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Abstract  

N-Methyl-D-aspartate glutamate receptors (NMDARs) play an 
important role in excitatory neurotransmission in the neocortex.  They are 
involved in synaptic transmission and mediate long-term potentiation.  
The subunit composition of NMDA receptors impacts the conductance 
and opening dynamics of the ion channels, and hence their functionality.  

Previous studies have demonstrated that the different classes of cortical 
inhibitory interneurons express distinct profiles of AMPA receptors.  In 
the present study we examined the distribution of NMDA receptors, as 
characterized by their GluN2 subunits, in three distinct subpopulations of 
inhibitory interneurons: parvalbumin-immunoreactive (PV-IR), 
calbindin-immunoreactive (CB-IR), and calretinin-immunoreactive 
(CR-IR), in macaque primary visual cortex (V1). 

Our data demonstrate that the expression profile of GluN2 subunits 
allows classifying inhibitory interneurons into two categories.  The first 
category contains PV-IR cells with a low expression of all GluN2 
subunits, which is largely constrained to their cell bodies.  The second 
category is made up of CB-IR and CR-IR cells with high expression levels 
of all GluN2 subunits, both on their soma and in the neuropil.  These two 
categories of interneurons are in line with existing classification methods, 
based on calcium-binding proteins and firing behaviour, and they also 
match with profiles of AMPA receptor expression. We discuss how the 
NMDAR expression patterns can support differences in the properties 
between the different inhibitory interneuron classes in the visual cortex. 
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Introduction 

Inhibitory interneurons suppress the activity of other neurons by releasing 
the inhibitory neurotransmitter gamma-amino butyric acid (GABA). 
GABA-ergic cells of the cerebral cortex can be subdivided into different 
classes, based on their expression of calcium-binding proteins (CBPs) such 
as parvalbumin (PV), calbindin (CB), and calretinin (CR).  In macaque 
primary visual cortex (V1), these three CBPs together account for about 
95% of the inhibitory interneuronal population and they identify largely 
distinct cellular populations with different distributions across the cortical 
layers (Van Brederode et al. 1990; Condé et al. 1994; Härtig et al. 1996; 
DeFelipe 1997; Zaitsev et al. 2005; Disney and Aoki 2008; Kooijmans et 
al. 2014) (Figure 4.1). 

Inhibitory interneurons receive excitatory input through AMPA and 
NMDA receptors (Moreau and Kullmann 2013).  AMPA receptors 
provide fast excitatory drive, whereas EPSPs mediated by N-Methyl-D-
aspartate receptors (NMDARs) have a slower time-course (Furukawa et 
al. 2005).  Researchers have identified three subunit groups of the 
NMDAR:  GluN1, GluN2 and GluN3 (Dingledine et al. 1999; 
Pachernegg et al. 2012).  The GluN1 subunit binds glycine and exists in 
eight splice variants (Conti et al. 1997; Köhr 2006). The GluN2 subunit 
binds glutamate with four isoforms, A, B, C and D (Standaert et al. 1996; 
Dingledine et al. 1999; Küppenbender et al. 2000; Cull-Candy and 
Leszkiewicz 2004; Clarke and Johnson 2006; Erreger et al. 2007).  Most 
NMDARs consist of two GluN1 subunits, and two GluN2 subunits 
(Furukawa et al. 2005; Erreger et al. 2007).  The role of GluN3 (with 
isoforms A and B), which binds glycine, is less well understood 
(Chatterton et al. 2002; Pachernegg et al. 2012). 

Previous studies demonstrated that interneuron classes have highly specific 
expression profiles of AMPA subunits (Ryoo et al. 2003; Kooijmans et al. 
2014). However, our understanding of the expression of NMDARs by 
interneurons is contradictory (Huntley et al. 1994; Rotaru et al. 2011, 
2012; Moreau and Kullmann 2013), and a comprehensive overview of the 
NMDARs expressed by all interneuron classes has been lacking. 
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Figure 4.1: Laminar profiles of parvalbumin (green), calbindin (red) and calretinin (blue) 
immunoreactivity.  Epifluorescence image from a triple-stained 20µm-thick macaque V1 section.  PV-
IR cell bodies are mostly located in layer II/III, layer IVc, and layer VI.  CB-IR cell bodies are visible 
in layers II/III and layer IVb.  CR-IR cell bodies are present in layer II/III.  There is virtually no 
overlap between the three cell populations, and the laminar distributions differ between CBPs. 

