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Abstract 

The mouse is a useful and increasingly popular model for the study of 
visual cortical function.  To facilitate the translation of results from mice 
to primates, it is important to establish the equivalence of cortical 
organization between species and to pinpoint possible differences.  We 
here focused on the different types of interneurons as defined by calcium 
binding protein (CBP) expression in the layers of primary visual cortex 
(V1) in mouse and rhesus macaque.  CBPs provide a standard labelling 
scheme in macaque, but the correspondence in the mouse has yet to be 
established.  We fluorescently tagged parvalbumin (PV), calbindin (CB) 
and calretinin (CR) in V1 of both species, using antibodies raised against 
preserved aminoacid sequences.  Our data demonstrate important 
similarities between the expression patterns of interneuron classes in the 
different layers between rodents and primates.  But there were also a 
number of notable differences.  The expression of parvalbumin and 
calbindin is larger in the macaque, complemented by lower calretinin 
expression, and a more complex distribution of interneuron population 
across the sublayers.  Our results reveal an integrated view of interneuron 
types that provides a basis for translating results from rodents to primates, 
and suggest a reconciliation of previous partial and contradicting results.  
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Introduction 

Inhibitory interneurons account for 20 to 30% of cortical neurons 
(Markram et al. 2004).  They play a vital role in cortical processing 
(Markram et al. 2004; Isaacson and Scanziani 2011; Fino et al. 2013). In 
the visual cortex, interneurons contribute to orientation selectivity (Li et al 
2012) and they are also responsible for response normalization (Heeger 
1992) and surround suppression (Adesnik et al. 2012). 

In macaque, a common scheme to classify interneurons makes use of the 
calcium-binding proteins (CBPs) parvalbumin (PV), calbindin (CB) and 
calretinin (CR) (Van Brederode et al. 1990; Condé et al. 1994; DeFelipe 
1997; Zaitsev et al. 2005; Disney and Aoki 2008; Kooijmans et al. 2014).  
In the primary visual cortex, CBP-expressing cells account for 
approximately 95% of the inhibitory population (DeFelipe et al. 1999; 
Disney and Aoki 2008).  PV is present in chandelier and basket cells, CB 
in neurogliaform and Martinotti cells, and CR in double bouquet cells.  
These cell types exhibit specific distributions across the layers (Lund 1987; 
Lund et al. 1988; Lund and Yoshioka 1991; Lund and Wu 1997) and, 
accordingly, the expression of CBPs reveals a clear laminar profile (Van 
Brederode et al. 1990; Disney and Aoki 2008; Kooijmans et al. 2014).  
Importantly, the different CBPs are almost exclusively expressed in 
GABA-ergic cells (Van Brederode et al. 1990; Gonchar et al. 2007; Ma et 
al 2013).  The one exception is a population of weakly stained CB positive 
neurons that thought to be excitatory (Van Brederode et al. 1990).  The 
same CBPs are also expressed in mouse interneurons (Park et al. 2002; 
Markram et al. 2004; Burkhalter 2008).   

A comparative study in the striatum demonstrated that the distribution of 
CBP-expressing interneurons can differ dramatically between rodents and 
primates, whereas the expression pattern in the monkey is similar to that 
in humans (Wu and Parent 2000).  However, a comparably comprehensive 
comparison of interneurons classes across the cortical layers of mice and 
monkeys has been lacking.  

In the present study, we compared the distributions of inhibitory 
interneurons in the primary visual cortex, using fluorescent tagging of 
CBPs and an automated counting technique.  We observed important 
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similarities between mouse and macaque, and also a few relevant 
differences.  Specifically, we found an increase in cells expressing either 
only PV or only CB, together with decreased prevalence of cells expressing 
only CR in the macaque compared to the mouse, accompanied by less CBP 
co-expression, as well as a more complex pattern across the different 
sublayers of V1.  We expect that these findings are useful for the 
interpretation of data on mouse interneurons and the translation of these 
results to non-human primates and humans. 

 

Materials and methods 

Fixation and sectioning 

We used samples from 2 adult male macaque monkey (Macaca mulatta) 
brains, monkeys A and R, and 2 adult male mice (C57BL/6), no 1 and 2.  
All animals were euthanized and perfused transcardially, first with 
phosphate-buffered 4% formaldehyde solution, followed by buffered 5% 
sucrose, both with pH 7.6, at room temperature.  After extraction, the 
brains were placed successively in 12.5% and 25% phosphate-buffered 
sucrose solutions, at 4°C, until equilibrium, to prevent subsequent cryo-
damage.  The macaque brains were subsequently grossly sectioned; from 
each brain two blocks were extracted from the right occipital lobe, posterior 
to the lunate sulcus, to allow later cryostat sectioning.  All brains were then 
shock-frozen and stored at -80°C.  Several weeks later, we cut the macaque 
occipital lobe blocks into 20µm-thick sagittal sections on a sliding freezing 
microtome.  We sectioned the mouse samples coronally, also at 20µm, 
guided by documented stereotactic coordinates and anatomical markers 
(Paxinos and Franklin 2004).  We stored the sections for a few weeks at -
20°C in 50% glycerol in buffer.  We subsequently stained them free-
floating.    

