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Oligodendrocyte response to ionizing radlatlon' An in vitro
model of cellular and functional response

R. P. Levy, J. L Fabnkant E. L. Alpen, and K. A. Frankel

Donner Pavilion and Donner Laboratory, Lawrence Berkelev Laboratorv University
of California, Berkeley, Ca.hforma. 94720, and Department of Radiology, University of
California, San Francisco

Abstract”

The cellular and functional response of oligodendrocyte/s to single-dose ®Co ~-
irradiation at day-in-culture (DIC) 8 was examined in primary glial-celli cultures de-
rived from neonatal rat brain. ’Oligodendro'cytes were quantified by grid-counting with.
- phase contrast microscopy, and their functional capacity was determined by quanti-
tative raelioimmunoassay of myelin basic protein (MBP‘) levels in membrane extract
preparations. Oligodendrocyte counts at DIC 14 were 65% and 29% of age-matched
control values after irradiation with 2 Gy and 5 Gy,' respectively. At DIC 21, counts
recovered to near-normal levels in the 2-Gy group and to 75% of normal in the 5-Gy
grbup. Counts at DIC 14 wefe significantly lower at each successive 0.5-Gy dose incre-
ment through 2 Gy. MBP levels at DIC 14 were 60% and 40% of e.ge-metched control
- values after irradiation with 2 Gy and 5 Gy, respectively. Corresponding MBP levels
at DIC 21 however, were only 50% and 25%, respectlvelv, of control values. The tem-
poral pattems of cellu.la.r and functional depletion and recovery in vitro have parallels
to patterns found in vivo. This experimental approach may help elucidate regulatory
.mecha.msms of oligodendrocyte prohfera,tlon and dlfferentlatlon reqmred to respond to

radiation injury.

Running title: Oligodendrocyte irradiation in vitm

Keyword phrases: ohgodendrocyte irradiation in vztro, brain cell culture, model of

CNS radiation injury
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1. Introduction

-‘Mammalian bra.ln tissue in vivo 1s highly structured with a complex cellular hier- -

 archy, and it exhlbxts only limited prohferatlve potential (McKhann 1978) [19]. The
”profound heterogenelty and integration of hierarchical structure and function in the
brain make it ver'y difficult to investigate biochemical and metabolic mechanisms in
defined cell types in intact tissue. The problem of cellular heterogeneity is exacerbated
that much more when the brain has been sub jeet to pathologic alterations. Brain tissue
isolated and maintained in vitro represents a useful system for evaluation of biochemi-
cal and metabolic properties of the various brain cell populations and their interactions
under relatively simple and controlled conditions. Some of the important structura.l and
functional attributes of brain cells are well maintained in culture (Levy 1991, McKhann

1978, Raff et al. 1978) [14,19,28]. Oligodendrocytes, for example, differentiate and ma-

ture n vitro, their morphologic and immunocytochemical properties correspond well to

the in vivo situafion, and they retain much of their biochemical specificity, including
. the synthesis of large quantities of myelin membfa.ne.

Cell culture techniques have been WldelV used to evaluate radiation response in
rapidly prohferatmg cells Qua.ntlta,tlve cell-survival analysis ha.s been developed to-
ward this end to study clonogen survival in selected transformed cell lines typically de-
rived from ma.hgna.nt mammalian tissue (Elkind and Whitmore 1967, Puck and Marcus
1955) [10,26]. The radiation—response of glioma—deﬁﬁed cell clones, for example, has
- been studied extensxvely (Dwarkanath and J ain 1989, Gerweck et al. 1977) (9,11]. The
: meta.bohc properties of transformed cerebral cells growing in vztm, however, can not be
extrapolated readily to normal cerebral cells. Transformed cells generally lack the dis-
tinguishing metabolie characteristics of normal differentiated cells, and they typically
" manifest a markedly different response to irradiation (Gerweck et al. 1977) [11]. A sat-

isfactory in vitro model of brain irradiation, therefore, can not rely solely on standard

cell culture techniques.

In this report, the cellular and functional response of the oligodendrocyte population

to ®Co v-irradiation is examined in normal mammalian brain in vitro. The oligoden-

drocyte has been chosen for study because of its central role in delayed radiation injury

P
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in the brain (Hopewell 1979, van der Kogel 1986) [12, 33] A new expenmental approach
is described for qua.ntltatlve evaluation of dose-response to 1rrad1atlon usmg primary

disaggregated neuroglial cultures.

