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Summary Previous studies have suggested that hu- 
man and porcine insulin exert identical effects on 
blood glucose and counter-regulatory hormones but 
elicit different neurophysiological reactions. A major 
goal of the present study was to investigate whether 
this could be caused by different relative affinities of 
the insulins from different species to insulin recep- 
tors from the brain compared to other tissues. Insulin 
receptors isolated from human brain, muscle or adi- 
pocytes as well as from cultured cells over-expressing 
either of the human insulin receptor isoforms (exon 
11- or exon 11 + ) were immobilized to microwells 
coated with monoclonal anti-insulin receptor anti- 
body. Subsequently the binding of human, porcine 
and bovine insulin was measured. While the recep- 
tors derived from the different tissues had different 
affinities for insulin, there were no tissue-specific dif- 

ferences in the relative binding of the insulins of the 
three species. The insulins of the three species were 
also not different with regard to their binding to the 
receptor isoforms. Finally, in human brain homoge- 
nares no differences in the degradation rates for hu- 
man, porcine and bovine insulin were detected. 
Thus, our data do not support the hypothesis that 
different neurophysiological reactions during hypo- 
glycaemia due to human or porcine insulin are 
caused by differences of the binding of the insulins 
to human brain insulin receptors or their degrada- 
tion in the human brain. [Diabetologia (1995) 38: 
757-763] 
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There has been controversy concerning whether 
treatment with human insulin may result in a re- 
duced hypoglycaemia awareness, compared with 
treatment with porcine insulin [1-9]. The question 
of whether hypoglycaemia unawareness could be 
different depending on whether human or porcine 
insulin was used and if this was the result of a differ- 
ent influence of the insulins on neurophysiological 
function has been addressed by Kern et al. [10-12]. 
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They recorded auditory-evoked potentials (AEP) 
and visual-evoked potentials (VEP) during human 
and porcine insulin-induced hypoglycaemia and 
found that porcine insulin elicited stronger effects 
on AEP [10, 11] and VEP [12] components than hu- 
man insulin. Insulin receptors are widely distributed 
in the human brain [13, 14] and insulin in the brain 
has been shown to be plasma-derived [15-17]. One 
potential reason for a different action of human 
and porcine insulin in the brain was thought to be 
that the insulins derived from the different species 
have different relative affinities for the insulin re- 
ceptors in the brain compared to receptors in other 
tissues. 

The human insulin receptor mRNA is transcribed 
from a single gene located on human chromosome 
19 [18, 19]. This, however, does not exclude differen- 
ces in the binding characteristics of insulin receptors 
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in d i f ferent  tissues. Firstly, a l ternat ive  splicing of  a 
small casset te  exon  (exon 11) of  the r ecep to r  gene 
results in two transcripts  that  are expressed  in a tis- 
sue-specific m a n n e r  and have di f ferent  binding 
proper t i es  [19-22]. Secondly,  animal  studies suggest 
tha t  s tructural  and funct ional  di f ferences  of  the insu- 
lin receptors  f rom different  tissues of  the same spe- 
cies exist due to post - t ransla t ional  modi f ica t ion  of  
the receptors  [23-25]. In the present  s tudy we have  
the re fo re  systematical ly eva lua ted  the binding of  hu- 
man,  porc ine  and bovine  insulin to h u m a n  insulin re- 
ceptors  der ived  f rom brain, muscle and fat tissue as 
well as f rom cul tured  cells over-expressing e i ther  of  
the two al ternat ively  spliced r ecep to r  i soforms 
(exon 11-  or  A- i soform and exon  11 + o r  B-iso- 
form).  

