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Abstract. Selection of silver foxes for attitude to humans influences the hypothalamus-pituitary-adrenal axis and
sympathetic nervous system, which, in turn, are involved in the regulation of carbohydrate metabolism under stress.
It has also been shown that heredity affectes carbohydrate metabolism and glucose tolerance. It remains to find out
whether the selection for attitude to humans affected carbohydrate metabolism and blood glucose levels in silver foxes.
We studied basal blood glucose levels in tame, aggressive, and unselected male and female silver foxes and glucose
levels in females exposed to stress. Our results indicate that the basal blood glucose level in tame foxes is significantly
lower than in unselected or aggressive ones regardless of sex. In unselected males, this parameter was lower than in
aggressive animals. Aggressive foxes showed a sex difference in the basal blood glucose level: it was higher in males than
in females. The glucose levels in aggressive females remained higher than in tame ones immediately after 10-min stress
and two hours afterwards. Only aggressive females showed an excess blood glucose level over the basal one two hours
after stress. The bulk group of foxes demonstrated a negative correlation between blood glucose and behavior score
(response to humans) both at rest and after stress. A glucose tolerance test (GTT) was performed to compare the rates
of glucose absorption from the bloodstream in silver fox females selected for behavior. Although selection for behavior
did not affect glucose tolerance, judging from the area under the GTT curves, aggressive females differed from tame and
unselected at the beginning of the test in longer persistence of elevated blood glucose. Thus, the selection of silver foxes
for attitude to humans influences blood glucose levels at rest in both sexes and after stress in females.
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BausiHue oT60pa Mo MOBeAeHII0 Ha YPOBEHbD IVIIOKO3bI B KPOBU
YV cepebpuCcTO-UYepHbIX JIVICUIL ITOC/Ie PECTPUKIIMOHHOIO CTpecca
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AHHOTauusA. VI3BecTHO, UTO OTOOP CepebPUCTO-YEePHbIX JIMCUL, MO OTHOLLEHMIO K YeNloBeKy BNMAET Ha rmnoTanamo-
runodusapHo-HagnoyeuHrkosyio (IMH) 1 cumMnaTyeckyto HEPBHYIO CUCTEMbI, KOTOPble, B CBOIO OoYepefb, yYacTBYIOT
B perynauuu yrneBogHoro obmeHa npu ctpecce. Hapagy C 3TvM MOKa3aHO BAWsHWE TeHeTnyecknx $GakTopoB Ha
YrneBofHbIVi OOMEH 1 TONEPAHTHOCTD K rtoko3e. OCcTaBanoCb HEM3BECTHBIM, BAVSAET SN OTOOP MO OTHOLLEHMIO K YENoBEKY
Ha ypOoBeHb [/0KO3bl B KPOBU Y cepebpucto-uepHbix nucuu. B paHHoin pabote mnccnefoBany 6a3anbHblii YpOBEHb
TNI0KO3bl B KPOBM Y PYUHbIX, arPeCCHBHbBIX U HECEeNeKLMOHNPOBAHHBIX CaMLIOB U CaMOK CepebpucTo-yepHbIX NNCuL,
a TakXkKe ypOoBeHb TI0KO3bl MOC/e PeCTPUKLMOHHOIO CTpecca y caMok. lMonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
[OCTOBepHO 6osee HM3KOM 6a3anbHOM YPOBHE MOKO3bl B KPOBU Y PYUHbIX JINCUL, MO CPAaBHEHWIO C arpeccMBHBIMY 1
HeceneKUMOHVPOBaHHbBIMY >KNBOTHBIMY, HE3aBUCMMO OT fofa. Kpome Toro, y HecenekuVoHMPOBaHHbIX CaMLOB 3TOT
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Effect of selection for behavior on the blood glucose level
in foxes exposed to restriction stress

