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Abstract  

Neuronal loss in Layer III of the medial entorhinal cortex (MEA) is a characteristic 

phenomenon associated with Temporal Lobe Epilepsy. The immediately adjacent lateral 

entorhinal cortex (LEA) does not exhibit such loss. The current study uses indirect 

immunofluorescence assays in the third layer of both the medial and lateral entorhinal cortex to 

detect differences in protein expression of the most prevalent N-methyl-D-aspartate receptor 

(NMDAR) subunit isoforms in the adult cortex: the GluN1, GluN2A and GluN2B subunits. The 

latter two subunits confer varying levels of Ca
2+

 permeability and ostensibly the potential for 

excitotoxicity that may lead to characteristic loss of this particular population of neurons. We 

find that the level of GluN1 protein expression in the MEA and LEA is similar, suggesting that 

the number of NMDARs in the MEA and LEA is also similar, and that both GluN2A and 

GluN2B expression is higher in the MEA than in the LEA. These findings taken together may 

suggest a difference in subunit distribution and/or stoichiometry of NMDA receptors between the 

third layer of the MEA and LEA. 

Keywords: Temporal Lobe Epilepsy; N-Methyl-D-Aspartate Receptors; Immunofluorescence 

 

Introduction 

Temporal Lobe Epilepsy (TLE) is characterized by hyperexcitability and hypersynchrony 

of neurons in temporal lobe structures. Injury resulting in sclerosis (cell loss) of the hippocampus 

is considered a hallmark of TLE (Buckmaster, 2004). Accordingly, the majority of TLE research 

has focused on the hippocampus and the dentate gyrus in particular (Collins et al., 1983; 

Buckmaster, 2004). In the nearby entorhinal cortex, layer II (L2) stellate cells send afferent 

connections to the dentate gyrus (Fig. 1) via the perforant pathway, and these L2 neurons 

demonstrate hyperexcitability in animal models of TLE (Kumar and Buckmaster, 2006). L2 

stellate cells receive their input from layer III (L3) interneurons, whose input in turn comes from 

L3 pyramidal cells. Loss of the latter population of pyramidal neurons that comprises L3 of the 

medial entorhinal cortex (MEA) is a hallmark phenomenon of TLE in both human patients and 
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Figure 1. A, Example of hallmark loss 

of L3 (indicated with an *) neurons in 

an epileptic animal contrasted with a 

control. Adapted from Pilli and Kumar 

(unpublished observations). The site of 

neuronal loss is indicated by the red 

box. Vertebrate neuron-specific nuclei 

protein (NeuN) is labeled in each slice 

(100x magnification). B, Simple 

schematic demonstrating neuronal 

circuitry linking the EC with the 

hippocampus. EC Layer (L) 2-6; DG, 

dentate gyrus; CA1 and CA3, 

hippocampal subfields 1 and 3; Sub, 

subiculum. Note that there is 

interlaminar connectivity within the 

EC. EC laminae are depicted in purple; 

hippocampal structures are depicted in 

green. 

 

animal models (Du et al., 1993; Du et al., 1995) (Fig. 1). Loss of these excitatory afferents in the 

MEA combined with the loss of L3 inhibitory neurons (Kumar and Buckmaster, 2006) makes the 

entorhinal cortex (EC) particularly susceptible to seizure activity. Pyramidal neurons in the 

immediately adjacent lateral entorhinal cortex (LEA) do not exhibit this same pattern of loss and 

they appear to be mostly unaffected (Scharfman, 2000). Furthermore, pyramidal neurons in L3 of 

the MEA and LEA are believed to have comparable morphological and electrophysiological 

characteristics (Tahvildari and Alonso, 2005; Canto et al., 2008).  

 Studies of hyperexcitability in the EC have focused on the loss of inhibitory synapses in 

the superficial layers (Kumar and Buckmaster, 2006). A relatively unexplored possibility for the 

selective loss of neurons in L3 of the MEA is differential subunit composition of N-Methyl-D-

aspartate receptors (NMDARs) expressed in the affected neurons. The NMDAR is a heteromeric 

cation channel, constituted of four subunits. Those four subunits include (as many as) two 

subunits of the requisite GluN1, one or two of the physiologically/pharmacologically discernible 

GluN2 subunits (GluN2A-GluN2D), and/or the more recently described GluN3 subunit 

(GluN3A or GluN3B) (Paoletti and Neyton, 2007).  
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Permeability to divalent cations, especially Ca
2+

, is a hallmark of the NMDA receptor 

with the exception of homomeric GluN3-containing NMDARs, which show reduced Ca
2+ 

permeability relative to their conventional homomeric GluN2-containing counterparts (Sucher et 

al., 1995; Pachernegg et al., 2012). Ca
2+

 influx accounts for 10-18% of the current passing 

through these conventional GluN2-containing NMDARs (Burnashev et al., 1995; 

Schneggenburger, 1996), involving them in Ca
2+

-mediated signal transduction pathways, some 

of which lead to excitotoxicity (Prince and Connors, 1984; Swann et al., 1993; Schwartzkroin, 

1995).  Thus there is potential for NMDAR implication in Ca
2+

-mediated excitotoxicity that may 

result in the hallmark neuronal loss in L3 of the MEA under conditions of hyperexcitability. 