A n o t h e r  possible exp lana t ion  for  d i f ferent  effects  
of  the insulins of  the th ree  species in the brain could  
involve different ia l  rates  of  their  degrada t ion  in this 
tissue. The re  appears  to be a ra te- l imi ted  insulin 
t ranspor t  capaci ty  across the b lood-bra in  bar r ie r  
[15-17] and thus d i f ferent  degrada t ion  rates could  po-  
tential ly result  in di f ferent  effect ive concent ra t ions  of  
the insulins in the bra in  despi te  similar p lasma con- 
centrat ions.  To invest igate  this possibility, we mea-  
sured the degrada t ion  rates of  the insulins of  the 
th ree  species in homogena t e s  of  brain tissue. 

Materials and methods 

HPLC-purified unlabelled insulins and [125I-Tyr-A14]-monoio- 
doinsulins (2200 Ci/mol) were kindly provided by Dr. 
G. Seipke (Hoechst AG, Frankfurt, Germany). Disuccinimidyl 
suberate was purchased from Pierce (Rockford, II1., USA). 
Materials for sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) were from Bio-Rad (Munich, 
Germany). Mouse hybridoma cells producing a monoclonal 
anti-insulin receptor antibody (ctlRl-antibody [26] were from 
American Type Culture Collection (Rockville, II1., USA). 
Goat anti-mouse IgG was from Dianova (Hamburg, Germa- 
ny) and 96-well polystyrene plates were from Dunn (Ans- 
bach, Germany). 

Solubilization of the tissues. Human tissues were obtained in 
accordance with the principles of the Declaration of Helsinki. 
All tissue used in this study needed to be removed for thera- 
peutic reasons and was not required for diagnostic (e. g. eva- 
luation by a pathologist) procedures. Brain samples (temporal 
or frontal cortex) were derived from tissue that needed to be 
removed in the course of neurosurgery. Parts of the tissue that 
were identified morphologically as healthy brain tissue (0.2- 
0.9 g) were used for the isolation of insulin receptors. Human 
skeletal muscle and subcutaneous adipose tissue came from 
leg amputations and surgery for breast reduction, respective- 
ly. Cell extracts that contained the insulin receptor isoforms 
were prepared from Chinese hamster ovary cell lines over-ex- 
pressing the isoforms that were prepared as previously describ- 
ed [27]. Adipose, muscle and brain tissue were processed with- 
in 60 min after surgery. Adipocytes were isolated from minced 
adipose tissue in collagenase containing buffer [final concen- 
trations: 1.2 mg/ml collagenase, (in mmol/1) 130 NaC1, 4.83 
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KC1, 1.20 KH2PO4, 1.30 MgSO4, 1.20 CaC12, 40 Hepes, 3 glu- 
cose, 4 % bovine serum albumin (BSA)]. Subsequently the adi- 
pocytes were washed to remove the collagenase and solubi- 
lized by shaking with ice cold solubilization buffer (final con- 
centrations: 1% Triton X 100, 2.5 mmol/1 phenylmethyl-sulfo- 
nylfluoride, 800 trypsin inhibitor U/ml aprotinin, 2.3 mmol/1 
bacitracine, 6.67 mmol/1 benzamidine, 2.5 p,g/ml leupeptin, 
2.5 ~tg/ml pepstatin). The pieces of muscle and brain tissue 
were directly homogenized and solubilized in the buffer as for 
adipocytes using a motor-driven Elvehjem homogenizer. 
After 20 min at 4~ the samples were centrifuged at 105 g to 
remove insoluble material and then stored at ~ 0 ~  until as- 
sayed. Protein in the solubilized tissue preparations was mea- 
sured by a modification of the method of Lowry [28] using 
BSA standards (Bio-Rad DC-assay). 

Immobilization of insulin receptors. Microwells were prepared 
as previously described [29] by first coating the bottom of the 
wells with goat anti-mouse IgG followed by an incubation 
with cdRl-containing hybridoma supernatant (serum-free). 
To immobilize the receptors, 30 ~1 of the tissue extracts was 
then pipetted into the microwells where ctlRl-antibody had 
been attached. After an incubation for 16 h at 4~ the super- 
natants were removed and the wells washed five times with 
buffer that contained 0.5 % Triton X 100, 100 mmol/l NaC1, 
2.5 mmol/1 KC1, 1 mmol/1 CaC12, 20 mmol/1 Hepes, 10 % gly- 
cerol, 0.5 % azide, and 0.5 % BSA, pH 7.4 (referred to as 
"binding buffer"). 