We performed systematic random sampling of the successive sections by 
arranging them from medial to lateral (for macaque) and caudal to rostral 
(for mouse) and dividing them into four groups with an equal number of 
sections.  We generated a random number smaller than the group size, and 
selected the corresponding serial sections from all four groups to ensure 
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that every condition covered the same medial to lateral, or caudal to rostral, 
extent of V1.   

 

Immunohistochemistry 

We fluorescently tagged the three CBPs (PV, CB & CR) using antibodies 
raised against characteristic amino-acid sequences preserved between 
mouse and macaque. The procedure was performed on 4 sections (selected 
as explained above), per monkey (A & R), and mouse (1 & 2) with a total 
of 16 analysed sections.   

We removed the sucrose and glycerol protection with four rinses in 
100mM phosphate buffered saline at pH 7.6 (PBS), and blocked 
unspecific reactivity with donkey serum in PBS (Jackson 
ImmunoResearch, INC 017-000-121 | 2:100) with NaN3 (Sigma-
Aldrich® 26628-22-8 | 1:10,000) and Triton™X-100 (Sigma-Aldrich® | 
1:1000) for 2 hours at room temperature.  We subsequently incubated the 
sections overnight with normal donkey serum (5:100), NaN3 and 
Triton™X-100 and the rabbit primary antibody AB5054 (Merck 
Millipore: Chemicon | 1:2000) for CR-IR cells.  The following day, we 
removed the primary antibody solution with two PBS rinses and incubated 
with an untagged F(abI)2 fragment IgG (H+L) antibody (Jackson 
ImmunoResearch, INC 111-006-003 | 1:100) against the shared rabbit 
host of anti CB and CR antibodies, for 1h at 36°C, to differentiate between 
the targets of the fluorescent secondary antibodies.  After another 2 PBS 
rinses, we then incubated the sections overnight, at room temperature, 
with the remaining primary antibodies, mouse 235 (SWANT® | 1:2000) 
for PV-IR cells and rabbit CB 38 (SWANT® | 1:2000) for CB-IR cells.  
All primary antibodies used were raised against aminoacid sequences 
preserved between mouse, macaque and human (The UniProt Consortium 
2010), and have been previously tested for specificity in mouse and they 
have been used in previous macaque studies (Gonchar et al. 2007; Morrow 
et al. 2007; Mascagni et al. 2009; Tricoire et al. 2011; Kooijmans et al. 
2014).  On the third day, we incubated the sections with their 
corresponding fluorescent secondary antibodies for 1h at 36°C.  We used 
the AlexaFluor® 488 (Molecular Probes® Invitrogen™ A-21202 | 1:500) 
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for PV (green channel in Figure 2.1), AlexaFluor® 555 (Molecular 
Probes® Invitrogen™ A-31572 | 1:500) secondary antibody for CB (red 
channel in Figure 2.1), and the AlexaFluor® 633 (Molecular Probes® 
Invitrogen™ A-21082 | 1:500) secondary antibody for CR stains (blue 
channel in Figure 2.1).  We mounted the sections on glass slides, 
coverslipped them with the Vectashield™ cover medium and preserved 
them in the dark at 4°C before imaging. 

To control for unspecific staining, we repeated the entire procedure but 
omitted the primary antibodies and found no fluorescent staining.  To test 
the efficiency of the untagged F(abI)2 in separating the signal of the same-
host primary antibodies, we carried out the staining procedure including 
the F(abI)2 incubation, and then stained with a fluorescent antibody against 
the host of the primary antibody.  We found no fluorescent signal in this 
control condition.  To validate the specificity of the antibodies, we carried 
out adsorption controls, pre-incubating the primary antibodies overnight 
at 4°C with the corresponding control peptide, as previously documented 
(Kooijmans et al. 2014), at 10:1 peptide to antibody molar concentration, 
before performing the procedure described above, and also observed no 
fluorescent signal. 

 

Imaging and image processing 

We acquired 8-bit three-channel RGB images (1392x1040pixels) of every 
section using a Leica DMRD microscope, with a 10x magnification 
objective.  For each section we sequentially photographed the section using 
the filter cubes L5 (excitation BP480/40; dichroic 505; emission 
BP527/30) for AlexaFluor® 488 (PV, green in Figures 2.1 & 2.2), Y3ET 
(excitation BP543/30; dichroic 570; emission BP610/75) for AlexaFluor® 
555 (CB, red in Figures 2.1 & 2.2) and Y5ET (excitation BP620/60; 
dichroic 660; emission BP700/75) for AlexaFluor® 633 (CR, blue in 
Figures 2.1 & 2.2).  We cropped the acquired images at the pial surface 
and white matter for each section (for both mouse and macaque, see Figure 
2.1), with a constant width of 1020 pixels, to facilitate normalization.  



	
	

49 

For the macaque CB stain, we first excluded the low-intensity cell bodies 
from further analysis, due to their reported putatively excitatory properties 
(Van Brederode et al. 1990).  Specifically, we subtracted 100 luminance 
units from the image and thereby completely removed the cell bodies of 
low intensity.  We did not observe a comparable population of weakly 
stained CB-immunoreactive neurons in the rodent, in accordance with 
previous work (Gonchar and Burkhalter 1997; Park et al. 2002). 