Other ionotropic glutamate receptors capable of Ca
2+

 permeability include AMPA receptors 

deficient in the GluR2 subunit, expressed primarily in inhibitory interneurons (Kumar et al., 

2002). Nevertheless, NMDARs are the predominant contributors to Ca
2+

 influx at the synapse 

(Kovalchuk et al., 2000).    

 The pathophysiological mechanisms that cause the hyperexcitability and hypersynchrony 

of TLE are not firmly established (Kumar and Buckmaster, 2006), nor are the mechanisms 

underlying the preferential loss of pyramidal neurons in L3 of the MEA. The current study 

delves into the latter issue of excitatory cell loss in the MEA by investigating the distribution of 

GluN2A and GluN2B, the predominant isoforms in the cerebral cortex (Wenzel et al., 1997), in 

L3 of the MEA and LEA. The hypothesis of differential NMDAR subunit isoform expression in 

these two areas of the EC is based on the following premises: the EC is plentiful in NMDAR-

expressing neurons (Scharfman, 2002), and excitatory postsynaptic potentials (EPSPs) recorded 

from these neurons have characteristically large and prolonged NMDAR-mediated components 

(Jones, 1987) relative to excitatory neurons in other regions, e.g. the hippocampus (Walther et 

al., 1986). NMDAR subunit composition alters receptor kinetics and desensitization to glutamate 

binding, thereby altering the duration for which receptors remain open (Vicini et al., 1998; S.S. 

Kumar, personal communication). The duration of receptor opening has direct consequences for 

permeability to Ca
2+

: NMDARs containing the GluN2B subunit demonstrate a longer phase of 

calcium permeability than GluN2A-containing receptors (Monyer et al., 1994; Sobczyk et al., 

2005), and excessive Ca
2+

 influx may contribute to excitotoxic cell death. Given these functional 

differences between NMDAR subunits, and taking into account the differential loss of excitatory 
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neurons in the EC, one might expect the NMDAR subunit isoform expression to differ between 

the MEA and LEA. 

 

Materials and Methods  

Animals 

All animals used in the current study were male Sprague Daley rats aged postnatal date 

P55 – P80 with the exception of a P13 animal that served as a positive control for the purpose of 

validating the anti-GluN2B antibody.  

Slice Preparations 

We began the study with thick (100�m) slices that could be generated by the same means 

as those used for electrophysiology. We also considered thinner slices (40�m) to improve 

penetrability of the antibodies.  

100�m Sections: Rats were deeply anesthetized with urethane (0.375mL/100g delivered via 

intraperitoneal injection (i.p.), decapitated, and horizontal sections of live tissue were cut in a 

chilled 4°C cutting solution equilibrated with 95% O2/5% CO2 on a microslicer (VT1000S; 

Leica, Nussloch, Germany). 100�m sections were immediately immersed in 4% 

paraformaldehyde in 0.1M phosphate buffer (PB, pH 7.4) and allowed to fix for at least 24 hours 

at 4°C. Slices were stored at -20°C in 30% ethylene glycol and 25% glycerol in 50mM PB 

(Tissue Cryoprotectant Solution, TCS) until immunofluorescence processing.   

40�m sections: Rats were deeply anesthetized with sodium pentobarbital (0.1mL/100g, i.p.) and 

transcardially perfused with cold 0.1M PB, followed by 4% paraformaldehyde in 0.1M PB. The 

brains were immediately removed and postfixed in the same fixative for an additional 12 hours. 

Brains were immersed in a sucrose gradient of 10%, 20%, and 30% sucrose solution to prevent 

development of freezing artifacts, frozen on dry ice, and stored at -80°C until sectioning. 40�m 

horizontal slices were made on a Microm HM505E cryostat (Waldorf, Germany). Sections were 

collected in TCS and stored in the same solution at -20°C until immunofluorescence processing.  
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Immunofluorescence Labeling 

Antibodies: There were six primary antibodies and four secondary antibodies used in the current 

study. Their targets and other relevant properties are detailed in Table 1. Vertebrate neuron-

specific nuclear protein (NeuN) was routinely included in processing rounds to differentiate 

neurons from glial cells and to differentiate the laminae of the EC, though the antibody was only 

used concurrently with anti-GluN antibodies in preliminary experiments (see Discussion of 

Technical Limitations). A fundamental assumption of the study was that the antibody lots had 

been validated at the company, as we did not have the infrastructure in place to validate them by 

western blotting. 