Affinity cross-linking. Cross-linking between 125I-insulin and 
the insulin receptors was carried out as described by Pilch and 
Czech [30] with minor modifications. The microwells with the 
immobilized receptors were first incubated for 16h at 4~ 
with 30 Ixl 5 nmol/1 125I-insulin in binding buffer in the pre- 
sence or absence of 3.3 p, mol/1 unlabelled insulin. Unbound in- 
sulin was removed by two washes with phosphate buffer [(in 
mmol/1)128 NaC1; 5.2 KC1; 0.65 CaC12; 1.29 KH2PO4; 1.0 
Na2HPO4). The cross-linker disuccinimidyl suberate (final 
concentration: 0.5 mmol/1) was then added. After 15 rain the 
reaction was quenched by the addition of 50 p,1 Laemmli buf- 
fer [31] for 30 min at room temperature. The proteins were se- 
parated by SDS-PAGE electrophoresis and visualized by auto- 
radiography [32, 33]. 

Insulin binding. The immobilized receptors (5-10 fmol insulin 
binding capacity) were incubated in 100 p,1 binding buffer with 
16.7 pmol/1 125I-labelled human insulin and increasing concen- 
trations of unlabelled human, porcine or bovine insulin for 
16 h at 4~ Unbound insulin was removed by five washes 
with binding buffer. 125I-insulin that had bound to the immobi- 
lized receptors was collected by twice adding a solution of 2 % 
SDS to the wells (30 min at room temperature). The radioac- 
tivity in the collected SDS-solution was determined by gam- 
ma-counting. Equilibrium association constants (Ka) for the 
binding of the insulins of the three species to the insulin recep- 
tors were calculated using the one-site model of the program 
"LIGAND" [34]. 

Insulin degradation. Brain tissue was homogenized in an ice- 
cold buffer [(in mmol/1) 130 NaC1, 4.83 KC1, 1.20 KH2PO4, 
1.30 MgSOa, 1.20 CaC12, 20 Hepes, 1% BSA] using a motor- 
driven potter homogenizer. The homogenized tissue was incu- 
bated at room temperature with a final concentration of 0.26 
nmol/1 125I-labelled human, bovine or porcine insulin. At de- 
fined times ice-cold trichloroacetic acid (final concentration 
30 %) was added and the samples centrifuged. The precipitat- 
ed radioactivity was considered as non-degraded insulin. 
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Affinity cross-linking 125I-insulin affinity cross-linking 
was performed to compare the apparent molecular 
weights of the insulin receptors from different tis- 
sues. Figure 1 shows that the apparent molecular 
weights of the a-subunits of insulin receptors from 
muscle or adipose tissue were 125 kDa, whereas the 
apparent molecular weight of the ct-subunits of brain 
insulin receptors was 115 kDa. Cross-linking in the 
presence of unlabelled insulin revealed no visible 
radioactive bands demonstrating the specificity of 
the 125I-insulin binding (Fig. 1). 

Insulin binding. Competit ion curves for the binding 
of human, porcine and bovine insulin to the recep- 
tors from brain, muscle or fat tissue as well as from 
CHO-cells over-expressing the A- or B-insulin recep- 
tor isoform are shown in the Figure 2. The competi- 
tion curves of the different insulins with human 1251- 
insulin are almost superimposable and in none of the 
different insulin receptors tested was there a signifi- 
cant difference between human, porcine and bovine 
insulin in their ability to compete with 125I-labelled 
human insulin. This is also confirmed by the calcula- 
tion of the equilibrium association constants (Ka) in 
Table 1. While there were no detectable differences 
between the binding properties of the insulins from 
the different species, the data in Figure 2 and Table 1 
reveal differential insulin binding properties of the 
receptors derived from the different tissues. From 
the human tissues tested, brain receptors had the 
highest, and receptors from adipocytes the lowest af- 
finity for insulin. From the expressed recombinant in- 
sulin receptor isoforms, the A-form displayed the 
higher affinity. 

