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The microenvironment of nerve cells is usually identified with the
extracellural space (ECS). The close proximity of neuronal elements in the
CNS and the nerrowness of the intercellular spaces provide a basis not only
for interaction between the cells themselves, but also between the elements
and their microenvironment. Chemical substances, ions, neurotransmitters
and enzymes which can cross the cell membranes can easily find their way
through the ECS to adjacent cellular elements. In this way the
microenvironment can ansure non-synaptic communication between the
neurones and between neurones and glia. We studied the ionic changes in
the neuronal microenvironment, including changes in the extracellular pH
(pH ), their mechanisms, and the possible role of glia in ion homeostasis
and in dynamic changes in the ECS volume. |

The ionic and volume changes were studied by means of double-
barrel ISMs. Using the method of Nicholson and Phillips (1) the ECS
volume fraction (0t) and its tortuosity (A ) were measured using the modified
diffusion equation to which o and A were introduced. Volume fraction is
synonymous with the ECS volume and tortuosity is a measure of the total
path length that a diffusing particle travels because of the presence of
obstructions in ECS. The o and A were calculated from the diffusion
measurements in spinal cord.and in agar (free diffusion). The iontophoretic
pipette filled with tetramethylamonium chloride (TMACI) and K*-ISM
were glued together (tip distance 80-200 [tm) and inserted into the spinal
cord. The K*-ISM are about 600 times more sensitive to TMA™ than to
K*. Since cellular membranes have a low permeability for TMA?*, their
concentration is inversely proportional to the volume of ECS. The TMA*
concentration changes were measured during iontophoretic injections with
constant current pulses applied at constant intervals before and after a
stimulation and the changes in ECS volume were calculated.
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In spinal cord the activity-related [K*]_rises to 5-9 mM, and its
clearance is largely attributed to the Na/K pump activity (2). In
experiments in vivo as well as in vitro the stimulation-evoked increase in
[K*], was accompanied by triphasic alkaline-acid-alkaline changes in pH
and by decrease in [Ca**] activity (3, 4). The ionic changes had a typical
depth profile in the spinal dorsal horns which corresponded to stimulation
evoked neuronal excitation.
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Fig. 1. pH_and [K*] changes in the isolated rat spinal cord evoked by repetitive electrical
stimulation (10 Hz, 30 s) of a dorsal root. Recordings from a depth 200 lum in the spinal

cord of a 3-day-old and a 10-day-old animal.

Besides active K* uptake by the Na/K pump it has been suggested
that the glial spatial buffer mechanism in the mammalian brain implements
K* redistribution much more efficiently than K* diffusion in the ECS (5,
6, 7). In the spinal cord the glial cells are well shaped for spatial buffering,
since they form a syncytium and processes from the intermediate region to
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the surface of the cord (8). Our experiments on isolated spinal cord of the
frog suggest that the glial cell spatial buffer mechanism contributes to the
‘clearence of the stimulation-evoked increase in [K*] , since clearance was
slowed down in high pCO,. This procedure decreased glial electrical
coupling and glial spatial buffering of K*. In high pCO, the clearence of
K was slowed down and the regions whwre K accumulated were more

restricted (8).
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Fig. 2. [K*]_and pH_changes in the dorsal horn of segment L4 of a adult rat spinal cord.
Repetitive bipolar electrical stimulation with acupuncture needles (100 Hz, 60 s) in the

plantar muscles of the ipsilateral hind paw.

In the neonatal spinal cord isolated from 1-3-day-old pups where
gliogenesis is not yet complete, the stimulation-evoked changes in [K*]
were significantly larger than in adult animals. In the dorsal horn, a single
orthodromic stimulus increased [K*] by 1.5-2.0 mM from a base line of
3.5 mM and the poststimulation K* undershoot was not present after
stimulation has been discontinued. With repetitive stimulation the [K*]
reached the ceiling level of 6-7 mM and when stimulation ended the [K*]_
returned to the original base line and the K* undershoot occurred, similarly
as in adult animals (Fig. 1). We conclude that in the immature rat spinal
cord the Na/ K pump plays an important role in [K’“]o recovery after the
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stimulation. However, the dynamics of [K*] evoked by single electrical
stimuli may depend upon glial development as has been demonstrated in
the immature optic nerve (9) and in the cerebral cortex (10). The glial cell
spatial buffer mechanism may be important for the diffusion of K* from its
source to more remote areas during repetitive stimulation.
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Fig. 3. ECS volume changes at different dephts of the dorsal horns of an isolated frog
spinal cord during its perfusion wirh Ringer solution with a raised K* concentration (6,
8, 10, 20 and 30 mM). The size of the ECS in 3 mM represents 100%. At a depth
of 250-350 pm ECS volume decreases, while in the superficial layers (100-200 um) and
the deep layers (400-600 pm) it increases.