 

Table 1. Antibodies used in the current study and their relevant properties. *This antibody never 

detected its antigen satisfactorily under a variety of conditions. Value reflects estimate of optimal 

concentration. aa, amino acid. 

 

Protocols for immunofluorescence: A number of different protocols were used and adapted in an 

effort to optimize the anti-GluN antibodies. We manipulated several variables in the progression 

of protocols, never altering more than one variable per round. Incubation time was the first 

variable manipulated in each new set of trials. Slices were incubated with primary antibodies for 

Primary IgGs 

Antibody Host Species Epitope 

Clonality 

(clone #) 

IgG 

subtype Optimal Concentration Vendor 

anti-

NeuN Mouse NeuN 

Monoclonal 

(A60) IgG1 0.001 mg/mL Millipore 

anti-

NeuN Rabbit NeuN N-terminus Polyclonal IgG1 0.001 mg/mL Millipore 

anti-

GluN1 Mouse 

aa 660-811 of 

NMDAR1 

Monoclonal 

(54.1) IgG2a 0.001 mg/mL Millipore 

anti-

GluN2A Mouse 

aa 1099-1213 of 

NMDAR2A 

Monoclonal 

(2D10) IgG1 0.0025 mg/mL Millipore 

anti-

GluN2B Mouse 

aa 1033-1161 of 

NMDAR2B 

Monoclonal 

(13A11) IgG1 0.0025 mg/mL* Millipore 

anti-

GluN2B Mouse 

aa 20-271 of 

NMDAR2B 

Monoclonal (S-

59-36) IgG2b 0.001 mg/mL Abcam 

Secondary IgGs 

Fluorescent Tag 

Host 

Species Specificity 

IgG 

subtype 

Absorption 

Max (nm) 

Emission Max 

(nm) 

Optimal 

Concentration Vendor 

Dylight 594 Goat anti-Rabbit IgG1 591 616 0.0025 mg/mL 

JacksonImmuno 

Research 

Dylight 594 Goat anti-Mouse IgG1 591 616 0.0025 mg/mL 

JacksonImmuno 

Research 

Alexa Fluor 488 Goat anti-Mouse IgG1 493 519 0.0025 mg/mL 

JacksonImmuno 

Research 

Dylight 488 Goat anti-Rabbit IgG1 493 518 0.0025 mg/mL 

JacksonImmuno 

Research 
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1, 2, 12, 24, and 48 hours at room temperature (RT) or 4°C (slices incubated in excess of 12 

hours were only incubated at 4°C). Slices were incubated with secondary antibodies for 1, 2, or 

12 hours at RT or 4°C. Other variables were manipulated in isolation with each new incubation 

time to maintain control of confounding variables. These variables included thickness of the 

sections (100�m to 40�m sections); use of cardiac-perfused tissue vs. live-sectioned tissue; the 

concentrations of primary and secondary antibodies; the incubation times of those antibodies; the 

duration of incubation and composition of the washing, blocking, and antibody diluent solutions; 

and use of heat-induced epitope retrieval (HIER). Some variables were not changed in the 

processing rounds, including the use of 4% paraformaldehyde in PB as fixative, use of TCS for 

tissue storage after sectioning, and use of free-floating slice incubation to maximize antibody 

penetrability (Hoffman, 2008). The final protocol yielded the best signal-to-noise ratios for the 

anti-GluN antibodies, and quantitative measurements from slices processed with that protocol 

were subjected to statistical analysis.  

 The final protocol used 24 slices (40�m), 12 of which awaited processing in 0.1M PB at 

RT while the remaining 12 slices, matched by hemisphere, were subjected to HIER. These slices 

were pre-incubated in 0.05M sodium citrate buffer (pH 8.6) at RT before heating to 90°C in the 

same buffer for 20 minutes via water bath (I. Parada, personal communication, February 21, 

2012). Slices were allowed to return to RT and washed 3x 20 minutes in 0.5% Triton X-100 and 

0.1M glycine in 0.1M PB (Main Rinse Solution, MRS, pH 7.4), blocked in 0.5% Triton X-100 

and 5% goat serum in 0.1M PB (5% blocking solution), and incubated with primary antibodies 

(Table 1) for 48 hours at 4°C. Slices were washed 3x 20 minutes in PB, and incubated in Dylight 

594-conjugated goat anti-mouse IgG solution for 1 hour at RT, washed 3x 20 minutes to remove 

excess Dylight 594-conjugated IgG, mounted with Vectashield (Vector Laboratories, California, 

USA), and coverslipped for microscopy. 