We therefore systematically investigated the expression of different GluN2 
subunits on PV-IR, CB-IR and CR-IR inhibitory interneurons, in 
macaque V1.   We considered the distribution of the individual subunits 
in relation to each CBP, which allowed for exploring the full range of 
subunit combinations (Luo et al. 1997; Cull-Candy and Leszkiewicz 2004; 
Clarke and Johnson 2006; Köhr 2006; Erreger et al. 2007), for each cell 
type.  We found expression of the different GluN2 subunits both in the 
cell bodies and neuropil of CB-IR and CR-IR neurons.  The expression 
in PV-IR neurons was low and confined to the cell bodies.  Our results 
suggest the different GluN2 subunit types co-express in the inhibitory 
neurons without clear differences in probability, unlike the more specific 
expression of AMPA receptor subunits (Kooijmans et al. 2014).  Our 
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results provide new insight into the excitatory drive onto the different 
interneuron classes in the visual cortex of the macaque monkey. 

 

Materials and Methods 

Fixation and sectioning 

We used tissue samples from 2 adult male macaque monkey (Macaca 
mulatta) brains, monkeys A and R.  The 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% buffered sucrose solutions, at 4°C, until equilibrium, to prevent 
subsequent cryo-damage.  They 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.  The brains 
were then shock-frozen and stored at -80°C.  Several weeks later, we cut 
occipital lobe blocks into 20µm-thick sagittal sections on a sliding freezing 
microtome.  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 and dividing them into four groups 
with an equal number of sections.  For each experimental condition, we 
generated a random number smaller than the group size, and selected the 
corresponding serial sections from all four groups to ensure that every 
condition covered the same medial to lateral extent of V1.   

 

Immunohistochemistry 

We stained for 12 different combinations of antibodies: against the 4 
GluN2 subunits (A, B, C and D) co-stained with each of the antibodies 
against three CBPs (PV, CB & CR).  Every combination was repeated on 
the 4 sections (selected as explained above) per monkey (A & R), resulting 
in a total of 96 sections, 48 per monkey.   
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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 primary antibodies.  We used antibody 235 
(SWANT® | 1:2,000) to recognize PV-IR cells, CB 38 (SWANT® | 
1:2,000) for CB-IR cells, and AB5054 (Merck Millipore: Chemicon | 
1:2,000) for CR-IR cells (Morrow et al. 2007; Mascagni et al. 2009; 
Tricoire et al. 2011; Kooijmans et al. 2014).  For the GluN2 subunits we 
used 05-901R (Merck Millipore | 1:100) for GluN2A, 06-600 (Merck 
Millipore: Upstate | 1:100) for GluN2B, ab110 (abcam | 1:100) for 
GluN2C, and MAB5578 (Merck Millipore: Chemicon | 1:100) for 
GluN2D.  All primary antibodies used were raised against amino acid 
sequences preserved between mouse, macaque and human (The UniProt 
Consortium 2010). 

The following day, we incubated the sections with their corresponding 
fluorescent secondary antibodies for 1h at 36°C.  When the two primary 
antibodies were raised in the same host, the procedure involved two 
separate overnight incubations with the primary antibodies at room 
temperature, with the first incubation followed by a daytime incubation 
with an untagged F(abI)2 fragment IgG (H+L) antibody (Jackson 
ImmunoResearch, INC 315-006-003, 111-006-003 | 1:100) against the 
shared host for 1h at 36°C, so that the targets of the fluorescent secondary 
antibodies became different (Table 4.1).  We used the AlexaFluor® 555 
(Molecular Probes® Invitrogen™ A-31570, A-31572, A-21432 | 1:500) 
secondary antibody for the various cell-stains (red channel in Figures 4.1-
4.3), and the AlexaFluor® 488 (Molecular Probes® Invitrogen™ A-21202, 
A-21206 | 1:500) secondary antibody for the receptor subunit stains (green 
channel in Figures 4.1-4.4).  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. 
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Antigen Control 
peptide 

Primary 
antibody 

Antibody 
species F(abI)2  antibody F(abI)2  

species Fluorophore Fluorophore 
species 

Parvalbu
min 

abcam®  
ab45541 

Swant  
PV 235 M(a)PV 

 
Jackson 
ImmunoResearc
h 
315-006-003 

R(a)M Molecular 
Probes® 
Invitrogen™ 
A-31570 
A-31572 
A-21432 

 
 
D(a)M 
D(a)R 
D(a)G 

Calbindin abcam®  
ab60452 

Swant  
CB 38 R(a)CB Jackson 

ImmunoResearc
h 
111-006-003 

G(a)R 
Calretinin abcam®  

ab73479 

Chemico
n  
AB5054 

R(a)CR 

GluN2A abcam®  
ab16984 

Millipore  
05-901R 

M(a)Glu
N2A - - 

Molecular 
Probes® 
Invitrogen™ 
A-21206 
A-21202 

 
 