We adapted an objective method (Wouterlood et al. 2008; Beliën and 
Wouterlood 2012; Kooijmans et al. 2014) to count cell bodies (Figure 2.2). 
The method determines a luminance threshold to separate signal pixels 
from background pixels in each channel of each image. The method 
sequentially thresholds each image at all possible values (0 to 255), 
separates aggregated particles using the “Watershed” ImageJ function, and 
finally applies the “Analyze Particles” function, with a size constraint of 
100 to 500 pixels and a 0.5 to 1 circularity constraint and chose the 
objective threshold value that yielded the highest cell body count (Figure 
2.2C).  Positive structures that are not cell bodies were automatically 
discarded using the size and circularity selection criteria (compare panels 
III and IV in Figure 2.2B).  We verified that the outcome of this objective 
and quantitative method were in accordance with our qualitative 
assessment of co-localization when inspecting the images visually 
(compare panels I and II in Figure 2.2A).   

To identify co-stained cell bodies, we performed a series of basic image 
calculations.  When subtracting binary images, we removed the common 
signal in the two images, while preserving unique signal from the source 
image, and discarding signals in the subtracted image.  We recorded the 
x/y coordinates of each cell body for every CBP expression profile (Table 
2.1).   
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Figure 2.1:  Laminar profiles of parvalbumin (green), calbindin (red) and calretinin (blue) 
immunoreactivity.  Epifluorescence images from triple-stained 20µm-thick V1 section of mouse (A) 
and macaque (B), merged and separated for the different channels.  
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Figure 2.2: Image processing steps.  A. I. Detail of layer II/III from a fluorescent 3-channel image of 
a macaque V1 20µm thick section, stained for PV (green), CB (red) and CR (blue), including double-
stained cell bodies. II.  Final thresholded 3-channel image with the cell bodies included in the 
quantification.   B.  Objective thresholding steps for every image channel, illustrated by the green 
channel of image A.  I. Raw signal.   II. Thresholded image with optimal threshold. III.  Segmentation 
of adjacent cell bodies with the watershed method.  IV. Resulting cell bodies considered in the analysis 
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after thresholding for size (100 – 500 pixels) and circularity (0.5 to 1).  C. Examples of suboptimal 
thresholds. I. Lower than optimal threshold, followed by II. watershed segmentation, and III. lower 
final cell count than the optimal threshold.  IV. Higher than optimal threshold followed by V. 
corresponding watershed, and also lower final cell count than the optimal threshold. 

We normalized the cortical depth by assigning 0 to the white matter 
boundary and 1 to the pial surface.  For mapping cortical depth, we used 
20 bins for macaque, and 10 bins for mouse cortex, so that every bin 
corresponded to ~100µm, similar to Van Brederode et al. (1990) and 
Condé et al. (1994).  We also identified layer boundaries, and matched 
these to the binned data.  We counted the total number of cells, the cells 
in each layer, as well as the cells in each bin.  For the binned data, we 
normalized the counts to the total number of cells counted in the respective 
animal.  

Cell population Image Calculation Mouse Macaque 
CB ONLY RED – GREEN – BLUE + + 
CR ONLY BLUE – GREEN – RED + + 
PV ONLY GREEN – RED – BLUE + + 

CB+CR 
RED – CB ONLY – GREEN1  
or  
BLUE – CR ONLY – GREEN1 

+ < 

CB+PV 
RED – CB ONLY – BLUE1 
or 
GREEN – PV ONLY – BLUE1 

+ << 

CR+PV 
BLUE – CR ONLY – RED1 
or 
GREEN – PV ONLY – RED1 

<< < 

CB+CR+PV 
CB – CB ONLY – (CB + CR) – (CB + PV)1 

CR – CR ONLY – (CB + CR) – (CR + PV)1 
PV – PV ONLY – (CB + PV) – (CR +  PV)1 

<< << 

Table 2.1:  Overview of image operations we performed on the single channel images to isolate 
populations that express single or multiple markers.  RED is the thresholded image for the stained 
CB-IR cell bodies, GREEN for PV-IR, and BLUE for CR-IR.  + Population is present, < population 
is present but smaller than 2%of the total CBP-IR cell count, << population smaller than 1% of the 
total CBP-IR cell count.  1The operations from this box should be equivalent and do in practice render 
the same result.  

 

Results 

We compared the expression of CBPs in the different layers of primary 
visual cortex between mouse and macaque.  We observed a pattern of CBP 
expression that is very similar to what was previously described for both 
mouse (Park et al. 1999, 2002; Gonchar et al. 2007; Xu et al. 2010; Rudy 
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et al. 2011) (Figure 2.1A) and macaque (Van Brederode et al. 1990; Disney 
and Aoki 2008; Ma et al. 2013; Kooijmans et al. 2014) (Figure 2.1B).  We 
aimed to go beyond these previous studies, by providing a systematic 
comparison between the two species with a single quantitative and 
objective method for counting interneurons continuously, for the entire 
cortical depth, as well as in the different layers. 