2. Materials and methods
2.1 Cell culture procedures | |

~ The method of preparation of primary mixed brain cell cultures was developed as -
a modification of the method of McCarthy and de Vellis ( 1980) [18). The research
protocol and euthanasia technique were approved by the Animal Welfare and Research
Committee e,t Lawrence Berkeley Le.bore,tocy. All chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO) unless otherwise stated. Using aseptic technique, brains
were removed from one-day-old Sprague Dawley rats after sc1ssors decapitation. The .
cortices were dissected out, and the memnges were gentlv removed. The cortices were
t,hen placed in nutrient medium (1:1 Hams F-12 (Gibco, Grand Island, NY): Dulbecco’s
Modified Eagle’s Medium (Gibco), with 10% fetal calf serum, 15 mM Hepes buffer,
"and 1.2 g/l sodium bicarbonate) and mechanically dissociated into single-cell suspen- '
sions via sequential filtration through a series of nylon monofilament and'stainless steel
screens. Fetal calf serum was added to t.he final cellular filtrate to a concentration of
20% pnor to centnfugatlon at 800 rpm for 5 min. " The cellular pellet was then re-

suspended in fresh medmm, and the cells were plated in 25 ¢cm? plastlc culture flasks

(Falcon, Becton-Dickinson Labware, Lincoln Park, NJ ) at a concentration of about |, -

1.5 x 10° cells per 1.0 ml medium (3 5 ml cell suspension per flask). The cultures were
maintained at 37° C in a water-Ja,cketed incubator at 5% CO; in humidified air. The
. first media change was on day-m—cu_lture (DIC) 5 subsequent media changes took place
on DIC 7, 9, 12, etc. (i.e., three times weekly). .

2.2 Irradiation o | . L

~ Cultures were irradiated with ®Co ‘y-ravs at DIC 8 using a 5.5 x 107 MBq Gamma-
beam Unit (Atomlc Energy of Canada L1m1ted Ottawa, Canada). A dose rate of 0.5

| Gy/mm was present at 1.0 m from the point source. Cells were irradiated t_hroughv

5-mm thick lucite filters, which were attached to the culture‘-ﬁask. surface, with flasks |
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‘held in the upright position. Cultures were maintained at 37° C during and following ir-

radiation. In all experiments, randomly selected control cultures were sham-irradiated.

2.3 Oligodendrocyte counting ‘ ' v ’ 

The oligodendrocyte population was quantified at selected DIC using phase contrast
microscopy at x400 magnification. Characteristic phase-dark cells: were counted in a
1 mm X 1 mm square grid in ten randomly positioned flask regioné. The highest
and lowest counts were ignored, and the mean value of the remaining eight regions
(termed the oligodendrocyte cbunt) was calculated and used as a quantitative index of

the oligodendrocyte population.

2.4 Myelin basic protein assay _
Myelin basic protein (MBP) levels were used as a quantitative index of myelin
- synthesis (Cohen and Guarniefi 1976) [8]. Since quantitative MBP assay requires sac-
riﬁcing' the cultures, it was not possiblé to obtain serial data on individual cultures.
These data w&e, therefore, accumulated by ra.ﬁdom sampling of groups of primary
culture flasks at periodic intervals folldwing fhe initial plating. Membrane extracts for
assay were prepared by gently washing cell cfﬂtures four times with phovsphate buffere‘dA
saline at 4° C, and then bathiﬁg them in 0.02 M Tris-acetate buffer (4° C) at pH 7.2
containing 0.02 M NaCl, 0.1% octyl phenoxy polyethoxyethanol (Triton X-100) and
0.1% aprotinin.. A plastic cell scraper was used to dislodge the cells froin the flask
. surface and into suspension in the ‘eTris buffer; the suspension was sonicated, incubated
| overnight at 4° C, and then centﬁfuged at 1,500 g for 25 min at 4° C. Aliquots of the
supernatant were stored at -15° C for later MBP assay with a commercially available
radioimmunoassay kit (Diagnoétics SySfems Laboratory, Webster, TX) and a Packard
~ 5000 Gamma Counter (Packard Instrument Co.,"Inc., Downers Grove, IL). A curve-

fitting logistic computer program was developed to calculate MBP concentrations.