D(a)R 
D(a)M 

GluN2B 
abcam®  
ab19636 

(Upstate) 
Millipore  
06-600 

R(a)GluN
2B - - 

GluN2C 
abcam®  
ab11450
5 

abcam 
ab110 

R(a)GluA
3 - - 

GluN2D 

abcam®  
ab35447 

(Chemic
on) 
Millipore  
MAB55
78 

R(a)GluA
4 - - 

Table 4.1: Overview of the antibodies, including the primary antibodies, the corresponding control 
peptides, as well the F(abI)2 and fluorescent antibodies.  We used untagged F(abI)2 antibodies to block 
same-species primary antibodies.  The F(abI)2 and fluorescent antibodies used depended on the primary 
antibody species.  The species are indicated in capital letters, with (M) for mouse, (R) for rabbit, (G) 
for goat, and (D) for donkey.  The fluorophores are color-coded according to wavelength, red for 
AlexaFluor® 555 and green for AlexaFluor® 488.    

To control for unspecific staining, we repeated the entire procedure but 
omitted the primary antibodies and found no fluorescent staining.  To 
control for cross-species reactivity we tested primary antibodies raised in 
different species in all conditions and found the same immuno-staining 
patterns as reported here.  These other primary antibodies were excluded 
from the study due to lack of documented monkey reactivity, despite being 
raised against similar amino acid sequences.  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 procedures 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.  The efficiency of 
this procedure can be seen, for example, in the lack of overlap between the 
CB and the CR stain (both rabbit primary antibodies) in Figure 4.1.  To 
validate the specificity of the antibodies, we carried out adsorption 
controls, pre-incubating the primary antibodies overnight at 4°C with the 



	
	

118 

corresponding control peptide (Table 4.1), at 10:1 peptide to antibody 
molar concentration, before performing the procedure described above, 
and did not observe fluorescent staining (Kooijmans et al. 2014). 

 

Imaging and image processing 

In every section, we confocally scanned five z-stack samples from the same 
cortical column corresponding to layers I, II/III, IV, V and VI, as 
identified by relative cortical depth and cell morphologies (Van Brederode 
et al. 1990; DeFelipe 1997; DeFelipe et al. 1999; Disney and Aoki 2008; 
Kooijmans et al. 2014), (see Figure 4.1 for CBP expression across the 
layers). We acquired z-stacks consisting of 10 successive equidistant 
images in the z dimension, with two channels, red for the CBPs, and green 
for NMDARs.  We used a Zeiss© CLSM 510 and the 63x immersion 
objective (NA 1.5) with 1.5x digital zoom, at 512 x 512 resolution and 8-
bit image depth.  We configured an AlexaFluor 488 ‘green’ channel 
(488nm laser excitation, 500-550nm emission filtering) and an AlexaFluor 
555 ‘red’ channel (543 nm laser excitation, 565-655nm emission filtering).  
These settings allowed appropriate sampling and de-convolution of the 
objects of interest.  All multi-fluorescence scanning was done in sequential, 
‘frame-by-frame’ mode.  We took precautions to rule out emission (‘green’ 
emission in the ‘red’ channel) and excitation bleed-through (‘red’ emission 
in the ‘green’ channel) (Beliën and Wouterlood 2012; Kooijmans et al. 
2014).  In a few stacks, we discarded images of layer I due to superficial 
tears in the tissue, which had been caused by the removal of the brain from 
the skull, but included rest of the images in the data analysis. 

We de-convolved the image stacks using the Huygens Professional™ 
software (Scientific Volume Imaging, Hilversum, the Netherlands).  This 
processing step uses the intrinsic point-spread function (PSF) of the optic 
equipment to reliably reconstruct the original image, thereby improving 
the estimation of the size and relative position of imaged objects 
(Wouterlood 2005; Wouterlood et al. 2008; Boulland et al. 2009; 
Kooijmans et al. 2014).  We performed this processing step independently 
for the two channels, as the PSF is proportional to the emission 
wavelength.   
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We used a recently established automated method that is based on 3D 
object-recognition in image stacks, which results in an objective and highly 
reproducible estimation of the thresholds necessary for 3D object-
reconstruction, that correlates well with manual, subjective procedures 
(Wouterlood et al. 2008; Beliën and Wouterlood 2012; Kooijmans et al. 
2014). In order to calculate the probability of expression of receptors, we 
first split every image into 3D-objects, where each 3D-object consist of a 
number of connected voxels (0.19μm x 0.19μm x 0.2μm) above a variable 
luminance threshold.  We automatically counted the number of 3D-
objects as a function of a luminance threshold, using the ImageJ software 
together with the “3D object counter” plug-in (Bolte and Cordelières 
2006).  We excluded objects smaller than 100 connected voxels for the 
CBP stains and 10 connected voxels for the GluN2 subunit stains from the 
count, to suppress image noise.  The 100 connected-voxel threshold also 
excluded putatively excitatory weakly stained CB-IR cell bodies, as 
previously reported (Kooijmans et al. 2014). The number of remaining 
objects counted in this manner is a unimodal function of the threshold.  
Low thresholds detect a few irregular, but large 3D objects, whereas high 
thresholds result in sparse, small objects with high luminance (Wouterlood 
et al. 2008; Beliën and Wouterlood 2012; Kooijmans et al. 2014).  The 
threshold that maximizes the count (II in Figure 4.2A and 4.2B) results in 
objects with intermediate size and centres of mass that are internal to the 
objects.  We carried out this threshold determination independently for 
the two channels in each z-stack image of the different co-staining 
conditions (Wouterlood et al. 2008; Beliën and Wouterlood 2012; 
Kooijmans et al. 2014).  The distribution of resulting object sizes was 
bimodal in those images where cell bodies were stained, with the larger 
objects representing cell bodies, and the smaller objects representing the 
neuropil (Figure 4.2).  We used this size difference to separately analyse 
the degree of expression of NMDA subunits on CBP-IR cell bodies and 
neuropil (Kooijmans et al. 2014). 