Negative Controls: Primary-exclusion negative controls, where the primary antibody was 

excluded from the processing protocol, were included routinely in the rounds. In experiments 

where two antigens were visualized concurrently we processed control slices to evaluate whether 

there was crosstalk from the anti-NeuN channel to the anti-GluN subunit channel. These control 

slices included both Dylight 488-conjugated IgG (Dylight 488, to label NeuN) and Dylight 594-

conjugated IgG (Dylight 594, to label NMDAR subunits), though only included anti-NeuN 
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primary antibody (a lack of signal in the NMDAR channel would indicate a lack of crosstalk 

between channels). Optical series from the two channels were acquired sequentially (alternating 

between channels with every optical section) to further reduce the possibility of crosstalk.  

Confocal Acquisition 

 All images, including those used for quantification, were acquired using a Leica TCS SP2 

AOBS laser confocal microscope and Leica objectives (Leica, Mannheim, Germany). The 

images were collected sequentially whenever two channels were used to visualize concurrent 

labeling in the same slice. The emission filter was set to 500nm-550nm to visualize all Dylight 

488-labeled slices excited with the Argon/ArgonKrypton (Ar/ArKr) laser, and 602nm-681nm for 

all Dylight 594-labeled slices excited with the HeliumNeon (HeNe) laser. All images were 

calibrated to reflect the whole range of gray-scale values (0-255, 8 bit) using a Leica quick 

lookup table (QLUT).  

Data Analysis 

Rationale: Fluorescence intensity of Dylight 594 was assumed to provide a reliable index for 

measuring protein expression of NMDAR subunit isoforms in the somas of L3 pyramidal 

neurons (Kumar et al., 2002). Intensity level within the soma was assumed to be an appropriate 

measure of subunit expression at functional synapses, and positively correlated with subunit 

postsynaptic localization, as NMDARs are thought to be sequestered in the endoplasmic 

reticulum until they can be transported to their postsynaptic locations as complete receptors 

(McIlhinney et al., 1998; Fukaya et al., 2003). We made no attempt to differentiate presynaptic 

from postsynaptic NMDARs. 

Sampling: Fluorescence intensity was quantified by conversion of fluorescence to an averaged 

gray-scale value using ImageJ software (National Institutes of Health). Series of equivalent 

optical thicknesses were taken from four distinct areas within L3 of the entorhinal cortex: the 

medial MEA, lateral MEA, medial LEA, and lateral LEA using the 63x objective (magnification 

630x, NA 1.40) without zoom. The field of view was large enough in each optical series to 

differentiate the lamina by the higher density of cells in L2 and L5 relative to L3, providing 

confidence that the neurons sampled belong to L3 (Fig. 2B,C). Neurons sampled in both aspects 
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Results 

With the exception of anti-NeuN, all primaries demonstrated characteristically high 

background intensity and low signal-to-noise ratios (Fig. 3). Difficulty in labeling anti-GluN 

subunit proteins using standard immunohistochemical methods is not without precedence 

(Wenzel et al., 1997; Janssen et al., 2005). A fundamental difference between the labeling of 

NeuN, which primarily labels neuronal nuclei, and the anti-GluN antibodies was an apparent 

exclusion of NMDAR subunit labeling in the nuclei of the sampled neurons. Only the area 

around the perimeter of the somas was labeled: a phenomenon henceforth referred to as the 

nuclei-exclusion pattern (Fig.3C-H).  

 

Figure 3. Representative images (630x 

magnification) of anti-GluN labeling in 

MEA and LEA. A-B, anti-NeuN 

labeling. C-D, anti-GluN1 labeling. E-F, 

anti-GluN2A labeling. G-H, anti-

GluN2B labeling. Pial surface is in the 

upper right of all MEA images, and to 

the immediate left of all LEA images. 
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Negative Controls 

 Primary-exclusion controls were routinely analyzed at the confocal microscope to 

validate the specificity of the secondary antibody in labeling the primary antibodies. Those 

controls consistently demonstrated that Dylight 488 was not labeling cells or endogenous 

immunoglobulin within the slices (Fig. 4A,C), nor was Dylight 594 (Fig. 4B,D). Slices incubated 

with both fluorophores, but only anti-NeuN primary, demonstrated labeling in only the Dylight 

488 channel (Fig. 4E,F).  

