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Introduction

Pentameric alpha7 nicotinic receptors (α7 nAChRs) 
are emerging as a possible therapeutic drug target in 
a variety of disorders.1 These receptors are implicated 
in treatments for Alzheimer’s,2 Parkinson’s,3 schizo-
phrenia,4 bipolar disorder,5 cystic fibrosis,6 and chronic 
inflammation.7 Besides being located on neurons in 
both the central nervous system and in autonomic 
ganglia, α7 nAChRs are reportedly present in a variety 
of other cell types, including macrophages, microglia, 
and lymphocytes.7–9 Therefore, methods for localizing 
these receptors in cells and tissues are both useful 
and necessary.

The snake neurotoxin, α-bungarotoxin (αBGT), not 
only binds α7 nAChRs with high affinity and blocks  
acetylcholine (ACh) binding but also recognizes α9  
and α10 nAChRs, and some subtypes of class A 

gamma-aminobutyric acid (GABAa) receptors.10,11 αBGT 
has been used to detect and quantify α7 nAChR densi-
ties (e.g., Loring et al.12) but is not necessarily specific 
for α7 nAChRs. α7 nAChR selective antibodies would 
be a powerful tool to localize α7 nAChRs, and many 
antibodies are commercially available that claim α7 
nAChR specificity. However, a variety of reports indicate 
that most, if not all, antibodies do not specifically detect 
α7 nAChRs. In these studies,13–17 western blots and 
immunohistochemical staining by these commercial 
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Summary
Alpha7 nicotinic acetylcholine receptors (α7 nAChRs) are important drug targets in neurological disorders and inflammation, 
making their detection and localization by validated antibodies highly desirable. However, tests in knockout animals raised 
questions about specificity of antibodies to mouse α7 nAChRs. To date, methods for validating antibodies for rat or human 
α7 nAChR have not been reported. We developed a gel-shift assay for western blots using GH4C1 cells expressing either 
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bungarotoxin binding and RNA analysis demonstrated α7 nAChR expression. Validated samples were used to evaluate 
α7 nAChR antibodies by western blot and immunofluorescence studies. These methods confirmed that two of seven α7 
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antibodies do not show significant differences between 
wild-type (WT) and α7 nAChR knockout mouse tissue 
samples. Although mouse knockouts are useful for vali-
dating antibodies against mouse receptors, equivalent 
tests for rat or human receptors are not currently avail-
able, and additional methods are needed to test whether 
antibodies cross-react with other species.

Antibody validation is a general problem in many 
fields of biological research.18 To overcome the prob-
lems of poor reproducibility using antibody reagents, 
Uhlen et al.19 suggest that all publications include at 
least one type of antibody validation out of five possi-
ble “pillars”: (1) genetic (knockdown the target protein 
expression), (2) orthogonal testing (expression of tar-
get protein detected by antibody compared with an 
alternate antibody-independent method), (3) indepen-
dent antibody verification (target protein is detected by 
two antibodies with non-overlapping epitopes), (4) 
tagged protein expression (the target protein is 
expressed with a tag that can be detected separately), 
and (5) immunocapture followed by mass spectrome-
try. These authors emphasize that the “five pillars” 
should be used in a manner that is specific to the 
application at hand.

In this work, we investigated two tests for validating 
antibodies against rat α7 nAChRs in western blotting 
and fluorescent immunocytochemistry applications. 
For immunofluorescence, we compared antibody stain-
ing between native rat GH4C1 cells and cells trans-
fected with rat α7 DNA. This is genetic validation with a 
twist (Pillar 1), as instead of knocking down expression 
of the target protein, the procedure allows overexpres-
sion of transfected gene products in cells that do not 
normally express the antibody target. Furthermore, this 
includes an orthogonal test (Pillar 2), as surface recep-
tor expression in GH4C1 cells can be measured inde-
pendently with 125I-αBGT binding.20,21 For western 
blots, we used tagged protein expression (Pillar 4): We 
compared expression of WT α7 nAChR in GH4C1 cells 
with a chimeric receptor that includes green fluores-
cent protein (GFP) attached at the C-terminal.22 
Glycosylated subunits for the major rat α7 nAChR 
splice variant have 502 amino acids and are nominally 
56.5 kDa without carbohydrates. However, attached 
carbohydrates alter the electrophoretic mobility of pro-
teins,23 causing difficulty in predicting apparent sizes 
on western blots. The added GFP in the chimera 
increases the molecular weight by 25 kDa, and we 
used a gel-shift assay in western blots to screen for 
antibodies that detect appropriate size differences 
between native and chimeric receptors. We then used 
both these methods to screen seven commercially 
available antibodies for α7 nAChRs and checked their 
ability to locate rat α7 nAChR by immunofluorescence 

in transfected GH4C1 cells. In principal, the same 
methods can be adapted for human nAChRs or recep-
tors of any other species.

