Neuroscience and Behavioral Physiology, Vol. 35, No. 4, 2005

Expression of Early Gene Proteins, Structural Changes
in Brain Neurons in Hypobaric Hypoxia, and the Correcting
Effects of Preconditioning

E. A. Rybnikova, L. I. Khozhai, E. I. Tyul'’kova, UDC 612.273.2:611.813.018.8:599.323.4
T. S. Glushchenko, N. A. Sitnik, M. Pelto-Huikko,
V. A. Otellin, and M. O. Samoilov

Translated from Morfologiya, Vol. 125, No. 2, pp. 10-15, March—April, 2004. Original article submitted
July 17, 2003.

The Nissl method and immunocytochemistry were used to study the effects of severe hypobaric hypoxia
and its actions in combination with the preconditioning actions of moderate hypoxia on the expression of
the early gene proteins c-Fos and NGFI-A as well as structural changes in hippocampal and neocortical
neurons in the rat brain. Severe hypoxia was found to suppress c-Fos and NGFI-A synthesis (3—24 h after
exposure) and to induce delayed (days 3-7) structural damage to neurons, of the “light” and predomi-
nantly the “dark” types, which appear to reflect the development of necrotic and apoptotic processes
respectively. Preconditioning with the regime used here corrected these derangements, resulting in
increases in the expression of early gene proteins and significant reductions in structural damage to neu-
rons after severe hypoxia.
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Severe hypoxia (circulatory hypoxia-ischemia, hypox- ia lasting only 3 min (in Mongolian gerbils) or 10 min (in
emic hypoxia, hypobaric hypoxia, etc.) induces profound rats). Neuron death in different formations may be delayed
disturbances to the structure and function of brain neuronsby periods ranging from a few days to several weeks after
with neurological and behavioral disorders. The extent of thehypoxia, depending on the model used [13]. Ischemia-
disturbance depends on the type and duration of hypoxia [6induced death of brain neurons occurs by necrosis or apop-
13]. The best studied structural damage is to neurons in vartosis. Neuron death delayed by several days or more is gen-
ious brain formations (hippocampus, neocortex, striatum,erally associated with the process of apoptosis [14]. Post-
etc.) using models of experimental global or focal ischemiaischemic selective neuron death in these brain formations
in Mongolian gerbils and rats [1, 6, 13]. These experimentslinks the development of severe impairments in cognitive
demonstrated the phenomenon of “delayed” neuron death irprocesses, learning, and memory [6].
the most ischemia-sensitive brain formations, particularly However, studies at the beginning of the last decade
the hippocampus, neocortex, and striatum [10, 15]. demonstrated the phenomenon of “ischemic tolerance” of the

“Delayed” neuron death occurs 48—72 h after ischemia,brain, whereby transient (sublethal) ischemia significantly
and its induction in hippocampal field CA1 requires hypox- increases the structural resistance of neurons in these brain

formations (especially in hippocampal field CA1) to subse-
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the efects of peconditioning as it has identical ihfences
on all brin formations and theagimes br creding severe

and modeste forms of this type of ypoxia ae easy con

trolled and standdized However, there ae few daa on the
effects of seere hypobaic hypoxia on stuctural changes in
brain neuons,and thee ae no déa on the dkcts of pe

conditioning on thesehanges.

It has been edbished tha the deelopment of a &lu-
able protective efect of peconditioning (p mompholaogical
criteria) requires a &irly long perod of time (24 h or ma)
between the mrconditioning and sere hypoxic treaments
[5, 7, 12]. This fact sugests imolvement of the neon
genome in érming the mebanisms of fipoxic tolerance
[1, 13]. It would gppear thaian impotant ole in this po-
cess is plged by families of so-called ebr genes (c-6s,
jun, krox, etc), whose poducts ag transciption factows
which regulae the &pression of the phenotype-spécitte
genes [13].

The aim of the mrsent vark was to stug the efects of
direct seere hypobaic hypoxia and its gplicaion in com
bination with preconditioning on the xpression of edy
gene poteins of the cds and kox-24 families (neve
growth factor I-A (NGFI-A) and zif268) and stctural
changes in the neumns of a sées of bain formaions.