 

 

Figure 4. Primary-exclusion negative controls in 100�m and 40�m slices. A-F, green images 

represent Dylight 488 labeling, red indicates Dylight 594. A-B, 200x magnification images of 

secondary antibody labeling in 100�m slices. C-D, 630x magnification images of secondary 

antibody labeling in 40�m slices. E-F, Slices incubated with both fluorophore-conjugated IgGs, 

but only anti-NeuN primary antibody, demonstrated labeling in only the Dylight 488 channel 

(200x magnification). All images acquired from the region within the slices demonstrating the 

highest degree of non-specific labeling. WM → P indicates orientation of the slices. P, pial 

surface; WM, white matter.    
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Anti-NeuN Labeling 

 All rounds of processing yielded anti-NeuN labeling sufficient to identify the different 

laminae (Fig. 3A,B). The nuclei of the neurons labeled most strongly, and the perimeters of the 

somas were clearly evident in virtually all treatment conditions. This same labeling pattern was 

seen throughout the incubated slices. There were no changes in protocol that had a significant 

effect on intensity of anti-NeuN labeling.  

Anti-GluN1 Labeling 

 Anti-GluN1 labeling was best discernible with HIER and exhibited the nuclei-exclusion 

pattern found with the other anti-GluN antibodies (Fig. 3C,D). Cells labeled with anti-GluN1 

antibody had similar signal-to-noise ratios in the MEA (1.32 ± 0.03, mean ± SEM; n = 20) and 

LEA (1.26 ± 0.02, n = 10) (Fig. 5). 

 

Figure 5. Bar plots of mean 

fluorescence intensity values 

after normalization to 

background intensity for anti-

GluN1, anti-GluN2A, and anti-

GluN2B (clone S59-36) in 

quantified slices. Error bars 

indicate the SEM. Asterisks 

indicate significant differences 

in labeling intensity of the 

antibodies. *p < 0.05, **p < 

0.005, ‡ p < 1.0x10
-6

, ‡‡ p < 

1.0x10
-8

, t-test. Signal-to-noise 

ratios were not significantly 

different (n.s.) for anti-GluN1 

between areas. 



12 

 

Anti-GluN2A Labeling 

 GluN2A labeling was consistently weaker than that of anti-NeuN, but intense enough that 

the signal was significantly different than the background (Fig. 3C,D). All cells labeled with 

anti-GluN2A in the EC exhibited the nuclei-exclusion pattern. The average signal-to-noise ratio 

for neurons in the MEA was 1.54 ± 0.03 (n = 20), and 1.42 ± 0.03 (n = 20) in the LEA (Fig. 5).   

Anti-GluN2B (13A11) Labeling 

 GLUN2B labeling was consistently the weakest of all the antigens when labeled with 

anti-GluN2B (13A11). The intrasomatic labeling pattern was not as easily discernible as with the 

anti-GluN2A labeling, and the positivity of labeling was doubted on account of the particularly 

low signal-to-noise ratio. A validation study using a P13 Sprague Dawley rat demonstrated that 

neither the pattern nor the signal-to-noise ratio of anti-GluN2B (13A11) labeling changed 

considerably between labeled slices from a P13 and a P62 animal (Fig. 6B,D), though previous 

studies have demonstrated that GluN2B mRNA and protein expression are higher in younger 

animals than in adults (Wenzel et al., 1997). As the Dylight 594-conjugated IgG was validated at 

a range of concentrations for the other primary antibodies used in the study, and there was no 

apparent age-related difference in labeling, the anti-GluN2B (13A11) antibody was suspected to 

bind GluN2B with an unusually low affinity and/or avidity, as opposed to representing a truly 

low quantity of GluN2B protein expression. Subsequent efforts to optimize the anti-GluN2B 

(13A11) antibody included varying primary and/or secondary antibody incubation times, 

washing duration and solution composition, antibody diluent solutions, and ultimately a 

reduction of slice thickness from 100�m to 40�m. Only use of HIER resulted in a discernible 

increase in the signal-to-noise ratio of GluN2B labeling.  Labeling under that condition was 

evident only in nuclei of sampled neurons; labeling of the surrounding soma was 

indistinguishable. We concluded that the anti-GluN2B (13A11) antibody was not effective in 

detecting the GluN2B subunit, and it was excluded from the final quantitative analysis.   
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Figure 6. Anti-GluN2B (13A11) labeling in P13 vs. P62 animal in L5. A-B, 630x magnification 

representative images of NeuN (green) and GluN2B (red) labeling in a P13 animal. C-D, 630x 

magnification representative images of NeuN (green) and GluN2B (red) in a P62 animal. 

GluN2B labeling was more evident in L5 than in L3, so L5 is featured here to illustrate the low 

immunoreactivity of the anti-GluN2B (13A11) antibody.  

