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Blood-brain barrier permeability differentiates Sadowski mouse
lines of high and low stress-induced analgesia.
Electron microscopy analysis
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A b s t r a c t

The blood-brain barrier (BBB) forms a filtering system between peripheral circulating blood and the central nervous
system. Pathological leakage of the BBB is probably responsible for various dysfunctions and diseases. Over twenty
years ago, Sadowski et al. separated two lines of mouse, one with high sensitivity (HA) and the other with low sen-
sitivity (LA) to stress-induced analgesia (SIA). We propose that leakage of the BBB is responsible for the difference
in SIA of the “Sadowski mouse” model. The presented BBB electron microscopy structural analysis of both lines pro-
vided evidence for this hypothesis. Up to now, a good natural animal model of differences of BBB permeability is
not known. The “Sadowski mouse” may fulfil this deficiency. 
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Introduction

The blood-brain barrier (BBB) is often used as
a general expression for biological barriers between
the central nervous system (CNS) and the periphery
that select nutrients necessary for CNS function,
eliminate metabolic products, and protect the central
nervous system from pathogens circulating in the
periphery, bacterial and viral infections, as well as
separating the CNS from peripheral immunological
components. Although the important role of BBB in
chemical signalling in interaction of the periphery

with the CNS in behaviours like food intake or aggres-
sion is already recognized and is under extensive
study, the knowledge on the BBB in cross-interaction
between the CNS and periphery is only fragmental. 

Stress-induced analgesia is the suppression of
pain sensitivity upon exposure to a stressful stimu-
lus. This behavioural phenomenon has been known
for over 30 years [5] and is extensively studied. Phar-
macological and neurochemical studies have con-
cluded that most of all known neurotransmitters
take part in modulation of pain perception [4]. CNS-

FOLIA 4 2011:Folia4-2005.qxd 2011-12-15 15:21 Strona 311



Folia Neuropathologica 2011; 49/4312

Barbara Gajkowska, Anna Kosson, Mariusz Sacharczuk, Piotr Kosson, Andrzej W. Lipkowski

mediated stress-induced analgesia often is a result
of stressful changes in the periphery. Therefore, the
strong role of BBB status in generation of stress-
induced analgesia and its individualization could be
expected. 

Over twenty years ago, Sadowski et al. separated
two lines of mouse, one with high sensitivity (HA)
and the other with low (LA) expression of stress-
induced analgesia (SIA) initiated by swim stress, 
followed by measurement of analgesia with the hot-
plate and tail-flick tests [13,14]. Recently, with con-
viction of the importance and usefulness of this
“mouse model” in further pharmacological and
physiological studies, we started naming both lines
the “Sadowski mouse”. During the following years
both lines were extensively screened for biochemical
differences. Although these studies identified some
phenotypic differences [11,12,15-20], none of them
fully explained the differences in stress-induced
analgesia. 

An increased level of circulating peripheral endo -
genous peptides, including endorphins, is known to
play a major role in stress-related behaviours [2,9].
To induce analgesia, circulating peptides have to
reach CNS structures. We developed the hypothesis
that differences in leakage of the blood-brain barrier
in the Sadowski mouse could be the major diffe -
rence between selected LA and HA lines. We hypo-
the sized that HA mice have much more leakage of
the BBB than the LA line. As a consequence, blood
circulating endogenous opioid peptides increased by
stress could more easily penetrate the CNS in the HA
line and induce central analgesia. A tight BBB in the
LA line prevents peripheral endogenous opioid pep-
tides permeation into the CNS and, in consequence,
prevents stress-induced analgesia. To obtain eviden -
ce for our hypothesis we analysed the structure of
the blood brain barrier by electron microscopy.

Material and methods

The animals were handled according to the guide-
 lines of the local ethics committee for experimenta-
tion on animals.

BBlloooodd--bbrraaiinn  bbaarrrriieerr  ppeerrmmeeaabbiilliittyy

Stress-induced analgesia (SIA) of Swiss-Webster
HA and LA mice lines was evaluated by the method
published previously [18] using post-swim hot-plate
assay. A detailed description of the HA and LA lines

has been presented elsewhere [13]. Briefly, outbred
mice were exposed to 3-min swimming in 20°C
water, and 2 min after completion of the swim were
measured for the latency of a nociceptive reflex on
a hot plate at 56°C. Males and females displaying
the longest (50-60 s) and the shortest (< 10 s) post-
swim latencies of the hind paw flick or lick response
were chosen as progenitors of the HA and the LA
line, respectively. A similar procedure was repeated
in each offspring generation, and only subjects dis-
playing the longest and the shortest post-swim hot-
plate latencies were mated to maintain, respective-
ly, the HA and the LA line. Unselected Swiss-Webster
mice were taken as the control group.