MATERIALS AND METHODS

Expeiments vere perbrmed in accat with the Rules
for Studies Using ExpenentalAnimals on 40 mal&Vistar
rats weighing 200—-220 ,gvhich were subjected toypobaic
hypaxia in different iegimes in a baychamber of theléw
type Ras of one goup (A) were subjected to sere hypox-
ia (the pessue in the baschamber vais maintainedd 3 h &
160 mmHg which coresponds to an altitude of 11,000 m).
The second mup (B) undenent this pocedue after thee
2-h sessions of modate (preconditioning) kipoxia seairat-
ed by 24-h intevals (the bavchamber pessue was main
tained & 360 mmHg which coresponds to an altitude of
5000 m). One daafter the last @conditioning sessiothese
animals vere subjected to sere hypoxia.

This method of prconditioning signitantly
deceased the lethality of gere hypoxia (mean suwival
rates vere 15% in goupA and 85% in goup B).

An immunog/tochemical method as used in 4—6is
of groupsA and B to measerthe leel of expression of the
ealy protein genes c-Bs and NGFI-A in the éntoparetal
area of the cdex and arous aeas of the hippocampus
(CA1, CA2, CA3, CA4, and the denta fascia) 3 and 24 h
after seere hypoxia.

Anesthetied animals (Nemital, 50 mg/kg) under
went bain fixation with 4% paaformaldetyde by transcar
diac perfusionAnimals were then degaitated, brains were
removed and were adlitionally fixed in paaformaldelyde
for 1 h,after which they were stoed d 4°C in 20% suarse
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Fragments vere frozen in TissueTek and a groca was
used to cut sectiong the level of hippocampus; sections
were 12um thidk. Sections wre mounted on mioscope
slides coted with poy-L-lysine Frozen sections ware
preincubaed for 15 min in 1% bweine seum allumin,
which was bllowed by ovemight incubdéion with mone
clonal antibodies to cd5 (Nwa Casta) or NGFI-A (Santa
Cruz) (diluted 1:100) in a moisthamber & 4°C. The
immunog/tochemical pocedue was contiied fiom this
point using a standdrSuperStaifBC System kit (N@o
Castn), containing pojclonal secondar anti-mouse arti
bodies,an aidin-biotin comple, and diaminobenzidine
chromagen.

The geneal mompholggical assessment of neuns in
study brain aeas of animals of rgupsA and B was
addressed using thelassical Nissl method 3 and 7yda
after se@ere hypoxia (using bur rats from eat expeimen
tal group).

Immunoreactvity and stuctural changes to newns
were assessed using a computergenanaysis system con
sisting of a micoscope and a computeuming the
Videotest Morblogiya 5.0 pogram.

RESULTS

After severe hypoxia, rats of goup A (not precondi
tioned) shaved lage rumbes of neuons making @spons
es of the'light” (eaty degree of ciromaolysis, cytoplas
mic vacuolizadion, ghost cells) antidark” (hyperchromao-
sis, shiinkage, glial nodes tisites of dead cells) types.

On dy 3, the most mded dangs were seen in the
hippocampus. iElds CA1,CA2, and CA4 shwed signif-
cant umbes of hyperchromic pyknotic cells (kg. 1a, b).
Pericellular edema w&s seen quite often. Some g
shoved diromaolysis and gtoplasmic \acuolizdion.
However, attention is dawn to the @od pesevation of cell
structure in the dent& gyrus.

The olfactory, prepiriform, and entorhinal cadex
shaved difusely distibuted typerchromic and gknotic
neuons. Chomaolysis,ghost cellsand peicellular edema
were also seen équenty.

In the frontopaietal neocaex, there was a lage rum-
ber of unbangd pramidal cells in all Igers, along with
relatively small rumbes of cells with eactions of the
“light” type Foci of hyperchromic and shunken neuons
were seen.

On dy 7 after seere hypoxia, there were signifcant
increases in theumbes of pyknotic hyperchromic neuons in
layers 11,V, andVI of the frontopaietal cotex (see k. 1c, d).
Areas CA1,CA2, and CA3 contained dead cells along with
large rumbes of p/knotic hyperchromic neuons.