 

Overall cell frequencies 

We first compared the overall distribution of the different interneuron 
types between species, summing up all counted cells.  We found that the 
expression of CBPs in inhibitory interneurons was mostly similar in mouse 
and monkey (Figure 2.3A & B).  In mouse, 45% of the counted 
interneurons were positive for PV, 33% for CB and 30% for CR (these 
numbers add up to more than 100% because some cells were doubly 
labelled).  In monkey, 49% of the cells were positive for PV, 31% for CB 
and 22% for CR; a higher count for PV complemented by a lower CR 
count in monkey, as compared to mouse.  The results were similar for 
individual specimens from the same species (Figure 2.3A & B). 

We determined the proportions of neurons that were positive for only one 
of the CBPs, as opposed to co-expressing cells.  The majority of neurons 
(89.7% in mouse and 97.1% in macaque) expressed a single CBP, with 
42% PV-only, 24% CB-only and 24% CR-only interneurons in the mouse, 
and 48% PV-only, 29% CB-only and 20% CR-only cells in the macaque 
(see also van Brederode et al. 1990).   

In addition to the neurons positive for one CBP, we also observed a small 
population (10,3% in mouse and 2.9% in macaque) co-expressing multiple 
CBPs in both species (Figure 2.3A & B), as previously documented in 
mouse (Park et al. 2002; Gonchar et al. 2007) and macaque (Van 
Brederode et al. 1990; Härtig et al. 1996; Sherwood et al. 2007).  In mouse, 
the largest fractions were CB+CR with 5.8% and CB+PV with 3.7% of the 
cells.  The fractions of neurons that co-expressed CR+PV (0.63%) or 
CB+CR+PV (0.2%) were much lower.  In macaque, the fraction of cells 
positive for CB+CR and CB+PV were 1.1% and 0.7%, respectively, 5 times 



	
	

54 

less than in mouse (Figure 2.3).  The fraction of neurons positive for 
CR+PV was 1.2%, which is twice larger than in mouse. There was also a 
very small triple stained population (CB+CR+PV) in macaque (0.03%).  

 
Figure 2.3:  Overall CBP prevalence in mouse (A) and monkey (B).  Frequencies of total number of 
counted cells in each species, or specimen, as labelled. PV – green, CB – red, CR – blue, CB+CR – 
purple, CB+PV – yellow, CR+PV – cyan, CB+CR+PV – grey. 

 

Distribution of CBPs between the cortical layers 

We next analysed the counts of the different interneuron classes in the 
different layers, separating the cells according to 5 layers (I, II/III, IV, V 
& VI).  In the analysis, we normalized the cell counts to the total number 
of cells in each animal so that we preserved differences in cell counts 
between the layers.  The resulting values, per layer (Figure 2.4), represent 
the average fraction of cells labelled from the entire population analysed. 
We split our analysis between single stained CBP-IR cells and multiple 
stained cell bodies.  
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Figure 2.4: Average normalized CBP-IR cell counts in mouse divided by layer in mouse (A) and 
macaque (B). Bars represent standard error of the mean.  PV – green, CB – red, CR – blue, CB+CR 
– purple, CB+PV – yellow, CR+PV – cyan, CB+CR+PV – grey. 

Cell bodies expressing one CBP constitute the majority of cells in both 
mouse (89.7%) And macaque (97.1%).  Of these, in mouse, an average of 
0.9% of all counted cells expressed PV and were located in layer I, 10% in 
layer II/III, 6.2% in layer IV, 17.7% in V and 6,7% in VI (Figure 2.4A).   
1.4%, 7.7%, 2.9%, 8.7%, and 3.1% of all cells expressed CB and 1.6% 
15.2% 2.9% 3.7% and 0.7% expressed CR, on average, in the respective 
layers.  In macaque, the percentages were 0.2%, 19.5%, 22.8%, 3.1%, and 
2.4% for PV, 1.3%, 16.6%, 7.9%, 1.9%, and 1.3% for CB, and finally 1.4% 
13.2% 3.5% 0.9%, and 0.7% for CR, in the respective layers (Figure 2.4B).   

Both species had a similar CR-IR cross-layer expression profile, with the 
highest normalized CR-IR cell count in layer II/III (Figure 2.4), as 
previously observed in mouse (Park et al. 2002) and macaque V1 (Disney 
and Aoki 2008; Ma et al. 2013).  The CR peak dominated the CB one in 
mouse layer II/III, while the CB peak in layer V was higher than the 
corresponding CR cell count (Figure 2.4A), as reported by Park et al. 
(2002).  The CB-IR and PV-IR cell body distributions had a more 
complex cross layer pattern. (Figure 2.4A & B). The two highest cell PV-
IR cell counts in mouse were located in layers II/III and V. For macaque, 
the highest PV cell counts were in layers II/III and IV, similar to the results 
of van Brederode et al. (1990), and PV expression was much lower in layer 
V.  We calculated a two-way (layer x CBP) ANOVA, per species, to test 
the statistical significance of the observed differences in cell prevalence.  
For mouse, both main effects of layer (F4,105 = 28.093), and CBP (F2,105 = 
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10.772) as well as the interaction effect (F8,105 = 7.195) were significant, 
with all ps < 0.001.  The same was true for macaque with F4,105 = 116.550 
for layer, F2,105 = 32.126 for CBP and F8,105 = 14.247 for the interaction 
effect, and all ps < 0.001.   

