated that there was no significant difference

between the two observers for the three measures. Fur-

thermore, the primary investigator re-examined all com-

pleted tracings under the microscope to ensure

accuracy.

Neuron descriptions and dependent
dendritic and spine measures

Descriptively, neurons were classified according to

somatodendritic criteria (Ferrer et al., 1986a,b; Jacobs

et al., 2011, 2015) by considering factors such as

soma size and shape, presence of spines, laminar loca-

tion, and general morphology. Quantitatively, a centrifu-

gal nomenclature was used to characterize branches

extending from the soma as first-order segments, which

bifurcate into second- and then third-order segments,

and so on (Bok, 1959; Uylings et al., 1986). In addition

to quantifying soma size (i.e., surface area, mm2) and

depth from the pial surface (mm), we examined six

other measures that have been analyzed in previous

studies (Jacobs et al. 2011, 2015): dendritic volume

(Vol; mm3; the total volume of all dendrites); total den-

dritic length (TDL; mm; the summed length of all dendri-

tic segments); mean segment length (MSL; mm; the

average length of each dendritic segment); dendritic

segment count (DSC; the number of dendritic seg-

ments); dendritic spine number (DSN; the total number

of spines on dendritic segments); and dendritic spine

density (DSD; the average number of spines per mm of

dendritic length). Dendritic branching patterns were

also analyzed by using a Sholl analysis (Sholl, 1953),

which quantified dendritic intersections at 20-mm inter-

vals radiating somatofugally. All descriptive measures

are presented as mean 6 standard deviation (SD)

unless noted otherwise.

Statistical analysis of species differences
The small number of neurons traced in each cortical

area for each species precluded statistical analysis of

regional differences, as has been done in primates

(Travis et al., 2005; Bianchi et al., 2013). As a result,

we provide here only a Golgi-dependent snapshot of the

general distribution of neurons. Quantified neurons

(N 5 153) included 84 from the giraffe (motor: 46, visual:

38) and 69 from the elephant (frontal: 17, motor: 21,

TABLE 1.

Laminar and Cortical Thickness (mean 6 SD, lm)

Newborn giraffe Motor cortex Visual cortex

Layer I 803 6 74 465 6 34
Layer II 203 6 11 203 6 8
Layer III 832 6 69 431 6 21
Layer IV – 261 6 14
Layer V 484 6 18 469 6 19
Layer VI 537 6 17 393 6 37
Gray/white

matter junction
2,859 6 152 2,221 6 177

Newborn elephant

Frontal

cortex

Motor

cortex

Occipital

cortex

Layer I 723 6 51 337 6 25 261 6 21
Layer II 212 6 7 144 6 24 187 6 13
Layer III 772 6 62 407 6 55 733 6 96
Layer IV – – 202 6 17
Layer V 634 6 25 401 6 129 261 6 30
Layer VI 671 6 41 625 6 53 320 6 22
Gray/white

matter junction
3,012 6 206 1,913 6 86 1,964 6 138

B. Jacobs et al.
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occipital: 31). For reasons detailed extensively elsewhere

(Jacobs et al., 2014), there are several limitations

involved in parametric examination of such small neuro-

morphological datasets that are not normally distributed.

To determine whether elephant and giraffe infants

could be differentiated from each other, we grouped the

newborn neurons into two general categories: projec-

tion neurons (including pyramidal, magnopyramidal,

gigantopyramidal, extraverted, flattened pyramidal, large

fusiform, nonpyramidal multipolar, inverted pyramidal,

horizontal pyramidal, and crab-like neurons; n 5 107)

and local circuit neurons (including interneurons, neuro-

gliaform, and Cajal–Retzius neurons; n 5 46). We then

examined species differences in dependent measures for

these two neuron groups using MARSplines, or Multivari-

ate Adaptive Regression Splines (Statistica, release 12;

StatSoft, Austin, TX; Friedman, 1991; Hastie et al.,

2009), a nonparametric approach that is robust to viola-

tions of normality and extreme differences in variability.

RESULTS

Overview
Nissl-stained sections indicated that the frontal cor-

tex in the elephant was the thickest of all regions (as

measured from pia to white matter), and that motor

cortices in both species were considerably thicker than

putatively visual regions (Fig. 2). Although layer IV was

present in the visual cortex of the giraffe, it was incipi-

ent in elephant occipital cortex, and absent in elephant

motor and frontal cortices. The relative thickness of all

layers across cortical regions for both species is pro-

vided in Table 1, which indicates that layers I, III, and

VI were generally thicker than the other layers. The

overall high quality of Golgi preparations is evident in

photomicrographs (Figs. 3–7), which reveal well-

impregnated, relatively complete dendritic systems. In

the newborn giraffe neocortex, the most prominent neu-

ron type was the pyramidal neuron. In contrast, atypical

nonpyramidal multipolar neurons, which often pos-

sessed multiple, widely diverging apical dendrites, were

the most common neuron type observed in the new-

born elephant neocortex. In both species, local circuit

neurons were mainly observed in deep cortical layers

and, unlike their aspiny adult counterparts, were gener-

ally spiny, although less so than were projection neu-

rons in both species. Individual tracings of neurons are

presented for each cortical region in Figures 8 and 9

for the newborn giraffe, and Figures 10–12 for the new-

born elephant. When more than five neurons of a par-

ticular type were traced, their relative location within

the gyrus (e.g., gyral crown, sulcal wall, depth of sulcus)

was noted, although such Golgi-based distributions

should be interpreted cautiously. Quantitative data for

all neuron types in both species are presented in Table

2 along with the number of each neuron type traced.

Overall, newborn elephant neurons had more extensive

dendrites (particularly in terms of Vol) than those in the

newborn giraffe. Sholl analyses for each neuron type

are presented in Figure 13. Below, we provide more

detailed descriptions of each neuron type based on

examination of all Golgi-stained sections as well as the

particular neurons that were quantified.

Projection neurons
Pyramidal neurons
These were the most prominent neuron type traced in

the newborn giraffe (soma depth range: 505–2,763 mm),

but not in the newborn elephant (soma depth range:

883–2,450 mm; Table 2; Figs. 3C,H, 4B,D,I, 5A, 8A–H,

9A–G, 10A–C, 11A, 12B–D). In both species, traced

pyramidal neurons were located relatively evenly across

the gyral crown and sulcal wall. Pyramidal neuron somata

were 141% larger in the elephant (Msoma size 5 680 mm2)

than in the giraffe (Msoma size 5 282 mm2). In both spe-

cies, somata were typically triangular in shape with basi-

lar dendrites (giraffe: 4.6/neuron; elephant 6.1/neuron)

radiating in all directions and a single apical dendrite

extending vertically toward the pial surface. In the giraffe,

more superficial pyramidal neurons frequently exhibited

diverging apical dendrites, whereas deeper neurons exhib-

ited long apical dendrites with fewer bifurcations. In the

elephant, most apical dendrites bifurcated shortly after

ascending from the apex of the soma. Dendrites were rel-

atively spiny in both species (giraffe: DSD 5 0.71; ele-

phant: DSD 5 0.64; Table 2). Sholl analysis suggested a

similar dendritic profile for pyramidal neurons in both spe-

cies (Fig. 13E,F,O). Nevertheless, dendritic measures for

pyramidal neurons in the elephant tended to be consider-

ably higher (by 276% for Vol.; 64% for TDL; 35% for MSL;

16% for DSC; 39% for DSN) than those observed in the

giraffe, except for DSD, which was 11% higher in the

giraffe.