noka3saresib Oblf1 HVXKe MO CPAaBHEHMIO C arPeCCUBHBIMU XKMBOTHbBIMU. Y arpeCcCUBHbIX IMCUL, HallAEeHbl MOOBbIe Pa3nnyusa
no 6a3anbHOMY YPOBHIO II0KO3bl B KPOBM: y CAMLIOB 3TOT NOKasaTeslb Bbllle, YeM Y CaMOK. B TeueHwne Bcero nccnegyemoro
nepuopa nocne crpecca (4epes 10 MVH 1 2 ) ypOBEHb F0KO3bl B KPOBY Y arpeccuMBHbIX CAMOK OCTaBasICA NMOBbILEHHbIM
Mo CPaBHEHMIO C PyYHbIMU. CNyCTA 2 Y Noc/e CTpecca TONIbKO Y arpeCcCUBHbBIX CAMOK OTMeYanu 6onee BbICOKUA ypPOBEHD
TJIIOKO3bl MO CPABHEHWIO C UCXOAHbIM YPOBHEM. B cymMapHOI BbIGOPKE CaMOK JINCKL, HE3aBUCMMO OT NOBEAEHNSA A0
1 Mnocse CTpecca, HalfeHa oTpuuaTenbHas KOPPensauusa mexay YPOBHEM [IOKO3bl B KPOBM 1 Ganfom nosefeHus
KOTOPbIM OLEHMBaNM peaKkuuio Ha yenoseka. [na cpaBHEHMSA CKOPOCTM MOIOLWEHMNS [I0KO3bl U3 0OLLEro KPOBOTOKA
y CaMOK cepebpucTo-YepHbIX NIUCHL, CENeKLMOHMPYEMbIX MO MOBEAEHMIO, MPOBOAUIN [MIOKO30TONEPAHTHBIA TeCT
(I'TT). B uenom, cynda no nokasaTtenam nnowaam noa Kpusbimu [T, oT6oOp No NoBefeHuto He BANAN Ha TONIePaHTHOCTb K
rNOKO3€, BMECTe C TeM Y arpeCcCUBHbIX CAMOK, B OT/IYME OT PYUHbIX U HeCeNTeKLMOHUPOBaHHbIX, B HAUasle TecTa oTMeyani
6onee NPOJOMKMTENBHBIN MEPUNOL, MOBbILLEHHOIO YPOBHSA MIOKO3bl B KPOBU. Takum 06pa3om, oT6op no noBefeHuio
B/INAET HA YPOBEHbD MI0KO3bl B KPOBU Y CEPeOPUCTO-YEPHBIX INCHL, HE3aBUCUMO OT MOJ1a B COCTOAHMM MOKOA, @ Y CAMOK —
1 nocne cTpecca.

KntoueBble cnoBa: oT60p; NoBefeHVe; NMNCULbI; arPeCCUBHOCTD; CTPECC; MIOKO3a; MTIOKO30TONIEPAHTHOCTb; KOPTU30T;

Koppenauus

Introduction

Glucose is the main energy source for the brain. An
increased blood glucose level, ensuring stable delivery
of the nutrient to the brain, is an important prerequisite
for survival at stress (Magomedova, Cummins, 2016).
It is known that stress activates the sympathoadrenal
and hypothalamic-pituitary-adrenal (HPA) axes. Their
signals are involved in the development of stress-induced
hyperglycemia (Stover et al., 2002; Barth et al., 2007,
Magomedova, Cummins, 2015; Ross et al., 2015). In
particular, catecholamines and glucocorticoids can
enhance gluconeogenesis (glucose synthesis from non-
sugar precursors), glycogenolysis (glycogen conversion
to glucose) in the liver, and glucose release from the
liver. They also inhibit glucose uptake by cells from the
bloodstream.

Hereditary differences in stress-induced hypergly-
cemia were noted in inbred mouse lines (Harizi et al.,
2007). Movement restriction, considered to be psychic
stress, was responded by BALB/c mice with the maxi-
mum blood corticosterone level, whereas the increase in
glucose level was lower than in DBA or C57BIl/6 mice.
In contrast, restricted C57Bl/6 mice showed the mini-
mum increase in corticosterone and maximum increase
in glucose as compared to DBA and BALB/c.

Blood glucose increase was also observed in Large
White pigs after aggressive clashes of two unfamiliar
castrated males. In these cases, blood glucose linearly
correlated with both aggressiveness and catecholamine
(epinephrine and norepinephrine) levels, but the cortisol
level did not correlate with aggressiveness (Fernandez
etal., 1994).