We also considered the cells that expressed multiple CBPs. In mouse, co-
expressing cells (10.3% of all counted cells) were mostly located in layers 
II/III to V (Figure 2.5A), as was previously reported (Park et al. 2002).  
We calculated a two-way (layer x CBP) ANOVA for layer and CBP and 
found a significant main effect of layer (F4,140 = 11.141, p < 0.001), a 
significant main effect of CBP expression (F3,140 = 12.208, p < 0.001) and 
a significant interaction effect (F12,140 = 2.416, p < 0.01).  Post-hoc 
Bonferroni-corrected pairwise comparisons additionally demonstrated 
significantly lower numbers of cells expressing CR+PV or CB+CR+PV (ps 
< 0.01), as compared to other co-expressing populations. 

 In macaque, the co-expressing cells were fewer (2.9% of all counted cells) 
and were reliably located in layer II/III (Figure 2.5B), as previously 
reported (Van Brederode et al. 1990, Leuba et al. 1998).  We calculated a 
two-way (layer x CBP) ANOVA for layer and CBP and found a significant 
main effect of layer (F4,140 = 27.691, p < 0.001), a significant main effect of 
CBP expression (F3,140 = 5.698, p = 0.001) and a significant interaction 
effect (F12,140 = 3.382, p < 0.001).  Post-hoc Bonferroni-corrected pairwise 
comparisons confirmed significantly higher cell counts in layer II/III as 
compared to all other layers (ps < 0.001).  Also, in monkey, cells expressing 
CR+PV were comparable in number with cells expressing CB+CR and 
CB+PV (ps > 0.6), and significantly more numerous than cells 
CB+CR+PV (p < 0.01) (see also Leuba et al. 1998). 

 

Prevalence of CBPs within the cortical layers 

In the next step of our analysis, we considered the fraction of in 
interneurons labelled for single and multiple CBPs within each layer (total 
cell bodies counted; Figure 2.5A & B). Neuronal cell-bodies in layer I were 
very few and too variable in CBP expression in our sample (see individual 
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monkeys in Figure 2.5B), so we could not draw any conclusions from data 
in this layer.  

 
Figure 2.5:  CBP prevalence within the cortical layers of mouse (A) CBP and macaque (B) V1. 
Frequencies of total number of counted cells in each species, or specimen, as labelled. PV – green, CB 
– red, CR – blue, CB+CR – purple, CB+PV – yellow, CR+PV – cyan, CB+CR+PV – grey. 

We found that the percentage of PV-IR cells increased with layer depth in 
mouse (PV:CB:CR in 27:21:41 in layer II/III, 47:22:17 in layer IV, 
50:25:11 in layer V and 62:28:7 in layer VI) (Figure 2.5A).  There was a 
change in this trend in macaque, with the highest percentage in layer IV 
(PV:CB:CR in layer II/III – 37:32:25, layer IV – 66:22:10, V – 52:31:14, 
and layer VI – 43:29:17) (Figure 2.5B).  The opposite trend can be 
observed for CR-IR cells, with their proportion decreasing with layer 
depth in both mouse and macaque. CB-IR cells mostly followed the PV-
IR trend, but with much lower variability and overall expression.  These 
patterns were visible at the level of the individual specimens in both species 
(Figure 2.5). 

 

Continuous mapping of CBPs along the cortical depth 

Our initial analysis of the interneuron distribution was based on the 
assignment of cell bodies to different cortical layers.  We then determined 
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the relative location of every interneuron on a continuous scale between 
the white matter boundary and the pial surface (see Methods).  We defined 
bins of approximately 100µm, with 20 bins for the macaque cortex and 10 
bins for the mouse (Figure 2.6 A & B).   In each bin, we considered the 
average PV-IR, CB-IR and CR-IR cell counts normalized to the total 
number of stained cells in each individual (see Methods). 

Figure 2.6:  Continuous CBP laminar profile in mouse (A) and macaque (B).  Lines represent averages 
for the species or specimen, as labelled.  Line shadows represent standard error of the mean.  Note the 
alignment of PV-IR peaks with CB-IR troughs, as well as the opposite.  PV – green, CB – red, CR – 
blue, CB+CR – purple, CB+PV – yellow, CR+PV – cyan, CB+CR+PV – grey. 