Magnopyramidal neurons
These neurons, located only in the visual cortex, were the

deepest neuron type in the newborn giraffe (soma depth

range: 958–1,837 mm) and elephant (soma depth: 1,865

mm; Table 2; Figs. 4C, 9R–T, 12F). Although similar in

morphology to pyramidal neurons, soma size and dendri-

tic extent were greater in magnopyramidal neurons. In

the giraffe, magnopyramidal neurons were 99% greater in

soma size and 71% greater in TDL than pyramidal neu-

rons (Table 2). In the elephant, magnopyramidal neurons

were 18% greater in soma size and 41% greater in TDL

than pyramidal neurons. Magnopyramidal neurons had an

Newborn giraffe and elephant neuronal morphology
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Figure 3. Photomicrographs of Golgi-stained neurons in the newborn giraffe motor cortex: gigantopyramidal neurons (A,E,G, see also Fig.

8R); interneurons (B,J); pyramidal neurons (C,H, see also Fig. 8H); higher magnification of basilar (D) and apical (I) dendritic segments;

extraverted neuron (F, see also Fig. 8O,P). Scale bar 5 100 mm in A,G; 20 mm in B; 50 mm in C,E,F,H,J; 10 mm in D,I.

B. Jacobs et al.
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Figure 4. Photomicrographs of Golgi-stained neurons in the newborn giraffe visual cortex; large fusiform neuron (A, see also Fig. 9I);

pyramidal neurons (B, see also Fig. 9B; D,I, see also Fig. 9D); magnopyramidal neuron (C, see also Fig. 9R); interneurons (E,H); higher

magnification of apical dendritic segment (F); neurogliaform neuron (G, see also Fig. 9P). Arrowheads indicate somata of selected neurons.

Scale bar 5 50 mm in A,D–F,H,I; 100 mm in B,C,G.

Newborn giraffe and elephant neuronal morphology
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Figure 5. Photomicrographs of Golgi-stained neurons in the newborn elephant motor cortex: pyramidal neuron (A, see also Fig. 10B);

higher magnification of basilar (B) and apical (I) dendritic segments; Cajal–Retzius neuron (C, see also Fig. 10G); nonpyramidal multipolar

neurons (D, see also Fig. 10J; G, see also Fig. 10L); flattened pyramidal neuron (E, see also Fig. 10D); interneurons (F, see also Fig. 10N;

H, see also Fig. 10O). Arrowheads indicate somata of selected neurons. Scale bar 5 100 mm in A,C–H; 10 mm in B,I.

B. Jacobs et al.
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Figure 6. Photomicrographs of Golgi-stained neurons in the newborn elephant frontal cortex: nonpyramidal multipolar neurons (A, see also

Fig. 11L; B, see also Fig. 11O; C,J, see also Fig. 11K); interneuron (D, see also Fig. 11I); flattened pyramidal neuron (E, see also Fig. 11F);

inverted pyramidal neurons (F, see also Fig. 11G; I, see also Fig. 11H); higher magnification of basilar dendritic segment (G); crab-like neuron

(H, see also Fig. 11B). Arrowheads indicate somata of selected neurons. Scale bar 5 100 mm in A–C,E,F,H–J; 50 mm in D; 10 mm in G.

Newborn giraffe and elephant neuronal morphology
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Figure 7. Photomicrographs of Golgi-stained neurons in the newborn elephant occipital cortex: nonpyramidal multipolar neurons (A, see

also Fig. 12T; B, see also Fig. 12S; C,I, see also Fig. 12Q); neurogliaform neuron (D, see also Fig. 12G); inverted pyramidal neuron (E, see

also Fig. 12A); flattened pyramidal neuron (F, see also Fig. 12P); interneuron (G, see also Fig. 12K); higher magnification of basilar dendri-

tic segment (H). Arrowheads indicate somata of selected neurons. Scale bar 5 100 mm in A–D,F,G,I; 50 mm in E; 10 mm in H.

B. Jacobs et al.
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average of 8.5 primary basilar dendrites/neuron in the

giraffe and 4 primary basilar dendrites/neuron in the one

neuron traced in the elephant. In terms of dendritic

spines, magnopyramidal neuron DSD measures (giraffe:

0.60; elephant: 0.74) were similar to those observed in

pyramidal neurons for both species (Table 2). Sholl analy-

sis indicated greater dendritic complexity, especially in

basilar dendrites, in magnopyramidal than in pyramidal

neurons in both species (Fig. 13E,M). Although elephant

dendritic measures for magnopyramidal neurons tended

to be considerably higher (by 215% for Vol.; 35% for TDL;

30% for MSL; 5% for DSC; 65% for DSN; 23% for DSD)

than those observed in the giraffe, it should be stressed

that only one magnopyramidal neuron was traced in the

elephant.

Gigantopyramidal neurons
These neurons were only documented in the motor cor-

tex of the newborn giraffe and were located primarily

along the sulcal wall (soma depth range 930–1,539 mm;

Figs. 3A,E,G, 8R,S). These were also the largest neurons

examined, with a Vol 45% greater than the magnopyra-

midal neurons (Table 2). Gigantopyramidal somata

(Msoma size 5 710 mm2) were morphologically similar to,

but 152% larger than, those of pyramidal neurons. They

possessed a single, long apical dendrite that extended

vertically toward the pial surface. Basilar dendrites (8.4/

neuron) extended in parallel approximately 200–300 mm

from the soma, perpendicular to the apical dendrites,

resembling the perisomatic, circumferential dendrites

noted in human Betz cells (Scheibel and Scheibel,

Figure 8. Neurolucida tracings of neurons in the newborn giraffe motor cortex indicating relative soma depth from the pial surface (in

mm): pyramidal neurons (A–H); large fusiform neuron (I); interneurons (J–N); extraverted neurons (O–Q); gigantopyramidal neurons (R,S).

Arrowheads indicate axons from neurons K, J, N, and Q. Scale bar 5 100 mm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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1978a). In the newborn giraffe, gigantopyramidal neurons

were the most densely spined neurons analyzed

(DSD 5 0.83; Table 2) and Sholl analysis illustrated the

highest dendritic peak of all neurons (Fig. 13B).

Extraverted neurons
An extraverted morphology was also only observed in

the newborn giraffe motor cortex (Figs. 3F, 8O–Q),

mostly in the crown of the gyrus. These were one of

the most superficial neurons (soma depth range: 666–

1,054 mm), with an average soma size of 251 mm2

(Table 2). Somata were typically globular in shape, with

an average of 2.7 primary basilar dendritic processes

per neuron. Apical dendrites bifurcated near or on the

soma into two individual branches that extended toward

the pial surface. Dendrites were short, as indicated by

their relatively low TDL (2,502 mm) and by the Sholl

analysis (Fig. 13A), but spiny (DSD 5 0.77; Table 2).