In adult rats, repetitive electrical stimulation of a peripheral nerve .
evoked transient pH_ changes, consisting of a rapid initial alkaline shift by
0.01 pH units which was followed by a prolonged acid shift of about 0.2
pH units (Fig. 2). The latency of the initial alkaline shift corresponded to
the rise in K* and Ca activity. The acid phase reached a plateau after 15-
20 s of stimulation, i.e. it had a slower rise time than the increase in K*
activity .which reached a plateau after 6-9 s. When stimulation was
discontinued, the pH_ returned to the base line with a similar time course
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as the simultaneously recorded K* and Ca** transients. The poststimulation
K undershoot recorded in the rat spinal corf in vivo, was associated with
an alkaline shift below the original pH_ base line by 0.02-0.03 pH units
(Fig. 2). Various inhibitors of enzymatic activity and of ion transport were
used to study pH homeostasis. We found that the amiloride sensitive
Na*/H* exchange, furosemide sensitive K*-Cl' co-transport, ouabain
sensitive Na*/K* pump activity, SITS sensitive Cl'/HCO, -exchange
and acetazolamide sensitive carbonic anhydrase play an important role in
pH_ homeostatis. _

Recently, it has been demonstrated that the relatively alkaline pH
of glial cells is due to at least two mechanisms, Na*/H* exchange and
electrogenic Na*/HCO, -cotransport (11, 12). It is therefore reasonable
to assume that glial cell may buffer the activity- related shifts in pH . Our
experiments on the isolated immature spinal cord of the rat showed that glial
cells in the spinal cord can play an important role in buffering the pH_ shifts
evoked by stimulation. The typical pH_changes in the mature spinal cord
are the alkaline-acid-alkaline shift, with the acid shift dominance (Fig. 2).
However, in 1-3-day-old pups the acid shift is diminished and the initial
alkaline shift is, therefore, enhanced (Fig. 1). The acid shift become
pronounced in about 9-10-day-old pups, presumably in connection with an
increase in the number of glial cells. The role of the glia in buffering the
alkaline changes in the ECS is supported by experiments on the isolated
frog spinal cord. The initial alkaline shift was enhanced by acetazolamide
(3) in HEPES buffered Ringer solution to which we added SITS or
DIDS.

The cell swelling and the ECS volume decrease accompany ionic
changes in dorsal horns of frogs (13) and rats:(14). The o and A found
in the unstimulated spinal cord were 0:=0.24+0.01 and A=1.54+0.04
(n=21). The values does not significantly differ at various depths in dorsal
horns. The o after the repetitive electrical stimulation decreased to about
13%, the A was not significantly changed. The transient decrease in ECS
volume was maximal at sites where the disturbances in ion homeostasis were
largest. The ECS shrinkage increased with the stimulation frequency,
intensity and duration. When the stimulation was discontinued, the volume
recovered during 20-60 min. The block of synaptic transmission by Mn**,
K* depolarization, block of Na*/K* pump activity by ouabain, and the
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acidification or alkalinization of the ECS, significantly affected ECS volume
changes in the isolated frog spinal cord.

It was shown that in the nervous tissue, neuronal, nerve fibre and
glial cell volume can increase at the expense of the ECS. We do not know
the proportion of the volume increase in the individual elements during
neuronal activity. The molecular mechanisms of volume changes in the
neuronal elements and glia are likewise probably different. Ransom et al.
(15) demonstrated a decrease in ECS volume in the optic nerves of adult
rats during stimulation, but not in the nerves of newborn rats which are not
yet myelinated. The activity-related decrease in the ECS volume may be
partly due to enlargement of glial cell volume mediated by the spatial buffer
mechanism. The stimulation or K* evoked ECS volume decrease in the
isolated frog spinal cord developed only in the area of stimulated
interneurones in the lower dorsal horn, while in the upper dorsal horn and
in the ventral horn the ECS volume increased (Fig. 3). The possible
explanation of our findings is that ion shifts lead to an increase in glial cell
volume in the close vicinity of the stimulated neurones and to a decrease
of their volume in more remote areas where the concentration is low.