A study of molecular mechanisms underlying the
variation in stress sensitivity and aggressiveness was
conducted in pigs of a synthetic line (SYN) obtained from
males of one breed and hybrid dams from six commercial
parental lines. Associations of DNA markers from ten

genes related to the HPA axis were analyzed, as well as
several physiological parameters: plasma levels of corti-
sol, creatine kinase, glucose, and lactate; adrenal weight;
and aggressiveness (Murani et al., 2010). A considerable
association between single-nucleotide polymorphism
2.233C>T in the CRH gene for corticotropin-releasing
hormone and the plasma glucose level was revealed.

Low expression of genes involved in glucose metabo-
lism, including glucose transport, gluconeogenesis, and
glycolysis, was found in domesticated male pigs (or
adapted to captivity for many generations) as compared
to wild animals captured early in life. All animals re-
ceived equal diets (He et al., 2017).

Studies of dogs of various breeds differing in liability
to diabetes mellitus point to an influence of hereditary
factors on hyperglycemia caused by insulin deficiency
(Catchpole et al., 2013). This pancreatic hormone par-
ticipates in the uptake of glucose from the bloodstream
by cells and thereby lowers the blood glucose level. In
contrast, small and fancy dog breeds are inclined to hy-
poglycemia. Its causes are thought to be disturbances in
gluconeogenesis and glycogenolysis in the liver and low
levels of glucocorticoids, which enhance these processes
(Fleisher et al., 2008; Idowu, Heading, 2018).

Experiments on silver foxes selected for aggressive
and tolerant attitude to humans may contribute to the
understanding of the functional regulation of carbohy-
drate metabolism in animals with hereditary differences
in the stress response of the HPA axis. The experiment
modeling domestication, which has been conducted at
the Institute of Cytology and Genetics (Novosibirsk) for
decades, shows that silver fox selection for tame behavior
lowers the HPA axis function as compared to animals
selected for aggressive behavior (Bazhan et al., 1974;
Oskina, 1996, 2008; Gulevich et al., 2004; Alexandrovich
et al., 2023). In addition, the tame foxes show a lower
activity of the sympathetic nervous system, as follows
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from the lower blood norepinephrine level in compari-
son to aggressive and unselected animals (Oskina et al.,
2008).

The results obtained from Norway rats and American
minks selected for tame and aggressive behavior indicate
that selection for behavior may alter some carbohydrate
metabolism parameters (Albert et al., 2008; Kalinina et
al., 2022). Tame male rats demonstrated a decrease in
blood glucose level in comparison to aggressive ones
(Albert et al. 2008). There is no information on blood
glucose in minks selected for behavior, but it has been
shown that the activity of alpha amylase in the pancreas,
duodenum, and jejunum in tame minks is higher than
in aggressive ones. This enzyme degrades starch to
di- and trisaccharides in the gastrointestinal tract, and
these oligosaccharides are then degraded to glucose,
which is absorbed into the bloodstream (Kalinina et al.,
2022). The blood glucose level is influenced not only by
the pancreatic alpha amylase activity but also by other
multidirectional factors.

In addition, the maximum alpha amylase activity in
the pancreas was recorded in minks with highest tame
behavior scores and the minimum, in most aggressive
animals. This correlation appears to be related to the
fact that changes in the mink brain caused by selection
for behavior, in particular, monoamine levels in the
hippocampus (Kulikov et al., 2016), may correspond
to behavior scores, and the signals induced by these
changes may reach norepinephrine-secreting cells of
adrenal medulla via the sympathicoadrenal axis and
glucocorticoid-secreting adrenal cortex via the HPA axis.
Both norepinephrine and glucocorticoids are involved in
the secretory function of the pancreas (Mossner et al.,
1989; Nagain-Domaine et al., 1999).

These studies leave open the question whether and how
the selection of silver foxes for behavior affects blood
glucose levels at rest and after stress.

The goal of the present study is to investigate the ef-
fect of selection for behavior on blood glucose levels in
tame and aggressive silver foxes at rest and after stress.