The total number of cells expressing the labelled CBPs was similarly 
distributed across the cortical depth in both mouse and macaque, with a 
largely unimodal distribution peaking in layer II/III.  Considering the 
single-CBP expressing populations, we found a very similar CR expression 
depth profile in both species, with a prominent peak in layer II/III (Figure 
2.6A & B), as previously reported (Park et al. 2002; Disney and Aoki 2008; 
Ma 2013; Kooijmans et al. 2014), which most likely accounts for the 
presence of bipolar cells that express CR in this layer (Burkhalter 2008; 
Disney and Aoki 2008; Kooijmans et al. 2014).  We however found 
different expression profiles for PV and CB between mouse and macaque.  
The mouse distributions for both were largely unimodal and peaked in 
layer V, close to the boundary with layer IV (Figure 2.6A).  The macaque 
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distributions had several peaks (Van Brederode et al. 1990), with 
complementary peak / trough arrangements for the PV-IR and CB-IR 
populations (Figure 2.6B), corresponding to the alternating intense cell 
bands in example Figure 2.1B.  In macaque, the density of PV cells peaked 
in lower layer II/III - in upper layer IV (IVa), in lower layer IV (layer IVc), 
and also in layer VI (Figure 2.6B) (see also Van Brederode et al. 1990).  
The CB-IR population peaked in upper layer II/III, had a second, more 
shallow peak in layer IV (a/b), and again in layer V (Figures 2.6B).  These 
observations held valid for the individual specimens of both species. 

 
Figure 2:7:  Z-scored average values for PV-IR (green) and CB-IR (red) cell prevalence in mouse (A) 
and macaque (B), also divided by individual specimen (II & III). Note the alignment of PV-IR peaks 
with CB-IR troughs, as well as the opposite.  Vertical lines mark the layer II/III to layer IV boundary. 

In order to statistically test the presence of sub-layer patterns in layers 
II/III and IV of the PV-IR / CB-IR populations, we calculated the z-
scores of each bin to the total average of either CB-IR and PV-IR cell 
counts for the depth corresponding to these layers in both mouse (5 bins) 
and macaque (14 bins).   This allowed us to quantify the position of the 
local peaks and troughs in the distribution and considered their variance 
along the layers II/III and IV (Figure 2.7).  We found no correlation for 
the z-score values of CB-IR and PV-IR bin data for mouse (Pearson’s r = 
0.735, p = 0.16, two-tailed) but they were anti-correlated in macaque 
(Pearson’s r = -0.772, p = 0.001, two-tailed).  These results fit with our 
observation of CB-IR and PV-IR cell bodies being located in similar layers 
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in mouse, without any specific relation, but in alternating bands in 
macaque (Figures 2.1 & 2.7). 

 

Discussion 

We used continuous and layer-based mapping of the expression of CBPs 
along the depth of primary visual cortex, to compare mouse and macaque 
inhibitory interneuron distributions.  Our findings mostly agree with 
previous descriptions of CBP-IR cell distributions (Van Brederode et al. 
1990; Park et al. 1999, 2002).  They however go one step further, by 
automatically and systematically mapping across the two species, for the 
three interneuronal CBPs.  We found decreased prevalence of cells 
expressing only CR in macaque as compared to mouse, but a very similar 
location of the cells.  We however found higher prevalence of cells 
expressing only PV or CB in macaque, as compared to mouse, as well as 
peaking cell counts in different layers (II/III and V in mouse – II/III and 
IV in macaque).  The shift of highest PV expression in layer V in mouse 
to layer IV in macaque may be related to the increase in proportional size 
and complexity of layer IV in macaque as compared to mouse (Gilman et 
al. 2016).  Additionally, we demonstrated a more complex, 
complementary, sub-layer pattern in macaque. These data speak for 
preserved traits, but also inter-species variation, potentially correlated with 
an increase in functional complexity in macaque.    

 

Methodological concerns 

There are a number of possible methodological concerns.  A basic premise 
is the specificity of antibodies and the absence of cross-reactivity.  Our 
choice of primary antibodies was based on previous published data 
(Methods) and their specificity is supported by the excellent match with 
previous descriptions of the laminar profile and morphology of the three 
inhibitory cell classes (Van Brederode et al. 1990; Condé et al. 1994; 
Disney and Aoki 2008; Ma et al. 2013; Kooijmans et al. 2014).  We 
conducted control experiments to rule out cross-reactivity between primary 
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and secondary antibodies, as previously reported (Kooijmans et al. 2014). 
We used a new objective quantitative method count cell bodies, which 
allowed for the precise mapping of cell bodies with different CBP 
expression, with the possibility to normalize and compare across varying 
sample cortical depth and species.  Importantly, the results of our 
quantitative analysis were always in accordance with visual inspection of 
the data (Figure 2.1) and previous partial qualitative and quantitative 
reports.     

Concerning the normalization procedure, data about CBPs or other 
interneuronal marker expression is generally presented in one of two 
manners:  either normalized to the total number of cells in each identified 
population (Park et al. 1999, 2002; Gonchar et al. 2007), or normalized to 
the total number of cells in each layer (Gonchar et al. 2007; Rudy et al. 
2011).  The first assigns a different reference for each population, ignoring 
the basic prevalence of different markers, while the latter assigns one for 
each layer, ignoring the varying layer cell counts.  We normalized to a 
single number per animal (see Methods), both in the continuous and the 
layer conditions.  This resulted in replicating the PV depth profile 
previously reported for macaque (Van Brederode et al. 1990), as well as 
several layer-based observations in mouse (Park et al. 1999, 2000; Gonchar 
2007, Rudy et al 2011). 

