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GENERAL INTRODUCTION

The application of transmission computerized tomography for

image reconstruction in roentgenology in the early seventies

stimulated the development of computerized tomography for radionuclide

tracing in nuclear medicine. In the last decade, the development of

lipophilic carriers for radionuclides such as iodine-123,

thallium-201, and technetium-99m made available tracers that are

capable of passing the intact blood-brain barrier. This advance made

Single Photon Emission Computerized Tomography (TPECT) into a valuable

tool for studying brain disturbances. Although the initial

distribution of the applied radiopharmaceuticals is generally assumed

to be proportional to cerebral bloodflow, mechanisms that result in

the distinct localization within the brain remained to be further

elucidated. In order to "get more insight" in uptake and binding of

radiopharmaceuticals by brain tissue, we initially made use of the

tissue culture technique. Tissue culture provides the opportunity of

doing experiments with brain tissue under stable conditions, in the

absence of a blood-brain barrier, and without interference by cerebral

bloodflow.

The present thesis is presented in two sections. The first part

focusses on longterm culture of "organotypic" cerebral neocortex

tissue, obtained from neonatal rat brain and explanted into a

chemically defined medium. Procedures were developed which enabled

culturing of this tissue without the occurrence of central necrosis

and with the preservation of a characteristic histiotypic

organization. Morphological characteristics of the cultures were

described and measured at various ages in vitro. In the second part,

the cultures were used to study mechanisms that might contribute to

the tissue uptake of radiopharmaceuticals which are in clinical use

for SPECT brain imaging.
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PART ONE

Dissociated neocortex cultures have been employed for many years

at the Netherlands Institute for Brain Research, e.g., for studying

the role of bioelectric activity in the morphological development of

cerebral cortex tissue. Using tetrodotoxin to block spontaneous

bioelectric activity, Van Huizen (1986) described the significance of

functional activity for the formation of synaptic contacts among

neurons. One limitation of cell cultures obtained from dissociated

cortex tissue, even after reaggregation in vitro, is their deviation

from intact cerebral cortex with respect to the spatial relationships

between neurons (Varon and Raiborn, 1969; Dichter, 1978; Van Huizen,

1986). In vivo, topographic relationships lead both to a laminar and a

columnar organization of the neocortex (Lorente de No, 1938;

Szentagothai, 1975; Parnavalas et al., 1977; Le Brun Kemper and

Galaburda, 1984; Eccles, 1984). This characteristic organization can

be assumed to reflect an optimal way for the neurons within this

structure to establish contacts with one another as well as with

neurons outside the cortex. For further studies involving the

development of the cerebral cortex in vitro it was felt necessary,

therefore, to obtain cultured tissue with characteristics which would

more closely resemble the in vivo situation. A major obstacle in

culturing explants, in contrast to dispersed cells, is necrosis which

generally occurs at the center of the tissue (Bornstein, 1964; Bunge

et al., 1965). Nevertheless, we were eventually able to work out

procedures which enabled the preservation of neocortex tissue with a

histiotypic cytoarchitecture, without such central necrosis. In the

present thesis, further studies with these pieces of isolated brain

tissue were carried out with two questions in mind: i) what can the

cytoarchitecture of explants grown under the present circumstances

tell us about the development of the cerebral cortex in the intact

animal, and ii) can such cultures experimentally be applied as a model

system for the cerebral cortex in vivo?

For continuing developmental research along the lines of Van

Huizen's thesis, experiments were planned in which selective

manipulation of excitatory or inhibitory neurotransmitter systems was

to be carried out. For assaying possible morphological effects of such

-10-



treatment, characterization and quantification of structures

containing excitatory or inhibitory neurotransmitters might provide

relevant parameters. To that end, immunocytochemical procedures for

the localization of such neurotransmitters were tested. Further

research on the aforementioned subject was carried out by others.

Since some of their results are relevant for evaluating the role of

the present tissue culture system for neurobiological studies, they

will be commented upon in the general discussion.