Figure 9. Neurolucida tracings of neurons in the newborn giraffe visual cortex indicating relative soma depth from the pial surface (in mm):

pyramidal neurons (A–G); large fusiform neurons (H,I); horizontal pyramidal neuron (J); interneurons (K–O); neurogliaform neurons (P,Q);

magnopyramidal neurons (R–T). Arrowheads indicate axons from neurons F, K, M, O, and P. Scale bar 5 100 mm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Flattened pyramidal neurons
These neurons were only found in the newborn ele-

phant cortex, mostly along the sulcal wall (soma depth

range: 795–1,956 mm; Table 2; Figs. 5E, 6E, 7F, 10D,E,

11C–F, 12N–P). Somata were shaped like relatively flat-

tened triangles (Msoma size 5 774 mm2; Table 2), with an

Figure 10. Neurolucida tracings of neurons in the newborn elephant motor cortex indicating relative soma depth from the pial surface (in

mm): pyramidal neurons (A–C); flattened pyramidal neurons (D,E); Cajal–Retzius neurons (F,G); inverted pyramidal neurons (H,I); nonpyra-

midal multipolar neurons (J–L); interneurons (M–Q). Arrowheads indicate axons from neurons H and Q. Scale bar 5 100 mm. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Newborn giraffe and elephant neuronal morphology

The Journal of Comparative Neurology | Research in Systems Neuroscience 13

http://wileyonlinelibrary.com


average of 2.9 primary basilar dendrites/neuron. Apical

dendrites (1.9/neuron) extended widely from the soma

and curved toward the pial surface. Dendrites were

moderately spiny (DSD 5 0.58; Table 2). In contrast to

other neuron types, Sholl analysis indicated that apical

dendrites in flattened pyramidal neurons were more

complex than basilar dendrites (Fig. 13J).

Large fusiform neurons
These relatively large fusiform neurons were only

observed in the newborn giraffe motor and visual

cortices (Figs. 4A, 8I, 9H,I). Their somata were larger

(Msoma size 5 485 mm2) than those of pyramidal neurons,

and were located deep in the cortex (soma depth

range: 1,204–1,475 mm; Table 2). Large fusiform neu-

rons displayed an average of 4.5 short, primary basilar

dendrites/neurons, which tended to descend in parallel

toward the underlying white matter. A single bifurcating

apical dendrite traveled vertically toward the pial sur-

face. The basilar dendrites of these neurons had more

spines than the dendritic processes of most other neu-

rons in the newborn giraffe cortex (DSD 5 0.76;

Table 2). Sholl analysis indicated a similar dendritic

length to that of pyramidal neurons in the newborn

giraffe (Fig. 13D).

Nonpyramidal multipolar neurons
These were the most commonly observed projection

neurons in the newborn elephant neocortex, and were

located primarily along the sulcal wall (Figs. 5D,G,

Figure 11. Neurolucida tracings of neurons in the newborn elephant frontal cortex indicating relative soma depth from the pial surface (in

mm): pyramidal neuron (A); crab-like neuron (B); flattened pyramidal neurons (C–F); inverted pyramidal neurons (G,H); interneurons (I,J);

nonpyramidal multipolar neurons (K–O). Scale bar 5 100 mm. [Color figure can be viewed in the online issue, which is available at wiley

onlinelibrary.com.]
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6A–C, 6J, 7A–C,I, 10J–L, 11K–O, 12Q–U). Because

there was no clear directional orientation for these neu-

rons, and because apical and basilar dendrites were dif-

ficult to differentiate, these neurons were, at the most

general level, categorized as nonpyramidal multipolar

neurons. Located between 712 and 1,741 mm from the

pial surface, somata were typically globular in shape

and relatively large (Msoma size 5 766 mm2). On average,

this neuron type exhibited 7.2 thick, primary dendritic

processes (5.5 presumed to be basilar; 1.7 presumed

to be apical) that branched outward from the soma.

Based on dendritic arborization patterns, two subtypes

of this multipolar neuron could be identified: multiapical

and starfish. Multiapical neurons were characterized by

the presence of what appeared to be several apical

dendrites that generally ascended toward the pial

Figure 12. Neurolucida tracings of neurons in the newborn elephant occipital cortex indicating relative soma depth from the pial surface (in

mm): inverted pyramidal neuron (A); pyramidal neurons (B–D); horizontal pyramidal neuron (E); magnopyramidal neuron (F); neurogliaform neu-

rons (G,H); interneurons (I–M); flattened pyramidal neurons (N–P); nonpyramidal multipolar neurons (Q–U). Arrowheads indicate axons from

neurons I, J, and L. Scale bar 5 100 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Newborn giraffe and elephant neuronal morphology
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Figure 13. Sholl analyses of 8 neuron types in the newborn giraffe and 10 neuron types in the newborn elephant indicating relative apical,

basilar, and total dendritic complexity of branching patterns. Dendritic intersections were quantified at 20-mm intervals using concentric

rings. In the newborn giraffe, neurons A–F are projection neurons and G, H are local circuit neurons. In the newborn elephant, neurons I–

O are projection neurons and P–R are local circuit neurons. Neuron types B, D–F, and all newborn elephant projection neuron types had

relatively long apical dendrites whereas neuron types A and C had shorter apical dendrites. Apical dendrites either extended much further

than the basilar dendrites (A,B,D–F) or were of similar length (C,I–O). For most neuron types, relative dendritic intersections peaked before

200 mm for both the basilar and apical dendrites; however, some neuron types in the newborn elephant had relative dendritic intersections

peak closer to 200 mm than did neuron types in the newborn giraffe.

Newborn giraffe and elephant neuronal morphology
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surface. We labeled one of these multiapical neuron

types as “starfish” neurons because they resembled the

five-legged common starfish (Asterias rubens) insofar as

they consistently possessed five thick dendritic proc-

esses, none of which were distinctly apical or basilar in

appearance; these extended radially from the soma in

all directions (e.g., Figs. 11K,M, 12Q,S,T). Although

these qualitative distinctions were apparent, these sub-

types of nonpyramidal multipolar neurons were not dif-

ferentially analyzed. These neurons were moderately

spiny (DSD 5 0.53; Table 2), and Sholl analysis indi-

cated that dendritic extension from the soma was

among the longest in the newborn elephant cortex

(Fig. 13N).

TABLE 3.