Materials and Methods

Plasmids and RNA

Total GH4C1 RNA was extracted with a TRIzol Plus 
RNA purification kit (Invitrogen; Carlsbad, CA). Purified 
RNA was quantified with a NanoDrop ND-1000 UV-Vis 
spectrophotometer. Complementary DNA (cDNA) syn-
thesis from 1 µg of total RNA for each reaction was 
carried out using AffinityScript QPCR cDNA synthesis 
kit (Agilent Technologies; Santa Clara CA). α7 nAChR 
primers (5′: ACATGTCTGAGTACCCCGGA, and 3′: 
AGGACCACCCTCCATAGGAC) were designed using 
Pubmed primer BLAST (NCBI; Bethesda, MD) and 
obtained from Integrated DNA Technologies (Coralville, 
IA). The primers were designed to amplify both mouse 
and rat α7 nAChR cDNA using 32 cycles of 57.5C 
annealing (30 sec) and 68C extension steps (1 min) to 
get an expected 264-bp amplicon. Approximately 100 
ng of cDNA (equivalent to one tenth of the starting 
RNA amount) was used to perform polymerase chain 
reaction (PCR) analysis using Platinum Taq poly-
merase (Invitrogen). PCR products were analyzed by 
gel electrophoresis on a 1.5% agarose gel using a 100-
bp DNA ladder (New England Biolabs; Ipswich, MA). 
Purified PCR products were sequenced by Genewiz 
(Cambridge, MA). The full-length rat α7 nAChR and 
α7 nAChR-GFP sequences cloned into Invitrogen 
pRep4 plasmids have been previously described.22 
The GFP plasmid (eGFPN1) was obtained from 
Clontech (Mountain View, CA).

Reagents and Antibodies

αBGT was purchased from Biotoxins, Inc. (St. Cloud, 
FL). αBGT was radioiodinated with iodogen (Pierce 
Chemical; Rockford, IL) as previously described24 and 
typically had specific activities of 250 to 400 Ci/mMole. 
Alexa Fluor 488-labeled αBGT (catalog B13422) and 
rabbit anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; catalog PA1988) were obtained from 
Thermo Fisher Scientific (Waltham, MA). The details 
of the seven different antibodies to α7 nAChR are 
listed in Table 1; these include ab23832 rabbit poly-
clonal antibody from Abcam (Cambridge, MA); M220 
(MAb 306) mouse monoclonal antibody from Sigma-
Aldrich (St. Louis, MO); sc-58607 (MAb 319) rat mono-
clonal and sc-5544 (H-302) rabbit polyclonal antibodies 
from Santa Cruz Biotechnology (Santa Cruz, CA); 
MABN529, mouse monoclonal and AB15332 rabbit 
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polyclonal antibodies from EMD Millipore (Billerica, 
MA); and NBP1-79948 (lot QC0391-42133 and 
QC42753-42341) rabbit polyclonal from Novus 
Biologicals (Littleton, CO). The first four antibodies 
(ab23832, M220, sc-58607, and sc-5544) have been 
used in the literature to identify rat α7 nAChRs (see 
CiteAb.com), whereas the last three antibodies 
(MABN529, AB15332, and NBP1-79948) have never 
been cited, but differ in species reactivity according to 
the suppliers. NBP1-79948 has a reported reactivity to 
human, mouse, and rat α7 nAChRs, whereas 
MABN592 has reported reactivity to human and 
mouse, and AB15332 has reported activity against 
only mouse α7 nAChRs. However, the major human 
α7 nAChR splice variant differs from the major rat 
splice variant by 30 amino acids out of 502, whereas 
the mouse α7 nAChR differs from rat by only 2. 
Therefore theoretically, most antibodies with reactivity 
to mouse α7 nAChRs will very likely cross-react with 
rat α7 nAChRs. Anti-GFP was from Abcam, ab290  
(lot GR158277-1). Secondary horseradish peroxidase 
(HRP)–conjugated anti-rabbit (catalog 7074S) and 
anti-mouse (catalog 7076S) antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA) 
whereas HRP-conjugated anti-rat antibody (catalog 
sc-2006) was from Santa Cruz Biotechnology. Alexa 
Fluor 488-conjugated secondary rabbit antibody  
(catalog 4412S) was from Cell Signaling Technology; 
Alexa Fluor 488-conjugated ab150117 anti-mouse  
and ab150157 anti-rat secondary antibodies were pur-
chased from Abcam. HRP- and Alexa Fluor-conjugated 
secondary antibodies were used at 1:1000 dilutions for 
immunodetection procedures. Primary antibodies were 
normally used at the dilutions indicated by the suppli-
ers, with additional dilutions as deemed necessary.

Cell Culture

GH4C1-rat pituitary cells were obtained from American 
Type Culture Collection (Manassas, VA) and grown at 
37C in 5% CO

2
 in F-10 complete growth medium: 

Ham’s F-10 basic medium containing 1% penicillin-
streptomycin (both from Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (Premium 
Select from Atlanta Biologicals, Lawrenceville, GA).