PART TWO

In order to appreciate the clinical use of radiopharmaceuticals

(RPHA) for SPECT, the basic principles of the various kinds of

instruments for computerised tomography (CT) will be briefly outlined.

CT enables the image reconstruction of cross-sections through an

object in vivo. This computerized reconstruction is based upon the

measurement of signals detected from the studied object at a multitude

of angles. In medicine, the technological elaboration of this idea led

within a few years (following the publications of Hounsfield and

Ambrose in 1973) to indispensable tools in diagnostic strategies, and

provided new opportunities for research on the human brain in vivo.

Based on essentially different physical principles, three categories

of CT can be distinguished.

1.) X-ray CT imaging (or transmission CT), based on the measurement cf

differences in X-ray absorption caused by differences in electron

density within the exposed tissue (Hounsfield, 1973).

2.) Nuclear Magnetic Resonance (NMR) imaging, in which signals are

elicited from atomic nuclei with an odd number of protons or neutrons

in the examined tissue itself (in general from hydrogen nuclei). Such

nuclei emit distinct radiofrequency waves after being excited by

radiofrequency pulses in a strong magnetic field (Crooks et al., 1980;

Budinger and Lauterbur, 1984; Ernst, 1987).

3.) Positron Emission Tomography (PET) and SPECT, in both of which

techniques images are made from signals emitted by radionuclides which

have been introduced into the tissue (Phelps, 1977).

Each of the aforementioned modalities has its own advantages and

disadvantages. Although improvements can be expected from further
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development of instrumentation, the physical properties of the

detected signals, as presently understood, mark, their limitations

(Ter-Pogossian, 1985). In this respect, an inherent advantage of X-ray

CT lies in its high spatial resolution (about 0.4 mm in bony

structures) as a consequence of the short wavelength of X-rays (ca.

0.01 nm). Moreover, images can be made fast, i.e. within seconds. Due

to the ample hydrogen in soft tissues, in vivo NMR yields in an

anatomical description of soft tissue with highly superior contrast

resolution as compared with X-ray CT. The emission of electromagnetic

radiation from excited nuclei of hydrogen atoms accompanies their

relaxation to an original equilibrium, or "relaxed" state. The time

necessary for proton relaxation, provides information about the

molecular environment of these nuclei, and determines the contrast in

the obtained image. The relaxation time is characterised by two

relaxation constants: i) the longitudinal spin-lattice relaxation

time, T., and ii) the transversal spin-spin relaxation time, T„ (Valk,

1987). These relaxation times can be explored by the application of

appropriate radiofrequency pulse sequences. The data acquisition time

for most such sequences is in the order of minutes. The spatial

resolution of NMR depends, among other factors, upon the strength of

the external magnetic field (Barfuss et al, 1988). The. ultimate

attainable spatial resolution can be assumed to approach the accuracy

resembling that of X-ray CT (prof.dr. J. Valk, pers. conun.).

NMR has originally been developed as an analytic technique

(spectroscopy), and can in principle be used for metabolic imaging.

Human in vivo spectroscopy of NMR-signal-producing nuclei is possible

with concentrations in millimolar order (Bottomley, 1989). However,

under the present clinical circumstances, with restricted acquisition

time of the patient and a limited magnetic field (up to 2 Tesla), the

radiosignals lack the information required for a strict localization

of compounds that are present in low concentrations. In vivo

spectroscopy of low concentrations requires such a "large" volume of

tissue (Budinger and Lauterbur, 1984; Ernst, 1987) that the procedure

is difficult to combine with an accurate determination of spatial

distribution (Adam, 1987). Nevertheless, both NMR imaging and

spectroscopy are possible with biochemically interesting atoms such as

sodium-23, phosphorus-31, and carbon-13, and further developments may
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be expected in this field (Barfuss et al., 1988).