 

Anti-GluN2B (S59-36) Labeling 

 Anti-GluN2B (S59-36) was acquired after the original anti-GluN2B (13A11) antibody 

demonstrated too low of a signal-to-noise ratio to allow reliable quantification. Neurons 

incubated with the anti-GluN2B (S59-36) antibody demonstrated the same intracellular labeling 

pattern as described for GluN1 and GluN2A, though the signal-to-noise ratio was observably 

greater (Fig. 3G,H). The antibody was included in two rounds of processing, so it is likely that 

the signal-to-noise ratio was not optimal at the time of quantification; however, that ratio was 

high enough to allow quantification of the intensity values. The average signal-to-noise ratio for 

neurons in the MEA was 2.30 ± 0.10 (n = 10), and 1.95 ± 0.08 (n = 20) in the LEA (Fig. 5). 
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Comparison of Immunoreactivities 

 Only slices that were incubated in PB-based diluent during the final round of processing 

were considered in the statistical analysis according to qualitative assessment of their signal-to-

noise ratio and presence of the nuclei-exclusion labeling pattern (see Discussion). These slices 

lack a NeuN counterstain, so slices were only quantified if the signal from labeled neurons was 

sufficient to differentiate the laminae. Labeling of GluN2B (S59-36) in the lateral MEA, and 

labeling of GluN1 in the medial LEA, was not quantifiable as too few cells were evident to 

positively differentiate the lamina. Quantitative data corroborated the qualitative assessment that 

anti-GluN2B signal-to-noise ratios with the S59-36 clone were significantly higher than those of 

anti-GluN2A in both the MEA (p < 1.02x10
-9

, α = 0.05, t-test) and LEA (p < 1.74x10
-7

, α = 

0.05, t-test). Both the anti-GluN2A and anti-GluN2B (S59-36) yielded significantly higher 

signal-to-noise ratios in the MEA than in the LEA. For anti-GluN2A the p-value for difference 

between the signal-to-noise ratio in the MEA and LEA was p = 0.004 (α = 0.05, t-test), and for 

anti-GluN2B (S59-36) labeling it was p = 0.013 (α = 0.05, t-test). The anti-GluN1 antibody had 

similar signal-to-noise ratios in both the MEA and LEA (p = 0.177, α = 0.05, t-test).  

 

Discussion 

Technical Considerations  

Controls: There were a number of fundamental assumptions that were made at the outset of the 

current study. An important assumption was that the cells sampled are positive for GluN1, 

GluN2A, and GluN2B expression. This positivity has been verified by perfusion of slices with 

subunit-specific antagonists (Kumar and Huguenard, 2003; Pilli and Kumar, unpublished 

observations). Interpretation of the results was based on the assumption that the lot of each 

acquired antibody was validated by the manufacturer and suitable for 

immunohistochemistry/immunofluorescence as indicated on the data sheet. The pattern of 

immunolabeling for the anti-GluN subunit antibodies in the hippocampus, whose neurons served 

as our positive control neurons, was similar to that of prior studies (Janssen et al., 2005). 



15 

 

 Future replications of the current study will address these technical considerations by 

independent antibody validation using western blotting, negative controls using normal serum 

from the same host species as the primary antibody, and IgG isotype controls to characterize the 

labeling of secondary antibodies. Absorption controls may be considered, but they only 

demonstrate the specificity of antibodies for antigen peptide sequences: these antigen-antibody 

complexes may still bind to the tissue via protein-protein interactions that result in non-specific 

labeling of the tissue (Burry, 2000). While negative controls were routinely included in the 

current study, they excluded the primary antibodies and replaced them with antibody diluent as 

opposed to replacement with normal serum from the host species of the primary antibody. The 

latter control is a more stringent one, and will be incorporated into future rounds of processing.  

Limitations of methodology: The quantitative results of the current study, particularly 

comparisons of immunolabeling between antibodies, must be interpreted with a level of caution. 

Use of fluorophore-conjugated antibodies to quantitatively measure the level of protein 

expression in a tissue sample depends on number of factors: affinity/avidity of each antigen-

antibody interaction; the concentration of the primary and secondary antibodies; the properties of 

the fluorophores, including molar extinction coefficient and quantum yield whose product is the 

fluorescence intensity (Claxton et al., 2005); the method, time, and mechanism of fixation; the 

duration and method of antigen retrieval (Jiao et al., 1999); the methodology of image 

acquisition, including avoidance of saturation, standardization of acquisition parameters, and 

sampling of consistent populations (North, 2006); and finally the method and underlying 

rationale of quantitative data interpretation (Walker, 2006). With these limitations in mind, it is 

important to acknowledge that the methodology described in the current study is designed 

achieve the best relative quantitation (as opposed to absolute quantitation) possible.     