Transfection

Cells were plated at 500,000 cells/well in a BD falcon 
six-well plate in F-10 complete growth medium 24 hr 
before transfection with lipofectamine LTX (Invitrogen). 
Cells were serum starved (1 ml F-10 medium only) for 
1 hr before adding transfection reagents consisting of 
3 µg plasmid DNA, 9 µl lipofectamine LTX, and 3 µl 

Plus reagent per well in 300 µl reduced serum Opti-
MEM (Invitrogen). Four hr post-transfection, 1 ml com-
plete growth medium was added to make the final 
volume of 2 ml/well. Next day, the supernatant medium 
was replaced by complete growth medium to maintain 
good cell viability. The transfection efficiency was mon-
itored under the fluorescent microscope 48 to 72 hr 
post-transfection. Three days later, cells transfected 
with receptor were selected with hygromycin (100 μg/
ml; Invivogen, San Diego, CA). Transfected cells  
were cultured for immunodetection experiments. 
Transfections using eGFPN1 were performed as a 
positive control for each experiment.

Western Blot

Cells were grown in a six-well BD Falcon plate and 
washed with ice-cold phosphate buffered saline (PBS) 
on the experimental day. After washing, cells were 
immediately scraped off the surface and centrifuged 
at 12,000 × g at 4C for 10 min. Supernatant was dis-
carded and cells were resuspended in a radioimmu-
noprecipitation assay lysis buffer [150 mM NaCl, 20 
mM Tris, 1% NP-40 (Tergitol-type NP-40 [CAS 9016-
45-9]; Sigma-Aldrich, St. Louis, MO), 0.1% sodium 
dodecyl sulfate (SDS), 1 mM EDTA, pH 8.0] contain-
ing the Halt protease inhibitor cocktail (Thermo Fisher 
Scientific). Cell suspensions were sonicated for 10 to 
15 sec to improve cell lysis, and then sat on ice for 30 
to 40 min and during this time vortexed every 5 to 10 
min, followed by centrifuging at 9600 × g at 4C for 10 
min. Supernatants were collected in fresh 1.5-ml cen-
trifuge tubes and total proteins were quantified using 
the bicinchoninic acid (BCA) assay (Thermo Fisher 
Scientific). Cell lysates were reduced using the Bolt 
1× lithium dodecyl sulfate (LDS) loading buffer con-
taining 0.1 M dithiothreitol (Thermo Fisher Scientific), 
followed by heating the samples at 70C for 10 min. 
Samples were kept on ice for 5 min before 40 μg total 
sample protein was loaded in individual wells on a 
Bolt 4–12% Bis-Tris protein gel for protein separation 
(45 min run at 150 volts). Manufacturer’s recom-
mended running and transfer buffers were used with 
the iBlot 2 dry blotting system to transfer the protein 
onto nitrocellulose. Blocking was done with 5% bovine 
serum albumin (BSA) in Tris-buffered saline with 0.1% 
Tween-20 (TBS-T); the membrane was rocked over-
night at 4C in a primary antibody solution (in 5% BSA 
at recommended dilution). On the following day, the 
blot was washed with TBS-T three to five times and 
incubated with secondary antibody conjugated to 
HRP at a 1:1000 dilution for 1 hr. Protein–antibody 
complexes were visualized using the SuperSignal 
West Pico Chemiluminescent substrate (Thermo 
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Fisher Scientific) using the ChemiDoc XRS Imager 
from Bio-Rad (Hercules, CA). GAPDH immunostain-
ing was performed on each blot to confirm equivalent 
protein loading across the wells, and molecular 
weights were confirmed using SuperSignal molecular 
weight ladder from Thermo Fisher Scientific.

Immunofluorescence

Cells were plated on 10 µg/cm2 poly-l-lysine pre-coated 
sterile coverslips that were kept in 24-multiwell plates. 
Next day, cells were washed with 1 ml PBS/well, fixed 
for 15 min in 4% formaldehyde (made in PBS), and 
permeabilized in 0.4% Triton X-100. Cells were washed 
with ice-cold PBS three to five times before incubating 
the cells with 2% BSA for 1 hr at room temperature to 
minimize nonspecific binding. Cells were incubated in 
α7 nAChR primary antibody (1:100 to 1:1000 in the 2% 
BSA blocking buffer) overnight at 4C. The following day, 
samples were washed and exposed to Alexa Fluor 488 
fluorochrome conjugated secondary antibody (1:1000) 
in the dark for 1 hr. Samples were washed three times 
with 1 ml ice-cold PBS. Coverslips were mounted on 
glass slides using mounting medium (Sigma-Aldrich 
Fluoroshield, catalog F6057) and left overnight at 4C in 
the dark. Next day, the samples were analyzed under 
the fluorescent microscope. Alexa Fluor 488-αBGT 
staining was performed in the same manner as α7 
nAChR antibody treatment.