For functional imaging of the brain, the radionuclide tracer

method is preferable to other imaging methodologies, because i) the

distribution of a specific tracer depicts the location of

physiological and/or biochemical interactions within the studied

organ, ii) the tracer can already be detected in small concentrations,

far below pharmacological doses. The sensitivity of FET is a number of

powers higher then that of NMR imaging (Ter-Pogossian, 1985; Adam,

1987).

Widely used positron emitting radionuclides are carbon-11 (with

a half-life time T 1 / 2 of 20 min), nitrogen-13 (10 min), oxygen-15

(2 min), and fluorine-18 (110 min). Positron emitting radionuclides

from "natural" elements such as carbon, nitrogen or oxygen can be

incorporated into biologically active substrates without changing

their biochemical properties (Jacobson, 1988b). This provides

possibilities for depicting the site of biochemical processes in which

these substrates are involved (Phelps and Mazziotta, 1985).

Annihilation of an emitted positron (encountering an electron)

produces two 511 keV gamma-photons which are emitted 180° apart.

Coincidence detection of such photons provides an accurate

localization of their source of origin (Phelps et al., 1975; Jacobson,

1988a). The present spatial resolution of PET is about 5 to 10 mm, and

will probably approach a limit at about 3 mm, due to the physical

properties of the annihilation process and the size of the system

required for imaging a human head (Mazziotta and Koslow, 1987;

Jacobson, 1988a). The most important disadvantage of PET is the

necessity of generating its short-lived radionuclides (usually by

means of a cyclotron) in the immediate vicinity of the place were they

are to be used. Labelling of the required RPHA has also to be done

very near that place.

In clinical nuclear medicine, radionuclides that are most often

employed for imaging, ara single photon emitting radionuclides such as

technetium-99m (with ^-^/^ °^ *> hours, and gamma ray energy of

140 keV), iodine-123 (13.3 hrs; 159 keV), anc thallium-201 (73.1 hrs;

80 and 167 keV). These compounds differ from positron emitters in

atomic weight, radiation energy and T-.„. They do not pass the intact

blood-brain barrier without a proper carrier. Structuring RPHA for
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brain SPECT implies that radionuclides have to be linked to special

carriers (Holman et al., 1983; Ell et al.,1987). Obviously, labelling

of radionuclides for SPECT, with an atomic weight 10 times higher than

that of the aforementioned positron emitters, may be assumed to affect

the biochemical properties of its carriers. A disadvantage of SPECT is

that it has to work with "unnatural" tracers. Lower desintegration

energy and longer T. .„ (i.e. fewer counts per unit of time) implies

that SPECT images will probably not reach the quality of images which

are feasible with PET. The present spatial resolution of SPECT ranges

from 10 to 20 mm (Heller and Goodwin, 1987; Mazziotti and Koslow,

1987). An advantage of SPECT, however, is its wider clinical

availability at a much lower price (Maurer, 1988). Moreover, a longer

T 1 / 2 of SPECT radionuclides enables the localization of radioactivity

for more than 24 hours after injection.

The RPHA that were studied in the present thesis are: 201-T1

labeled diethyldithiocarbamate (DDC; Vyth et al., 1983); 123-1

n-isopropyl p-iodoamphetamine (IMP; Winchell et al., 1980); and 99m-Tc

hexamethylpropyleneamineoxime (HMPAO; Nowotnik et al-, 1985). The

chemical structures of these compounds are given in figure 1.

Me Me

6
CHJ-CHJ S /ZZS, s 3

>-< i-(QVCH=-9H"NH"CHs
CHJ-CHJ S-Tl ' ' CHj CH, . . . . . . . .

H

[""TIJDDC l"3i]IMP [""TCJHMPAO

Figure 1.