It is clear from existing studies that the glial cells are important for
extracellular ion homeostasis and in the regulation of ECS volume.
Nevertheless, their participation in the observed dynamic activity-related
changes requires further studies.
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HU3MEHEHHA BHEKAETOYHOTI'O pH, K*
U OBBbEMA, CBA3AHHBIE C AKTUBHOCTDbDIO:
POADb ' B MOHHOM I'OMEOCTAS3E
CITMHHOI'O MO3rA

E. Coixosa
Hucrutyr @usuororuuecxux peryanumunn YexocroBaykoit Akazemmn Hayk,
AaBopaTopus HeiiporopmoHaAbHoii peryaaim, [Ipara, Hexocrobakus

AUCKYCCHA

K a p B 0 ¢ k u. Krayc Barraun noxasar B aaboparopun o, uro
TMA+TEA 6bictpo noraoijaiotca rAHarbHbiMH kaetkamu nusskd. | MA 6bictpo
MOrAOIYAETCS BIIHTEAHAADHBIMH KACTKaMH MosBoHouHbix. He MoryT an perncrpupyembie
M3MEHEHHS AKTHBHOCTH GbITb Bbi3BaHbl morAoienHemM 1EA, a He H3MeHEHHAMH BO
BHEKAETOYHOM MPOCTPAHCTBE.

C b k 0 B a. Mbi He moeM HckalounTb Hekotoporo noraoenua 1 MA |, Ho
A JAyMalo, YTO B HALUMX BKCIIepHMEHTaX Ha CIHHHOM MO3re KPbIC H AATylIEK
npounkHosenne TMA B rauio B Tevenue 50-60 cex annankayHu He HrpaeT CyIeCTBEHHOR
poau. Huxoancon u @uarunc (1981) noxasaan, uro noraoieHwe B STOT nNephos
HesHauMTeAbHO. DoAee TOro, MBI IOAYHHAH TaKHe e pe3yABTaThl PH HOHOPOPETHYECKOH
anmnAHKkayui xoansa. Mpr Takxe o6HapyKHAU cXOAHDIE H3MEHEHHS OTHOCHTEAbHO o6beMa
BHEKAETOYHOIO NIPOCTPAHCTBA B TeueHne Anub 5 cex annaukagau TMA , TEA u xoanua.

LI A 0. Kakos mexanusm BbisbiBaeMbix H3IMeHEHMH ofbeMa B BaulMx
npenaparax?

C bl kK 0 B a. MexaHH3M 3aBHCHMBIX OT aKTHBHOCTH H3MeHeHHH oGbema
Henipocroii. Mbl MoxeM B KOHe4yHOM cHeTe y4ecTb 3 MeXaHH3Ma, KOTOPbIE MOTYT
" y4acTBOBaTb B PacCMaTPHBAEMBIX M3MeHeHHAX oObeMa, T.e. B HaByXaHHM KACTKH H B
KOMIIEHCATOPHOM YMEHBIIIEHHH 00beMa BHEKAeTOMHOro MpocTpaHcTBa. Klamenenns
obbema MOryT ObiTb pesyAbTaToM: 1) KOHQpOpMaymoHHbIX HsmeHeHHH Geaxom; 2)
MeTaboAMdecKoll aKTHBHOCTH; 3) NPOLecCoB TpaHCNopTa Yepes MemBpany. Takxke Kak H
apyrue (Pencom n ap., Huxoabcou u zp.,) Mbl o6HapyuAH, YTO HSMeHeHHs! oGbema
NPAMO 3ABHCAT OT HOHHBIX W3MEHEHUIt BO BHEKACTOMHOM INPOCTpaHCTBe (B 4aCTHOCTH,
nsmenennit K* u pH) u or passutus raum. Pasamuubie cucrembr memGpantoro
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TpaHcnopTa, ydactsyioiue B peryasuun K* u pH, takxe MoryT yuactnosatb B peryaspyun
o6bvema H usaMenenusx obvema. Hanpumep, nosasaenne tpancnopra KCl ¢ nomowssio
¢ypoceMHaa BAHAAC Ha H3MeHeHus oGbema. [locre anmaukauum oy6amna wusmeHeHns
obvema, HMHAYUHMpOBaHHble CTHMYyAsuMeRd, yaBouAucb. Mbl usydyaem ywacTHe aApyrux
TpaHcnopThbix cnctem (Na*/H* obmen u Na*/HCO, -korpancnopr).