In preconditioned animals {gup B), structural dam
age to neuons after seere hypoxia was signifcantly less
martked than in ats of goupA. This was maniést pimairi-
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Fig. 1. Stoucture of neuons in hippocampaldld CA1 on d& 3 (@, b) and the fontopatetal aea of the neoctex on dy 7 (c, d) after seere hypo-
baiic hypoxia in non-peconditionedd, c) and peconditionedlg, d) rats. Stained with toluidinelbe by the Nissl methodObjective x40; ocularx8.
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Fig. 2. Immunoreactvity for NGFI-A piotein in hippocampaléld CAl in contols (@), 3 h after seere hypobaic hypoxia in non-peconditioned 1)
and peconditioned @) rats. Arrow shavs imnunopositve cells. Objectie x40; ocularx8.

ly as signifcant deceases in theumbes of damged and
dead newns in all the kain formations studiedHowever,
both the hippocampus and nederrcontained occasional
diffusely distiibuted lyperchromic and pknotic neuons
(see kg. 1). The umbes of neuons making eactions of
the “light” type in these animals also deased as com
pared with those inats of goupA.

Contol intact animals shveed modeste reactvity to
the NGFI-A potein by hippocampal and neodmal neupns
(in tems of the mmbes of imnunopositve cells and their
staining intensities). In non-@conditioned ats (goup A),
severe hypoxia suppessed immnoractvity for NGFI-A in
the bain formaions studied &3 and 24 h afterxposue.
Immunopositve cells vere virtually absent (or vere geneal-
ly found ony occasionall, in hippocampal aas CA1CA2,
and CA4 and the neodex (Fig. 2). Cowersely, these bain
formations in peconditioned animals Kgup B) shaved dear
increases in thexpression of NGFI-A 3 h after gere
hypoxia as compad with contols (see k. 2).At 24 h,the
increased immnoractvity persisted though it was less
maiked than &3 h after gposue. Immunoreactvity to c-Fos

protein in the hippocampus and nedeotin contol animals
was either bsent or minarc-Fos imnmunopositve cells vere

either dosent or ery rare in the hippocampus and nedewor
of animals of goupA, at 3 and 24 h after gere hypoxia, and
were mainy seen in the medial gaof ara CAL. Havever,

animals of goup B d these times after gere hypoxia

shaved signifcantly increased Ieels of epression of c-Bs
in the neuons of these lain formations. Attention is dawn

to the polonged (up to 24 h) psistence of in@ased
immunoreactvity to c-Fos in some drmaions, especialy

hippocampal ama CA4 and the neodex.

DISCUSSION

The «peliments eported hee shaved tha serere
hypobaic hypoxia (“elevation” of animals to an altitude of
11,000 m ér 3 h) leads to mhked stuctural changes,devel-
oping by the “light” and “dark” types in newns in hip
pocampalitlds CA1,CA2,and CA4the fontopaietal aea
of the neocdex, and other aras of theat cotex. Some neu
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rons,charmacteized ty extensive chromaolysis, cytoplasmic
vacuolizaion, and brmation of ghost cellsevidently under
went necosis. Havever, most damged neuons (fyknotic,
chromophilic cells) shewed signs of poptosis.

A similar but less mdted pdtem was seen with long-
tem (four days) “elevation” of rats to an altitude of 6400 m
—this is a lgel of hypobaic hypoxia & which chronic expo-
sure in humans mduces newlogical impaiments [8,17].
In our peliments, more s&ere acute conditions eve

used leading to the deh of moe than 50% of the animals.

Judgng from the esults obtainecthis piocedue initistes
significantly stonger neuodegeneegtive damage in \arious
brain formations than the ypoxia model cited bove.

Attention is dewn to the difuse selectie localizéion
of neuon damae in diferent bain formaions both in the
paleocotex and the neoctex, similar to tha seen after
ischemia [13].Thus,the most dkcted stuctures in the hip
pocampus wre fields CAL/CA2 and CA4and the least
affected vas the denta gyrus. It was also intesting to note
the diferent couse of deelopment of dange to neuons in
different bain formations. In all pobability, the neocaex
shaved signs of dange laer than the hippocampus.

