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Previous studies have shown a noticeable phenotypic diversity for pyramidal cells among
cortical areas in the cerebral cortex. Both the extent and systematic nature of this variation
suggests a correlation with particular aspects of cortical processing. Nevertheless, regional
variations in the morphology of inhibitory cells have not been evaluated with the same

Keywords: detail. In the present study we performed a 3D morphometric analysis of 120 NADPH
Interneuron diaphorase (NADPH-d) type I neurons in the visual cortex of a South American
Striate Hystricomorph rodent, the diurnal agouti (Dasyprocta sp.). We found significant
Extrastriate differences in morphology of NADPH-d type I neurons among visual cortical areas: cells
Area 17 became progressively larger and more branched from V1 to V2 and V3. Presumably, the
Area 18 specialized morphology of these cells is correlated with different sampling geometry and
Rodent function. The data suggest that area-specific specializations of cortical inhibitory circuitry
are also present in rodents.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction number of dendritic spines in different cortical areas (Elston,

2002; Elston, 2003a; Jacobs and Scheibel, 2002). Interneurons,

Recent studies in primates have revealed a marked degree of
morphological specialization of neuronal circuits across
different cortical areas. Pyramidal cells, which comprise
more than 70% of the neurons in the cerebral cortex (DeFelipe
and Farinas, 1992), differ in size, branching pattern, and

which comprise most of the remaining neurons, also differ in
their morphology in distinct cortical areas (DeFelipe et al.,
1999; Gabbott et al., 1997; Lund et al, 1993). Moreover,
systematic trends in circuit specialization have been docu-
mented in homologous cortical pathways in different species:
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the dendritic trees of neurons tend to become more spinous
with increasing functional complexity along the pathway (see
Elston, 2007 for a review).

To date, few systematic quantitative studies have been
performed in the rodent cerebral cortex (e.g., Benavides-
Piccione et al,, 2006). In fact, much of the earlier work
performed in rodent species led to the theory of cortical
uniformity (e.g., Szentagothai, 1975). This theory, however,
has been subjected to intense scrutiny (e.g., Barone and
Kennedy, 2000; Elston, 2002, 2003a; Jacobs and Scheibel,
2002). Advances in our understanding of the brain over the
last four decades suggest that a re-examination of the
organization of the rodent cerebral cortex is required to better
understand species specializations and evolutionary trends
(see Kaas, 2005; Krubitzer, 2009; Preuss, 2000 for reviews). Here
we focus our attention on the agouti, a diurnal Hystricomorph
with several species belonging to the single genus Dasyprocta.
The agouti is native to tropical America and has a medium-
sized body (about 3.5 kg). Its visual system has been the
subject of several studies, including eye optics (Oswaldo-Cruz
et al., 1985), photoreceptor (Rocha et al., 2009), horizontal (de
Lima et al., 2005), and retinal ganglion cell topography (Gomes
et al., 1998; Silveira et al., 1989), visual cortex anatomy (Costa
et al,, 1996; Elston et al., 2006; Picanco-Diniz et al., 1989;
Picanco-Diniz et al., 1992) and physiology (Pican¢o-Diniz et al.,
1991; Picango-Diniz et al.,, 1992). The agouti has a large
lisencephalic brain, which is well suited for mapping studies
(Picango-Diniz et al., 1989; Rocha et al., 2007; see Santiago et
al., 2007 for details) (Fig. 1). As befits a diurnal species, the
agoutiis a highly visual rodent, with a prominent visual streak
in the retina (Silveira et al., 1989) and a well developed visual
cortex including at least 3 distinguishable areas: the primary
(V1), second (V2) and third (V3) visual areas (Picanco-Diniz et
al., 1989; Picanco-Diniz et al., 1991).