2.5 Total cellular protein assay
Total cellular protein levels were used as a quantitative index of the astrocyte pop-

“ulation (Levy 1991) [14]. Aliquots of the supernatant prepared as described for MBP
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assay (see Section 2.4, above) were assayed for total protein content, using an AS-
TRA spectrophofometﬁc (545 nm) analyzer (Beckmé.n Instruments, Fullerton, CA)
calibrated for cerebrospinal fluid.

2.6 Statistical evaluation _

' Multiple groups within an exp.eriment were compared statistically with each other
using analysis of variance (Fisher’s protecfed least significant difference test) (Winer
1971) [37]; significance was evaluated at the 95% level. The Kruskal-Wallis mean rank
and Mann—Whituey tests were used for non-parametric analysis of groups eousisting
of ratios of two random variables (Winer 1971) (37]; here, the sta.nda.ll'd deviation was

taken as the square root of the variance of ratios (Armitage and Berry 1987) [2].

3. Results
3.1 Unirradiated control cultures

A mixed neuroglial cell primary culture was obtaineci, which was readily accessible
. to morphologic and immunocytochemical evaluation; viable neurons do not survive
this method of preparation (McCarthy and de Vellis 1980) [18]. The cells 'atta,ch to
the culture-flask surface and gradually assume a stratified arfangement. Relatively
amorphous phase-light astrocytes proliferate to form a confluent bed-layer over the
entire culture dish surface during the first 7 to 10 DIC. Interconnecting networks of
distinct and morphologically characteristic ph_ése;dark oligodendrocytes with multiple -
ramifying processes are seen above and loqsely adherent to the underlying astfoeyte
layer. The morphologic criteria for’oligodendrocyte identification correlate very Weli
with immunocytochemical cﬁteria (data not shown); for example, the oliéodendrocytes
~ exhibit highly speciﬁc binding to both anti-galactocerebroside and anti-MBP (Levy
1991, Raff et al. 1978) [14,28]. |
© 311 Ohgodendrocyte counts. In umrradxated cultures the ohgodendrocvte popula.tlon A
~ increased sharply between DIC 7 and DIC 14 and reached a plateau at about DIC 14
or shortly thereafter (Figure 1, upper panel). The mild fluctuations in oligodendrocyte
counts seen in the plateau region of the curve illustrate the uncertainty inherent in

random sampling of an intrinsically heterogeneous plated cell population.
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3.1.2 Myelin basic protein leve'.ls.. The pooled results of six separate experiments with
éompérable initial pléting cénditions indicated that the concentration of MBP in unir-
radiated control cultures inc;eased very rapidly with DIC (Figure 1, middle panel).
Mean MBP values, determined by ra.ﬁdbm sampling of groups of primary culture flasks

at weekly intervals, increased from 8 ng/ml at DIC 7 to 281 ng/ml at DIC 28.

3.1.3 Total cellular protein levels. The pattern of tétal cellular protein synthesis was also

‘determined by random sampling of groups of primaqr culture flasks at weekly intervals.
,',I‘he results. of six separate experiments with comparable initial plating coﬁditions were
pooled (Figure 1, lower pé.nel). Mean total protein va.lués increased from 148 ug /ml at
DIC 7 to 612 pg/ml at DIC 28. |

3.2 Irradiated cultures: dose response
A series of experiments was designed to evaluate the dose response of oligodendro- -

cytes at DIC 14 and DIC 21 (i.e., 6 days and 13 days, respectively, after irradiation).

3.2.1 Oligodendrocyte counts. At DIC 14, mean oligodendrocyte counts folloWing irradi-
ation with 2 Gy and 5 Gy were found to be 65% and 29%. respecti‘*;'el‘v, of unirradiated-
control values (Figure 2). When analogous experiments were examined at DIC 21, it

- was apparent that there had been considerable recovery of oligodendrocyte counts from

DIC 14; in a series of studies,‘mea.n counts at DIC 21 ranged from 83% to 110% of

control values in cultures irradiated to 2 Gy and from 63% to 92% of control values in .

cultures irradiated to 5 Gy (Figure 3).
To evaluate the sensitivity of the cell-culture system to lower doses, oligodendrocyte

response at DIC 14 was also examined in a single experiment consisting of unirradiated

controls and groups of cultures irradiated to doses of 0.5 Gy, 1.0 Gy, 1.5 Gy and 2.0

Gy. Mean oligodendrocyte counts were significantly (95% level) lower at each successive

0.5-Gy dose increment (Figure 4).