[125I]-Labeled αBGT Binding Assay

Radioactive binding assay was performed as described 
by Koperniak et al.25 to detect surface α7 nAChR. Cells 
were plated at 200,000 density per well in a 24-well 
plate on Day 1. 125I-αBGT binding was determined in 
quadruplicate when cells were 80% confluent. Cells 
were washed three times with sodium bicarbonate and 
0.1% BSA containing Hank’s balanced salt solution 
(HBSS). Cells were incubated with 10 nM 125I-αBGT 
for 3 hr at 4C to measure total surface binding. 
Nonspecific binding was determined by the addition of 
1 µM αBGT. After washing the cells three times in 
HBSS + BSA, cells were lysed for 10 to 15 min on ice 
by the addition of 100 μl extraction buffer (0.5 M NaOH 
+ 1% Triton X-100). Lysates were transferred into poly-
propylene tubes and counted for 1 min with a Packard 
gamma counter.

Results

Rat α7 nAChR Expression in GH4C1 Cells

PCR results confirmed the presence of α7 nAChR 
RNA signal in GH4C1 cells transfected with rat α7 

nAChR gene whereas no signal was observed in 
GH4C1-WT cells (Fig. 1A). 125I-αBGT binding experi-
ments revealed surface rat α7 nAChR expression on 
transfected GH4C1 cells. As reported by Lee et al.,22 
rat α7 nAChR-transfected GH4C1 cells showed 
approximately five times more αBGT binding as 
obtained with rat α7 nAChR-GFP-transfected GH4C1 
cells (Fig. 1B). Similarly, Alexa Fluor 488-αBGT stain-
ing showed substantial labeling in GH4C1-rat α7 
nAChR cells whereas GH4C1-WT cells showed no 
labeling under similar conditions (Fig. 1C). Moreover, 5 
mM nicotine blocked Alexa Fluor 488 staining in α7 
nAChR-transfected GH4C1 cells, confirming the pres-
ence of rat α7 nAChR on the surface of GH4C1 cells 
(data not shown). As observed by Lee et al.,22 fluores-
cence imaging of GH4C1-rat α7 nAChR-GFP cells 
demonstrated significantly lower GFP fluorescence 
(Fig. 1D), as compared with eGFPN1-transfected 
GH4C1 cells.

Rat α7 nAChR-GFP Chimera

As Lee et al.22 reported, GFP tagged on the C-terminus 
of α7 nAChR decreased surface expression leading to 
lower αBGT binding compared with native receptor. 
125I-αBGT binding confirmed the presence of α7 
nAChR on transfected GH4C1 cells, thereby orthogo-
nally validating the presence of both native rat α7 
nAChR and the GFP chimera. No binding was 
observed in GH4C1-WT cells. Furthermore, a western 
blot with Abcam ab290 GFP antibody showed a GFP 
protein band shift in SDS–polyacrylamide gel electro-
phoresis from 25 to 80 kDa confirming the presence of 
GFP in GFP and α7 nAChR-GFP-transfected GH4C1 
cells (Fig. 1D). GFP antibody data also validated the 
cell lysates for their use in assessing the effectiveness 
of α7 nAChR antibodies. Full-length GFP has a molec-
ular weight of approximately 25 kDa that was detected 
by Abcam ab290 GFP antibody in GFP-transfected 
GH4C1 cell lysates. As GFP was tagged with α7 
nAChR (molecular weight 55 kDa), the α7 nAChR–
GFP chimera band appears around 80 kDa. GFP anti-
body immunofluorescence detected no significant 
staining in WT cells, though GH4C1-rat α7 nAChR-
GFP cells showed intense staining (Fig. 1D). However, 
it was difficult to interpret GFP antibody fluorescence 
data for GH4C1 cells transfected with eGFPN1, as 
GFP-transfected cells are naturally fluorescent.

α7 nAChR Antibodies Comparing WT Versus 
α7 nAChR-Transfected GH4C1 Cells

After validating the gel-shift assay for α7 nAChR and 
α7 nAChR-GFP cell lysates, we then tested seven 
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commercially available α7 nAChR antibodies (Table 1) 
for their suitability to detect rat α7 nAChR. As stated on 
their respective company websites, most of the α7 
nAChR antibodies are supposed to detect three spe-
cies: rat, mouse, and human receptors. We included 
EMD Millipore AB15332 and MABN529, even though 
the company lists them as suitable for mouse recep-
tors as they had not been tested for rat receptors, 
which are highly similar. Standard western blot and 
immunocytochemistry protocols were performed on 
these validated lysates and cells to compare the stain-
ing pattern between WT and rat α7 nAChR-transfected 
GH4C1 cells. Western blot results from Abcam rabbit 
polyclonal ab23832, rabbit polyclonal sc-5544, rat 
monoclonal sc-58607 (MAb 319), and EMD Millipore 
MABN529 α7 nAChR antibodies were inconclusive as 
the staining pattern did not show a significant differ-
ence between GH4C1-WT and GH4C1-rat α7 nAChR 
cells (Fig. 2). In fact, ab23832 antibody could not 
detect a 55-kDa band, representing full-length α7 
nAChR protein. Ab23832 detected a single nonspecific 
band just below 100 kDa that was present in both 
untransfected and transfected cell lysates with similar 
intensity (Fig. 2). The remaining three antibodies could 
all detect bands in the 55-kDa region on the blot irre-
spective of the rat α7 nAChR transfection. Both MAb 
319 and MABN529 showed several nonspecific bands, 
making the interpretation of the data very difficult. All 
four above-mentioned antibodies demonstrated a sim-
ilar staining pattern between GH4C1-WT and GH4C1-
rat α7 nAChR cells by immunofluorescence. In our 
experimental conditions, none of these antibodies was 
able to detect rat α7 nAChR protein to any substantial 
amount when comparing GH4C1-WT and GH4C1-rat 
α7 nAChR cell lysates.