Recently, we demonstrated that a class of excitatory
neurons, the pyramidal cells, become increasingly larger,
more branched, and with more dendritic spines across V1,
V2 and V3 in the agouti (Elston et al., 2006), consistent with
observations in monkeys (Elston et al., 1999a,b). So far,
however, no one has performed a systematic quantitative
comparison of inhibitory neurons within these areas. In the
present work, we quantified the morphology of a subpop-
ulation of inhibitory cells, the nitrergic neurons (Vincent
and Kimura, 1992). This cell group can be readily detected
by a simple histochemical reaction that uses the enzyme
nicotinamide adenine dinucleotide phosphate diaphorase
(NADPH-d) (Thomas and Pearse, 1964), which reveals two
sub-types of cells according to their morphological char-
acteristics (Freire et al.,, 2005; Luth et al., 1994). Type I
neurons have larger cell bodies, more ramified dendritic
trees, and are more reactive than type II neurons (Luth et
al., 1994). Although the morphology of NADPH-d type I
neurons has been evaluated in a number of species in both
normal and altered conditions (Franca et al., 2000; Freire et
al., 2004, 2007, 2008; Norris et al., 1996; Pereira et al., 2000;
Sandell, 1986; Tao et al,, 1999; Yan and Garey, 1997), we are
unaware of any study in which the morphology of these
neurons has been quantified and compared systematically
amongst functionally related cortical areas. Thus, we recon-
structed NADPH-d type I neurons in 3D and studied how

F.

Fig. 1 - The agouti (Dasyprocta sp.) (A), assuming a typical
vigilant posture. (B) A dorsolateral view of its lisencephalic
brain. Scale bar: 1 cm.

their morphology varies across areas V1, V2, and V3. We
have found that similar to pyramidal cells, NADPH-d type I
neurons become increasingly larger and more ramified
when one moves from V1 to V2 and V3, suggesting the
existence of a specialized inhibitory circuitry across visual
cortical areas of this species.

2. Results
2.1. Reactivity of NADPH-d in the visual cortex

Figure 2 shows a tangential section of the flattened agouti
cortex, reacted for NADPH-d, with the limits of different visual
areas being distinctly identifiable. Notice the primary visual
area (V1) (adjacent to and extending underneath to the lateral
sulcus), the second visual area (V2) and the adjacent third
visual area (V3). The location and boundaries of visual areas
revealed by NADPH-d are similar to those previously deter-
mined by electrophysiological mapping, cytoarchitecture, and
patterns of myelination (Elston et al., 2006; Picanco-Diniz et al.,
1989).

Since the limits of visual areas were precisely defined with
the NADPH-d histochemistry, we were able to determine with
precision the identity of cortical areas from which individual
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Fig. 2 - Tangential section of the agouti’s left brain hemisphere processed for NADPH-d histochemistry. Notice the location of
the primary visual area (V1) adjacent to and extending underneath the lateral sulcus (arrow), the second visual area (V2) and the
adjacent third visual area (V3). The photomicrographs below illustrate select NADPH-d positive neurons in each cortical area.
The arrow points to a type II neuron located in the area V3. Scale bars: 2 mm (lower magnification); 100 pm (enlargements).

NADPH-d type I neurons were being sampled. We observed a
wide diversity in both cell body size and dendritic morphology
of cells across areas, including multipolar, stellate, and bipolar
cell morphology (Fig. 2). Fig. 3 shows representative examples
of neurons from different visual areas with information about
cell body size (Cb), dendritic field area (Df), and fractal
dimension (D).

2.2.  Analysis by cortical area

Based on neuron location within cortical areas V1, V2 and
V3, a total of 120 NADPH-d type I neurons were selected for

analyses (Tables 1 and 2). Comparison among these cells
revealed that the size of cell bodies became progressively
larger from V1 (379.51+11.17 um?) to V2 (407.44+12.34 um?)
(F,87=10.48) and V3 (428.57+10.27 um?) (F,g,=1.73) (Fig. 4A).
While an ANOVA revealed these differences to be significant
(p<0.01), a post-hoc Newman-Keuls test revealed a signifi-
cant difference only between V1 and V3, but not between V1
and V2 or between V2 and V3. The dendritic trees of NADPH-
d type I neurons also became increasingly larger from V1
(47.89+ 2.02x10® pm?), to V2 (68.28+2.03x10% ym?), and V3
(83.30+1.90x10% pm?) (Fps,=32.88) (Fig. 4B). A post-hoc New-
man-Keuls test revealed that all pair-wise comparisons
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Fig. 3 - Examples of reconstructed cells from primary (V1), second (V2) and third (V3) visual areas. The size of the cell body (Cb),
the dendritic field area (Df) and the fractal dimension (D, dilation method) is given for each cell. Scale bar: 100 pm.