3.2.2 Muyelin basic protein levels. At DIC 14, MBP levels following irradiation with 2
Gy and 5 Gy were approximately 60% and 40%, respectively, of unirradiated-control
values. With an additional 7 days in culture, absolute MBP levels in the 2-Gy group
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increased about 45%, but were still only 50% of é,ge-niatched control iraiues (Figure 5).
Absolute MBP levels in the 5-Gy group were unchanged during thié_ same interval, and .
were only 25% of age-matched control values at DIC 21. -

3. 2 3 Total cellular protein levels At DIC 14, mean tota.l cellular proteln levels after

2 to 5 Gy were about 60% to 70% of ‘age-matched control values in all cases, but -
statistical s1gn1ﬁcance was rea.ched in only one of three experiments performed due to

large vana.nce of data. By DIC 21 mean total protein levels, even in 5- GV 1rrad1ated

| cultures, had recovered to more than 90% of control values (Figure 6)

S~

3.2 4 Myelm syntheszs index. The myelzn synthesis indez (defined as MBP per oligoden-
drocyte) was determ.med in three separate expenments for each irradiated and control
culture at DIC 21 (Flgure 7). Irradiated oligodendrocytes had sxgmﬁcantlv lower mean
MBP-synthetic functlona.l capac1tv than did unirradiated ohgodendrocvtes The mdlces.

at a given dose were qmte consistent from one expenment to the next and appea.red to

be relatlvely 1ndependent of initial plating conditions.

4. Discussion

Various target-cell models have been proposed to provide a framework for investigat- .
ing the cellular bases of delayed radiation injury and repair in the brain, to explain the

associated spectrum of observed neurophysiologic perturbations, and to integrate the . -

subcellular and tissue-level models of radiation response (Calvo et al. 1988, Hopewell

11979, Myers et al. 1986, van der Kogel 1986) [6,12,22,33]. Oligodendrocytes and cerebral

endothelial cells are generally considered to be the target cells involved in mediating

delayed radiation injury, although the relative contribution and interaction of thése two

cell popula.tlons under vanous condltlons is not fullv understood. The function of the

: ohgodendrocyte is to svnthesme and mamta.m the 1nsu1at1ng membra.ne that ensheaths

myehna.ted neuronal axons, therebv facilitating nerve impulse conduction in the central |

‘nervous system (McKhann 1978) [19]. The primary goal of the research descnbed in

this report has been to mvestlgate the radlatlon-response of the ohgodendrocvte pop- '

ulation in mtm, free of the potentlalv influence or contribution of the vascular system.
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4.1 Unirradiated cultures

4.1.1 Oligodendrocyte line. The first stage in this study véas to cﬁara.cterize the experi-
mental system in unirradiatéd glial cell cultures. The most significant ﬁnding was the
 relationship between the perlod of increase in ohgodendrocx te number and the tem-
poral pattern of MBP svnthesxs MBP is hlghlv specific to the myelin membrane, and
immunocytochemical measurement of MBP - in vivo correlates very well with synthesis
of mature myelin (Cohen and Guarnieri 1976) [8]. In this investigation, measured levels
vof MBP in culture remamed relatively low throughout the period of ohgodendrocvte

population i increase (DIC 7 to DIC 14) This period was followed by a phase of rapid

oligodendrocyte dlﬁ'erentlatlon, associated with a nearly exponential rate of increase in

MBP levels (35-fold from DIC 7 to DIC 28) and corresponding well to rates of myelin
synthesis found in vivo at comparable cellula.r age (Norton 1981) [23). |

. The observed sequence of events appears 11ke1v to have resulted from proliferation
and differentiation of prevmuslv committed, but morphologically indistinct and unrec-