UUllttrraassttrruuccttuurraall  aannaallyyssiiss

Mice were anaesthetized and perfused transcar-
dially with saline followed by 2.5% glutaraldehyde
and 2% paraformaldehyde in 0.1 M cacodylate buffer
pH 7.4. Tissue sections from the cerebral cortex were
additionally fixed in the same fixative for 2 hours at
4°C. After washing, the slices were post-fixed in 1%
OsO4 for 30 min. Afterwards, the slices were dehy-
drated in graded ethanols, and embedded in Epon
812 resin. For electron microscopy, ultrathin sections
were processed by cutting with a diamond knife on
a Reichert Ultramicrotome and then collected on cop-
 per grids. The material was air-dried, then stained
for 10 min with 4.7% uranyl acetate and for 2 min
with lead citrate. The sections were examined and
photographed in a JEOL 1011 electron microscope
(JEOL Ltd. Tokyo, Japan).

Results

CCoonnttrrooll  mmiiccee

Our morphological, electron microscopy studies
were focused on all structural and cellular elements
of the blood-brain barrier (BBB) composed of
endothelial cells, with a tight junction, close, solid
basement membrane, pericytes and astrocytes or
their processes around capillaries. All structural ele-
ments of the BBB were packed very tightly between
them (Fig. 1). Structural elements of neighbouring
neuropil have numerous, countless processes of
both nerves (dendrite, axon) and glial (protoplasmic,
fibrillar astrocyte and oligodendrocyte) cells, with nu -
merous synapses and strong connections between
them. Ultrastructural analysis revealed no abnormal-
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ities in any structural or cellular elements of the BBB
or of the brain’s neuropil. Close connection between
all cellular structures and structural elements of
neuropil is evidenced (Figs. 1-3). 

HHAA  mmiiccee  

Histological studies in HA mice revealed many
reliable ultrastructural abnormalities for structural
and cellular elements of BBB and neuropil.

Most frequently, disruption of the BBB was ex -
pressed. Characteristic massive, large spaces (aster-
isk) between capillaries and neuropil were observed.
In such capillaries, endothelial cells and basement
membrane were extremely thin. The thinnest parts
of endothelium (such as capillary pores), and pres-
ent merely fenestrations (arrows), each of which is
bridged by a thin diaphragm, and lack of a tight
junction between endothelial cells, indicate their

FFiigg..  22..  Control mice – cerebral cortex. Cerebral
cortex. Fragment of nerve cells (N) ultrastructu -
rally normal. In neuropil (NL) close connections
between all structures without any ultrastruc-
tural abnormalities are present. Bar = 1 µm.

FFiigg..  33..  Control mice – cerebral cortex. In neuropil
tight connections between all structural ele-
ments and two types of synapses, with flatte -
ned vesicles (F-type) or round vesicles (S-type),
could be seen. Bar = 1 µm.

FFiigg..  11..  Control mice – cerebral cortex. Part of
brain with detail of blood-brain barrier (BBB);
the thin endothelial cells (EC) with tight junc-
tion (arrows) between them, very solid base-
ment membrane (Bm) and astrocytes or their
processes (A) closed apposed to the Bm-form-
ing perivascular layer. All elements of BBB are
ultrastructurally unchanged. The vessel (V) is
densely covered by various structured elements
of neuropil. Note close integration of all struc-
tural elements of the brain. Bar = 1 µm.
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discontinuities and disturbances in exchange of sub-
stances across the cell (Fig. 4).

Many capillaries presented a very irregular
shape, multiplication of basement membrane, or
partial loss of their trilaminar construction, with lack
of a tight junction between endothelial cells and
morphological characteristics of apoptosis for endo -
thelial or pericyte cells. Massively swollen astrocytes
or astrocytic processes with scarce organelles and
glycogen particles and narrow capillary lumen were
seen (Figs. 5-7).