Chemical structures of the studied radiopharmaceuticals.
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The major aim in their development was the constitution of RPHA having

a lipophilic character, thus allowing rapid passage through the

blood-brain barrier. This condition will provide an image of

distribution within the brain proportional to local blood supply if

the tracer remains at its initial place during measurement of

radioactivity. Local bloodflow in the normal brain can be assumed to

be closely related with local metabolism (Des Rosier et al., 1974;

Sokoloff et al., 1977; Lebrun-Grandie et al., 1983). However, the

aforementioned SPECT RPHA do not necessarily result in identical

images under similar circumstances, as is shown by the following

examples. In brain tumors (especially in high-grade astrocytomas)

201-T1-DDC is often found to be accumulated, in contrast to 123-I-IMP

(De Bruine, 1988; Lafrance et al., 1981). In perfusion studies,

Nishizawa et al. (1987) found that cerebral regions that showed small

decreases in the uptake of 15-oxygen labelled C0„ with PET could also

be identified by SPECT with 123-I-IMP, although not with 99m-Tc-HMPA0.

Deisenhammer et al. (1987) reported that in cases of reversible

ischaemia, lesions tended to become less clear in images made late

after the injection of 123-I-IMP, in comparison with early scan's,

whereas lesions depicted by 99m-Tc-HMPA0 remained sharply delineated

in late images. In series of SPECT examinations within three months

following a stroke, a temporary accumulation of 99m-Tc-HMPA0 in

lesioned sites was noted, whereas the uptake of 123-I-IMP was always

decreased (Moretti et al., 1987). This so-called "luxury perfusion"

has been reported in more studies with 99m-Tc-HMPA0, while it appears

not to be normally present with 123-I-IMP (Maurer, 1988). Finally, it

has been reported that lesions in the brains of patients showing

dementia of the Alzheimer type could be detected more often with

123-I-IMP than with 99m-Tc-HMPAO, whereas this was not the case in

multi-infarct dementia (Gemmel et al., 1988).

Knowledge about uptake mechanisms of these RPHA might help to

explain such differences, and would thus provide additional insights

into what SPECT images may reveal about pathophysiological processes

in the diseased brain. For this purpose, brain tissue cultured in a

chemically defined nutrient medium seemed to be an attractive

preparation for comparing the behaviour of these RPHA: intact neurons

are present, embedded in glia, and without either blood-brain barrier
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or bloodflow. Direct access to tissues in culture offers a relative

easy way for experimentally manipulating neuronal firing or metabolic

activity, and for applying distinct receptor antagonists. In contrast

to acute slices, cultured explants are in a stable morphological and

metabolic condition, and do not have the inevitably damaged surfaces

resulting from slice preparation (Reid et al., 1988). For these

reasons, experiments were undertaken in which cellular uptake and

uptake antagonism of radionuclides, both with and without a carrier,

were studied in an in vitro system surving as a model for the tissue

compartment "laying beyond" the blood-brain barrier.
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CHAPTER 1

A procedure for culturing rat neocortex explants in a serum-free
nutrient medium
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Key words: Rat: Neocortex explanl: Tissue culture: Serum-free medium

A procedure is described for long-term culturing of ral ncocorlex cxpianls in a serum-free growth medium. Slices spanning the
enure conical depth from pial to ventricular side are prepared from 6-day-old rat pups. After prcincuhation in Hanks' balanced salt
solution with extra glucose, the explanls are placed on polyamide gau/e carriers in plastic culture dishes containing serum-free
medium. The dishes are continuously rocked during the culture" period. After 3 weeks in vil-o the explants consist of a
three-dimensional network of neural tissue with a mean thickness above the gau/c of ca. UK) urn which corn -po ds with about 8 cell
lavers. Central necrosis is either fully absent (in onc-thtrd of the explants) or restricted to a minimal stnp or patch located close to the
gauze, l-'rum pial to ventricular side. 5 layers can be distinguished which, with respect to cell size and cell density, reflect a histiolypic
architecture. The dense neuropil shows abundant axo-dendntic synapses (both on shafts and spines), myelinaled fibers, and
spontaneous bioelectric activity.