The model of fipoxic preconditioning used herthree
sessions of 2-Helevation” to an altitude of 5000 m) as
quite efective in tems of inceasing the stictural resis
tance of bain neuons to seere hypoxia. In accod with
clinical obsevations,“elevation” to this altitudealthough a
powerful stimulus to the bog does not induce nealogical
disturbances [17].

It follows from our esults thapreconditioning signif
cantly but not completsl prevents the deelopment of the
structual damae to bain neuons induced Y severe hypox-
ia. This efect has beergported by other autha@ when sub
lethal istiemia vas gplied as peconditioning [1112].

The mebanism of the potectve efect of pecondi
tioning, although subjected to intense studver the last
decaderemains &r from undestood The sugestion tha
the epression of adative genes mg have a ple in this
effect has been mentionedae. Previous studies hae
demonstated tha preconditioning with modete hypobar
ic hypoxia modifes the &pression of mRN) both for the
eaty genes (NGFI-AjunB, c-jun) and lé&e genes patticu-
larly genes 6r peptide antixidants,in a \ariety of brin
formations after seere hypoxia [3, 4, 16].

Obsevwations in the pesent stug shawved tha precon
ditioning signifcantly increased the »@ression of edy
gene poducts,i.e., NGFI-A and c-Bs poteins,in the hip
pocampus and neodex 3-24 h after seere hypobaic
hypoxia. These poteins, membes of transciption factor
families,bind to specit DNA sites in their lge-acting tar
get genes to induce theirxpression.The multiplicity of
these gnes intude adative genes (newtrophins,antioxi-
dants,proenkephalin, etc) involved in potective reactions
of brain neuons. Thus, the tansciptional regulaion of
these gnes  the potein poducts of the edy-acting
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genes is ppaently needed dr the deelopment of new-
protectve metanisms defnding bain neuons fom stuc
tural and functional dange induced ¥ hypoxia [9].

Compaison of the ptiem of expression of edy gene
mRNA and potein immedigely after seere hypoxia in
non-peconditioned and pronditioned animals is of par
ticular inteest. Pevious studies hae demonsated tha the
hippocampus and neodex of non-peconditioned ats
shaw clear inceases in thexpression of edy gene mRM
(NGFI-A, junB) 3 h after seere hypobaic hypoxia, this
being suppessed H 24 h [3,16]. Howvever, the esults of
the pesent stud indicae thd increased edy gene tan
sciiptional actvity 3 h after teament was not accompa
nied ly increases synthesis of theimpeins,i.e., transcip-
tion factos.

Similar dda were obtained in a model of \w&re biain
ischemia in Monglian gerbils [9]. The authos raised the
guestion of the di€rential mebanisms of @nsciption and
transldion of ealy genes after lain isthemia.Their vien
was tha the main eason ér the non-carespondence
between edly gene mRM and potein &pression vas the
post-iskiemic inhibition of the prcess of witein synthesis.
It is likely tha severe hypobaic hypoxia leads to the same
sequelae and thareconditioning caiects theselanges.

Attention is also dwvn to the &ct tha in precondi
tioned animalsthe inceased epression of edy genes is
evident by 24 h lut not 3 h after seere hypoxia [3, 16].
However, our results evealed a signi€ant incease in the
synthesis of the NGFI-A and @B poteins 3 h afterypox-
ia. This gpeas to povide evidence br ealy post-typoxia
modification of the pocess of edy gene potein synthesis
at the post-tansciptional level, induced ly precondition
ing. This questionequires futher stug.

Thus,these gpeliments shwed tha sesere hypobaic
hypoxia suppesses the synthesis of lgagene poteins
(NGFI-A and c-Bs) in the hippocampus and nedewyas
well as delged (3—7 dgs) stuctural damae to neuons in
these hain formations in w@ts, this being manést as the
“light” and pedominant “dark” types,appaently reflect
ing the deelopment of neatic and @optotic pocesses.
Preconditioning with modete hypobaric hypoxia as used
here corects these lesionsgsulting in a maed incease in
the pression of edy gene poteins and signiant reduc
tions in stuctural damae to neuons after seere hypoxia.