Descriptive Statistics by Neuron Classification and Species

Neuron type Species Measure Count Mean Variance Skew1 Kurtosis1

Projection neurons Elephant Vol 45 23,832.93 143,140,911 0.86 0.64
TDL 45 4,655.81 3,003,993 1.05 2.93
DSC 45 49.36 212 20.08 20.24
MSL 45 95.43 550 1.02 2.44
Soma size 45 751.24 82224 1.51 4.82
DSN 45 2,662.58 1,535,222 0.66 0.11
DSD 45 0.56 0 20.04 21.00

Giraffe Vol 62 8,642.84 71,188,331 3.47 16.59
TDL 62 3,344.00 1,806,121 0.39 0.18
DSC 62 45.39 227 0.08 20.55
MSL 62 73.84 320 20.14 20.40
Soma size 62 356.34 42,519 2.27 5.55
DSN 62 2,434.92 1,436,993 0.52 20.36
DSD 62 0.72 0 20.25 20.44

Local circuit neurons Elephant Vol 24 10,801.50 60,059,481 2.60 8.74
TDL 24 4,671.60 2,245,675 1.21 2.57
DSC 24 73.71 4,470 3.29 10.86
MSL 24 83.52 1,512 0.32 0.03
Soma size 24 579.50 77,989 1.54 3.74
DSN 24 1,478.21 56,6530 1.52 3.32
DSD 24 0.31 0 20.94 0.42

Giraffe Vol 22 3,723.69 3,564,644 1.53 2.98
TDL 22 2,667.23 1,051,124 0.88 0.34
DSC 22 38.09 236 0.72 0.97
MSL 22 75.94 723 20.01 21.37
Soma size 22 268.92 16,416 3.43 13.96
DSN 22 882.96 26,7293 1.62 4.38
DSD 22 0.33 0 1.13 1.21

1Bold numbers represent measures with a skew or kurtosis over 3, indicating non-normal distributions.

Abbreviations: Vol, dendritic volume; TDL, total dendritic length; DSC, dendritic segment count; MSL, mean segment length; DSN, dendritic spine

number; DSD, dendritic spine density.

TABLE 4.

Correct–Incorrect Confusion Matrices for Differentiation of Newborn Species for Projection and Local Circuit Neurons

Predicted Predictor importance1

94.4% Correct2 Elephant Giraffe Row total Vol TDL MSL DSC DSN DSD

Projection neurons
Observed

Elephant 41 2 43 1 0 0 1 0 4
Giraffe 4 60 64 Soma Size
Column total 45 62 107 3

93.5% Correct2 Elephant Giraffe Row total Vol TDL MSL DSC

Local circuit neurons
Observed

Elephant 21 0 21 5 0 0 1
Giraffe 3 22 25 Soma Size
Column total 24 22 46 3

1Predictor importance indicates how many times each neuronal measure was used in the regression analysis. See text for more details.
2Bold numbers represent the correct predictions. The percentage correct is calculated by dividing the sum of the two bold numbers by the total

number of neurons examined. So, for the projection neurons: (41 1 60)/107 5 0.944.

Abbreviations: Vol, dendritic volume; TDL, total dendritic length; DSC, dendritic segment count; MSL, mean segment length; DSN, dendritic spine

number; DSD, dendritic spine density.
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Inverted pyramidal neurons
These neurons were only observed in the newborn ele-

phant cortex, with a soma size that was 19% larger

than pyramidal neurons (Table 2; Figs. 6F,I, 7E, 10H,I,

11G,H, 12A). Soma depths for these neurons ranged

from 1,286 to 1,857 mm below the pial surface.

Although qualitatively and quantitatively similar to

pyramidal neurons in terms of morphology, inverted

pyramidal neurons differed in orientation insofar as the

apical dendrite descended toward the underlying white

matter and basilar dendrites (5/neuron) extended

toward the pial surface. These neurons were moder-

ately spiny (DSD 5 0.53). Sholl analysis indicated that

this neuron type had the shortest apical dendritic

length of all neuron types (Fig. 13L).

Horizontal pyramidal neurons
Pyramidal neurons with a horizontal orientation were

documented relatively deeply in the visual cortex of the

newborn giraffe (soma depth: 1,740 mm) and in the

motor and occipital cortices of the newborn elephant

(soma depth range: 886–1,360 mm; Table 2; Figs. 9J,

12E). Somata were 174% larger in the elephant (Msoma

size 5 707 mm2) than in the giraffe (Msoma size 5 258

mm2). In both species, these neurons possessed trian-

gular somata from which an apical dendrite extended

laterally or obliquely (<458), with several primary basi-

lar dendrites/neuron (two in the giraffe; five in the ele-

phant) radiating from the opposite pole of the soma.

Horizontal pyramidal neurons in the giraffe

(DSD 5 0.43) were less spiny than most other neuron

types. In the elephant, these were moderately spiny

(DSD 5 0.51; Table 2). Sholl analysis revealed that basi-

lar dendrites were approximately the same length as

apical dendrites in the newborn giraffe (Fig. 13C), but

that basilar were longer than apical dendrites in the

newborn elephant (Fig. 13K). Although elephant dendri-

tic measures for horizontal pyramidal neurons tended

to be considerably higher (by 194% for Vol; 57% for

TDL; 24% for MSL; 31% for DSC; 79% for DSN; 19% for

DSD) than those observed in the giraffe, it should be

stressed that only one horizontal pyramidal neuron was

traced in the giraffe.

In addition, only one crab-like neuron (Figs. 6H, 11B;

Jacobs et al., 2011) was found in the frontal cortex of

the newborn elephant. Located at a depth of 1,815 mm,

the soma was round in shape with a total of five pri-

mary basilar dendrites radiating symmetrically from

opposite sides of the soma. Dendrites were moderately

spiny (DSD 5 0.48; Table 2) compared with other neu-

rons. Sholl analysis indicated that dendritic length was

among the shortest of all neurons observed in the new-

born elephant (Fig. 13I).

Local circuit neurons
Interneurons
These neurons were the most common local circuit

neurons traced in both the giraffe (soma depth range:

606–1,812 mm) and the elephant (soma depth range:

477–3,079 mm), and were located relatively evenly from

the apex of the gyrus to the depth of the sulcus (Table

2; Figs. 3B,J, 4E,H, 5F,H, 6D, 7G, 8J–N, 9K–O, 10M–Q,

11I,J, 12I–M). Somata were rounded and had an aver-

age of 5.2 primary dendrites/neuron in the giraffe, and

8.4 primary dendrites/neuron in the elephant. Two sub-

types of interneurons were noted: 1) multipolar neurons

(Figs. 3B,J, 4E,H, 5F,H, 6D, 7G, 8J–L,N, 9K–N), which

exhibited an average of 5.6 primary dendrites/neuron

in the giraffe and 8.4 primary basilar dendrites/neuron

in the elephant; and 2) bipolar neurons (Figs. 8M, 9O),

which had two dendritic segments extending in oppo-

site directions. Sholl analysis indicated that interneur-

ons had the highest dendritic length of all local circuit

neurons in both species (Fig. 13G,Q). Dendritic mea-

sures for elephant interneurons neurons tended to be

higher (by 203% for Vol; 76% for TDL; 16% for MSL;

47% for DSC) than those observed in the giraffe.

Neurogliaform neurons
This neuron type was found in the visual cortex of both

the giraffe (soma depth range: 799–816 mm) and the

elephant (soma depth range: 617–1,102 mm; Table 2;

Figs. 4G, 7D, 9P,Q, 12G,H). In both species, somata

were typically globular, with many fine, slightly beaded,

radially distributed dendrites (giraffe: 8.5/neuron; ele-

phant: 9/neuron) that tended to bifurcate near the

soma. Sholl analysis indicated one of the lowest dendri-

tic lengths of local circuit neurons in both species

(Fig. 13H,R). As with interneurons, dendritic measures

for elephant neurogliaform neurons tended to be higher

(by 142% for Vol; 55% for TDL; 37% for MSL; 16% for

DSC) than those observed in the giraffe.