MAb 306 mouse monoclonal Sigma-Aldrich α7 
nAChR antibody detected both the rat α7 nAChR band 
at 55 kDa in GH4C1-rat α7 nAChR cell lysates and 
GFP-tagged rat α7 nAChR band at 80 kDa in GH4C1-
rat α7 nAChR-GFP cell lysates (Fig. 3). However, the 

antibody detects an unexpected band in the same 
molecular weight region as rat α7 nAChR, that is, 55 
kDa in the GH4C1-WT cell lysates. Also, MAb 306 
binds nonspecific bands starting from the 20-kDa 
region to the 120-kDa region on the blot. Furthermore, 
MAb 306 staining showed no difference in the staining 
intensity between GH4C1-WT and GH4C1-rat α7 
nAChR cells by immunofluorescence at a 1:100 anti-
body dilution (data not shown). However, at a 1:750 
dilution, MAb 306 antibody showed significantly more 
staining in GH4C1-rat α7 nAChR cells as compared 
with GH4C1-WT cells but with a high background. 
AB15332 rabbit polyclonal antibody showed α7 nAChR 
band at 55 kDa on the western blot at a 1:1000 dilu-
tion. However, AB15332 failed to detect the 80-kDa α7 
nAChR–GFP chimera band (55-kDa α7 nAChR plus 
25-kDa GFP; Fig. 3). AB15332 (diluted 1:750) showed 
differential staining similar to those observed with MAb 
306 (diluted 1:750). Novus Biologicals NBP1-79948 
rabbit polyclonal α7 nAChR antibody (lot QC0391-
42133) revealed an expected 55-kDa band for 
GH4C1-α7 nAChR and an 80-kDa band for GH4C1-α7 
nAChR-GFP (Fig. 4A), but also binds to nonspecific 
bands. In addition, NBP1-79948 showed some differ-
ence in immunofluorescence with low background 
between WT and rat a7 transfected cells at 1:1000, but 
not at lower dilutions such as 1:100. We tested another 
lot (lot QC42753-42341) of NBP1-79948 antibody and 
observed no significant difference on the western blot 
between GH4C1-WT and rat α7 nAChR-transfected 
GH4C1 cells indicating significant lot-to-lot variability 
(Fig. 4B). Unfortunately, polyclonal lot QC0391-42133 
is no longer available. Thus, even though two commer-
cially available antibodies passed the gel-shift assay 
and showed signs of differential fluorescent staining 
between cells expressing receptors and those that do 
not, we were unable to find blocking conditions that 
had satisfactorily low background staining for either 
western blots or immunofluorescence. We conclude 
that, in our hands, none of the seven commercially 