The striking and reliable ultrastructural abnor-
malities in neuropil of the brain HA mice line were
represented by swollen synapses or dendrites. Two
types of synapses (S-type with round synaptic vesi-
cles and F-type with flattened vesicles) were distin-
guished. Several synapses in the final phase of
degeneration (drastic reduction of synaptic vesicles
or their aggregation, swollen synaptoplasm, change
in their shape or size) were seen in the neuropil sur-
rounding capillaries. Between them ultrastructurally

changed neurons or so-called “dark neurons” oc curr -
ed sporadically (Fig. 8).

LLAA  mmiiccee
Generally, in this experimental group of animals,

all cellular elements of the BBB were ultrastructurally
unchanged. We noted total lack of fenestrations in
endothelium but frequently tight junctions linking
endothelial cells between them were seen. Sporadi-
cally, shrinkage of endothelial cells and slightly
swollen synapses or astroglial cells and their process-
es were seen. Between such capillaries the microglial
cells were seen. We also observed capillaries with
morphological alteration characteristic for angiogene-
sis, as another new event. Young capillaries with
hypertrophic endothelial cells with numerous tight
junctions, solid basement membrane and very narrow
lumen were frequently present (Fig. 9).

“Dark neurons” were never seen and structural
elements of neuropil, like synapses or dendrites, and
neuronal cells were well preserved (Fig. 10).

FFiigg..  44..  HA mice – cerebral cortex. Note extreme-
ly thin endothelium with fenestration (arrows)
but without any tight junction in the close
proximity between platelets (PT) and red cell
(RC). In large, electron-empty space (asterisk),
remnant of cellular material (m) of endothelial
degenerating cells is present. All elements of
neighbouring neuropil are ultrastructurally un -
chan ged and have close contacts between
them. Bar = 2 µm.

FFiigg..  55..  HA mice – cerebral cortex. Note capillary
with very irregular shape and abnormal ultra-
structure of endothelial cell (EC) with lack of tight
junction. A platelet (Pt) in lumen of capillary is
seen. Multiplication and invagination of base-
ment membrane and swelling neighbouring
astro cytes (A) or synapses (S) or myelinated ner -
ve fibres (F) in neuropil are seen. Bar = 500 nm.
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We suggest that a well-preserved BBB and den -
se new vessel formation may facilitate protection
against ultrastructural alterations of brain in LA
mice, compared to brain of HA mice with a leaking
blood-brain barrier.

Our morphological, electron microscopy obser-
 vation also showed that many nerve terminals
(synapses) and dendrites are the prime target for
ultrastructural alteration or degeneration without
necessarily killing the entire nerve cell or some 
other elements of the neuropil. We suppose that this
effect could be the result of genetic dysfunction or
impairment of BBB development in the newborn
mouse. 

Discussion

The blood-brain barrier (BBB) is a very protective
structure that protects the brain from exposure to
both endogenous and exogenous compounds enter-
ing the brain parenchyma from the circulation [1].

Pathological leakage of the BBB could be the pri-
mary cause of several pathologies and diseases such
as multiple sclerosis [7], Alzheimer and Parkinson
diseases [8,22], eating disorders [10] or in congenital
hydrocephalus [6]. The BBB is created by tight junc-
tions between the cerebral endothelial cells, the
choroid plexus epithelial cells and the cells of the
arachnoid epithelium. Extremely tight ‘tight junc-
tions’ are a key feature of the BBB, which signifi-
cantly reduce permeation of polar solutes through
paracellular diffusional pathways between the
endothelial cells from the blood plasma to the brain
extracellular fluid [3,21].

We suggest that a well-preserved BBB and dense
new vessel formation may facilitate protection
against ultrastructural alterations of brain in LA
mice, compared to brain of HA mice with a leaking
blood-brain barrier. In contrast to LA and control
mice, in HA mice the disruption of the BBB was sig-
nificantly expressed. In mice from the HA line, chara -

FFiigg..  77..  HA mice – cerebral cortex. Endothelial
cells of capillaries (V) have characteristic apop-
totic nucleus (N) and basement membrane
shows frequently broken down trilaminar con-
struction (arrows). Degeneration of some sy nap-
ses (S) is seen also. Bar = 1 µm.