 

Quantification 

We used scripts processed by the SCIL-Image software (TNO Delft, the 
Netherlands) to calculate the number of the objects in each channel 
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overlapping with objects in the other channel in every stack, taking into 
consideration their size, the coordinates of their centres of mass, and the 
number of overlapping voxels (Wouterlood et al. 2008; Beliën and 
Wouterlood 2012; Kooijmans et al. 2014).    

     𝑷 𝑮𝒍𝒖𝑵𝟐|𝑪𝑩𝑷 = 𝑵𝑪𝑩𝑷	𝒐𝒗𝒆𝒓𝒍𝒂𝒑	𝑮𝒍𝒖𝑵𝟐
𝑵𝑪𝑩𝑷

   (1) 

To characterize the receptor expression patterns of the various cell types, 
we calculated the fraction of 3-dimensional CBP-IR objects (separately for 
cell bodies and neuropil) overlapping with GluN2-IR objects (Kooijmans 
et al. 2014).  The quantity P(GluN2|CBP) is the probability that an object 
positive for a given CPB expresses a given GluN2.  We analysed cell body 
and neuropil expression separately, as we observed qualitative differences 
when visually inspecting the pictures.  Images that contain only neuropil-
like objects display a unimodal distribution (object count to object size) 
with numerous small-sized objects.  Images that also contain fully stained 
cell-bodies on the other hand, display a bi-modal distribution with a small 
second peak corresponding to very large cell objects (~20.000 voxels) 
(Kooijmans et al. 2014), as illustrated by Figure 4.2A, red channel, and 2B 
red and green channels. An image containing weakly stained cell-bodies 
does not display such a bi-modal distribution (Figure 4.2A, green 
channel).  We separated the objects from the second peak for each channel 
of each image, whenever they were present.   

For each image, we calculated the probability of CBP-IR objects from the 
first peak overlapping with GluN2-IR objects from the first peak.  This is 
the probability that CBP-IR neuropil expresses GluN2 subunits.  Since 
CBP-IR objects are filtered above 100 pixels, weakly stained cell bodies 
are eliminated, including putatively excitatory weakly CB-IR cell bodies 
(Van Brederode et al. 1990; Disney and Aoki 2008), as previously reported 
(Kooijmans et al. 2014).  We separately calculated the probability that 
CBP-IR objects from the second peak overlap GluN2-IR from the first 
peak, to define weak expression of GluN2 on CBP-IR cell-bodies.   
Similarly, the probability that CBP-IR objects from the second peak 
overlap GluN2 objects from the second peak defined cell bodies strongly 
expressing GluN2s.  This is an extension of a similar calculation we 
performed for AMPAR expression on CBPs, for strong expression only 
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(Kooijmans et al. 2014). Quantitative results obtained with the 
P(GluN2|CPB) measure were always in good agreement with our 
qualitative assessment. 

Figure 4.2: Objective thresholding for the detection of immunoreactive objects.  A, Double stain for 
PV-IR (red) and GluN2A (green) in layer II/III of macaque V1. Note the weak GluN2 expression 
within PV-IR cell bodies.  (I) Stack projection of 10 raw CLSM 97µmx97µm images.  (II) Projection 
of the same image stack, after automatic thresholding for size and intensity (see Methods).  (III) 
Distribution of object-sizes of all PV positive objects exceeding the size threshold (100 voxels).  Note 
the logarithmic x-axis and the bimodal distribution with a small second peak of very large objects, 
which correspond to the cell bodies.  (IV) Distribution of object-sizes of all GluN2A positive objects 
exceeding the size threshold (10 voxels). B, Same as A, but for a double stain for CB-IR and GluN2A. 
Note the strong GluN2 expression at the CBP-IR cell bodies.  