were significant (p<0.05). In addition, cells in V1 had fewer
ramifications than those in V2 and V3, with the latter being
more ramified than both V1 and V2 neurons (Fig. 4B,C).
The maximum degree of ramification occurred in third order
dendrites for all groups. Likewise, fractal analyses revealed
that the branching pattern of NADPH-d cells became pro-
gressively more complex from V1 (dilation: 1.347+0.011;

mass radius: 1.414+0.017), to V2 (dilation: 1.402+0.012; mass
radius: 1.462+0.014) (F;sg=23.75—dilation; F;sg=19.09—
mass radius) and V3 (dilation: 1.451+0.018; mass radius:
1.517+0.017) (F,,s7=4.98—dilation; F,g;=6.34—mass radius)
(Figs. 4D-E). For each method (dilation and mass radius), the
post-hoc Newman-Keuls test revealed that all pair-wise
comparisons were significant (p<0.05).

Table 1 - Size of the cell bodies (pm?) and dendritic trees
(x10° pm?) of NADPH-d neurons across visual areas.

Visual area Mean SD SEM Minimum Maximum

Table 2 - Fractal dimension (dilatation and mass radius) of
NADPH-d neurons across visual areas.

Visual area Mean SD SEM Minimum Maximum

Cell body
V1 379.51 61.1 11.17 277.40 545.90
V2 40744 67.5 12.34 263.10 534.30
V3 428.57 56.2 10.27 292.40 523.20
Dendritic field
V1 47.89 1235 2.02 29.71 67.00
V2 68.28 1741 2.03 41.45 85.52

V3 83.30 1841 1.90 60.79 98.08

Fractal analysis (dilation)

A% 1.347 0.060 0.011 1.252 1.468

V2 1.402 0.066 0.012 1.279 1.547

V3 1.451 0.099 0.018 1.269 1.665
Fractal analysis (mass radius)

A% 1414 0.091 0.017 1.292 1.536

V2 1.462 0.079 0.014 1.314 1.653

V3 1.451 0.092 0.017 1.311 1.679
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Fig. 4 - Histograms comparing key quantitative morphological parameters from NADPH-d type I neurons in the primary (V1),
second (V2) and third (V3) visual areas of the agouti. There is a progressive increase in the size of the cell bodies (A), the dendritic
field area (B), the number of dendrites (C) and the fractal dimension (D and E) from V1 to V2 and V3. Horizontal bars show
significant differences according to the Newman-Keuls post-hoc test (*p<0.05 and **p<0.01).

2.3. Cluster analysis of neuronal morphology

In addition to the comparative analysis of morphological
parameters of NADPH-d type I neurons according to which
cortical area they belonged to, we performed a cluster analysis
of all 120 neurons. A multivariate analysis separated three

distinct groups of cells, with neurons from each cortical area
tending to be clustered together (Fig. 5). When comparing V1
and V2 neurons, for instance, we noticed a less defined
clustering of V1 neurons (Fig. 5, top tree). Likewise, when
comparing V1 and V3, only 8 neurons from the former
clustered together, while 4 of V3 neurons clustered with the

Fig. 5 - Dendrograms generated from cluster analysis of morphometrical parameters of all neurons pooled from V1, V2 and V3.
Neurons are identified by labels at the bottom of each tree branch.
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V1 group (Fig. 5, middle tree). In V2 and V3 clusters, 9 neurons
from V3 clustered with V2, while 10 neurons from V1 shared a
cluster with V3 (Fig. 5, bottom tree).

3. Discussion

In the present study we quantified the morphology of NADPH-d
type I neurons in the agouti’s cortical areas V1, V2, and V3. We
found that the boundaries of all three cortical areas revealed by
NADPH-d histochemistry were consistent with those revealed
previously by both electrophysiological mapping (Picanco-Diniz et
al.,, 1989) and cytochrome oxidase histochemistry (Elston et al.,
2006). A comparison of the morphology of dendritic trees of NADPH-
d type I neurons revealed that they become more complex with
lateral progression through areas V1, V2 and V3.