 

CBPs versus alternative labelling schemes 

In the current study, we compared the distribution of CBPs in mouse and 
macaque to improve the comparability across species, while using directly 
physiologically relevant markers.  PV, CB and CR are members of the ‘EF-
hand’ Ca2+-binding protein family present in numerous types of cells 
(Lewit-Bentley and Réty 2000).  CPBs are essential in maintaining Ca2+ 
homeostasis and are part of the regulation of pre- or postsynaptic Ca2+ 
signalling pathways in neurons (Schwaller et al. 2002).  The EF-hand 
motif number of each protein has direct impact on Ca2+ binding dynamics, 
(1 EF-hand binds one Ca2+ molecule).  CB and CR are very similar 
proteins, both presenting 6 EF-hands (4, respectively 5 functional), while 
PV only has 3 EF-hands, 2 of which are functional, the same as 
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calmodulin. As a result, CR and CB are fast Ca2+ buffers, while PV is a 
much slower buffer (Chard et al. 1993; D’Orlando et al. 2002; Schwaller 
et al. 2002; Grabarek 2006; Barinka and Druga 2010).  The correlation 
between the EF-hand motif and binding dynamics makes using CBPs for 
interneuronal classification directly physiologically relevant. 

CBP labelling is standard for primate interneurons, due to being both 
exhaustive (Van Brederode et al. 1990; Disney and Aoki 2008) and largely 
separate, although small co-expressing populations exist (Van Brederode 
et al. 1990; Leuba et al. 1998), as also demonstrated by the current results.  
In mouse, there are several alternative labelling-schemes available 
(Gonchar et al. 2007; Xu et al. 2010; Rudy et al. 2011), with the most 
exhaustive also splitting inhibitory interneurons into 3 populations, 
immunoreactive for: parvalbumin (PV), somatostatin (SST) and the 
acetylcholine receptor 5HT3aR (Lee et al 2010; Rudy et al. 2011). There 
are a number of markers, such as NPY, NOS, ChAT that identify very 
specific but small populations in mouse (Markram et al. 2004; Gonchar et 
al. 2007).  PV is preserved as a marker across all labelling schemes, as it 
reliably identifies the fast spiking inhibitory cell population.  Markers such 
as SST and 5HT3A only label very few cell bodies in macaque (Hendry et 
al. 1984; Campbell et al. 1987; Jakab and Goldman-Rakic 2000), making 
them suboptimal counterstains to PV, as compared to CB and CR. 

The larger co-expression in mouse makes CBPs an inadequate tool when 
aiming to separate the different interneurons.  The overlap in macaque on 
the other hand, is too low to affect statistical significance when comparing 
the different CBPs. Furthermore, the co-labelling we observed in macaque 
was even lower than previously reported in human (Leuba et al. 1998), 
either due to inter-species differences, or due to our more conservative 
definition of co-expression, excluding cell bodies from one CBP that only 
presented afferents from another.  Also, the fluorescent labelling and 
independent channel imaging allowed for a better evaluation of co-
labelling rather than simultaneous imaging of diaminobenzidine (DAB; 
brown deposit) benzidine dihydrochloride (BDHC; blue deposit) (Leuba 
et al. 1998).  
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Layer borders versus continuous mapping 

We analysed the cell distributions in mouse and macaque V1, both by 
defining layer borders, as well as continuously.  We mostly found cell 
populations expressing a single CBP in both mouse and macaque.  Of 
these, CR-IR cells clustered in layer II/III in both species.  This result was 
similar both for the layer and for the continuous analyses.  There was 
however a clear difference between the two analyses for the PV-IR and 
CB-IR populations.  With pre-defined layer borders, mouse and macaque 
results appeared quite similar, with the layers having highest PV expression 
also showing increased CB (see Results).  However, when we continuously 
mapped cell bodies along the cortical depth, we encountered a 
complementary, band-like arrangement, with PV-peaks aligning CB 
troughs and vice versa.  Splitting the analysis into layers may therefore lead 
to an oversimplification of cortical architecture, and overlook sub-layer 
complexity in macaque cortex that is potentially functionally relevant. 

 

Complementary PV and CB distribution and function 

PV-IR and CB-IR (or their SST-IR counterparts) cells have been 
suggested to have complementary roles in cortical processing, both in 
rodents and primates.  This dichotomy is based on function (Adesnik et 
al. 2012), firing pattern (Zaitsev et al. 2005), and AMPA receptor 
expression (Kooijmans et al. 2014).  