Materials and methods
Experiments were conducted with lines of adult silver
foxes that had been selected for emotionally positive
and aggressive-defensive attitudes to humans for over
60 years, hereafter referred to as tame and aggressive,
respectively (Belyaev, 1979; Trut et al., 2004, 2009).
A third group included foxes not exposed to deliberate
selection for behavior, hereafter unselected.
Experimental animals were kept at the Shared Access
Center for Gene Pools of Fur and Farm Animals (ICG,
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Novosibirsk). Animal behavior was assessed in the glove
test. Tame foxes scored +4 to +4.5; aggressive, —2.5 to
—-3.5; and unselected, —0.75 to +1.

Basal blood glucose levels were measured in mmol/L
with a One Touch Basic Plus glucose meter in fox males
and females of each group after overnight fasting. One
blood drop from the ear tip was loaded onto the test strip.
Each group included 12 males and 10 females.

The effects of 10-min restriction stress on blood cor-
tisol and glucose levels were analyzed only in females,
whereas males were used in other experiments. Each
group included eight naive females. In the restriction
stress experiment, foxes were placed to animal carriers
with one side made of wire mesh. To reduce the stress,
the restriction was applied for shorter time (10 min) in
comparison to earlier studies (20 min) (Oskina, 1996).

Blood samples for cortisol assay were taken from
vena safena in the morning after overnight fasting.
The sampling lasted no more than 2—3 min per animal.
Blood was sampled immediately after 10-min stress and
2 h afterwards. After taking the first blood sample, the
foxes were placed to their home cages. One week before
the experimental stress, blood samples were taken for
the basal cortisol level. Blood cortisol was assayed by
enzyme immunoassay with a Cortisol-IFA-BEST kit
(Vector-Best, Novosibirsk).

One month after blood sampling from vena safena
and one week before the stress experiment, basal blood
glucose was assayed in the same animals with a Satel-
lite glucose meter (ELTA, Moscow) in the morning after
overnight fasting. Anothert glucose measurement was
done in females immediately after exposure to stress, and
the animals were placed to their hame cages. The next
measurement was done two hours after stress.

To analyze the rates of glucose uptake from the blood-
stream after carbohydrate loading, the glucose tolerance
test (GTT) was conducted in the fox groups: five naive
females from each group. Blood glucose levels were
recorded after overnight fasting and 10, 20, 40, and
120 min after intravenous administration of 50 % glucose
monohydrate (0.5 g/kg).

The statistical evaluation of the results was performed
with Statistica 10.0 software (Stat Soft, United States).
Data on the basal blood glucose levels in fox males and
females from the tame, aggressive, and unselected groups
were analyzed by ANOVA for independent measure-
ments followed by Fisher’s LSD post-hoc test. Data on
blood glucose levels in foxes within a particular behavior
group in GTT and after stress were analyzed by Student’s
dependent #-test, and foxes from different groups were
compared by Student’s independent #-test.

OU3NONOTNYECKAA TEHETUKA / PHYSIOLOGICAL GENETICS 877



R.G. Gulevich, S.G. Shikhevich
D.V. Shepeleva, A.V. Kharlamova

Results

Figure 1 presents data on the basal glucose level in
peripheral blood of tame, aggressive, and unselected
foxes of both sexes. Two-way ANOVA shows that
selection for behavior influenced the blood glucose
level (F,¢0 = 16.07, p < 0.001), the sex factor did not
(Fi60=1.64, p>0.05), and their interaction was signifi-
cant (F, ¢ = 5.85, p < 0.01). The subsequent post-hoc
test indicates that glucose levels in tame males were
significantly lower than in unselected (p < 0.05) or ag-
gressive (p < 0.001), and the levels in unselected males
were lower than in aggressive (p < 0.001). In tame
females, as in males, glucose levels were lower than in
unselected or aggressive (p < 0.05 in both cases). Sex-
related differences in glucose levels were recorded only
in the aggressive group: males showed higher levels than
females (p < 0.001).

Figure 2 presents blood cortisol levels in tame, aggres-
sive, and unselected fox females after restriction stress.
This parameter was significantly lower in tame foxes than
in aggressive or unselected before stress, immediately
after stress, and two hours later. In tame foxes, 10-min
restriction stress did not affect blood cortisol levels either
immediately after stress or two hours after. In unselected
and aggressive foxes, stress induced a significant increase
in blood cortisol as compared to the respective basal lev-
els (p < 0.01, p < 0.001, respectively). Two hours after
stress, blood cortisol levels were significantly lower than
those immediately after stress in unselected (p < 0.01)
or aggressive (p < 0.001) foxes.