This stug was suppded by the Russian Fundof
Basic Reseah (Grant No. 01-04-49575 and No. 04-48-819)
and INTAS (Grant No. INTAS 2001 0245)the NSh (Gant
No. 1163.2003.4)and the Collborative Russian Science
Fund

REFERENCES

1. M. O. Samoilw, The Brin and Adgptation. MolecularCellular
Medhanismgin Russian]Nauka,St. Retesshurg (1999).



388

2.

M. O. Samoilw, E. V. Lazaevich, D. G. Semenu, et al.,"Adaptive
effects of lypoxic preconditioning of bain neuons; Ross. kziol.
ZH., 87, No. 6,714-729 (2001).

M. O. Samoilw, E. A. Rybnikova, E. I. Tyul'’kova, et al.,“The
effects of lyperbaic oxygen on behaoral responses and épigene
expression in theat brain: the corecting efects of peconditioning’
Dokl. RosAkad Nauk, 381, No. 1,1-3 (2000).

M. O. Samoilw, E.A. Rybnikova, E. I. Tyul'’kova, et al.,“T he mite
chondial antixidants thioedoin-2 and Mn-supaxide disnutase
are involved in the melcanisms of fipoxic tolerance in the kain;
Dokl. RosAkad Nauk, 387, No. 3,1-4 (2002).

F. C. Baone R. E White, P A. Sper, and J Ellison,“Ischemic pe-
conditioning and kain toleance:tempoel histolagical and fune
tional outcomesprotein synthesiseguiement,and inteteukin-1
recetor antgonist and edy gene epressiori, Stioke, 29, No. 9,
1937-1951 (1998).

F. Block, “Global ischemia and beh@oral defcits,” Prog. Neun-
biol., 58, No. 3,279-295 (1999).

J. Chen and R. Simofilschemic toleance in the t@in; Neuwology,
48, No. 2,306-311 (1997).

T. Kadar S. Dadir, B. Shukitt-Hale andA. Levy, “Sub-regional
hippocampal vulnebility in varous animal models leading togo
nitive dysfunction’; J. Neual Transm, 105 No. 8-9,987-1004
(1998).

M. Kiessling G. Stumm,Y. Xie, et al., “Dif ferential tansciption
and tansldion of immedide ealy genes in the grbil hippocampus

10.

11.

12.

13.

14.

15.

16.

17.

Rybnikova, Khozhai, Tyul'’k ova, et al.

after tansient global ideemia; J. Ceeb. Blood Flov Meta., 13,
No. 6,914-924 (1993).

T. Kirino, “Delayed neuonal de¢h in the @rbil hippocampusadi-
lowing ischemid; Brain Res.239 No. 1,57-69 (1982).

T. Kirino, Y. Tsujita, and A. Tanura, “Induced toleance of the
ischemia in @rbil hippocampal neons; J. Ceeb. Blood Flov
Meteb., 11, No. 2,299-307 (1991).

K. Kitagawa, M. Matsumoto,and M.Tgaya, “‘Ischemic toleance’
phenomenondund in the kain; Brain Res. 528 No. 1, 21-23
(1990).

P. Lipton, “Ischemic cell det in brain neuons; Physiol. Re, 79,
No. 4,1432-1568 (1999).

T. Nitanoi, N. Sdo, S. Waguri, et al.,"Delayed neuonal de#h in the
CAl pyramidal cell lger of the grbil hippocampusadllowing tran
sient ishiemia is poptosis, J. Neuposci, 15, No. 2, 1001-1011
(1995).

W. A. Pulsinelli,J. B. Brierley, and F C. Plum,“Tempogl profile of
neuonal damge in a model of ainsient ishemia; Ann. Neuol., 11,
No. 4,491-498 (1982).

E. Rybnilova, E. Tulkova, M. Pelto-Huikko, and M. Samoile,
“Mild preconditioning lgpoxia modifes neve gowth factor
induced g@neA messengr RNA expression in theat brain induced
by severe hypoxia,” Neumosci. Lett, 329 No. 1,49-52 (2002).

B. Shukitt-Hale T. Kadar B. E. Matowe, et al., “Mor phological
alterations in the hippocampusoffowing hypobaic hypoxia,’
Human ExptlToxicol., 15, No. 4,312-319 (1996).