We recorded higher prevalence in macaque for both PV-IR and CB-IR 
populations, as compared to mouse, suggesting a possible relation of the 
two CBPs.  Our continuous mapping of macaque cell populations revealed 
additional complementarity of the two populations, with several instances 
of PV-IR peaks aligning with CB-IR troughs, and CB-IR peaks aligning 
with PV-IR troughs (Figures 2.6 and 2.7).  In layer II/III, the PV-IR 
population is and spatially distinct from the CB-IR population (Van 
Brederode et al. 1990), with a CB-IR peak in upper layer II, followed by a 
PV-IR peak in lower layer III, which extends into upper layer IV (layer 
IVa) (Van Brederode et al. 1990).  This is followed by a CB-IR peak in 
intermediate layer IV (layer IVb) (Pinheiro Botelho et al 2006; 
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Nieuwenhuys et al. 2007), and finally a PV-IR peak in lower layer IV (layer 
IVc) (Van Brederode et al 1990; Disney and Aoki 2008; Kooijmans et al. 
2014).  This PV/CB alternating peak pattern reflects sub-layer complexity 
in macaque (Fitzpatrick et al. 1985; Lund 1987; Lund and Yoshioka 1991) 
and may have functional implications.   

 

Integration with previous results 

For mouse, the between-layer profile was more reminiscent of the results 
of Gonchar et al. (2007) with two peaks in PV expression, in layers II/III 
and V (Figure 2.5A), rather than only layer V as identified by Park et al. 
(1999).  The CR and CB layer counts were in agreement with the data of 
Park et al. (2002), with one peak for CR in layer II/III, and two for CB, 
in layers II/III and V respectively.  Considering the large overlap of CB 
and SST (Gonchar and Burkhalter 1997; Hladnik et al. 2014), our data is 
also in general agreement with those of Gonchar et al. (2007) and Rudy et 
al. (2011).  

The larger PV and the lower CR expression in macaque as compared to 
mouse is in contradiction with a recent review paper (Hladnik et al. 2014) 
that suggests that CR is overall the dominant CBP-IR population in 
primate cortex.  A large CR-IR population has been demonstrated 
quantitatively only in macaque prefrontal cortex (Condé et al. 1994), while 
the V1 data points towards a PV-IR majority (Van Brederode et al. 1990; 
Ma et al. 2013).  In the same vein, our results are in agreement with a paper 
examining the origins of interneurons in macaque and human (Ma et al. 
2013), where 70% of the CR-IR population in the primary somatosensory 
cortex of a 17-month old macaque is co-stained by the developmental 
marker COUP-TFII (22% of all GABA-ergic neurons), and 30% by SP8 
(7% of all GABA-ergic neurons), making the entire CR-IR population no 
greater than 23% of the GABA-ergic population, as is our CR-IR 
population count.  The proportion we report may be characteristic of V1, 
and other primary sensory cortices, but not of overall neocortical 
populations, possibly due to the different size of layer IV (Gilman et al. 
2016), and the specific inhibitory populations located here.   
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Our macaque continuous mapping results for PV and CB are in general 
agreement with observations already made by Brederode et al. (1990).  For 
layer II/III, the layer grouping they used was however different, with the 
lower part of layer III being grouped together with layer IVA.  While the 
PV distribution we find is basically identical with the one reported by 
Brederode et al. (1990), we find an additional CB-IR peak in layer IV.   
Van Brederode and colleagues also mention intense CB-IR cell bodies in 
upper layer IV, without identifying a specific expression peak.  These cells 
are also present in subsequent studies (Pinheiro Botelho et al. 2006; Disney 
and Aoki 2008; Ma et al. 2013; Kooijmans et al. 2014).  One remarkable 
feature of the layer IV intense CB-IR peak in our data is that it presents a 
higher standard error of the mean than the rest of the profile (Figure 2.6B, 
which suggests a less uniform distribution of these cells across our 8 
samples.  This may explain the discrepancy with the Van Brederode et al. 
(1990) CB-IR profile, which is based on 3 columnar locations only, unlike 
their 8 location PV-IR profile. This peak may correspond to CB-IR 
neurogliaform cells, characteristic of primate visual and somatosensory 
cortices (Jones 1984; Kisvárday et al. 1986, 1990; Nieuwenhuys et al. 
2007).   

 

Differences to other cortical areas 

The laminar pattern we report in the current paper is characteristic to V1 
and most likely other primary sensory areas, in both mouse and macaque.  
This expression profile most likely does not apply to other cortical 
organizations, such as frontal cortex (Condé et al. 1994; Gilman et al 
2016).  Our (layer) mouse data replicates partially or completely previous 
results in primary visual (Park et al. 1999, 2002; Gonchar et al. 2007) and 
primary somatosensory cortex (Lee et al. 2010; Rudy et al. 2011).  The 
macaque laminar PV-IR profile we recorded was virtually identical to that 
reported by van Brederode et al. (1990), but radically different from 
macaque prefrontal cortex data (Condé et al. 1994), as were the CB-IR 
and CR-IR profiles.  
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Summary 

Our results show preserved expression pattern of CR between mouse and 
macaque V1, with a reduction in prevalence in the latter.  They also 
demonstrate complementary PV-IR and CB-IR sub-layer expression 
patterns in macaque as opposed to mouse, together with a shift from 
highest expression of PV in layer V in mouse to layer IV in macaque.  
Mapping such differences in architecture is important for facilitating the 
translation of mouse functional data to primate and, ultimately, to human 
application. These results are most likely V1 and primary sensory cortex 
relevant, and do not apply to other cortical regions such as prefrontal 
cortex.  
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