Cajal–Retzius neurons
Only two of these cells, originally described by Retzius

(1893) and Ram�on y Cajal (1891), were observed

superficially in the motor cortex of the elephant (soma

depth range: 393–404 mm; Table 2; Figs. 5C, 10F,G).

Radiating in all directions from an irregularly shaped

soma was an average of 7.5 primary dendrites/neuron.

These dendrites branched extensively and irregularly,

resulting in the highest DSC (281; Table 2) of all neuron

types. Sholl analysis exhibited the highest dendritic
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complexity, but the lowest dendritic length of neurons

in the newborn elephant (Fig. 13P).

Statistical analysis of species differences
After grouping individual neuron types into two cate-

gories, projection neurons and local circuit neurons, we

examined elephant/giraffe mean ratios for each de-

pendent variable to gain a descriptive understanding of

the differences between species. With the exception of

DSD in projection neurons, all ratios were larger for the

elephant than the giraffe, especially for Vol and soma

size (Table 3). However, the neuronal measures not

only had variances ranging from just over 0 to more

than 60 million, many of them also exhibited skew or

kurtosis values over 3, indicating non-normal distribu-

tions that prevented the correct use of conventional

parametric statistical tests (Table 3). We therefore used

individual MARSplines analyses (Berk and Breedman,

2003) to predict species by neuronal measures for

each class of neuron. For projection neurons, seven

variables were considered (Vol, TDL, MSL, DSC, DSN,

DSD, and soma size); for local circuit neurons, the two

spine measures (DSN, DSD) were omitted because of

their transient nature during development. The results

from both MARSplines analyses (Table 4) rejected the

null hypothesis of no differences between species for

both projection neurons [v2
(1) 5 83.79, P� 0.0000] and

local circuit neurons [v2
(1) 5 35.42, P� 0.0000]. Spe-

cies were predicted with 94.4% accuracy for projection

neurons, and 93.5% accuracy for local circuit neurons

(Table 4). This procedure also provided a qualitative

assessment of the relative importance of each predictor

(i.e., Vol, TDL, soma size, etc.) in identifying whether a

neuron belonged or did not belong to a particular spe-

cies. Importance was measured by counting the number

of times each neuronal measure was used by the

regression analyses. For projection neurons, measures

associated with differentiating newborn elephants from

newborn giraffes were, from least to most important,

DSC, Vol, soma size, and DSD; for local circuit neurons,

the measures were Vol, soma size, and DSC (Table 4).

DISCUSSION

Grossly, the brains were considerably smaller than

their adult counterparts. The newborn giraffe brain, at

378 g, was 27% below the adult average of 518 g

(Mitchell et al., 2008) and the newborn elephant brain,

at 1,745 g, was 64% below the adult average of

4,783 g (Shoshani et al., 2006). Morphologically, the

present results indicate that the newborn giraffe and

newborn elephant have a fundamentally different corti-

cal organization, confirming that neuromorphological

variation observed in the adults of these species is gen-

erated during prenatal brain development (Jacobs et al.,

2011, 2015). Much like in other cetartiodactyls (Butti

et al., 2014, 2015), giraffe neocortex is characterized

by a predominance of pyramidal neurons with singular

and/or narrowly bifurcating apical dendrites that con-

tribute to a vertically oriented cortical architecture simi-

lar to that of primates and rodents (Valverde, 1986;

Mountcastle, 1997). In contrast, African elephant neo-

cortex exhibits a variety of large projection neurons

with widely bifurcating apical dendrites that form V-

shaped bundles, which differ considerably from the

canonical vertical apical dendritic architecture of typical

primate and rodent pyramidal neurons (Fleischhauer

et al., 1972; Jacobs et al., 2011). Quantitatively, both

projection and local circuit neurons in the newborn ele-

phant also tended to be larger than corresponding neu-

rons in the newborn giraffe, especially in terms of soma

size and volume. Below, following a brief discussion of

methodological issues, we explore these findings in

more detail, with a focus on those aspects of neuronal

morphology that appear particularly relevant to the

newborn cortex.

Methodological considerations
The most evident limitation of the current study is

the small sample size, in terms of both available brain

specimens and the number of neurons reconstructed

for quantification. Although we only had access to one

brain from each species, the availability of optimally

preserved postmortem brain tissue in newborns pre-

sented a unique opportunity to study developmental

aspects of neuroanatomy in these uncommon animals.

Such limited availability of tissue definitely affected our

capacity to analyze a large number of neurons in each

cortical region, considering the yield of the Golgi tech-

nique and our criteria for inclusion. However, we

believe that the present dataset offers an important

and informative overview of neocortical neuronal types

at an early development stage in these large brained

mammals, which overall contributes to a better knowl-

edge of the rarely accessible neuroanatomy of these

species.

More generally, the limitations of the Golgi technique

have been extensively presented elsewhere and will not

be addressed again here (Williams et al., 1978; Braak

and Braak, 1985; Horner and Arbuthnott, 1991; Jacobs

and Scheibel, 1993, 2002; Jacobs et al., 1997, 2011,

2014, 2015). More specific to the present study are

problems associated with determining the presence or

absence of neuron types based on Golgi impregnations

(Jacobs et al., 2014, 2015). At best, one can make only

general, relative observations about the number or
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distribution of particular neuronal types, especially

given the limited number of neurons sampled in the

present study. Furthermore, there are issues related to

classification of neurons (Germroth et al., 1989; Mas-

land, 2004; Bota and Swanson, 2007; DeFelipe et al.,

2013) based solely on somatodendritic architecture

(Nelson et al., 2006; Ascoli et al., 2008). This is particu-

larly true for the (presumed) projection neurons in the

elephant, whose morphology does not strictly conform

to the Euarchontoglires-centric nomenclature in the lit-

erature (Manger et al., 2008; Jacobs et al., 2011).

Therefore, classification of neuronal subtypes in the

present study should be seen as tentative, with more

definitive phenotypic verification requiring molecular

techniques (Moln�ar and Cheung, 2006; Simat et al.

2007). Such immunohistochemical investigations are in

progress for several species (e.g., elephant, minke

whale) that we have already examined with the Golgi

technique. Nevertheless, the present results may be

compared with those obtained in the adults of the

same species, allowing for an examination of develop-

mental changes in neuromorphology.

Projection neurons
Newborn projection neuron morphology was nearly

identical to that observed in the adults of both species

(Jacobs et al., 2011, 2015). Several neuronal types

(e.g., pyramidal, magnopyramidal, gigantopyramidal,

large fusiform neurons), particularly in the giraffe, con-

formed to existing descriptions of typical projection

neurons, with newborn dendritic morphology similar to

that observed in several species: rats (Miller, 1981),

cats (Noback and Purpura, 1961; Marin-Padilla, 1972),

rabbits (Globus and Scheibel, 1967), and humans

(Takashima et al., 1981; Marin-Padilla, 2014). In the

present study, magnopyramidal neurons appeared to be

scaled-up pyramidal neurons with a similar morphology

but a larger number of basilar dendrites. In contrast,

gigantopyramidal neurons were not only larger than

magnopyramidal neurons, but also exhibited the distinc-

tive perisomatic, circumferential dendrite characteristics

of Betz cells (Betz, 1874; Scheibel et al., 1974;

Scheibel and Scheibel, 1978a). In newborn elephant

pyramidal-like neurons, however, the apical dendrites

tended to bifurcate, a prominent characteristic

observed in the adult African elephant cortex (Jacobs

et al., 2011). Such apical dendritic architecture

resembled that of extraverted neurons (Sanides and

Sanides, 1972; Fitzpatrick and Henson, 1994; Sher-

wood et al., 2009), which were prominent in the super-

ficial cortical layers in the newborn giraffe. These

widely bifurcating apical branches in elephant pyramidal

neurons and in extraverted neurons may be a conse-

quence of thalamocortical input to superficial layers of

agranular cortex (Ferrer and Perera, 1988; Glezer and

Morgane, 1990), and may facilitate communication

across wider cortical regions (Hof and Van der Gucht,

2007).