Insulin binding capacities estimated by the pro- 
gram "LIGAND" (two-site model and assuming that 
the capacities were similar with the insulins of the dif- 
ferent species) for brain, muscle and adipocytes, re- 
spectively, were 6.6 _ 1.1, 6.5 • 2.1 and 9.3 _ 1.3 fmol 
per well or 24 + 5, 17 _ 5 and 19 +_ 3 fmol per mg pro- 
tein of the solubilized tissue samples that had been 
added to the wells. 

Insulin degradation studies. Figure 3 shows that there 
were no detectable differences between the degrada- 
tion rates of human, porcine or bovine insulin in 
brain homogenate. 

Fig.1 Affinity cross-linking of ~25I-labelled insulin to human 
insulin receptors. Insulin receptors from muscle, adipose or 
brain tissue were bound to ctlRl-antibody coated wells as de- 
scribed in Methods. Subsequently they were incubated for 
16 h with 5 nmol/1 msI-insulin in the presence or absence of 
3.3 ~tmol/1 unlabelled insulin. The wells were then washed and 
cross-linking performed with disuccinimidyl suberate as de- 
scribed in Methods. After electrophoretic separation and auto- 
radiography the apparent molecular weights of the 125I-insulin- 
labelled ct-subunits of the insulin receptors were determined 
by comparison with molecular weight standards 

Table 1. Insulins of different species and their binding proper- 
ties to receptors from different tissues 

Human insulin Porcine insulin Bovine insulin 

Brain 5.98 -+ 1.14 6.48 + 1.89 6.47 _+ 1.68 
Muscle 3.54 + 1.31 4.77 + 1.27 3.93 + 0.98 
Adipocyte 2.52 + 0.23 2.27 + 0.38 2.32 + 0.53 
A-isoform 8.46 + 1.09 9.16 + 1.28 9.62 + 1.44 
B-isoform 4.59 _+ 0.64 5.47 + 0.65 5.73 + 0.68 

Equilibrium association constants (Ka; in l/mol- 109+ SEM) 
for human, porcine and bovine insulin receptors from brain, 
muscle and adipose tissue as well as to expressed recombinant 
A- and B-insulin receptor isoforms. The data of the competi- 
tion curves of three independent experiments were analysed 
by the program LIGAND [34] using the one-site model 

Discussion 

While a large number of previous studies that com- 
pared human and porcine insulin have demonstrated 
similar biologic potencies in humans and similar insu- 
lin receptor binding characteristics in a variety of hu- 
man and animal tissues [35, 36], there were some indi- 

cations that this could be different in the brain. Re- 
cent reports have demonstrated differential effects 
of human and porcine insulin-induced hypoglycae- 
mia on neurophysiological reactions in human sub- 
jects [10-12] and thus suggested that these insulins 
might act differently in the human brain. Other stu- 
dies have shown that the brain insulin receptor has 
unique structural and functional properties [16, 23, 
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Fig .2A-E.  Human, porcine or bovine insulin binding to insu- 
lin receptors from brain, muscle, adipocytes as well as to the 
expressed recombinant A- and B-insulin receptor isoforms. 
Microwells coated with ctlRl-antibody were incubated for 
16 h at 4~ with extracts from brain, muscle or adipose tissue. 
Subsequently the wells were washed and incubated for 16 h 
with 16.7 pmol/l 125I-labelled human insulin and the indicated 
concentrations of human ( A - - ) ,  porcine ( [~-- - )  or bovine 
(O . . . . .  ) insulin. The wells were washed again and the radio- 
activity attached to the wells was determined by gamma-count- 
ing as described. Trace binding was less than 20 % of the total 
cpm added in all experiments. Results are expressed as the per- 
centage of the radioactivity bound in the absence of unlabelled 
insulin. The cpm were corrected for counter background but 
no correction for non-specific binding was made 