* ognized, precursor cells. An alternate hypothesis, that proliferation involves oligoden-

drocytes already possessing characterlstlc morphologic and 1mrnunocvtochem1cal prop-

erties, has not been supported by tritiated-thymidine-incorporation studies carried out
with comparably aged cultures (data not shown) (Levv 1991, Meir and Schachner 1982,
Szuchet et al. 1980) [14,21 31]

The regula.tory factors controlling popula,tiun growth, differentiation and matura-
tion in oligodendrocytes and their precursors are not well understood. Several stud-

1es suggest that soluble extra-oligodendroglial factors in vitro (Pettmann et al, 1980,

Saneto and de Vellis 1985 Wood et al. 1980) [25, 29 ,38] and surgical brain trauma

(Ludwin 1985) [16] have. stimulating and/or mltogemc effects. Conversely, reversible
inhibition of oligodendrocyte-progenitor differentiation has been demonstrated in vitro
by a monoclonal antibody against cell-surface galactolipids (Bansal and Pfeiffer 1989)
[3] Soluble oligodendrocyte-specific end-products (e.g., selected myelin components
and enzymes) may also exert local inhibitory control in vitro; in cultures damaged by

cytotoxic agents (including irradiation), inhibitor levels may drop below that required

(8]
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| to suppress the progenitor-cell population (Bhat and Pfeiffer 1986, Bologa et al. 1988, - |

McMorris and Dubois-Dalcq 1988, Pettmann et al. 1980) [4,5,20,25].

The existence of pluripotentfal glial progenitor cells has been establighed in vitro by
studies demonstrating that O-2A i)rogenitor cells isolated from periné.ta.l rat optic nerve
~ differentiate, depending on the culture medium, into oligodendrocytes or type-2 astro-
cytes (Raff et al. 1983, van der Maazen et al. 1990) [27,36]. In vivo, the subependymal
cell layer in rodents represents an anatomically;deﬁned stem-cell compartment with self-
renewal properties (Korr et al. 19'73,‘Man1ey 1988, Paterson et al. 1973, van der Kogel

1983) [13,17,24,32). About half of newly formed glial cells in the éubependymal layer

leave the growth fraction, but some nonproliferating cells re-enter the growth fraction

and begin to proliferate; these findings support the contention that differentiated glial

cells retain the capability to revert to a proliferative state and that an increased pro-

portion may do so when cells are lost after a cytotoxic insult (Kdrr et al. 1973, Ludwin -
and Johnson 1979, Manley 1988, Schultze and Korr 1981) [13,15,17,30). The popula-

. tion of “morphologically-indistinct precursors cells,” postulated above to explain some -

of the experimental findings of this investigation, may be considered to constitute a

stem-cell compartmeﬁt in dissociated cell culture. These cells appear to be equivalent |

' functiona.llyﬂto the “free subependymal” cells reported by Paterson et al. (1973) [24]
as migrating from the intact subependymal layer zn vivo to the cerebral cortex at the

level of the corpus callosum prior to differentiating into mature oligodendrocytes.

4.1.2 ‘Astmcyte line. Total cellular protein levels, though not specific for a given cell

type, can be used as an index of cell density in general and of the astrbcyte popuia—

tion in particular (Levy 1991) [14]. Astrocytes constitute the great. majority. of glial \

cells in primary mixed cultures at DIC 7, and preferential astrocyte proliferation there-
after results in progressively more heavily astrocyte-weighted cultures. Total protein
‘measurements, therefore, strongly reflect the contribution of the astrocyte population.

The astrocyte population in vitro increases rapidly during the period from DIC 7 to

DIC 14, as observed microscopically and determined indirectly by tritiated-thymidine -

incorporation studies (data not shown) and by changes in total cellular protein levels |
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(Levy 1991) [14]. Astrocyte proliferationv continues until inhibited by apparently ex-
trinsic cellﬂa factors (e.g., contact inhibition). Although proliferation appears to
cease once cellular confluence is attained, protein Svnthesis continues unabated at
least through DIC 28. The sustained protein svnthesxs presumably reflects continu-
ing metabolic functlon of the maturing astrocyte population rather than unrestrained
proliferation. Accordingly, the total cellular protein level is viewed more appropriately
" as an index of composiﬁe functional activity of the astrocyte population rather than as

a direct measure of cell number.
4.2 Irradiated cultures

Oligodeﬁdrocyt&s vdo not form discrete coloﬁies even under optimal growth condi-
tions. Futhermore, since oligodendrocytes typically have limited mitotic aotivity, some
radiation-damaged cells would likely appear mofphologicall}f‘normal throughout the
period of observation and be counted as if thev were unaffected. Oligodendrocvte re-
sponse, therefore, cannot be described adequa.tely by cell-survival curves of the kind
typically used to describe clonogemc cells in tissue culture (Alpen 1990 Elkind and
Whitmore 1967) [1 10].