Although pyramidal neurons appear to be the most

intensively investigated of all neuron types in the neo-

cortex among newborn mammals of different species,

methodological differences across studies complicate

direct quantitative comparison. One investigation meth-

odologically identical to the present, however, quanti-

fied the basilar dendrites of layer V pyramidal neurons

in neonatal humans (Travis et al., 2005). In this sample

of four human neonates, soma size (ranging from 318

mm2 in Brodmann area 10 to 482 mm2 in area 4) was

less than the soma size in newborn elephant pyramidal

neurons, but greater than that observed in the giraffe.

In terms of basilar dendrites in neonatal humans, TDL

ranged from 2,291 mm in area 10 to 4,733 mm in area

4; DSN ranged from 573 in area 10 to 1,720 in area 4.

In the current study, basilar dendritic values in newborn

elephant pyramidal neurons (TDL 5 3,260 mm; DSN 5

1,901) were similar to those values observed in neona-

tal humans. For basilar dendrites in the newborn giraffe

(TDL 5 1,715 mm; DSN 5 1,189), TDL was lower, but

DSN was within the range observed in human neonates.

In other, methodologically different studies on human

neonates, it appears that newborn giraffe and especially

elephant pyramidal neurons tend to have more dendritic

complexity, as measured by both TDL and DSC, than

neonatal human pyramidal neurons in both occipital

and prefrontal cortex (Becker et al., 1984; Petanjek

et al., 2008). When compared with young control rats,

TDL appears much greater in newborn elephants and

giraffes (Bock et al., 2005). DSD values, however,

appear similar to those in newborn elephants and

giraffes in rats between 15 and 23 days of age (Miller,

1981; Murmu et al., 2006).

Two types of atypically oriented pyramidal neurons

were documented in the present study: inverted and

horizontal (Ram�on y Cajal, 1891; Miller, 1988). As in the

adult, horizontal but not inverted pyramidal neurons

stained in the newborn giraffe (Jacobs et al., 2015),

whereas both neuron types were observed in the ele-

phant (Jacobs et al., 2011). Similar to typical pyramidal

neurons, morphogenesis of atypically oriented pyramidal

neurons progresses in an inside-to-outside sequence,

with deeper neurons maturing before more superficial

neurons (Miller, 1988). Although these atypically ori-

ented pyramidal neurons were once considered to be

aberrant (Van der Loos, 1965; Landrieu and Goffinet,

1981), they have now been documented in a variety of

species (e.g., rats, rabbits, cats, sheep, sloths, anteaters,
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rock hyrax, chimpanzee, dolphin, minke and humpback

whale; Miller, 1988; de Lima et al., 1990; Qi et al.,

1999; Sherwood et al., 2009; Butti et al., 2015). They

appear to be excitatory, and constitute approximately

1–8.5% of cortical neurons, depending on the species

(Mendizabal-Zubiaga et al., 2007). In the present study,

these neurons were located relatively deeply in the cor-

tex, which is expected insofar as they tend to be

observed more frequently in infragranular layers (Meyer,

1987; Ferrer et al., 1986b; de Lima et al., 1990). Func-

tionally, these atypically oriented pyramidal neurons

appear to be integral components of cortical circuitry,

with axons that project to ipsi- and contralateral corti-

cal regions, as well as to the claustrum and striatum

(Globus and Scheibel, 1967; Parnavelas et al., 1977;

Miller, 1988; Bueno-L�opez et al., 1991; Mendizabal-

Zubiaga et al., 2007). The more horizontally oriented

pyramidal neurons, in particular, appear to contribute

to the lateral integration of synaptic input (Van Breder-

ode et al., 2000).

Figure 14. Bar graph of total dendritic length (TDL) of pyramidal, extraverted, gigantopyramidal, and interneurons, with representative neu-

rolucida tracings of each neuron type from both the newborn and the adult giraffe. TDL measures were higher in the adults for all neuron

types except interneurons, which exhibited similar TDL values in adults and infants. Scale bar 5 100 mm.

B. Jacobs et al.

22 The Journal of Comparative Neurology | Research in Systems Neuroscience



In the present study, newborn elephant cortex pos-

sessed a distinctive, clearly atypical appearance, as is

salient when comparing Figures 8 and 9 in the new-

born giraffe with Figures 10–12 in the newborn ele-

phant. This unusual appearance in newborn and adult

(Jacobs et al., 2011) elephant cortex is largely due to

the prominent presence of three types of morphologi-

cally atypical neurons: crab-like, flattened pyramidal,

and nonpyramidal multipolar (i.e., multiapical and star-

fish) neurons. Both the crab-like and flattened pyrami-

dal neurons appear to be variants of neuronal

morphologies that have previously been described in

dog and sheep with multiple horizontal collaterals or

horizontal soma shapes (Ferrer et al., 1986b). Flat-

tened pyramidal neurons also resemble the large,

widely bifurcating neurons observed by Barasa (1960)

in the cow, but with a shallower, more pronounced

lateral extension of the apical dendrites. The horizon-

tal nature of these two neuronal types suggests

enhanced lateral integration of information, perhaps

related to the low density of elephant cortical neurons

(Hart et al., 2008).

Figure 15. Bar graph of total dendritic length (TDL) of pyramidal, flattened pyramidal, nonpyramidal multipolar, and interneurons, with rep-

resentative neurolucida tracings of each neuron type from both the newborn and the adult elephant. TDL measures were higher in the

adults for all neuron types except interneurons, which exhibited slightly larger TDL values in the infant.Scale bar 5 100 mm.
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The most prevalent neuron type observed in the new-

born elephant cortex was the nonpyramidal multipolar

projection neurons, which also tended to exhibit widely

bifurcating (presumably apical) dendrites. Because of

the difficulty in unambiguously distinguishing apical

from basilar dendrites, this type of neuron was referred

to as a “multiapical pyramidal neuron” in the adult ele-

phant (Jacobs et al., 2011). In general, neurons identi-

fied in the newborn elephant as multiapical pyramidal

neurons resemble those observed in the cow, horse,

Figure 16. Envelopes for dendritic spine density (DSD) across selected neuron types in newborn elephant (A) and giraffe (B), and in adult

elephant (C) and giraffe (D). These graphs indicate general somatofugal increases in DSD for all neuron types. Note that DSD values after

segment order 9 in the adult giraffe (D) are clear outliers that are based on a very small number of dendritic segments. See text for

details.
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two-toed sloth, and anteater (Barasa, 1960; Ferrer

et al., 1986b; Sherwood et al., 2009). Finally, the star-

fish neurons, with their five omnidirectionally

radiating dendritic branches, are reminiscent of Stern-

zelle (“star-like” neurons) initially documented in the sei

whale (Kraus and Pilleri, 1969), and subsequently in the

humpback whale (Butti et al., 2015). These should not

be confused with the “star pyramidal” neurons

described in the rat (Lorente de N�o, 1922) or macaque

monkey (Jones, 1975; Valverde, 1986) because “star

pyramidal” neurons exhibit a clear, ascending apical

dendrite.