Figure 1. Establishing rat α7 nAChR expression in GH4C1 cells. Expression of α7 nAChR RNA and protein levels in GH4C1 cells. 
(A) PCR analysis showing Chrna7 RNA expression in GH4C1-WT and α7 nAChR-transfected (α7) cells. α7 nAChR cDNA replicon 
band observed in the α7 cells at 264 bp, as expected, whereas no Chrna7 signal was observed in GH4C1-WT cells. (B) 125I-αBGT 
binding data comparing GH4C1-WT cells transfected with α7 or α7-GFP chimeras. α7- and α7-GFP-transfected GH4C1 cells showed 
significant binding whereas no binding was observed in untransfected cells. Bars in the figure represent the mean of specific binding 
and the error bars are the square root of the sum of the standard deviations squared for total and nonspecific binding. (C) Alexa Fluor 
488-labeled αBGT binding showing fluorescence in α7-transfected GH4C1 cells compared with WT counterparts. (D) Western blot 
and immunofluorescence data to validate and compare WT with α7- and α7-GFP-transfected GH4C1 cells using a 1:2500 dilution of 
ab290 GFP antibody. A 25-kDa GFP band was observed only in the eGFPN1-transfected cells lysates (3-sec exposure). Similarly, an 
80-kDa α7-GFP band was observed only in the α7-GFP transfected GH4C1 cell lysates (88-sec exposure). Forty μg of total protein was 
loaded in each lane and GAPDH was used as the loading control. WT GH4C1 cells do not show significant immunostaining with ab290 
GFP antibody and Alexa Fluor conjugated rabbit secondary antibody. Immunofluorescence data showing only mild fluorescence in the 
α7-GFP-transfected cells that was increased significantly with GFP antibody staining. Scale bar, 40 μm. Abbreviations: nAChR, nicotinic 
acetylcholine receptors; WT, wild-type; GFP, green fluorescent protein.
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Figure 2. Antibodies that did not recognize rat α7 nAChR expression in GH4C1 cells. Representative images of the western blot and 
immunofluorescence results for four different α7 nAChR (α7) antibodies are shown. Left panel: Western blot data showed no osten-
sible difference between WT and α7 or α7-GFP transfected cells (Lane 1: GH4C1-WT, Lane 2: GH4C1 eGFPN1, Lane 3: GH4C1 α7-
GFP, Lane 4: GH4C1 α7). Right panel: Immunofluorescence results demonstrate identical staining pattern between untransfected and 
α7 transfected GH4C1 cells. Strong nonspecific binding can be seen with ab23832 and sc-5544 α7 nAChR antibodies. Abcam ab23832 
(lot GR89867-1) antibody used at a 1:1000 dilution for both immunoblotting and immunofluorescence showing no significant difference 
between WT and α7-transfected cells. 1:1000 dilution of sc-58607 (lot L0312) does not detect any significant bands in GH4C1 cells but 
a 1:100 dilution of the same antibody detects multiple bands throughout the blot in different molecular weight region irrespective of α7 
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presence. Only mild immunofluorescence staining was seen in the GH4C1 cells with sc-58607 antibody at a 1:1000 dilution. Sc-5544 
(lot D2214) showing intense immunoblot and immunofluorescence staining at a 1:1000 dilution in both WT and α7-transfected GH4C1 
cells. EMD Millipore MABN529 (lot Q2459834) antibody showing no immunofluorescence staining at a 1:1000 dilution but showing 
nonspecific binding on the western blot. Scale bar, 40 μm. Abbreviations: nAChR, nicotinic acetylcholine receptor; WT, wild-type; GFP, 
green fluorescent protein.

Figure 2. (continued)

available antibodies can successfully be used for rou-
tine immunodetection procedures.

Discussion

Antibodies are often blamed as one source of the 
current lack of reproducibility in biological 
research.18,26,27 The ideal antibody will both recog-
nize its target antigen and avoid binding to any other 
antigens with little lot-to-lot variability across all 
detection applications. However, there are no univer-
sally accepted guidelines for how to validate whether 
individual antibodies meet these goals.28 Uhlen 
et  al.19 recently proposed five possible “pillars” for 
validating antibodies, and suggest that all scientific 
publications should use at least one pillar. However, 
which pillars are used depends on the proposed 
application of the antibody. We investigated three of 
the possible five “pillars” for seven commercially 
available α7 nAChR antibodies used in the applica-
tions of western blotting and fluorescent immunocy-
tochemistry: (1) genetic, (2) orthogonal testing, and 
(3) tagged protein expression. The two other “pillars” 
are not appropriate as Pillar 3 Independent antibody 
verification (the target protein is detected by two 
antibodies with non-overlapping epitopes) requires 
at least one validated antibody for the target to vali-
date another (no validated antibody currently exists 
for rat α7 nAChR), and Pillar 5 Immunocapture fol-
lowed by mass spectrometry is relatively specific for 
immunoprecipitation applications.

Transfection with rat α7 nAChR DNA (Fig. 1A) 
resulted in surface 125I-αBGT binding (Fig. 1B) and flu-
orescent toxin binding (Fig. 1C) indicating successful 
target protein expression in GH4C1 cells. These cells 
are suitable for genetic antibody validation due to the 
specificity of toxin binding (orthogonal testing) to show 
target expression. Chimeric rat α7 nAChR-GFP acts as 
a second genetic test with the advantage of having a 
tag that can both be detected by anti-GFP antibodies 
and should cause a shift in size for western blots. Both 
fluorescent αBGT binding and anti-GFP staining sug-
gest that the density of transfected receptors is not  
uniform among transfected cells. However, this pattern 
is not observed in the cases where antibodies show 
apparent differential staining between transfected and 

non-transfected cells making it difficult to distinguish 
specific labeling from background (e.g., Fig. 3).

We grouped the antibodies by results. Figure 2 
shows four antibodies that fail to recognize rat α7 
nAChRs on western blots: Santa Cruz sc-5544 (H-302) 
and sc-58607 (MAb 319), EMD Millipore MABN529, 
and Abcam ab23832. Different dilutions of the α7 
nAChR antibodies were tried unsuccessfully to specifi-
cally target α7 nAChR protein in western blots, and 
immunofluorescence is indistinguishable between 
GH4C1 cells with and without α7 nAChR expression. 
The result with MAb 319 is somewhat surprising as we 
had previously shown that MAb 319 (from a different 
supplier) immunoprecipitates solubilized rat α7 
125I-αBGT binding sites in transfected GH4C1 cells,21 
although Moser et  al.16 reported finding an identical 
single 48-kDa band in western blots from both WT and 
α7 nAChR knockout mouse brain, which is consistent 
with our results.