Introduction

Long-term culturing of intact rodent neocortex
explants. to date only reported for serum contain-
ing growth medium, is accompanied by (often
considerable) necrosis of the center of the explain.*,
(e.g. Bornstein. 1964: Crain. 1972). The main cau.se
of this central necrosis probably is insufficient
diffusion of oxygen and glucose into and lactate
out of the central regions of the explants. This can
be concluded from results obtained from experi-
mentally induced hypoxia and hypoglycaemia
(Kogura et al.. 1985) and pO : measurements taken
in the living brain (Metzger et al.. 1980) and in
acute cortical (Fujui et a).. 1982) and hippocampal
slices (Bingmann and Kolde. I9K2: Lipinski and
Bingman. 1986).

The purpose of the present study was to find
culture conditions that would (i) prevent central

necrosis and (ii) permit a histiotypic architecture
to develop in rat neo.'orlex explants grown in a
serum-free nutrient medium. The use of a chem-
ically defined medium circumvents serum-induced
variability and prevents the occurrence of various
undesirable side-effects {Romijn ct a).. 1984).
Neocortical slices were taken from 6-day-old rat
pups because the migratory process of neurons
from the ventricular zone to the pial surface is
virtually completed by day 5 (Berry and Rogers.
1965). while the period of major synaptogenesis
occurs after day 6 (Blue and Parnavelas. I9K3:
Miller. 1986).

Material and Methods

Several variables which were expected to im-
prove the results of the culture procedure were
sequentially studied by light microscopic analysis
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of the resulting cultures. The experiments and the
variables tested will not be dealt with in detail
here but a commentary on them is given at the
end of this paper.

In most cases. 20 culture dishes (2 explants/
dish) were used for a given experiment. Explants
were grown in a serum-free nutrient medium (ini-
tially in R-12: Romijn et al., 1984; later on in a
slightly modified version of this medium denoted
R-16: Table I). At varying times in the course of a
4-week culture period, groups of 3-5 culture dishes
per experimental condition were fixed in 5%
glutaraldehyde, postfixed in \% OsO4, dehydrated
in a graded ethanol series, and embedded in Epon.
Semi-thin sections (1 /im) were cut through the
center of the explants either (i) perpendicular to
the bottom of the culture dish from pial to
ventricular side which gave the most information
about the extent of central necrosis, or (ii) parallel
to the bottom of the dish in order to optimally
reveal the cytoarchitecture. In each of the per-
pendicular sections, the condition of the tissue
was qualitatively evaluated and the thickness of
the explant and of the necrotic center was mea-
sured. At the end of this study, some cultures
grown according to the finally achieved culture
protoci.! were examined electron microscopically
and electrophysiologically.

Definitive culture protocol
(1) Six-day-oid lat pups (Wistar strain, albino)

are used. After decapitation with a pair of scissors,
the head is immersed in 70% ethanol for about 10
s (2 different baths) and dried with a sterile gauze.

(2) Under sterile conditions, the whole brain is
removed and placed on a rubber plate in a drop of
Hanks' balanced salt solution (BSS) supplemented
with extra glucose to a final concentration of 6.S
mg/ml.

(3) With the brain fixed to the rubber plate
with a pair of forceps. 4 defatted razor blades,
interspaced at 360 /xm in a metal holder, are
quickly pushed down through the occipital part of
the brain just anterior to the confluens sinus, thus
slicing through both hemispheres, the hippocampi
and the mesencephalon. The 3 resulting brain
slices, having a thickness between 300 and 360
fim. are transferred to a 90 mm plastic Petri dish

Fig. 1. Photograph of a 32 mm culture dish containing a
polyamide gauze combination bearing two neocortex explants

after fixation with OsO„.

containing a few drops of glucose supplemented
Hanks' BSS (vide supra) in the center.