Local circuit neurons
The classification of local circuit neurons was based

solely on somatodendritic architecture because com-

plete axonal arbors were not revealed in the Golgi stain,

a limiting factor in the present study (Lund and Lewis,

1993; Markram et al., 2004; Druga, 2009). Neverthe-

less, consistent with the observation that the dendritic

morphology of these neurons is rather conserved

among mammals (Hof et al., 1999; Sherwood et al.,

2009; DeFelipe et al., 2013), local circuit neurons in

the present study appeared to exemplify several well-

recognized dendritic morphologies (e.g., multipolar,

bipolar, and neurogliaform), which have been identified

across many species (Feldman and Peters, 1978; Jones,

1984; Ferrer et al., 1986a,b; Hassiotis et al., 2003;

Thomson and Bannister, 2003; Povysheva et al., 2007;

Bianchi et al., 2011), including the adult elephant

(Jacobs et al., 2011) and giraffe (Butti et al., 2015). In

the present sample, based on all of the neuronal meas-

ures, interneurons (i.e., multipolar and bipolar neurons)

were much larger in the newborn elephant than in the

newborn giraffe, although both animals exhibited higher

TDL than reported by Prinz et al. (1997) for nonpyrami-

dal neurons in human neonatal cortex. Comparison of

quantitative measures across studies remains compli-

cated, however. To this end, we examined the dendritic

radius (i.e., the distance from the soma to the distal

end of the longest dendrite) in both the present and

previous investigations. Based on this measure, ele-

phant interneurons are roughly the size of those

observed in newborn humans (Marin-Padilla, 1969).

Interneurons in both the giraffe and elephant appear to

be larger than observed in the neonatal rat (Parnavelas

et al., 1978; Miller, 1986), cat (Meyer and Ferres-

Torres, 1984), rabbit (McMullen et al., 1988), and ferret

(Peduzzi, 1988), although the dendritic extent of rodent

and feline interneurons increases rapidly within the first

month of life. In the present study, neurogliaform neu-

rons were smaller than interneurons, but exhibited the

same interspecies pattern, with neurogliaform neurons

being larger in the newborn elephant than in the new-

born giraffe. As with interneurons, neurogliaform neurons

in the present sample appeared to be morphologically

TABLE 5.

Correct–Incorrect Confusion Matrices for Differentiation of Newborn and Adult Species for Projection Neurons

and Interneurons

Predicted Predictor importance1

93.1% Correct2 Adult elephant Newborn elephant Row total Vol TDL MSL DSC DSN DSD

Elephant
projection
neurons

Observed
Adult elephant 21 3 24 3 2 1 2 2 0
Newborn elephant 1 33 34 Soma Size
Column total 22 36 58 2

92.0% Correct2 Adult giraffe Newborn giraffe Row total Vol TDL MSL DSC DSN DSD

Giraffe
projection
neurons

Observed
Adult giraffe 180 15 195 8 1 3 0 6 5
Newborn giraffe 4 38 42 Soma Size
Column total 184 53 237 5

93.6% Correct2 Adult elephant Newborn elephant Row total Vol TDL MSL DSC

Elephant
interneurons

Observed
Adult elephant 10 1 11 1 0 1 1
Newborn elephant 1 19 20 Soma Size
Column total 11 20 31 1

70.0% Correctb Adult giraffe Newborn giraffe Row total Vol TDL MSL DSC

Giraffe
interneurons

Observed
Adult giraffe 16 8 24 1 0 1 1
Newborn giraffe 4 12 16 Soma Size
Column total 20 20 40 0

1Predictor importance indicates how many times each neuronal measure was used in the regression analysis. See text for more details.
2Bold numbers represent the correct predictions. The percentage correct is calculated by dividing the sum of the two bold numbers by the total

number of neurons examined. So, for the projection neurons in elephants: (21 1 33)/58 5 0.931.

Abbreviations: Vol, dendritic volume; TDL, total dendritic length; DSC, dendritic segment count; MSL, mean segment length; DSN, dendritic spine

number; DSD, dendritic spine density.
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similar to, but somewhat larger than, those reported in

neonatal rat (Hestrin and Armstrong, 1996) and cat

(Meyer and Ferres-Torres, 1984).

Two findings in the newborn elephant and giraffe dif-

ferentiate local circuit neurons from the adults of these

two species: 1) the presence of Cajal–Retzius neurons in

the newborn elephant; and 2) the presence of dendritic

spines. Although there appear to be several subtypes of

layer I interneurons (Rakic and Zecevic, 2003), the term

Cajal–Retzius now tends to refer to reelin-expressing

(Meyer et al., 1999; Mart�ınez-Cerde~no and Noctor, 2014)

glutamatergic neurons (Ina et al., 2007), which are

located in all nonolfactory cortical regions (Marin-Padilla,

1998). In the present study, Cajal–Retzius neurons

resembled those described in humans (Retzius, 1893;

Marin-Padilla, 1990, 2015; Meyer and Gonz�alez-

Hern�andez, 1993), cats (Noback and Purpura, 1961;

Meyer and Ferres-Torres, 1984), and rats (Zhou and

Hablitz, 1996). In the newborn elephant, Cajal–Retzius

neurons exhibited dendritic radii up to 300 mm, which is

considerably larger than those observed in pre- and post-

natal mice and rats (100–150 mm; Zhou and Hablitz,

1996; Meyer et al., 1998) and in humans (150–200 mm;

Meyer and Gonz�alez-Hern�andez, 1993). Although the

exact function of these neurons remains unclear, their

morphology suggests that they constitute a convergence

zone for the terminal apical dendrites of pyramidal neu-

rons (Marin-Padilla, 1998, 2015), perhaps playing an inte-

gral role in the development of cortical circuitry (Schwartz

et al., 1998; Kilb and Luhmann, 2001).

Although the presence of spines on newborn local

circuit neurons has been previously documented in

other species (rat: Parnavelas et al., 1978, Miller, 1986;

human: Marin-Padilla, 1969), their presence in the new-

born elephant and giraffe did provide these neurons

with a distinctive morphological characteristic. Spines,

ranging from stubby to filopodia-like protrusions (Pur-

pura, 1975; Harris et al., 1992), were not only present

on dendrites in large number, but also surrounded the

somata of these neurons (Figs. 3B, 4H, 5F, 6D). The

density of spines on interneurons (DSD 5 0.34) in new-

born giraffe and elephant is roughly equivalent to what

has been documented on interneurons in rat auditory

cortex between postnatal day 11 and 14 (Schachtele

et al., 2011). Given that local circuit neurons in the

adult giraffe (Jacobs et al., 2015) and elephant (Jacobs

et al., 2011) do not exhibit such spines, their presence

in the newborns of these species appears to be transi-

tory. This loss of supernumerary spines thus appears to

be a widespread developmental phenomenon in the

mammalian brain beyond rodents and primates (Lund

et al., 1977; Parnavelas et al., 1978; LeVay, 1973;

Miller, 1986; Marrs et al., 2001).