Aemenxionaep Hexoas na Bamnux nccresosannit, Boi Ha6aoaaru
AenpeccHio HauaAbHoro merousoro casura pH or La**. Ha6awoaarn an Bbi rakae
BausnHe La** Ha cyxenne BrexaeTounoro npoctpaucrsa?

C bt x 0 B a. Her, mbr He usywarn prusnus La** na usmenenus obvema
BHEKAETO4HOrO MPOCTPAHCTBA.

P 1 6 0o B. Kakos MexaHnsm ymeHbIIeHHS MezKKAETOMHOTO O6beMa, KaKHMH
KAETOUHBIMH BAEMeHTaMH 3To obecrieyHBaeTca?

C b1 k 0 B a. 10 BazKHBIi BOMPOC - C YeM CBA3AHDI PACCMATPHBaeMble H3MeHeHHS
obbema: ¢ HaGyxaHHeM HeAPOHOB MAM HabyXaHHeM TAHAAbHBIX kAeTok. | lpu pasamdubIx
9KCTMEPHMEHTAABHBIX YCAOBHAX GbIAO 110Ka3aHO, 4TO 06a 9AeMeHTa (HeHPOHBI M TAHAABHbIE
KACTKH) MOTYT MeHATb cBoi ofbeM. B TeueHHe cTHMyAsumM O6beM BHEKAETOMHOIO
TIPOCTPAHCTBA YBEAHUHBACTCA, BEPOATHO B CBA3H C yMeHblieHHEM 06beMa aK THBMPOBAHHDbIX
HeAPOHHBIX 3AeMeHTOB, Kak nokasax ['page u cotp. B MoToHeiiponax. Mbi o6HapykHAH,
YTO yMeHblleHHe O5beMa BHEKAETOMHOIO MPOCTPAHCTBA MOCAE CTHMYAALIMH HMeeT Kak
l'Ipe(:HHal'lTH‘lecylo, TaxKk H nOCTCHHanTH“leCKle MPpHpoAY, T.e. OHO MOKeT 6blTb YaCTHYHO
6a0kHpoBaHO 6a0kaTopamu Ca** kaHaros. Ykasanne Ha HaByxaHHMe FAHH COCTOMT B TOM,
YTO yMeHblleHHe 0GbeMa BHEKAETOMHOIO MPOCTPAHCTBA HE HMEET MeCTa B CIHHHOM MO3Ie
He3peAbIX KPbIC, Tle FAHOTeHe3 He 3aBeplileH MOAHOCTbIO. Boaee Toro, npoctpancraenHoe
pacripeseAcHHe H3MeHeHHH oObema, BbisBamHbix annAukaumeii K*, ykasbipaer Ha
CMOPILIHBaAHHE FAHAADHDIX KA€TOK, CBA3aHHOE C MeXaHH3IMOM npOCTpaHCTBeHHOPO 6qupa
K.

C ot Hukos Moxuo an, no Bamemy muennio, obnapysuntn aunamuky
05beMa Me2KKAETOYHOIO NPOCTPAHCTBA MPH IAEKTPOCTHMY AILIMM C NIOMOLLBIO AEKTPOHHOR
MHKPOCKOIMHUH? ‘

C bt x 0 B a Ja, 5 aymao, uto 310 BO3MOKHO. YMeHblIeHHe obbema
BHEKAETOYHOIO MPOCTPAHCTBA NPOAOAZKAETCA B TeHeHHe MHOTHX MHHYT, OCOBEHHO MOCAe
NoBTOPHOM 9Aek TpocTHMy K. [Tocae nepudepiueckoro nospexxaenns ono npoporkaercs
1-2 yaca.

C ot uuk os Hamu ony6aukosanbi aaumbie o AokaabHOM cyrmenun
MEKAETOYHOH IfleAH ¢ 06pa3oBaHHeM T[AOTHBIX KOHTaKTOB TPH CHHANTHYeCKO#
saexTpoakTHBayMH. O KaKOM-AHGO 3HAHHTEABHOM TOTAABHOM Cy?KEeHHH HEHPHT - TAHAABHOR
WeAH HaBepHOe MOBOPHTb He TNPHXOAMTCH.

C bix 08 a. Byaer Tpyaro ysuaetn cyxenns B yae ouenb yskoit wean. Moxer
6biTb Bai cMo2KeTe yBHAETD, He NPOHCXOAHT AH HABYXAHHA AKCOHOB HAM TAHAABHBIX KAETOK
BO BPEMA CTHMYAALMH.
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