Figure 3 illustrates blood glucose levels in tame, ag-
gressive, and unselected female foxes after restriction
stress. We see that blood glucose levels in tame females

mmol/L
6r Male

M Female % *

Tame Unselected Aggressive
Fig. 1. Basal blood glucose levels in tame, aggressive, and un-

selected male and female foxes, mmol/L.
*p < 0.5, ** p < 0.001 compared to tame; ### p < 0.001 compared to ag-

gressive; M p < 0.001 compared to corresponding males according to
two-way ANOVA followed by post-hoc Fisher’s LSD test.

Effect of selection for behavior on the blood glucose level
in foxes exposed to restriction stress

were significantly lower than in aggressive before stress
(p < 0.01), immediately after stress (p < 0.05), or two
hours later (p < 0.001). Glucose levels in unselected
foxes were intermediate between tame and aggressive
at all timepoints. The basal glucose level in unselected
foxes did not differ from the corresponding levels in tame
or aggressive ones, but after stress it was higher than in
tame animals (p < 0.01) and two hours after stress it was
lower than in aggressive ones (p < 0.001). Stress did
not induce blood glucose changes in tame or unselected
foxes throughout the experiment period. In aggressive

nmol/L
300 AAA
Basal XXX
250 After stress *’;‘* T
2 hours after stress -l-
200
##
*%¥% * s
150 T T *%
*% T
T
100 |
T
.
50
0 -
Tame Unselected Aggressive

Fig. 2. Blood cortisol levels (nmol/L) in tame, unselected, and ag-
gressive female foxes after stress.

*p <0.05,** p<0.01, *** p <0.001 as compared to tame females accord-
ing to independent Student’s t-test; " p < 0.01, A" p < 0.001 as compared
to the corresponding basal level according to dependent Student’s t-test;
#p < 0.01, ###p < 0.001 as compared to the level immediately after stress
according to dependent Student'’s t-test.

mmol/L
6r Basal
st After stress *;A*
2 hours after stress N T
L *% *% T
4 T #h# T
T
3t T T I
T
2 -
‘| L
0 .
Tame Unselected Aggressive

Fig. 3. Blood glucose levels in tame, aggressive, and unselected
female foxes after stress, mmol/L.

* p <0.05, ** p < 0.01, *** p < 0.001 as compared to tame according to
independent Student’s t-test; A1 p < 0.01 as compared to the correspond-
ing basal level according to dependent Student’s t-test; ### p < 0.001 as
compared to aggressive according to independent Student’s t-test.
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Correlation coefficients between behavior scores and blood glucose levels before and after stress

in all foxes examined regardless of behavior

Tame, aggressive, and unselected silver foxes Before stress

(n=24)
-0.56*

After 10-min stress Two hours after stress

-0.58% -0.75*%

Note. Behavior scores in unselected animals are indicated with plus and minus signs; tame, with plus signs; and aggressive, with minus signs.

* Significance level for correlation coefficients p < 0.05.

mmol/L %% —&— Tame

16 : N —m— Unselected

I —&— Aggressive
14 L
12}
10 F
8 L
6|
4+
2 L

Basal 10 min 20 min 40 min 120 min

Fig. 4. Blood glucose levels (mmol/L) in tame, unselected, and aggressive female foxes after administration of 50 %
glucose monohydrate, 0.5 g/kg (glucose tolerance test).

* p <0.05 and ** p < 0.01 - Student’s t-test for repetitive measurements for comparison of the levels between the 10- and 20-min

timepoints.

animals, it increased as compared to the basal level two
hours after stress (p < 0.01).

The Table presents correlation coefficients between
behavior scores and blood glucose levels in the over-
all group of foxes: tame, aggressive, and unselected.
Significant negative correlations were found between
blood glucose levels and behavior scores before stress,
immediately after stress, and two hours after stress.

We also assessed the correlation between blood
glucose and cortisol levels in the same bulk sample. A
significant positive correlation (0.51; n = 22) was found
only at one timepoint: immediately after stress.