4.2.1 Cellular response. The initial ohgodendrocvte response to irradiation and the .
pattern of recovery were dose-dependent. At DIC 14, when ohgodendrocvte counts in
, control cultures had rea,ched maximal steady-state levels, counts in irradiated cultures
were 51gn1ﬁca.ntly depressed. These counts recovered conmderabiy by DIC 21, reachmg
near-control levels in the 2-Gy irradiated group and about 75% of control levels in the 5-
Gy" irradiated group (Figure 8). Considerable uncertainties exist. regarding the extent
‘to which committed oligodendrocyte precursor cells and/or pluripotential stem cells
_may be present in the culture at the time of the initial plating and at various intervals
thereafter and the degree to which these cells are capable of recognizing and responding
to the radiation insult. The number of viable precursor eells present in culture would -
be expected to decrease, in a dose-dependent fashion, following irradiation, thereby
compromising the replenishment of the depleted oligodendrocyte population. With

increasing dose, viable precursors would be fewer and would require more time to
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restore the population to pre-irradiation numbers. If the dose were high enough, the
precursor population would be sterilized completely and no recdvéry would be possible.
An-alternate hypothesis is that there is more extensive cell-cycle delay in the precursor
population with'increa.éing dose. |

: Astrécytes in culture are actively proliferating at DIC 8,-and they are correspond-
ingly sensitive to radiation injury (Levy 1991) [14]. The surviﬁng astrocyte population,
however, can compensate well for cells lost to. irradiation, as reflected by the continu-
ously well-maintained confluence of astrocytes on the culture flask surface and by the

quick recovery of total cellular prbtein levels toward control values (Levy 1991) [14].

4.2.2 Functional oligodendrocyte responise. ‘The temporal pattern of MBP production
in irradiated cultures demonstrated that the recovery of the functional capacity of the
oligodendrocyte population was dose-dependent, but not well correlated with changes
in the oligodendrocyte counts. It appeared initially, based on data obtained at DIC 14,
that MBP levels could be. considered simply as an index of the number of oligodendro-

’ cytés in culture. MBP levels at DIC 14 were about 60% of control values in cultures

irradiated with 2 Gy and 40% of controi values in cultures irradiated with 5 Gy. These |

relative levels are comparable to the fractional decrements observed in the oligodendro-
cyte counts in cultures that were similarly irradiated. At DIC 21, howe\'e;; a di_ffereht
relationship between MBP levels and oligodendrocyte counts began to emerge. While
oligodendrocyte counts in irradiated cultures had recovered to near-control levels, cor-
responding MBP levels lagged far behind (Figure 9). The complex temporal patterns
of dc;se;réspénse observed in the oligodendrocyte_: popula.t_ion and in the synthesis of
MBP led to the hypdthésis that irradiated oligodendrocytes had lower mean -MBP-
synthetic functional capacity than did unirradiated oligodendrocytes. This hypothesis -
was supportje@ by the results frbni the myelin synthesis index. It was concluded that
the oligodendrocyt‘e‘pOPulation from DIC 14 to DIC 21 in irradiated cultures was
qﬁa.litatively different than the oligodendrocyte population in compa.rably-_dged control
cultures. The irradiated cultures manifested signiﬁcantly lower functional ca.pa.c;ity. .