(4) Each of the 6 neocortex regions that line the
dorsal aspect of the lateral ventricles is carefully
cut loose and divided into 3-5 part*. These ex-
plants. spanning the entire cortical depth from the
pial to the ventricular side, measure about 1-1.5
mm both in width and in height.

(5) All explants are then transferred to a 32 mm
plastic culture dish filled with +2.5 ml glucose
supplemented Hanks' BSS and preincubated at
room temperature for 1 h.

(6) After preincubation, the explants are placed
two by two on top of dry-sterilized (145° C, 1.5 h)
polyamide gauzes * (Fig. 1) in 32 mm culture

1 Polyamide gauze carriers (Monodur R; Verseiddag-ln-
dustrietextilien. Speefeld 7, D-4152 Kempen 1 (Si. Hubert.
W. Germany) are prepared as follows. With the aid of a
soldering iron, a piece of fine-meshed gauze (mesh opening
56 urn, thread diam 45 /im. open area 31%) with a diameter
of about 5 x 8 mm is fixed at the comers on a larger piece of
rough-meshed gauze (mesh opening 2000 /im. thread diam
630 ftm, open area 58%) with a diameter of 8 x 3 0 mm.
Coaling of the gauzes with collagen or poly-D-lysine is not
necessary for adherence of the explants.
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TABLE I

COMPOSITION OF THE SERUM-FREE. CHEMICALLY DEFINED NUTRSENT MEDIUM R-16

Medium R-16 differs from medium R-12 (Romijn et a!., 1984) by the omission of L-glutamate and L-aspartate. ihc addition of
D-( + )-mannose and MnCI2 • 4H2O, and a lower concentration of sodium pyruvaie and sodium phenol red. Mainly because of the
relatively short half-life of some constituents and/or their instability in the compete mixture, these constituents are kept in special
stock soli'tions at 4°C or minus 16°C and regularly renewed. A derailed description of the preparation of stock solutions and
medium, and maximum storage times is available on request.

Ingredients

Albumin • ca.
Glucose
D-( + (-Galactose
D-< + >-,Mannose
Sodium pyruvate •

L-Alanine
l.-Arginine-HCl
L-Asparagine - H 2O
L-Cysteine-HCI *
t-Cystine-Na2

L-GIutamine *
L-Glycine
l.-Histidine-HCl • H2O
L-Isoleucine
L-Leucine
L-Lysine-HCl
L-Methionine
i-Phenylalanine
l.-Proline
L-Serine
i.-Threonine
L-Tryptophan
L-Tyrosine
L-Valine
Choline chloride
Ethanolamine •
Glutathione (red) *
Putrescine
Transferrin *
L-Carnithine

CaCI2-2H2O
CuSO4-5H2O •
Fe(NOj),-9H2O
FeSO4 • 7H2O
KC1
MgSO4 7H2O
NaCI
NaHCOj
NaH2PO4-2H2O
Na2HPO4