FFiigg..  66..  HA mice – cerebral cortex. Irregular capil-
lary with enormous nucleus and thin cytoplasm
of endothelial cell (arrows) and narrowed lumen
(L) caused by swollen astrocytes (A) and multipli-
cation of basement membrane (Bm) with loss of
their trilaminar construction are seen. Bar = 1 µm.
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cteristic massive, large spaces, (asterisk) between
capillaries and neuropil were observed. In such cap-
illaries, endothelial cells and basement membrane
were extremely thin. The thinnest parts of endothe-
lium (such as capillary pores), and present merely
fenestrations, each of which is bridged by a thin
diaphragm, and the lack of a tight junction between
endothelial cells, indicate their discontinuities and
disturbances.

Our electron microscopy morphological observa-
tion also showed that many HA nerve terminals
(synapses) and dendrites are the primary target for
ultrastructural alteration or degeneration without
necessarily killing the entire nerve cell or some 
other elements of the neuropil. It should be taken
into account that these changes could also partici-
pate in stress-induced analgesia.

Therefore, it could be concluded that BBB patho-
physiological conditions of HA and LA Sadowski

FFiigg..  88..  HA mice – cerebral cortex. In this fragment
of cerebral cortex characteristic morphological
features are visible: degeneration of vessels (V),
neuron (N) and many elements of neuropil 
(sy nap ses, dendrites, astrocytes). Bar = 2 µm.

FFiigg..  99..  LA mice – cerebral cortex. New vessel for-
mation with characteristic features for angio-
genesis; hypertrophic endothelial cell (EC) 
connected between them by tight junction
(asterisk) with very narrow or no open yet
lumen (arrow), solid basement membrane
around capillary and pericyte (P) and astrocyte
cells closely apposed to the basement mem-
brane are present, suggesting their protection
against ultrastructural alterations. Bar = 500 nm.

FFiigg..  1100..  LA mice – cerebral cortex. Note all cellu-
lar and structural elements of the brain very
well preserved and ultrastructurally unchanged.
Bar = 1 µm.
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mouse lines are significantly different. The structure
of the LA line is related to the healthy, control group
of Swiss-Webster mice, whereas the HA line is cha-
racterized by BBB leaking components. Although
additional experiments are in progress, the BBB ultra-
structural differences between HA and LA mice indi-
cate that BBB leakage is a cause of high response to
stress-induced analgesia (SIA) of the HA line. Stress
elevates peripheral endogenous opioid peptides (e.g.
beta-endorphins). The SIA phenomenon is observed
as a result of central activity of endogenous opioid
peptides influx from the periphe ry (Fig. 11).

However, the condition of the BBB is not limited
to the opioid system. Therefore the two lines of
“Sadowski mouse” could be used as a good general
model in studies of natural differences in BBB per-
meabilities of various components, such as new
drugs, viruses, antibodies, etc. Up to now, a good na -
tural animal model of differences of BBB permeabil-
ity is not known. We believe that the “Sadowski
mouse” fulfils this deficiency. 

RReeffeerreenncceess

1. Abbott NJ, Patabendige AAK, Dolman DEM, Yusof SR, Begley DJ.
Structure and function of the blood-brain barrier. Neurobiol Dis
2010; 37: 13-25.

2. Barfield ET, Barry SM, Hodgin HB, Thompson BM, Allen SS,
Grisel JE. Beta-endorphin mediates behavioral despair and the
effect of ethanol on the tail suspension test in mice. Alcohol
Clin Exp Res 2010; 34: 1066-1072.

3. Begley DJ, Brightman MW. Structural and functional aspects of
the blood-brain barrier. Progr Drug Res 2003; 61: 39-78. 

4. Butler RK, Finn DP. Stress induces analgesia. Prog Neurobiol
2009; 88: 184-202.

5. Carr DB, Bullen BA, Skrinar GS, Arnold MA, Rosenblatt M,
Beitins IZ, Martin JB, McArtur JW. Physical conditioning facili-
tates the excercise-induced secretion of beta-endomorphin
and beta-lipotropin in women. N Engl J Med 1981; 305: 560-563.

6. Castejon OJ. Blood-brain barrier ultrastructural alterations in
human congenital hydrocephalus and Arnold-Chiari malforma-
tion. Folia Neuropathol 2009; 47: 11-19.

7. Correale J, Villa A. The blood-brain-barrier in multiple sclerosis:
functional roles and therapeutic targeting. Autoimmunity 2007;
40: 148-160. 