The temporal pattefn of MBP response between DIC 14 and DIC 21 following irra-
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diation is proposed to be the composite result of several factors. Some committed stem

cells and immature oligodendrocytes undergo reproductive cell death during the days
immediately follov’ring irradiation, resulting in decreased numbers of morphologically

identifiable oligodendrocytes. The surviving oligodendrocytes continue to differentiate

and synthesize myelin. Committed ollgodendrocvte precursors and stem cells undergo :

actlve compensatory proliferation, i 1ncreasmg the number of ma.ture oligodendrocytes
in vitro with a return toward control values over a period of 2 to 3 weeks. The newly
formed Voligodendrocy‘tes lag behind the Stlrviving (or unirradieted) oligodendrocytes
in their functional capacity, but these new cells mature and differentiate over the next
several weeks, ultimately achieving comparable metabolic ce.pabilities. While the exper-
imental data at present do not demonstrate. recovery of MBP sjfnthesis to near~normel
control values, 2-Gy irradiated cultures have begun to show recevery Qf MBP levels

by DIC 21. The projected. pattefn of continued functional recovery shown in Figure

9 will require experimental confirmation by extending culture analysis out to DIC 28

- and beyond.

4.3 Ezperimental models of delayed radiation injury

‘Although using asystem of dissociated brain cell cultures to evalﬁate delayed radia-
tion injury requires that a complex three-dimensional tissue structure 'be-convex_'ted into
a.qua.si-two-dimensional cellulai array, the in vitro model described herein vha.s vma.ny
similarities end corfela.tes to the situation in vivo. Oliquendrecytes in vitro are iden-
tified and quantiﬁe& by morphologic and/or immunocytochemical criteria eompera.b_le
to those applicable in tissue section (Levy 1991) [14]. The temporal patterns of cel-
lular depressxon and recovery in the ohgodendrocvte population n vitro (1 e., gradual
recovery to a seemingly predetermined level) are consistent with homeostatic regula-
tory controls manifested in vivo (Ludwin and Johnson 1979) [15];_-furthermore, the
culture system appears to contain progenitor cells capable of differentiating and pro-

liferating in response to changes in the regional cellular environment. The functional

- response (i.e., myelin levels) manifested in vitro also appears analogous to patterns of -

demyelination and remyelination found in vivo (Ludwin and Johnson 1979) [15]. These
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factors may correspond to the eventual tissue breakdown and loss of functlona.l end-
cells found in vivo that anse when the radlatlon-da.maged pool of progenitor cells can .
no longer compensate effectively for dama.ge in the stem-cell and proliferative compart— :
ments (Hopewell 1979, van der Kogel 1986) (12,33]. | /

A variety of experimental strategies have been developed to examine and character-
ize the brain’s response to radiation injury. In general, the metheds can be cétegorized
as emphasiéing either quantitative population—speciﬁc endpoints or more qualitative

functional -endpoints. Quantitative in vitro assays have been developed to examine

DNA strand_Breaks (but without specific functional endpoints) (Cerda and Rosander

1983) [7] or to evaluate clonogenic survival in glioma-derived cells (which have limited
'functiona.lvsimilarity to normal brain cells) (Gerweck et al. 1977) [11]: Other quan-
titative assays evaluate nghly selected populations of glial cell precursors, including
mitotically active cells of the subependymal plé.te (e.g., quantitative high-resolution
autoradiography for evaluation of cell cycle kinetics) (Korr et al. 1973, Schultze and 7

. Korr 1981) [13,30] and O-2A progenitor clones (colony-counting assay) (van der Maazen.

et al. 1990, 1991) [35,36]. Functional in vivo aséays, which examine endpoints at the
tissue level (e.g.; histopathologie ‘ehaﬁges and limb paralysis), typically obseui'e the
unique roles of specific cell types in the pathogenesis of radiation injur‘\; .a.nd-‘recov-
ery; these assays integrate the response of the parenchymal and vascular components
(van der Kogel 1977) [34]. | o
The experimental system described in this report may be considered as comple-
mentary to both clonogenic colony-counting systems and ‘histopathologic approaches.
The quantitative cellula.r and functional responses of the oligodendrocyte population -
can now be assessed concurrently;without'the confoﬁnding in:ﬂuences of other inter-
dependent cell populations, pa.rtlcularly that of the vascular system. The analvtlcal-
methods developed here may prove useful for in vitro examination of a wide range of

subjects, including: (1) fundamental cellular mechanisms of delayed radiation injury