Rommel et al.17 used Abcam ab23832 rabbit poly-
clonal α7 nAChR antibody (raised against exons 1-4, 
N-terminus of α7 nAChR) to detect the possible pres-
ence of α7 nAChR on mouse keratinocytes. However, 
the study revealed no staining differences between 
WT and α7 nAChR knockout mouse tissues. Blocking 
peptide did not prevent significant staining in the WT 
samples, confirming that the staining was nonspecific. 
Ab23832 immunoblotting gave two bands: one at 
approximately 45 kDa and the other around 56 kDa. 
Analysis on 2D gel electrophoresis, followed by  matrix-
assisted laser desorption/ionization-time of flight 
(MALDI-TOF) mass spectrometry, confirmed that the 
56-kDa band that was originally thought to represent 
α7 nAChR in fact corresponds to β-enolase, a protein 
very similar to α7 nAChR in both sequence and molec-
ular weight parameters, whereas the 45-kDa band cor-
responds to β-actin. These results are similar to our 
own findings and the results of Herber et  al.13 and 
Moser et  al.16 Since publication by Rommel et  al.,17 
Abcam discontinued sales of ab23832, which is to be 
commended.

Sigma-Aldrich MAb 306 (Fig. 3) shows the gel-shift 
between rat α7 nAChR and α7 nAChR–GFP, suggest-
ing that it does recognize rat α7, but also shows the 
same problems with nonspecific binding reported by 
others. MAb 306 has been shown by western blots to 



508 Garg and Loring 

 (continued)



Rat alpha7 ACh Receptor Validation 509

Figure 3. Antibodies that may recognize rat α7 nAChR expression in GH4C1 cells. Representative images of the western blot 
and immunofluorescence results for MAb 306, Sigma-Aldrich M220 (lot 040K4705) mouse monoclonal α7 nAChR (α7) antibody and 
AB15332 (lot 2630253), EMD Millipore rabbit polyclonal α7 nAChR antibody. Left panel: Western blot data showing bands (circled) 
for α7 or α7-GFP with MAb 306 when used at a 1:1000 dilution. Similarly, a 1:1000 dilution of Ab15332 binds α7 but was unable to 
detect the α7-GFP band at approximately 80 kDa. Both antibodies also bind many nonspecific bands in both untransfected and trans-
fected GH4C1 cells. Right panel: Immunofluorescence results demonstrate staining pattern between untransfected and α7 transfected 
GH4C1 cells. Mild nonspecific binding can be seen in GH4C1-WT cells with both MAb 306 and AB15332 at a 1:750 dilution. α7 nAChR-
transfected GH4C1 cells showed intense staining with both MAb 306 and Ab15332. Scale bar, 40 μm. Abbreviations: nAChR, nicotinic 
acetylcholine receptors; GFP, green fluorescent protein; WT, wild-type.

bind to αBGT-affinity purified mouse α7 nAChR16 and 
to rat α7 nAChRs, overexpressed in cell lines.21 
Furthermore, Fabian-Fine et  al.29 showed that MAb 
306 binds to a 56-kDa band that may represent rat α7 
nAChR in the hippocampus, but also binds to a 44-kDa 
protein localized in mitochondria. In our western blots, 
MAb 306 cross-reacts with several unidentified non-
specific proteins which are also present in GH4C1-WT 
cells in addition to bands corresponding with native 
and chimeric α7 nAChR. Our data with MAb 306 
showed bands close to 55 kDa in all lanes, whether 
transfected with α7 nAChR or not, but the labeling in 
transfected cells was much stronger. Because MAb 
306 cross-reacts with nonspecific proteins in the 
untransfected GH4C1 cells, immunofluorescence was 
difficult to interpret, but we do see enhanced immuno-
fluorescence in α7 nAChR-transfected GH4C1 cells 
compared with untransfected cells. Previously, both 
Herber et al.13 and Moser et al.16 found that MAb 306 
nonspecifically cross-reacts with 30- and 50-kDa pro-
teins in mouse tissues, consistent with our high-immu-
nofluorescence backgrounds and western blotting 
results. This nonspecific binding of MAb 306 to shared 
target epitopes or structurally similar endogenous pro-
teins could explain why these previous studies failed to 
observe significant immunohistochemical staining dif-
ferences between tissues from α7 nAChR knockout 
and WT mice.