3.1. Neuropil reactivity and nitrergic neurons of the agouti
visual cortex

The NADPH-d reactive neuropil allows one to define with
precision the boundaries between visual areas not only in the
agouti but also in other distantly related species (see Franca et
al., 2000), although the reasons for the existence of compart-
ments with high and low enzymatic activity remains to be
fully clarified. In layer IVC of the monkey’s visual cortex, for
instance, there is also a high concentration of dispersed NOS/
NADPH-d neuropil but few reactive cell profiles (Franca et al,,
1997). Using electron microscopy reconstructions Aoki et al.
(1993) demonstrated that NOS-immunoreactive neuropil in V1
corresponds predominantly to presynaptic terminals of un-
known origin. Since NADPH-d/NO is directly correlated to
metabolism in the primate brain (Wong-Riley et al., 1998) it
can actively regulate neuronal activity.

After the discovery that NO is a NADPH-d in the 1990s,
histochemical methods that reveal NADPH-d activity were
applied to identify NO-producing neurons (Dawson et al., 1991;
Hope et al,, 1991). NO is a highly diffusible molecule that is
involved in several physiological and pathological events in
the nervous system (see Calabrese et al., 2007; Freire et al,,
2009; Guimaraes et al., 2009 for reviews). Accordingly, NADPH-
d neurons could contribute, for instance, to the regulation of
the cerebral microvasculature through NO (Estrada and
DeFelipe, 1998).

3.2. Homogeneity vs. heterogeneity in the neocortex

There are two opposing theories related to the microstructure of
the mammalian cerebral cortex. One theory posits that the

neocortex is composed of repeated columns of cells each of
which comprises a canonical circuit (Binzegger et al., 2004;
Douglas et al., 1989; Mountcastle, 1997). The other theory states
that neuronal structure and patterns of connectivity vary greatly
across the cortical mantle (Elston, 2007; Horton and Adams,
2005; Jacobs and Scheibel, 2002; Nelson, 2002). The present data
are consistent with the latter view: the morphology of NADPH-d
type I neurons differ significantly amongst cortical areas. The
dendritic trees of NADPH-d type I cells in V3 were, on average,
about 75% larger than those in V1. The dendritic trees of these
cells in V3 were, on average, 50% more branched than those in
V1. In addition, as reported previously in the visual cortex of
primates (Barone and Kennedy, 2000; Elston, 2003b; Elston et al.,
2005a,b,c 1999a,b), neuronal morphology differed systematically
among functionally related cortical areas. The dendritic trees of
neurons become increasingly larger and more branched with
increasing cortical hierarchy. How then might these specializa-
tions in neuronal morphology influence function?

3.3. Functional implications of specialized morphologies

As reviewed in detail elsewhere, differences in the size and
branching complexity of dendritic trees may influence the
computational capability of neurons at the subcellular and
cellular level (Elston, 2003a; Jacobs and Scheibel, 2002;
Spruston, 2008). For example, the relationship between the
size of the dendritic tree of NADPH-d type I neurons and the
size of the topographic map in a given area could determine
the proportion of the visuotopic representation over which the
cell may exert a direct influence (Lund et al., 1993; Malach,
1994). This potential influence is magnified as the size of the
visuotopic map is increasingly reduced from V1 to V2, and V3,
while dendritic trees become progressively larger. Differences
in the number of branches in the dendritic tree influence their
space-filling capacity and may determine the potential to
compartmentalize the processing of inputs (Elston, 2003a;
Jelinek et al., 2005; Mel, 1999; Rall et al., 1992; Segev, 1998;
Spruston et al., 1999; Stuart et al., 1997). Differences in the
number of branches in the dendritic tree may also influence
the decay of backpropagating potentials, believed to be
important in the Hebbian reinforcement of inputs and their
distribution (Elston and DeFelipe, 2002; Vetter et al., 2001).
Differences in total dendritic length influence the electro-
tonic properties of neurons as well (Mainen and Sejnowski,
1996; Rall, 1959, 1989; Rothnie et al., 2006). Moreover, the
potential differences in the distribution of inputs throughout
the dendritic trees, and the spatial configuration of the
dendritic tree have been shown to influence both the
functional capacity of neurons and the memory storage