 

Results 

CBP-IR cell bodies have specific distributions across the layers of macaque 
V1 (Van Brederode et al. 1990; Disney and Aoki 2008; Kooijmans et al. 
2014).  In accordance with these previous studies, PV-IR somata were 
most prevalent in layers II/II, IV and VI, CB-IR somata in II/III, IV, and 
V, and CR-IR somata in II/III (Figure 4.1).  We found that the three 
inhibitory interneuronal classes express all GluN2 NMDAR subunits in 
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macaque V1.  All somata were positive for all GluN2 subunits.  However, 
we found that the CBPs were associated with two distinct profiles: low 
GluN2 expression, restricted to the soma for PV-IR cells, or high GluN2 
expression for CB-IR and CR-IR cells.  This pattern was present in both 
animals, and across all layers of V1. 

 

CBP expression and normalization 

We carried out separate stains for three CBPs to examine the dependent 
expression of GluN2A-D.  We first examined whether there were 
differences in the density (proportion of voxels above the threshold) 
between the CBP stains of the different co-localization conditions 
(GluN2A through GluN2D) in 158 out of 160 (2 monkeys x 4 receptors 
x 4 sagittal locations x 5 layer locations) stacks for PV, 159 for CB and 155 
stacks for CR.  We excluded 2, 1, and 5 stacks in the respective groups due 
to damage to layer I (see Methods).  Densities were similar across 
conditions for PV (one-way ANOVA, F3, 154 = 0.44, p > 0.7), CB (one-way 
ANOVA, F3, 155 = 1.8, p > 0.14), and CR (one-way ANOVA, F3, 151 = 1.93, 
p > 0.12). Thus, co-staining for the GluN2 subunit co-staining did not 
influence the CBP signal, and normalization was unnecessary. 

 

Expression of GluN2 at the cell body  

Our initial analysis of the expression patterns of GluN-subunits within the 
cell bodies of the three interneuron classes revealed two distinct expression 
patterns. On the one hand, the expression of all four GluN-subunits in the 
cell bodies of CB-IR and CB-IR neurons was strong and homogeneous.  
Accordingly, a voxel-based analysis yielded cell bodies with many 
connected voxels positive for either of the GluN-subunits, which 
overlapped with CBP-IR cell bodies (Figure 4.2B, columns II and III in 
Figures 4.3 & 4.4).  On the other hand, expression of GluN-subunits in 
PV-IR neurons was much weaker, resulting in small objects in the voxel-
based analysis at the level of PV-IR cell bodies (Figure 4.2A, column I in 
Figures 4.3 & 4.4).  To assess these differences quantitatively, we devised 
separate criteria for weak and strong co-localization of GluN2 subunits 
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with CBPs in the cell bodies.  Specifically, we determined the overlap of 
CBP-staining in cell bodies with small GluN2-positive objects to measure 
weak co-localization and overlap with large GluN2-positive objects to 
measure strong co-localization (see Methods). 

Of all the PV-IR cell bodies, 87% exhibited weak expression but only 4% 
strong expression of GluN2A (N = 39 sections).  We obtained similar 
results for the other GluN2-subunits.  Strong co-localization with 
GluN2B, GluN2C and GluN2D occurred in only 1%, 0% and 3% of PV-
IR cell bodies (N = 40, 40, 39 sections for GluN2B, C and D), respectively.  
In contrast, weak co-localization occurred in 87%, 84% and 87% of the 
PV-IR cell bodies for GluN2B, GluN2C and GluN2D (Figure 4.5A).  In 
contrast to the PV-IR interneurons, the expression of GluN2-subunits in 
CB-IR and CR-IR cell bodies was predominantly strong (Figure 4.5A). 
For CB-IR, strong co-localization with GluN2A, GluN2B, GluN2C and 
GluN2D occurred in 90%, 88%, 83% and 89% of the somata and weak co-
localization in 10%, 8%, 10% and 4% of them, respectively (N = 40, 40, 39, 
40 sections).  We obtained very similar results for CR-IR cell bodies where 
the probabilities of strong expression of GluN2A, GluN2B, GluN2C and 
GluN2D were 88%, 88%, 93% and 86% and the probabilities of weak 
expression 12%, 11%, 6% and 13%, respectively (N = 39, 36, 40, 40 
sections) (Figure 4.5A).  We conclude that CB-IR and CR-IR cell bodies 
have predominantly strong expression of GluN2-subunits whereas the cell 
bodies of PV-IR neurons have mainly weak expression. 

 

Neuropil expression 

We examined the neuropil of CBP-IR objects (see Methods) after the 
exclusion of the cell bodies (Kooijmans et al. 2014).  In this analysis, the 
probability that a PV-IR object expressed one of the GluN2-subunits was 
much smaller than the probability for a CB-IR or CR-IR object (Figure 
4.5B).  