MnCI2-4H2O *
ZnSO4-7H2O
N a 2 S e 0 , 5 H 2 O •

mg/liter

2600.0
3443.0

15.0
10.0
50.0

2.01
104.12

3.38
7.09

38.33
25.0
21.94
33.07
71.63
73.70

106.90
21.25
45.67

7.78
30.72
66.94
11.26
49.82
65.82
6.07
1.0
1.0

16.11
10.0
2.0

188.74
0.0025
0.068
0.19

320.34
168.27

6030.0
2762.1

95.38
31.95
0.001
0.20
0.0079

M

40.0 XI0~*
19.1 X10"3

8.3 XlO"5

5.6 X1O~5

45.0 XHTS

0.23 XHT 4

4.94 x l 0 ~ 4

0.23 X10"4

0.45 xlO" 4

1.34 xlO" 4

1.71 xlO"4

2.92 xlO" 4

vys xio-4

5.46 xlO"4

5.62 x l0~ 4

5.85 XlO-4

1.42 xlO"4

2.76 xlO"4

0.68 x lO' 4

2.92 xlO"4

5.62 x l O - 4

0.55 xlO"4

2.75 x lO" 4

5.62 xlO"4

43.5 x l O '
16.4 X10-*
3.25 XlO-6

0.18 xlO" 3

0.13 X10"'
12.4 xlO"6

1.28 XIO"3

0.01 X10- '
0.17 xlO" 6

0.68 x lO-*
4.29 xlO" 3

0.68 xlO"3

103.0 x l O - '
32.9 xlO"3

0.61 X10"3

0.23 xlO"3

0.005 x 10"*
0.7 x lO"'
0.03 X1O~*

Ingredients

Biotin (vit H) *
D-calcium pantothenate
Folic acid
i-lnositol
Nicotinamide
Hypoxanthine
Thymidine
Relinol (vit A) *
Retinyl acetate *
Thiamin-HCl (vit B,) •
Riboflavine(vil B,)
Pyridoxal-HCI(vitBt)
Vitamin B12 "
Ascorbic acid (vit C) •
DL-a-Tocophcrol (vit E) •
DL-a-Tocopheryl acetate *
Linoleic acid *
Linolenic acid *
Thioctic acid •

Progesterone *
Triiodothyronine (T3) •
Conicosterone *
Insulin *

Sodium phenol red

mg/liler

0.1
2.75
3.0
8.78
2.71
0.92
0.162
0.1
0.1
2.77
0.28
2.72
0.31

100.0
1.0
1.0
1.0
1.0
0.045

0.0063
0.002
0.02
2.0

5.0

M

0.41
5.77
6.79

48.7
22.2
6.75
0.67
0.35
0.30
8.21
0.74

13.4
0.23

580.0
2.32
2.12
3.56
3.59
0.22

0.02
0.003
0.058
0.33

X10"
X10"
X10"
xlO"
xlO'
X10"
xlO"
xlO"
xlO"
xlO"
XlO"
xlO"'
xlO"'
xlO"'
xlO"*
X1O"*
xlO"*
XlO"*
xlO"*

xlO"6

xlO"*
xlO"'
X l O *

* From stock solutions
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dishes (Nunc. TC quality) filled with 1.2 ml
>erum-free nutrient medium (R-16: Table I).

(7) Dishes are placed in an incubator (5% CO2

in air. 100? humidified. 35-36°C) for about 4 ri
in order to have the explants adhere to the poly-
amide gauzes.

(X) Dishes are transferred to special plates
slowly rocking back and forth at one cycle every
3.5 min. to a maximal tilt of 15° (designed and
constructed by OUT own work-shop).

(9) The growth medium is replaced 3 times a
week with exactly 1.2 ml fresh medium previously
brought to room temperature.

Results

At the beginning of this study the explams were

cultured in the conventional way, i.e. no prein-
cubation in glucose enriched Hanks' BSS. over-
night adherence to the bottom of collagen or
poly-D-lysine-coated culture dishes in a minimal
amount of medium, and no rocking during the
culture period. Light microscopic analysis of these
explants invariably showed the presence of central
necrosis. This necrosis started during the second
week in vitro and dramatically expanded up- and
sidewards during the third week. By day 21, the
thickness of these explants. as measured over the
middle zone, was ca. 260 ftm while most of the
tissue was destroyed by central necrosis leaving at
best a thin rim over the top-side and some isolated
cell clusters in a non-necrotic state (Fig. 2A). In
contrast, explants cultured according to the new
culture protocol for 21 days were substantially
flattened to a mean thickness above the gauze of
101+4 fim (x± S.E.M.. n = 18), which corre-

• -•tv •'-

" * » • • • •

- 2 2 -



• • • - "*

lig. 3. Light micrograph of a Toluidine blue-.stained 1-jtm-thick section (parallel to the bottom of the culture dish) through a
neocortCK explant after 28 D1V. The' histiolypic architecture of the explant is reflected by five layers with respect to cell size ztml cel)

den.siiy (see lexi). P. pial side; bar = 0.1 mm.