Fig. 6 - Illustration of methods used to determine (A) the size of both the dendritic trees and cell bodies; (B) their branching
profile (Sholl analysis); and (C) their space filling capacity (fractal dimension). The size of the dendritic trees was calculated as
the area contained within a polygon formed by joining the distal dendritic tips, while cell body size was determined as the area
determined by the cell body profile (arrow), excluding the parent dendrite expansions. Branching complexity was determined
by Sholl analyses. The space filling (fractal dimension) was calculated by reducing the thickness of the dendrites to one pixel
(Ai). Circles of increasing diameter were drawn over each pixel along the skeletonized dendrites (Aii-iv) and the percentage
coverage within the dendritic tree was calculated. We repeated the process 26 times and the resulting data was plotted (B). We
removed outliers from the data set (colored dots) and the fractal value (D) was calculated.
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capacity of cortical circuits they comprise (Poirazi and Mel,
2001; Stepanyants et al., 2002). Further electrophysiological
mapping studies will be required to provide the empirical data
to reveal how structural differences in NADPH-d type I
neurons reported here may influence their function.

3.4. On cell body size and the dendritic tree

The present results suggest that cell body size is correlated
with both the size of the dendritic trees and the complexity of
their branching structure. Studies in the visual cortex of
primates reveal a similar trend (Elston and Rosa, 1998; Elston
et al,, 1999a; Elston et al., 2005a—c). However, similar compar-
isons in other cortical regions revealed a lack of correlation
between cell body size and either the size of the dendritic trees
or their branching complexity (Elston and Rockland, 2002). For
example, there was only a 50% correspondence between cell
body size and the size of the dendritic trees of neurons in the
sensorimotor cortex of macaque monkey (Elston and Rock-
land, 2002). Other comparisons also revealed a lack of
consistency between cell body size and the size of dendritic
trees. For example, soma size is significantly different
between cells in areas 4 and 5 of the macaque monkey, but
there is no significant difference in the size of their dendritic
trees. In fact, comparison of some populations of neurons
reveals a reverse correlation; namely, the larger the cell body
the smaller the dendritic tree (Elston and Rosa, 2006).
Moreover, even when there is no significant difference in the
size of the cell somata in different cortical areas, there may be
marked differences in the number of spines contained within
their dendritic trees: cells in area 6 of the macaque monkey
contain at least 75% more spines than those in areas 4 and 5,
but their somata are not significantly different in size (Elston
and Rockland, 2002). Various other groups have also reported a
lack of correlation between the size of the cell body of cortical
neurons and the structure of their dendritic trees (rat
somatosensory cortex: Larkman, 1991a,b; cat visual cortex:
Matsubara et al., 1996) suggesting widespread variance
between these parameters.

4, Conclusion

We have shown that the dendritic trees of NADPH-d type I
neurons differ among cortical areas V1, V2 and V3 of the
agouti. Cells increased systematically in both size and
branching complexity with progression from V1 to V2 and
V3. Thus, there appears to be a systematic increase in input-
sampling convergence at progressively higher levels along the
cortical visual pathway. These data, taken together with those
reported elsewhere for pyramidal cells (Benavides-Piccione et
al., 2006; Elston et al., 2006) suggest that systematic special-
ization in cortical circuitry may be common in the rodent
cerebral cortex. Nonetheless, as NADPH neurons constitute
only a small proportion of inhibitory interneurons (Gonchar
and Burkhalter, 1997; DeFelipe et al., 1999; Gonzalez-Albo et
al., 2001), it will be worthwhile in future studies to compare the
morphology of other types of interneurons to better compre-
hend the extent of specialization of inhibitory circuitry among
cortical areas.

5. Experimental procedures
5.1. Perfusion, tissue preparation and histochemical
processing

Five adult male agoutis (Dasyprocta sp.), obtained from the
Federal University of Pard central animal facility were used in
the present study. The animals were deeply anaesthetized
with urethane (1.25 mg/kg, ip.) or a mixture of ketamine
(10 mg/kg, i.p.) and xylazine (1 mg/kg, ip.) and perfused
transcardially with 0.9% heparinized-saline, followed by 4%
paraformaldehyde (Sigma Company, St Louis, MO, USA) in
0.1 M phosphate buffer (PB), pH 7.4. All experimentation was
performed in accordance with guidelines from the Brazilian
Institute of the Environment and Renewable Natural
Resources (IBAMA) (license 207419-0030/2003) and the NIH
Guide for the Care and Use of Laboratory Animals.