 



	
	

124 

Figure 4.3:  Double stains (97µmx97µm) for PV (I), CB (II), and CR (III) (red) and the GluN2A (A), 
GluN2B (B), GluN2C (C) and GluN2D (D) NMDAR subunits (green) in layer II/III where cell 
bodies positive for all three CBPs are present. Each image is a stack projection of 10 CLSM images. 
There is little co-localization (yellow) between PV (I) and GluN2 subunits in cell bodies, limited to 
faint, discontinuous expression of GluN2 subunits. For CB-IR and CR-IR cells, however, the co-
expression (yellow) is extensive in the soma and neuropil.  Grey insets, signal in individual image 
channels. 

Across all layers, the probabilities P(GluN2|PV) that a PV positive 
neuropil object expressed GluN2A, GluN2B, GluN2C and GluN2D were 
on average 16%, 17%, 16%, and 17%. Both monkeys had relatively low 
probabilities of expressing GluN2s on PV-IR neuropil (Figure 4.5B, right 
panel).  For CB-IR neuropil, the expression probabilities across the layers 
for GluN2A-D were 84%, 85%, 94% and 88% (Figure 4.5B), respectively, 
and they were similarly high for the two monkeys.  Finally, the expression 
probabilities in the CR-IR neuropil were 77%, 65%, 74% and 75% for 
GluN2A-D, respectively (Figure 4.5B), and again high for both animals.  
To test the significance of GluN2-subunit differences in expression, as a 
function of CBP-IR cell type, we performed a two-way ANOVA, with 
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CBP and GluN2 subunit as factors. There was a main effect of cell type 
layer (F2,460 = 628.325, p < 0.001 (CBP), but no main effect of receptor 
(GluN2) (F3,460 = 2.191, p > 0.08) or interaction effect (F6,460 = 1.723, p > 
0.1).  Bonferroni corrected post-hoc analysis revealed that all pair-wise 
differences were significant between PV-IR, CB-IR and CR-IR (all p < 
0.001), with CB-IR neuropil having the average highest expression of 
GluN2s, followed by CR-IR neuropil at a small mean difference, PV-IR 
neuropil at a large mean difference.  We investigated whether the small 
difference between the CB-IR and the CR-IR populations was driven by 
one specimen, by repeating this analysis separately for the two monkeys.  
The main effect of cell type was significant for both monkey A (F2,224 = 
612.373, p < 0.001) and monkey R (F2,224 = 444.458, p < 0.001).  For the 
individual monkeys, the significant effect between CB and CR was only 
present for monkey A (Bonferroni-corrected t-test, p < 0.001), and was 
absent in monkey R (Bonferroni-corrected t-test, p > 0.2).  The significant 
difference between PV on the one hand and CB and CR on the other hand 
was significant for both specimens (all four Bonferroni-corrected t-tests, p 
< 0.001). 

To examine whether there are differences in the expression of the different 
GluA2-subunits between layers, we performed additional two-way mixed 
ANOVAs, with layer as a repeated measure within-section factor, and the 
GluN2-subunit as a between-sections factor, separately for the PV, CB, 
and CR conditions.  For PV-IR cells, the ANOVA revealed a significant 
main effect of layer (F4, 100 = 10.221, p < 0.001), caused by slightly lower 
expression of GluN2-subunits in layer IV compared to layers I, V, and VI 
(all three Bonferroni-corrected t-tests, p < 0.05) (Figure 4.5C). There was 
no main effect in the ANOVA of the GluN2 subunit (F3,25 = 0.54, p > 0.9), 
and no interaction (F12,100 = 0.9, p > 0.5).  For CB-IR cells, the ANOVA 
revealed a significant main effect of layer (F4,100 = 12.670, p < 0.001), driven 
by slightly stronger GluN2 expression in layers I and II/III as compared to 
layers IV, V and VI (all six Bonferroni-corrected t-tests, p < 0.05). There 
was no main effect of GluN2 subunit (F3,25 = 0.936, p > 0.4), and no 
significant interaction (F12,100 = 0.962, p > 0.4) (Figure 4.5C).  For CR-IR 
cells, there was a significant main effect of layer (F4,100 = 3.552, p < 0.05), 
but none of the pair-wise comparisons were significant.  There was no 
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main effect of GluN2 subunit (F3,25 = 1.060, p > 0.3) and no significant 
interaction (F12, 100 = 1.421, p > 0.15) (Figure 4.5C). 

Figure 4.4:  Double stains (97µmx97µm) for PV (I), CB (II), and CR (III) (red) and the GluN2A (A), 
GluN2B (B), GluN2C (C) and GluN2D (D) NMDAR subunits (green) in layer IV.  Layer IV 
contains cell bodies of PV-IR and CB-IR, but no CR-IR cells.  Each image is a stack projection of 10 
CLSM images. There is little co-localization (yellow) between PV (I) and GluN2 subunits in cell 
bodies, limited to faint, discontinuous expression of GluN2 subunits. For CB-IR and CR-IR cells, 
however, the co-expression (yellow) is extensive in the soma, where present, and neuropil.  Also note 
the presence of weakly stained CB-IR cell bodies in layer IV, which are putatively excitatory and were 
excluded from our analysis (see Methods).  Grey insets, signal in individual image channels. 