Newborn versus adult morphology
The present findings demonstrate that newborn ele-

phant neurons are not only larger than newborn giraffe

neurons, but also that it is possible to differentiate spe-

cies based on dendritic characteristics. In addition, the

present findings facilitate comparison of newborn and

adult neuromorphology for the giraffe and elephant

because results for both time points were obtained under

the same methodological conditions. For this compari-

son, we chose the four neuron types that were most fre-

quently traced in the newborns and adults of each

species. In the adult giraffe, a total of 204 neurons from

Jacobs et al. (2015) were used: 20 interneurons, 143

pyramidal, 35 extraverted, and 6 gigantopyramidal neu-

rons. In the adult elephant, a total of 33 neurons from

Jacobs et al. (2011) were included: 11 interneurons, 16

pyramidal, 3 flattened pyramidal, and 3 nonpyramidal

multipolar neurons. For newborn animals, the number of

neurons is provided in Table 2. Two levels of analysis

were used for this comparison.

The first, descriptive comparison examined both den-

dritic extent (i.e., TDL) and spine distribution (i.e., DSD)

across dendritic segments. Dendritically, there was con-

siderable morphological similarity in neuron types

between newborns and adults of each species (giraffe:

Fig. 14; elephant: Fig. 15), and suggested that the adult

projection neurons are more dendritically extensive

than the newborn counterparts. Quantitative examina-

tion of these neurons revealed that, in terms of TDL,

adult projection neurons were indeed more dendritically

extensive than infant projection neurons. Specifically,

TDL for adult giraffe projection neurons was greater

than that of their newborn counterparts by 49% for

pyramidal neurons, 80% for extraverted neurons, and

59% for gigantopyramidal neurons (inset graph in Fig.

14). In elephants, TDL for adult projection neurons was

greater than that of their newborn counterparts by 32%

for pyramidal neurons, 36% for flattened pyramidal neu-

rons, and 30% for nonpyramidal multipolar neurons

(inset graph in Fig. 15). These results suggest a pro-

longed growth period for the projection neuron dendri-

tic system, as has been documented in primates (Travis

et al., 2005; Bianchi et al., 2013; Elston and Fujita,

2014). In contrast, TDL of giraffe interneurons tended

to be roughly the same size (within 3%) in both the

newborn and the adult (Fig. 14); TDL of elephant inter-

neurons tended to be slightly larger (by 9%) in the

infant than in the adult (Fig. 15). One explanation for

the relatively large size of interneurons in the newborn

is that, because of intrinsic mechanisms, these mostly

g-aminobutyric acid (GABA)-ergic interneurons may

mature before the glutamatergic projection neurons

B. Jacobs et al.

26 The Journal of Comparative Neurology | Research in Systems Neuroscience



and, consequently, establish functional networks that

facilitate the survival of cortical projection neurons

(K€oller et al., 1990; Ben-Ari, 2002; Ben-Ari et al., 2004;

but see Parnavelas et al., 1978).

Using the same subset of data, a segment analysis

of dendritic spines revealed a somatofugal increase in

DSD for all three projection neuron types examined in

the newborn elephant (Fig. 16A) and giraffe (Fig. 16B),

a pattern consistent with what has been observed in

human pyramidal neurons (Jacobs et al., 1997, 2001).

DSD differences were small in the three neuron types

examined in the newborn elephant, whereas extraverted

neurons in the giraffe exhibited higher DSD after seg-

ment order 3 than either gigantopyramidal or pyramidal

neurons. By comparison, DSD values in the adult ele-

phant (Fig. 16C) were highest in pyramidal neurons. As

in the newborn giraffe, DSD values in the adult giraffe

were slightly higher in extraverted neurons than in the

other neuron types. Note that we caution against com-

parison of these values across individual animals

because of the small number of some neuron types

and because of potential variations in tissue fixation

and Golgi impregnation.

The second analysis explored these quantitative dif-

ferences more completely by again using a MARSplines

technique to examine potential newborn–adult differen-

ces separately for each species. As with the newborn

comparisons between species, we independently exam-

ined projection neurons (elephant: pyramidal, flattened

pyramidal, and multipolar neurons; giraffe: pyramidal,

extraverted, and gigantopyramidal neurons) and inter-

neurons. In other words, a conventional 2 3 2 design

was used, with each comparison evaluated separately

to facilitate our ability to highlight differences between

the groups. The null hypothesis was that it would not

be possible to differentiate either species or age group

by examining the neuronal measures.

Based on the results of these analyses (Table 5), we

rejected the null hypothesis of no difference between

newborn and adult neurons within each species for

both projection neurons [elephant: v2 (1) 5 42.73,

P< 0.0000; giraffe: v2 (1) 5 136.40, P< 0.0000] and

interneurons [elephant: v2 (1) 5 22.88, P< 0.0000;

giraffe: v2 (1) 5 6.67, P< 0.0098]. Newborn–adult neu-

ronal differences were above 92% accurate for all com-

parisons except giraffe interneurons, which were

differentiated at only 70% accuracy (Table 5). In terms

of predictor importance, Table 5 shows that interneur-

ons were qualitatively weak predictors with no impor-

tance measures over 1, compared with the projection

neurons importance measures of 8, 6, two 5s, two 3s,

four 2s, and two 1s. Although this is a strictly qualita-

tive result, it does indicate a considerable difference in

the utility of the two classes of neurons to differentiate

infants from adults. Even if one removes DSN and DSD

from consideration, because those measures were not

in both analyses, there is still a considerable difference

in predictor importance between the two classes of

neurons. This finding is consistent with the descriptive

observation above, namely, that TDL measures for both

species reveal very little difference in interneurons

between newborns and adults. In conclusion, the

MARSplines analyses reveal that, when unique combina-

tions and weightings of the neuronal measures are con-

sidered, it is possible to discern significant differences

not only between species, but also within the adults

and newborns of the same species.

CONCLUSIONS

The present findings in the newborn giraffe and ele-

phant reinforce initial observation of neocortical neuro-

morphology in the adults (Jacobs et al., 2011, 2015),

which suggested that giraffe cortex was similar to that

of other cetartiodactyls, whereas elephant cortex varied

greatly from that of other eutherian mammals, including

other afrotherians. Our current results show that neuro-

nal differences between species are established in early

postnatal life. Neuronal measures for both projection

neurons and local circuit neurons could be used to dif-

ferentiate newborn elephants from newborn giraffes,

indicating fundamental species differences at the neuro-

nal level. Finally, comparisons of neurons in newborn

and adult animals indicated that projection neurons

were much larger in the adults than in the newborns,

whereas interneurons were roughly the same size.
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