Millipore AB15332 (Fig. 3) fails the gel-shift western 
blot assay, but does show enhanced labeling of a 
52-kDa band in α7 nAChR-transfected relative to WT 
cells. This is a potential problem for tagged protein 
expression (Pillar 4 of Uhlen et al.19), that the tag may 
interfere with some antibodies that bind to epitopes 
near the tagging site. Polyclonal AB15332 is targeted 
to a synthetic mouse peptide near the large cytoplas-
mic domain at some distance from the C terminal 
where GFP is located. The peptide antigen (not dis-
closed) is for mouse α7 nAChR, but rat α7 differs from 
mouse by only one amino acid in the cytoplasmic loop 
region. Therefore, the reason that this antibody appar-
ently recognizes native rat α7 nAChRs but not chime-
ric receptors in western blots is unclear. However, if 
this result can happen for a chimeric receptor, it begs 

the question of how different splice variants in receptor 
regions not involving antibody epitopes might affect 
antibody reactivity. In this case, AB15332 shows sig-
nificant and non-uniform background immunofluores-
cence in native cells, but the intensity is clearly much 
higher in α7 nAChR-transfected cells, suggesting that 
the antibody does recognize the receptor. However, 
the variability of the background in untransfected cells 
in culture renders using this antibody problematic for 
localizing α7 nAChRs in rat tissue, similar to those 
problems observed with MAb 306.

Novus NBP1-79948 rabbit polyclonal anti-α7 
nAChR (Fig. 4) had different effects depending on lots. 
One lot showed bands for both α7 nAChR and α7 
nAChR–GFP chimera, whereas the second detected 
none. Although this shows the advantage of the  
gel-shift assay for quickly assessing antibodies, it  
also points out the necessity for individual antibody  
lot validation. In our hands, Novus NBP1-79948  
(lot QC0391-42133) did show significant difference in 
immunofluorescence staining between WT and α7 
nAChR-transfected GH4C1 cells at a 1:1000 dilution. 
However, because of lot-to-lot variability, different 
batches of the same antibody may not demonstrate 
similar immunofluorescence results.

For western blots, the gel-shift assay is useful to 
rapidly screen different lots of antibodies to see if they 
possibly recognize denatured α7 nAChRs, with the 
caveat that tagging the target may cause some false 
negatives (e.g., EMD Millipore AB15332). Out of seven 
antibodies tested on western blots, four failed to recog-
nize the targets, and in the one case we tested two lots 
of the same polyclonal antibody, the results failed to 
replicate. In terms of “pillars” for validating antibodies, 
this is an example where target expression seems 
equally useful as knockout animals when cell lines are 
available that lack the antibody target. In terms of 
immunofluorescence, no antibody was able to repli-
cate the pattern of fluorescent αBGT binding to the 
cells in culture, although the same three antibodies 
that detected bands on western blots showed strong 
differences between transfected and untransfected 
cells. These are uniform cell populations when com-
pared with tissues from animals, in which case, cells 
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Figure 4. α7 nAChR detection using two different lots of NBP1-
79948 antibody. (A) Representative images of the western blot 
and immunofluorescence results for Novus NBP1-79948, rabbit 
polyclonal α7 nAChR antibody (lot QC0391-42133) at a 1:1000 
dilution. Western blot showing immunoreactivity toward both 

α7- and α7-GFP-transfected GH4C1 cells. Multiple cross-reactive 
nonspecific bands were found across each lane. Labeling pattern 
between untransfected and α7 nAChR-transfected GH4C1 cells 
looks similar at a 1:100 dilution. 1:1000 dilution of the same anti-
body from the same lot showed significant differences between 
WT GH4C1 cells and cells transfected with α7 nAChR. (B) 
Immunoblotting results obtained with lot QC42753-42341 of 
NBP1-79948 α7 nAChR antibody did not show significant differ-
ences between untransfected and α7 nAChR-transfected GH4C1 
cell extracts. Scale bar, 40 μm. Abbreviations: nAChR, nicotinic 
acetylcholine receptors; GFP, green fluorescent protein; WT, 
wild-type.

Figure 4. (continued)

will be expected to vary widely in the types of epitopes 
they express, making the problem of sorting out spe-
cific from nonspecific binding even more difficult.

At the time of this writing, 27 companies offer a 
total of 225 α7 nAChR antibodies for sale according to 
Antibodypedia (www.antibodypedia.com). Apparently 
none of these are validated by genetic strategies, 
orthogonal strategies, or tagged target proteins. 
However, articles are being published using these 
antibodies, sometimes as the sole evidence that α7 
nAChRs are present in tissue. Extreme caution must 
be exercised when antibody data are the primary evi-
dence for the presence or localization of α7 nAChRs. 
Data should be corroborated using other methods 
such as αBGT binding, novel conotoxin binding,30 
PCR methods, in situ hybridization, or electrophysiol-
ogy. The problem of antibody validation is not unique 
to nicotinic receptors and is also a serious issue for 
antibodies against G-protein coupled receptors.18,31–34 
Non-reproducible results in biomedical research due 
to poorly characterized antibodies can be addressed 
only through a coordinated effort by scientists,  
antibody suppliers, funding agencies, and scientific 
journals.19,27
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