Overall, the expression of all GluN2-subunits in the neuropil was relatively 
homogeneous across the layers and across subunit types. We observed clear 
differences between interneuron types, with high GluN2 expression 
probabilities for CB-IR and CR-IR neuropil and lower probabilities for 
PV-IR neuropil.  
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Figure 4.5: Expression of GluN2 NMDAR subunits in cell bodies and neuropil of CBP-IR cells.  A, 
Probability of weak (hatched bars) and intense (solid bars) of the GluN2 subunits on CBP-IR cells.  
PV-IR cells mostly display weak expression of all GluN2 subunits at the cell body, whereas CB-IR 
and CR-IR cells tend to display intense expression.  B, Probability of GluN2 expression in the 
neuropil.  The probabilities are low of all GluN2 subunits in PV-IR cells and higher CB-IR and CR-
IR cells.  Right insets, results for the individual monkeys.  C, Expression probability in the neuropil of 
the different layers (~8 samples per each data point). Note that the expression probabilities are relatively 
constant across the layers.  Error bars represent standard error of the mean. 

 

Discussion  

We mapped the probability of expression of GluN2 NMDAR subunits as 
a function of inhibitory interneurons type, in macaque area V1. We found 
that PV-IR neurons have relatively weak expression of all GluN2 subunits, 
mostly limited to cell bodies, whereas the expression of these subunits is 
much stronger in CB-IR and CR-IR interneurons.  Our results suggest 
high NMDAR expression on CB-IR and CR-IR, and reduced on PV-IR 
interneurons, as opposed to the findings of Huntley et al. (1994).  
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However, this apparent discrepancy can be explained by the presence of 
different isoforms of the GluN1 subunit not detected by the antibody used 
(Conti et al. 1997; Köhr 2006).  A similar discrepancy is reported by 
Muñoz et al. (1999), who found expression of GluN2 subunits A and B 
on the cell bodies of CB-IR interneurons, with very sparse complementary 
expression of GluN1.  Our results further agree with studies that measured 
mRNA for several GluN1 and GluN2 subunits in interneurons of rat and 
human cortex (Standaert et al. 1996; Küppenbender et al. 1999), and 
previous electrophysiological studies reporting the presence of NMDAR 
currents in interneurons (Angulo et al. 1999; Hull et al. 2009; Carlén et al. 
2011).  

We observed a number of differences in expression probability of the 
GluN2 subunits for PV-IR and CB-IR neuropil between the layers, which 
are presumably related to the different types / morphologies of 
interneurons that express PV and CB in the various layers (Lund 1987; 
Lund et al. 1988; Van Brederode et al. 1990; Lund and Yoshioka 1991; 
Condé et al. 1994; Lund and Wu 1997).  In contrast, we found 
homogeneous GluN2 expression in the CR-IR neuropil, in agreement 
with the CR-IR population being mainly composed of double-bouquet 
cells (Condé et al. 1994), with cell bodies in layer II/III (Disney and Aoki 
2008; Ma et al. 2013; Kooijmans et al. 2014) and processes spanning the 
entire depth of the cortex.   

 

Methodological concerns 

The current results pose a number of 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 
and secondary antibodies, as previously reported (Kooijmans et al. 2014).  
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We used a new objective quantitative method to count immunoreactive 
objects, which allowed for the differentiation between cell bodies and 
neuropil, and we devised an objective quantification to distinguish between 
weak and strong cell body staining.  Importantly, the results of our 
quantitative analysis were always in accordance with visual inspection of 
the data (Figures 4.3, 4.4, & 4.5) and the known physiological 
characteristics of inhibitory interneurons (Rotaru et al. 2011, 2012; 
Moreau and Kullmann 2013).     

 

Subunits of functional NMDARs 

A prototypical NMDAR consists of two glutamate-binding GluN1 and 
two glycine-binding GluN2 subunits (Furukawa et al. 2005; Köhr 2006; 
Erreger et al. 2007; Paoletti and Neyton 2007).  However, a third glycine-
binding subunit type, GluN3 (A or B) can replace one of the GluN2 
subunits, thereby reducing the Ca2+ permeability of the receptor, and 
modulating its activity (Henson et al. 2010).  The precise subunit 
composition of NMDA receptors therefore influences their conductance 
and opening dynamics (Dingledine et al. 1999; Cull-Candy and 
Leszkiewicz 2004; Köhr 2006) and the GluN2 subunit influences the 
magnesium sensitivity (Clarke and Johnson 2006) and agonist potency 
(Erreger et al. 2007). 