Concurrent Labeling Experiments: The decision to label the anti-GluN antigens with Dylight 

594-conjugated IgG, and anti-NeuN with Dylight 488-conjugated IgG, was based on 

combinations of primary antibodies and fluorophores that were immediately available at the 

outset of the study. Negative controls demonstrated a lack of crosstalk and nonspecific labeling, 

but quantitatively analyzed slices were not concurrently labeled with anti-NeuN in order to 

eliminate introduction of potentially confounding variables during optimization of anti-GluN 

antibodies. Due to the neurons’ relative abundance of NeuN it would have been more appropriate 
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to label the more abundant antigen with Dylight 594-conjugated IgG, and the NMDAR subunits 

with Dylight 488-conjugated IgG, to reduce the probability of crosstalk from the NeuN channel 

to the one used to acquire quantifiable images of the NMDAR subunit distribution (Hoffman, 

2008).  Future rounds of processing will make that change and optimize the signal-to-noise of the 

NMDAR subunits according to that schema. It may also be necessary to consider an 

amplification method of detecting the primary antibodies, e.g. using a biotin-conjugated 

secondary and tertiary streptavidin-conjugated fluorophore (Hoffman, 2008). 

Conditions for quantitative analysis: Only slices that were incubated in PB-based diluent and 

processed without epitope retrieval were considered in the quantitative analysis of GluN2A and 

GluN2B labeling. PB-based diluent was assessed to be more representative of optimal labeling as 

the absence of competing immunoglobulin from the secondary antibody host serum gives the 

antibodies better access to their antigens (JacksonImmuno Scientist, personal communication, 

February 21, 2012). Anti-GluN antibodies responded differently to HIER: GluN1 only yielded 

positive labeling with retrieval, whereas both anti-GluN2A and anti-GluN2B (S59-36) yielded 

their best somatic signal-to-noise ratios without retrieval. A previous study by Janssen et al. 

(2005) found that epitope retrieval resulted in a significant reduction in somatic and dendritic 

labeling in hippocampal neurons with antibodies directed against the same amino acid sequences 

as the anti-GluN2 antibodies used in the current study (Table 1). The condition without epitope 

retrieval and PB-based diluent was therefore assessed to be the most accurate representation of 

GluN2A and GluN2B protein levels expressed in sampled neurons. As this condition lacks more 

than a single replication, the sample size of neurons labeled for each antigen is on the order of 10 

to 20 neurons. Future rounds of processing and quantification will reinforce our preliminary 

observations and conclusions.  

Anatomical Findings  

GluN1 immunoreactivity is similar in the MEA and LEA: The finding that fluorescent intensity 

levels of GluN1 labeling in L3 of the MEA and LEA were similar suggests that the number of 

NMDARs expressed in the two regions is similar. Interpretation of our result is bolstered by 

previous studies that find GluN1 mRNA to be ubiquitously expressed in neurons of the central 

nervous system (Monyer et al., 1994), and GluN2A and GluN2B protein expression to be highly 

colocalized with GluN1 expression (Janssen et al., 2005). If GluN1 is requisite for expression of 
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viable NMDARs, evidence of coincident expression of GluN1 with GluN2A and GluN2B adds 

credibility to the comparison of GluN2A and GluN2B labeling in separate slices from the same 

region of the EC.   

GluN2B immunoreactivity is higher than that of GluN2A across the EC: Significance of the 

finding that GluN2B immunoreactivity was greater than that of GluN2A is difficult to interpret, 

considering that comparison of immunolabeling between different antibodies is dependent on 

many variables (see Discussion of Technical Considerations). GluN2B mRNA and protein 

expression is less than that of GluN2A in adult animals (Wenzel et al., 1997), so the presence of 

GluN2B labeling of a higher intensity than that of GluN2A was surprising. There is an important 

caveat to consider: anti-GluN2B (S59-36) was acquired much later than the anti-GluN2A, and it 

is likely that the anti-GluN2B antibody was much healthier at the time of the quantification 

processing round as reflected by its signal-to-noise ratio. Another possibility is that the Dylight 

594-conjugated IgG binds the anti-GluN2B IgG2b with greater affinity/avidity than it binds anti-

GluN2A IgG1. Without an isotype control it is not entirely fair to compare measurement of each 

anti-GluN antibody’s labeling intensity relative to each other (Burry, 2000); however, the 

significant difference in immunoreactivities of the anti-GluN antibodies in the MEA and LEA 

can be compared within each labeled slice, as the intensity values were compared as ratios of 

each antibody’s signal intensity relative to that of the background.  