Data on blood glucose levels in tame, aggressive, and
unselected female foxes in GTT are shown in Figure 4.
Ten minutes after glucose monohydrate administration,
blood glucose increased significantly in all animals
regardless of behavior group: p < 0.001 in tame and
unselected, p < 0.01 in aggressive.

Twenty minutes after test, glucose in tame and un-
selected foxes was significantly lower than the earlier
values (p < 0.05 and p < 0.01, respectively), but did
not decrease in aggressive foxes, remaining elevated;
thus, the elevated glucose after glucose monohydrate
administration to aggressive foxes persisted longer than

in tame or unselected ones. Only 40 min after the glucose
monohydrate challenge, the glucose level in aggressive
foxes became significantly lower than in the preceding
measurements (p < 0.05), whereas in tame and aggres-
sive animals the decrease in comparison to preceding
values continued (p < 0.01 and p < 0.05, respectively).
Two hours after glucose monohydrate, blood glucose
got back to a value close to the basal level in tame and
aggressive foxes. In the unselected group, blood glucose
at the same timepoint was significantly below the respec-
tive basal level (p < 0.01) and lower than in the tame or
aggressive groups (p < 0.01 and p < 0.05, respectively).
The areas below the GTT curves did not differ sig-
nificantly among the tame, unselected, and aggressive
groups: 951.5+77.7; 986.8+83.3, and 1,088.1+236.3,
respectively. In contrast to the above results, GTT did
not reveal significant differences in basal blood glucose
levels in tame, aggressive, and unselected female foxes;
apparently, because of smaller samples (n = 5).

Discussion

Our results demonstrate a lower basal blood glucose level
in tame male and female foxes as compared to unselected
and aggressive ones (Fig. 1). This observation appears to
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be caused by a lower activity of the HPA and sympathetic
axes in the first group as compared to the other two,
which has been reported by N.M. Bazhan et al. (1974),
LN. Oskina et al. (1985, 2008), and R.G. Gulevich et
al. (2004). This study also confirms the lower basal
cortisol level in tame females compared to aggressive
or unselected ones (Fig. 2).

As mentioned above, glucocorticoids and nor-
epinephrine participate in blood glucose regulation
by intensifying gluconeogenesis (glucose synthesis
from nonsugar precursors), glycogenolysis (glycogen
breakdown to glucose) in the liver, and glucose release
from the liver and also by inhibiting glucose uptake by
cells from the bloodstream (Stover et al., 2002; Barth
et al., 2007; Magomedova, Cummins, 2015; Ross et
al., 2015). Studies on Norway male rats selected for
behavior have shown that tame animals differed from
aggressive in lower levels of blood corticosterone
and glucose, which is consistent with data for foxes
(Plyusnina, Oskina, 1997; Albert et al., 2008).

Alowered expression of genes involved in glucose me-
tabolism, glucose transport, gluconeogenesis, and gly-
colylis has been found in domestic pigs as compared to
wild ones captured early in life in spite of equal diets
(He et al., 2017). Probably, fox selection for domestic
and aggressive behavior influences the same glucose
metabolism processes, so that blood glucose levels in
tame foxes are lower than in aggressive ones.

The blood glucose levels measured in silver foxes
in our study were close to those reported for dogs
(3.3-6.2 mmol/L) by O. Idowu and K. Heading (2018).
The gender difference in basal blood glucose levels
found in aggressive foxes (higher values in males than
in females) (Fig. 1) agrees with the results obtained on
mice by H. Harizi et al. (2007), who presume that this
sex dimorphism is due to the involvement of androgens
in insulin resistance induction. Regrettably, the results
on blood glucose in Norway rats selected for behavior
include only males (Albert et al., 2008).

Restriction stress did not affect the cortisol or glu-
cose levels in the blood of tame foxes, which showed a
lower response to stress, at any timepoint: immediately
after stress and two hours later. Blood cortisol levels in
unselected and aggressive foxes increased significantly
immediately after stress. Blood glucose levels did not
change in unselected foxes but increased two hours after
stress in aggressive ones, characterized by a stronger
stress response.