The brains were removed from the skull, the tissue was
flattened between two glass slides (immersed in 0.1 M PB
overnight) and then cut tangentially at 200 pm with a
Vibratome (Pelco International, Series 1000). For the NADPH-
d histochemistry (indirect method, modified from Scherer-
Singler et al., 1983), all sections were reacted free floating as
follows: the tissue was incubated in a solution containing 0.6%
malic acid, 0.03% nitroblue tetrazolium, 1% dimethylsulfoxide,
0.03% manganese chloride, 0.5% p-NADP and 1.5-3% Triton X-
100 in 0.1 M Tris buffer, pH 8.0. The reaction was monitored
every 30 min to avoid overstaining and was interrupted by
rinsing sections in Tris buffer (pH 8.0) when well-stained
secondary and tertiary dendrites of NADPH-d cells could be
visualized at lower magnification. Sections were then
mounted onto gelatinized-glass slides, air-dried overnight,
dehydrated through a series of graded alcohols and cover-
slipped with Entellan (Merck, Germany). All reagents were
purchased from Sigma Company, USA.

Sections were photographed prior to, and after, processing
to allow correction factors to be applied for any shrinkage. If a
section was estimated to have reduced in size by 2% during
processing, the size of the dendritic trees, for example, was
adjusted in the reported data to correct for this artifact.
Moreover, neurons were sampled from V1, V2 and V3 within
any given section. As there was no estimable difference in
shrinkage among these cortical areas it is unlikely that the
difference in the size of the dendritic trees we report here
among cortical areas could be attributed to different shrinking
with batch processing, for example.

5.2. Delineation of cortical areas

The boundaries of cortical areas V1, V2 and V3 have been
determined by electrophysiological mapping, cytoarchitec-
ture, and patterns of myelination (Elston et al., 2006; Picango-
Diniz et al., 1989). Moreover, the temporal posterior area (TP)
with visually responsive neurons has also been identified
lateral to V3 lateral border. In the present work, we have
defined them in tangential sections processed for NADPH-d
histochemistry. Thus, we were able to determine with
accuracy from which cortical areas we sampled individual
NADPH-d type I neurons. Since the general pattern of tissue
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reactivity defining visual limits is restricted to layer IV, we
were confident we have sampled all neurons from this layer,
normally encompassed in three sections.

5.3. Neuronal reconstructions, qualitative and
quantitative analysis

We reconstructed a total of 120 NADPH-d type I neurons in 3D
while viewed through an oil immersion lens (60x planapo-
chromatic objective) coupled with an Optiphot-2 microscope
(Nikon, Tokyo, Japan) equipped with a motorized stage
(MAC200, LUDL, Hawthorne, NY, USA) and a computer running
the Neurolucida software (MBF Bioscience, Williston, VT, USA).
We selected 40 neurons randomly from each cortical area
(about 8-10 cells per animal, throughout three sections). Only
neurons that had the entire dendritic arborization placed
within a single section were included for analyses. Four
morphometric parameters were evaluated: (1) area of den-
dritic arborization, in pm? (the area defined by the polygon
joining the outermost distal tips of the dendrites; Fig. 6A); (2)
area of cell body (Fig. 6A, arrow); (3) number of dendrites by
order (Fig. 6B); and (4) fractal dimension (D)—including that
derived by the dilation and mass radius methods (Fig. 6C; see
Jelinek et al., 2005 for details). All measurements were made
with the Neuroexplorer software (MBF Bioscience). Cluster
analysis was performed using these parameters (Schweitzer
and Renehan, 1997).

Comparisons between different groups were made
by analysis of variance (ANOVA) with the Newman-Keuls
post hoc test. Significance level was preset at 95% (p<0.05).
All values are reported as meanzstandard error of mean
(SEM).
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