8. Desai BS, Monahan AJ, Carvey PM, Hendey B. Blood-brain bar-
rier pathology in Alzheimer’s and Parkinson’s disease: implica-
tions for drug therapy. Cell Trans 2007; 16: 285-299.

FFiigg..  1111..  Schematic summarization of stress effects on HA and LA mouse lines. Stress induces increase of
endogenous opioid peptide level in periphery. These peptides are able to penetrate licking (HA) BBB and
activate opioid receptors in CNS. Well-developed BBB (LA and Control) are tight, impermeable for peptides. 

Mouse HA

Endogenous opioid peptides released into PERIPHERY

Blood-brain barrier

Opioid receptors

ANALGESIA

CENTRAL NERVOUS SYSTEM

Mouse LA

STRESS

FOLIA 4 2011:Folia4-2005.qxd 2011-12-15 15:21 Strona 317



Folia Neuropathologica 2011; 49/4318

Barbara Gajkowska, Anna Kosson, Mariusz Sacharczuk, Piotr Kosson, Andrzej W. Lipkowski

9. Esch T, Stefano GB. The neurobiology of stress management.
Neuro Endocrinol Lett 2010; 31: 19-39.

10. Kalra SP, Kalra PS. Neuroendocrine Control of Energy Homeosta-
sis: Update on New Insights. Prog Brain Res 2010; 181: 17-33. 

11. Kest B, Jenab S, Brodsky M, Sadowski B, Belknap JK, Mogil JS,
Inturrisi CE. Mu and delta opioid receptor analgesia, binding
density, andmRNA levels in mice selectively bred for high and
low analgesia. Brain Res 1999; 816: 381-389.

12. Marek P, Mogil JS, Belknap JK, Sadowski B, Liebeskind JC. Levor-
phanol and swim stress-induced analgesia in selectively 
bred mice: evidence for genetic commonalities. Brain Res 1993; 
608: 353-357.

13. Panocka I, Marek P, Sadowski B. Inheritance of stress-induced
analgesia in mice. Selective breeding study. Brain Res 1986; 397:
152-155.

14. Panocka I, Marek P, Sadowski B. Differentiation of neurochemi-
cal basis of stress-induced analgesia in mice by selective breed-
ing. Brain Res 1986; 397: 156-160. 

15. Panocka I, Marek P, Sadowski B. Tolerance and cross-tolerance
with morphine in mice selectively bred for high and low stress-
induced analgesia. Pharmacol Biochem Behav 1991; 40: 
283-286.

16. Sacharczuk M, Jaszczak K, Sadowski B. Cytogenetic comparison
of the sensitivity to mutagens inmice selected for high (HA) 
and low (LA) swim stressinduced analgesia. Mutat Res 2003;
535: 95-102.

17. Sacharczuk M, Juszczak G, Sliwa AT, Tymosiak-Zielinska A,
Lisowski P, Jaszczak K, Pluta R, Lipkowski A, Sadowski B,
Swiergiel AH. Differences in ethanol drinking between mice
selected for high and low swim stress-induced analgesia. 
Alcohol 2008; 42: 487-492. 

18. Sacharczuk M, Lesniak A, Korostynski M, Przewlocki R, Lipkow -
ski A, Jaszczak K, Sadowski B. A polymorphism in exon 2 of 
the delta-opioid receptor affects nociception in response to spe-
cific agonists and antagonists in mice selectively bread for high
and low analgesia. Pain 2010; 149: 506-513.

19. Sadowski B, Konarzewski M. Analgesia in selectively bred mice
exposed to cold in helium/oxygen atmosphere. Physiol Behav
1999; 66: 145-151.

20. Sadowski B, Panocka I. Cross-tolerance between morphine and
swim analgesia in mice selectively bred for high and low 
stress-induced analgesia. Pharmacol Biochem Behav 1993; 45:
527-531.

21. Wolburg H, Noell S, Mack A, Wolburg-Buchholz K, Fallier-Bec -
ker P. Brain endothelial cells and the glio-vascular complex. 
Cell Tissue Res 2009; 335: 75-96.

22. Zlokovic BV, The blood-brain barrier in health and chronic neu-
rodegenerative disorders. Neuron 2008; 57: 178-201. 

FOLIA 4 2011:Folia4-2005.qxd 2011-12-15 15:21 Strona 318