37] and in fact, Schliiter et al. [38] reported a lower 
binding affinity of human insulin compared to por- 
cine insulin to pig brain cells but not to pig liver. In 
contrast, Gammeltoft  et al. [39] who investigated rat 
brain cortex synaptosomes did not find such a differ- 
ence between human and porcine insulin; he found, 

however, that the relative affinities between porcine 
insulin, porcine proinsulin and coypu insulin differ 
between the synaptosomes and rat liver cells. 

The major question of the present study was there- 
fore whether human brain insulin receptors differ 
from the receptors in other human target tissues 
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Fig. 3 Insulin degradation in brain tissue homogenate. Homo- 
genates from brain tissue were incubated with 0.26 nmol/1 lz~I- 
labelled human (e), porcine (11) or bovine (�9 insulin at 
room temperature. At the indicated times the non-degraded 
insulin was precipitated with ice cold 30% trichloroacetic 
acid. After centrifugation the radioactivity in the precipitates 
and the supernatants was determined by gamma-counting. 
The figure shows the cpm measured in the supernatants as a 
percentage of the total cpm 

with respect to their properties of binding human, 
porcine and bovine insulin�9 The advantages of a pre- 
viously described microwell-based insulin binding as- 
say [29] were utilized to directly compare the binding 
properties of the insulins of the three different spe- 
cies to insulin receptors from human brain, human 
muscle and human adipocytes. The immobilized re- 
ceptors were essentially pure and thus there was al- 
most no non-specific binding and a very low insulin 
degradation rate (less than 1%). Furthermore, as- 
says with all three insulins and all tissues could be 
performed in parallel which allowed direct compari- 
sons. Finally, small amounts of tissue were sufficient 
which was particularly important for studying the hu- 
man brain. 

Our data show that there were no tissue-specific 
differences in the relative binding of human, porcine 
or bovine insulin to the receptors of any given tissue, 
including brain tissue. The minute tendency to the 
right of the mean competition curves for human com- 
pared to porcine insulin (Fig. 2) was not present in all 
experiments and was not statistically significant. It 
may reflect a slightly incorrect standard insulin con- 
centration in one experiment and should not be ta- 
ken as an indication for differential binding proper- 
ties of the different insulins. In any case, this minute 
and statistically insignificant tendency was not speci- 
fic for the brain insulin receptors and was also seen 
in the receptors of the other tissues. Our results there- 
fore do not support the hypothesis that human brain 
insulin receptors, as compared with the receptors of 
other human tissues, possess specific properties that 
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would result in a differential binding of the insulins 
of the three species and that could explain the ob- 
served differences in neurophysiological reactions 
[10-12]. To be certain that the receptors derived 
from the brain samples were typical brain insulin re- 
ceptors, their typical reduced apparent molecular 
weight [23], as compared to the receptors from adipo- 
cytes or muscle, was demonstrated by insulin-affinity 
cross-linking (Fig. 1). 

Our data conflict to some extent with the results of 
Schliiter et al. [38] who showed a reduced affinity of 
human insulin to the cells of the pig brain. While un- 
questionably the fact that in their study the brain tis- 
sue was derived from pigs and not humans, as in our 
study, could completely account for the discrepan- 
cies, there may be other explanations. Schliiter et al. 
incubated whole brain cells with insulin while we per- 
formed the binding experiments with purified insulin 
receptor. The possibility that factors other than the 
insulin receptors themselves contributed to a differ- 
ential binding affinity of human and porcine insulin 
in the brain cell preparations (e. g. membrane proper- 
ties) cannot be ruled out completely. On the other 
hand, Gammeltoft et al. [39] who measured the bind- 
ing to rat brain synaptosomes, consistent with our re- 
suits, found no differences between human and por- 
cine insulin binding. Finally, it is not clear whether 
the labelled porcine and human insulins used in the 
study by Schliiter et al. [38] that had been obtained 
from different sources were comparable with respect 
to affinity, purity and concentration. At the time the 
study was performed, HPLC-purification of [125I-Tyr- 
Ala]-monoiodoinsulins may still have been proble- 
matic [40]. 