- and repair in the brain; (2) regulatory control of proliferation and differentiation in
" neuroglial cells and their precursors in response to cytotoxic insult; (3) mechanisms of

radiation sensitization and protection in the central nervous system; and (4) efficacy
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and toxicity of chémica.l-modiﬁers of radiation response.
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Figure Legends
Figure 1 N | _ _ N
Cellular and metabolic changes in unirradiated primary mixed glial cultures are shown
~ as a function of DIC. In each panel, data are represented as mean =+ SD. Upper, serial
oligodendrocyte counts increase sharply between DIC 7 and DIC 14 and reach a plateau
sh'ortly therea.ftei'. Middle, MBP levels, pooled from six separate experiments. with
| comparable initial plating conditions, increase at a nearly exponential rate (solid line)
- from DIC 7 to DIC 28. Lower, total cellular protein levels, pooled from six separate

experiments with comparable initial plating conditions, increase at an exponentlal rate

| (sohd line) from DIC 7 to DIC 28.

Figure 2
Ohgodendrocyte counts (mean + SD) at DIC 14, following 2 Gy and 5 Gy '7-1rra.d1at10n
at DIC 8. The dose-response was significant at the 95% level..

. Figure 3 _ o ‘ _ _

~ Oligodendrocyte counts (mean + SD) ina representatiye experiment at DIC 21, follow-
ing 2 Gy and 5 Gy 7—irradiatlon at DIC 8. Counts in irradiated groups had recovered
considerably from DIC 14 (cf Figure 2), but the dose-response was still significant at |
~ the 95% level. ' | '

- Figure 4 : _ :
v Ohgodendrocyte counts (mean £ SD) at DIC 14 followmg 'y—lrradlatmn (0.5 Gy, 1.0
Gy, 1.5 Gy and 2.0 Gy) at DIC 8. A significant (95% level) differential response was

observed at each dose mcrement of 0.5 Gy.

Figure 5 _ -
MBP levels (mean + SD) in a representative experiment at DIC 21, following 2 Gy
- and 5 Gy v-irradiation at DIC 8. The dose-response was significant at the 95% level.

Figufe 6 _ , ‘
Total cellular protein levels (mean :l: SD) in a representative experixhent at DIC 21,
following 2 Gy and 5 Gy ~-irradiation at DlC 8. Only lninor differences in mean protein
content were found as a function of dose, although the levels in the 5-Gy group were"

still s1gmﬁcantly lower (95% level) than the levels in the 2-Gv and control groups.
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Figure 7

Myelin synthesis index (mean = SD) in a representative experiment at DIC 21, following

2 Gy and 5 Gy 7—1rrad1atzon at DIC 8. The lndex, defined as the ratio of MBP
level (ng/ml) to mean ohgodendrocvte gnd count, is assumed to reflect the functional

maturity (;.e., mean MBP-synthetic capacity) of the oligodendrocyte population. The -

dose-response was significant at the 95% level.

~ Figure 8. Schematic representation of the reéponse of the 'oligodendrocyte pop-
ulation as a function of DIC and radiation dose. The tefnporal pattern of response
is shown for unirrradiated control cultures and for cultures irradiated with 2 Gy or
5 Gy v-irradiation at DIC 8. Solid lines represent experimental data. Dashed lines
represent projected patterns of response. Cultures irradiated with higher doses sustain
-more dramatic and longer-lasting decrements in oligodendrocyte counts than cultures
irradiated with lower.doses. However, even 5 Gy-irradiated cultures show significant

recovery of digoderidrocyte counts by DIC 21.

-,

Figure 9. Schematic representation of the temporal’patte_rh of MBP levels as a
function of DIC and radiation dose. The response is shown for unifrradiated control
cultures and for cultures exposed to 2 Gy or 5 Gy v-irradiation at DIC 8. Solid lines
i;epresent experimental data. Dashed lines represenf projected patterns of response.
Cultures irradiated with ,higher doses sustain greater and longer-lasting impairment
in MBP production. At DIC 21, 5-Gy irradiated cultures show no recovery in MBP

synthesis and 2-Gy irradiated cultures show only modest recovery, even though oligo-

dendrocvte counts have increased considerably from their nad1rs (cf Figure 8). It is

projected (dashed hnes) that MBP renewal will gradually recover as replacement oligo-

dendrocytes differentiate and mature.
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