GluN2A and GluN2B immunoreactivities of L3 are higher in the MEA than in the LEA: Our 

primary finding is that GluN2A and GluN2B immunoreactivities of L3 neurons are higher in the 

MEA than in those of the LEA, which may suggest a higher protein concentration of both 

GluN2A and GluN2B in L3 neurons of the MEA relative to those of the LEA. If one takes the 

similarity of GluN1 labeling in the MEA and LEA to represent a similarity in the number of 

NMDARs in the two regions, the finding of higher GluN2A and GluN2B expression in the MEA 

invites examination of two distinct scenarios. In the first of these, GluN2B-expressing 

homomeric NMDARs (GluN1/GluN2B) are expressed to a greater extent than GluN2A-

expressing homomeric receptors (GluN1/GluN2A) in L3 neurons of the MEA, and the ratio of 

the two receptor types is more similar in the LEA (Fig. 7A). An alternative scenario suggests the 

NMDARs of L3 neurons may be expressed to a greater extent as heteromeric receptors (e.g. 

GluN1/GluN2A/GluN2B) in the MEA than in the LEA, which contains primarily homomeric 
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receptors (GluN1/GluN2A and GluN1/GluN2B) (Fig. 7B). Heteromeric 

GluN1/GluN2A/GluN2B receptors are not as common as homomeric NMDARs (S.S. Kumar, 

personal communication), have intermediate physiological properties relative to GluN2A and 

GluN2B-containing homomeric receptors (Vicini et al., 1998), and are more difficult to 

characterize by electrophysiological means (Paoletti and Neyton, 2007).  

Both of the above scenarios would have functional implications for the NMDARs 

expressed on those neurons, and the distribution of NMDARs may very well be best represented 

by a combination of both scenarios. Vicini et al. (1998) found that the GluN2A and GluN2B 

subunits confer different desensitization kinetics to NMDARs: GluN2B-containing receptors 

have a higher affinity for glutamate, and are desensitized to stimulation by glutamate at a slower 

rate than GluN2A-containing receptors. This finding is reflected by a slower desensitization time 

course of GluN2B-containing receptors to glutamate binding (Fig. 7C). The lower rate of 

dissociation translates to a greater influx of Ca
2+

, as those ions are allowed more opportunity to 

enter the cell (Monyer et al., 1994). NMDARs may be implicated in the loss of neurons from L3 

of the MEA if the distribution of their subunits confers unusually high Ca
2+ 

permeability to this 

hyperexcitable population of 

neurons in the temporal lobe.  

Figure 7. Potential stoichiometries 

of NMDARs in MEA and LEA. A, 

Illustration of scenario with 

GluN2B-containing homomeric 

NMDARs outnumbering those 

containing GluN2A in the MEA, 

but not in the LEA. Blue subunit, 

GluN1; green, GluN2A; red, 

GluN2B. B, Illustration of alternate 

scenario with presence of tri-

heteromeric NMDARs. C, Figure 

adapted from Vicini et al. (1998) 

demonstrating differences in 

desensitization kinetics to 

glutamate binding for homomeric 

NMDARs as a function of subunit 

stoichiometry. NR1, GluN1; 

NR2A-D, GluN2A-D. 
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Conclusions 

 While anatomical assays at the level of the soma can only suggest stoichiometric 

differences, direction of electrophysiological and pharmacological studies may be guided by 

interpretation of anatomical studies. If the results of the current study can be reproduced by other 

means of quantitatively assessing the expression of NMDAR subunit proteins, these findings 

would suggest the following: 

1. The requisite GluN1 subunit protein is expressed to a similar degree in the MEA and 

LEA, and this suggests that the number of NMDARs in these two regions is similar. 

2. Though previous studies have found that GluN2B expression throughout the cortex is 

developmentally down-regulated in human and animal models, GluN2B was not only 

expressed to an appreciable degree in adult animals, but its relative abundance was found 

throughout the EC to a greater degree than that of GluN2A.  

3. Neurons in L3 of the MEA demonstrate a greater level of both GluN2A and GluN2B 

expression when compared to neurons of L3 in the LEA. Taken with the finding that 

GluN2B immunoreactivity was greater than that of GluN2A, this finding invites 

speculation about different scenarios regarding distribution and stoichiometry of NMDA 

receptor subunits: 

a. The ratio of homomeric GluN2B receptors to homomeric GluN2A receptors may 

be greater in L3 of the MEA than in L3 of the LEA. 

b. Heteromeric GluN1/GluN2A/GluN2B receptors may be found to a greater extent 

in L3 neurons of the MEA than in those of the LEA.  

4. GluN2B expression being higher in L3 neurons of the MEA than in the LEA has 

functional implications for increased vulnerability to NMDAR-mediated excitotoxicity 

that may result in neuronal loss on a scale seen in L3 of the MEA.  

 

The differential distribution of GluN2A and GluN2B subunits in the LEA and MEA has 

implications for normal entorhinal processes as well as those underlying the 

pathophysiology of TLE. This work facilitates the design of future physiological studies of 

the mechanisms that make this region of the brain an important focus of TLE research.  
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