We also investigated whether human, porcine and 
bovine insulin bind differently to the A- or B-iso- 
forms of insulin receptors. Our data show that the in- 
sulins derived from each of the three species bind 
with a higher affinity to A-receptors than to B-recep- 
tors. This finding has been previously reported using 
insulin from a single species [20, 22, 27]. Despite 
these differences of the receptors, there were no dif- 
ferences between the binding of human, porcine and 
bovine insulin to a single receptor isoform. Thus, 
there was also no indication that a tissue-specific dis- 
tribution of A- and B-receptors could cause a differ- 
ent relative binding of the insulins of the three species. 

Another possible explanation for the observed dif- 
ferences in neurophysiological reactions [10-12] 
could be that the entry of the different insulins into 
the brain and/or their degradation in the brain were 
different. Such mechanisms could lead to different 
equilibrium insulin concentrations within the brain 
despite similar plasma insulin concentrations. There 
appears to be a rate-limited insulin receptor-medi- 
ated transport of insulin across the blood-brain bar- 
rier; this does not however exclude that other factors 
such as diffusion as a means of delivering insulin to 
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the brain or certain brain areas also play an important 
role [16, 171 . In the present study we used human 
brain homogenates to investigate the possibility of a 
different degradation of the insulins in brain and 
found no differences between the insulins of the 
three species. Our results therefore suggest that 
other mechanisms, e.g., potentially different diffu- 
sion characteristics into the brain or within the brain 
may be responsible for the observed differences in 
neurophysiological reactions. To that end, slight dif- 
ferences in the lipophilicity of the insulins [35, 36] 
may play a role. 

While we failed to find differences between the in- 
sulins with regard to their binding properties, differ- 
ences were observed in the affinity for insulin of the 
insulin receptors from the different tissues. Thus, we 
found a higher affinity towards insulin with receptors 
derived from brain compared to adipocyte insulin re- 
ceptors. These differences in insulin-affinity of the re- 
ceptors from different human tissues may lead to dif- 
ferential effects of certain insulin concentrations on 
the various target tissues and thus may be physiologi- 
cally important. The binding studies were performed 
with receptors that were essentially pure after their 
immobilization to anti-insulin receptor antibody. The 
differences in insulin binding affinity of the recep- 
tors therefore cannot be explained by differences in 
the cellular environment but must be due to differ- 
ent properties of the purified receptors themselves. 
While a different abundance of A- and B-receptor 
isoforms in the tissues may have contributed to the 
differences in insulin binding affinity of the recep- 
tors from these tissues, this appears not to be the 
only mechanism. Thus, the affinity of receptors de- 
rived from adipocytes was even lower than that dis- 
played by the expressed recombinant receptor iso- 
form with the lower affinity (B-receptor isoform). 
Other  mechanisms may include differential post- 
translational modifications of the receptors in the dif- 
ferent tissues [23-25, 41]. 

In conclusion we found that insulin receptors from 
different human tissues differ in their properties to 
bind insulin. There were however no detectable dif- 
ferences in the relative binding of human, porcine 
and bovine insulin to insulin receptors derived from 
human brain and other human tissues. Moreover,  we 
have no indication that the degradation of the insu- 
lins of the three species is different in brain. Our 
data therefore do not support the hypothesis that dif- 
ferential interactions with the brain insulin receptor 
or differential degradation rates of human, porcine 
and bovine insulin in the brain contribute to the ob- 
served differences in neurophysiological reactions 
[10-12] or an altered hypoglycaemia awareness. 
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