It is also possible for GluN1 and GluN3 subunits to form glycine-gated 
ion channels, which are impermeable to Ca2+ (Chatterton et al. 2002; Köhr 
2006).  Such channels do not respond to glutamate, and do not fall under 
the typical definition of NMDA receptors.  Previous results also report 
discrepancies in GluN1 and GluN2 expression on different interneurons 
subtypes in sensory-motor cortex (Muñoz et al. 1999).  We therefore 
focused on GluN2A-D subunits as a measure for the expression of 
functional NMDARs, and observed clear differences between classed of 
V1 interneurons, but no subunit specificity. 
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Two broad classes of interneurons in macaque V1 

Our finding that PV-IR neurons only weakly express NMDARs 
complements our previous findings about the AMPARs that are expressed 
by the different interneuron classes in macaque V1 (Kooijmans et al. 2014). 
We observed that PV-IR interneurons predominantly express the GluA2 
and GluA3 AMPAR subunits that give rise to AMPARs that conduct 
little calcium, whereas CB-IR and CR-IR interneurons have strong 
expression of the GluA1 and GluA4 subunits, which give rise to AMPARs 
that are more permeable for calcium.  Thus, the ionotropic glutamate 
receptors define a subdivision of V1 interneurons into two categories. The 
first category is composed of PV-IR neurons with AMPARs that do not 
conduct calcium and a low concentration of NMDARs.  These neurons 
are usually of the fast-spiking type, which means that they can exhibit high 
spiking frequencies for longer durations (Zaitsev et al. 2005).  The second 
category consists of CB-IR and CR-IR cells with AMPARs that conduct 
calcium and with a higher concentration of NMDARs.  Interestingly, 
neurons in this interneuron class have an intermediate spiking pattern, 
which means that their firing rate decreases after prolonged depolarization 
of the cell. 

 

Synaptic calcium influx  

The subunit composition of AMPARs and NMDARs of PV-IR neurons 
differs from that of the other inhibitory neuron classes, in that 
comparatively little calcium will enter into PV-IR cells during synaptic 
transmission.  Our results are therefore in accordance with calcium 
imaging experiments demonstrating that PV-IR interneurons present 
lower intra-cellular Ca2+ concentrations following synaptic events (Hofer 
et al. 2011), than other types of interneurons and pyramidal cells 
(Helmchen et al. 1996; Koester and Sakmann 2000; Lee et al. 2000; Kaiser 
et al. 2001; Aponte et al. 2008).  These relatively weak calcium signals 
cannot be explained by the calcium binding dynamics of PV, as PV is a 
slower calcium buffer than CB and CR under physiological circumstances 
(Chard et al. 1993; D’Orlando et al. 2002; Schwaller et al. 2002; Barinka 
and Druga 2010).  We note, however, that there are other sources for 
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calcium transients that may differ between PV-IR and CB-IR and CR-IR 
neurons, such as the release from internal stores.  

 

AMPAR and NMDAR combinations 

Previous immunohystochemical studies have found that the majority of 
GluN2-containing synapses, as likely onto PV-IR interneurons 
(Kooijmans et al. 2014), contain GluN1 (Gonzales-Albo and DeFelipe 
1991). GluN1 expression in PV-IR interneurons has been previously 
demonstrated (Huntley et al. 1994), but may not be associated with 
prototypical NMDA receptors (Chatterton et al. 2002; Köhr 2006).  
Furthermore, physiological data from PV-IR suggest that calcium influx 
is reduced through AMPARs of PV-IR cells (Helmchen et al. 1996; 
Koester and Sakmann 2000; Lee et al. 2000; Kaiser et al. 2001; Aponte et 
al. 2008), while NMDA presence is also lower than in other cell types 
(Kaiser et al. 2004; Gittis et al. 2010; Rotaru et al. 2011, 2012; Moreau 
and Kullmann 2013).    

Our current result, together with previous data, identify PV-IR cells as 
mostly expressing GluA2/3 AMPARs (Kooijmans et al. 2014) and few 
NMDARs. These expression patterns likely determine specific NMDA-
dependent LTP and LTD in these interneurons (Moreau and Kullmann 
2013). 

 

Summary 

We found that ionotropic, AMPA (Kooijmans et al. 2014) and NMDA 
glutamate receptors define two broad classes of inhibitory interneurons 
(PV-IR versus CB-IR and CR-IR) in macaque V1.  Neurons in these 
classes also have different firing behaviour (Zaitsev et al. 2005).  The low 
NMDAR expression on PV-IR cells and the higher expression on CB-IR 
and CR-IR cells also matches their other physiological properties (Rotaru 
et al. 2011, 2012; Moreau and Kullmann 2013).  
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