In a study by P.D. Miles et al. (1991), i.c.v. carbachol
(acetylcholine analog) injections to dogs raised the levels
of catecholamines and cortisol, thereby mimicking the
effect of stress, and enhanced not only glucose produc-

Effect of selection for behavior on the blood glucose level
in foxes exposed to restriction stress

tion but also its absorption. As a result, the glucose level
increased slightly but statistically significantly no sooner
than 15 min after the injection.

Thus, it is reasonable to suppose that the increase in
blood glucose in stressed unselected and aggressive foxes
occurred slightly later than after 10 min. The increase in
blood glucose recorded in aggressive foxes two hours
after stress as compared to the basal value could be
caused by long-term intense production of glucose and/
or its release to blood combined with slower absorption
from the bloodstream.

The negative correlation between blood glucose before
and after stress, on the one side, and behavior score, on
the other side, found in the bulk fox sample regardless
of behavior (see the Table) is consistent with data on
the correlation between blood glucose and aggressive-
ness in pigs after a clash between two unfamiliar males
(Fernandez et al., 1994). The difference in the sign of
correlation between foxes and pigs (negative in the
former and positive in the latter) may be related to the
fact that the behavior of the most aggressive foxes was
marked with the minimum score and of the tamest, the
maximum, as opposed to pigs. To put it simply, the higher
is aggressiveness, the higher is the blood glucose level,
both in foxes and pigs.

The same study on pigs demonstrated a correlation
between the levels of glucose and catecholamines (epi-
nephrine and norepinephrine) in blood. We have men-
tioned that the blood levels of norepinephrine in tame
foxes is lower than in aggressive or unselected (Oskina
et al., 2008).

The detected correlation between behavior scores and
blood glucose levels in foxes is likely to be related to the
assumption that the changes in the fox brain induced by
selection for behavior, in particular, levels of tyrosine
hydroxylase (enzyme involved in catecholamine produc-
tion) and serotonin (Dygalo et al., 1988; Popova, 2017)
correspond to behavior scores and the signals from such
changes come to cells of the adrenal medulla, which se-
crete norepinephrine, via the sympathoadrenal axis and
to the adrenal cortex, which secretes glucocorticoids, via
the HPA axis. In turn, both norepinephrine and glucocor-
ticoids participate in the regulation of gluconeogenesis
in the liver, glucose release from the liver, and glucose
uptake by cells from the bloodstream (Stover et al., 2002;
Barth et al., 2007; Magomedova, Cummins, 2015; Ross
et al., 2015).

The area under the GTT curve shows that the rate of
glucose disposal after carbohydrate challenge did not
differ among tame, aggressive, and unselected foxes.
However, soon after glucose monohydrate administration
to aggressive foxes, we noted a longer period of elevated
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blood glucose level than in tame or unselected animals,
as it remained elevated after 20 min, whereas in tame
and unselected foxes it decreased (Fig. 4).

The blood glucose level in tame and aggressive
foxes returned to the basal level two hours after glucose
monohydrate administration, whereas this parameter
in unselected foxes remained significantly lower than
the basal level and corresponding levels in tame or ag-
gressive ones. This observation may be indicative of a
faster glucose uptake from the bloodstream in unselected
animals in this time interval. A slight hypoglycemia three
hours after oral glucose administration has also been
reported in dogs: the maximum values are recorded after
30-60 min, and the return to the basal level, 2 h after the
challenge (Kaneko, 1997).

Conclusion

The selection of silver foxes for attitude to humans affects
the basal blood glucose level regardless of sex, which
may be associated with changes in the activity of the
sympathetic and HPA axes in the selection. Tame male
and female foxes showed lower blood glucose levels
than aggressive or unselected ones.

The stress conditions did not influence blood glucose
in tame and unselected female foxes, whereas aggressive
animals demonstrated a delayed response, as glucose
levels rose only two hours after stress. Although the
glucose tolerance estimated from the area under the GTT
curve did not change in selection for behavior, a longer
time interval of elevated blood glucose was noted at the
early step of GTT in aggressive females than in tame or
unselected.

Compliance with ethical standards. Experiments
were conducted in accordance with the Guidelines on
the work with laboratory predator mammals (GOST
33217-2014) and European bioethical standards (Direc-
tive 2010/63/EU).
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