sponded with about 8 cell layers. Central necrosis
was either entirely absent (in one-third of these
explants) or restricted to a minimal strip or patch
close to the gauze usually at about one-third of the
distance from the pial side (Fig. 2B). The explants
firmly adhered to the gauze carriers through the
ingrowth of neural tissue into the mesh holes.
Occasionally some neurona) cell bodies had
migrated through these holes, particularly at about
one-third of the distance from the pial side, to
form an ectopic neural mass beneath the gauze.
Flattening of the explants was not only due to
lateral dispersal of the cells but also to some
flattening of the cells themselves.

The cytoarchitecture, as studied in sections
parallel to the bottom of the culture dish, showed
the following histiotypic characteristics at 28 days
in vitro (DIV). The pial and ventricular side of the

fan-shaped slabs could always be easily dis-
tinguished. The pial side was characterized by a
sharply demarcated convex border, whereas the
ventricular side had a shorter and more irregular
outline. From pial to ventricular side, 5 layers
could be distinguished (Fig. 3): (a) a cell-poor,
dense fiber layer (corresponding to layer 1 in
vivo), (b) a closely packed cell layer (correspond-
ing to layers 11, III and IV in vivo), (c) a cell-poor
layer containing large neurons (corresponding to
layer V in vivo), (d) a layer of neurons of variable
size (corresponding to layer VI in vivo), and (e) a
dense fiber layer containing a large amount of
glial cells (corresponding to subcortical white
matter) incidentally bordered by ependymal tis-
sue. There was a conspicuous occurrence of degen-
erating neurons sparsely scattered throughout all
cell layers of the explant, but consistently more
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F,g. 4. Electron rnicrogwph of a tissue sample taken from an explant after 2S I3IV. The p.cture shows a dense neump.l and some
axo-dendritie synapses. Bar = 1 ̂ m.
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prominent in the region corresponding to layer V
and the lopside of layer VI. Because these neurons
were always located amidst healthy neuropil. their
degeneration was not related to central necrosis.

Klectron microscopy of explants at 21 and 28
DIV showed a densely packed neural network
with abundant axo-dendritic synapses (both on
shafts and spines) (Fig. 4). Myelinated nerve fibers
were encountered in all areas of the explants.

With the aid of a saline-filled glass micropipet
(tip diameter 3-8 fim). spontaneous bioelectric
activity (consisting primarily of slow waves with
occasional individual spike trains or bursts of
action potentials) could be recorded from day 5
onwards (Dr. R.E. Baker).

Biochemical aspects of the serum-free medium
In order to determine whether the amount of

glucose and the various amino acids were suffi-
cient to span the 2.5-day-period between medium
replacements, biochemical analyses were carried
out on medium in which 20-day-old cultures (2
slabs per gauze) had been grown for a 2.5-day-
period (courtesy Dr. A.J. Meyer). Additionally,
the consumption of pyruvate and the formation of
lactate was assessed. The respective analyses
showed that only 20% of the glucose in the medium
had been consumed, 85-90% of which was con-
verted into lactate (vs +15% in vivo; Lajtha et al..
1981). A high lactate production has also been
reported by Pauwels et al. (1985) studying dissoci-
ated rat cerebellum cultures. The cause of this
"Pasteur effect" is unknown. Amino acid de-
terminations (with the aid of an LKB amino acid
analyzer) showed that, with the exception of
asparagine, the initial medium concentrations of
all other amino acids was sufficient to span the
2.5-day period between two replacements of the
medium.

Commentary on the culture procedure

Our conventionally grown cerebral cortex ex-
plants were found to flatten to a mean thickness
of about 260 jim while, invariably, most of the
inner part had been completely destroyed by
central necrosis at day 21. In view of the litera-

ture, the thickness of an in vitro explant should
not much exceed 80 /im in order to have an
optimal diffusion of metabolites to and from the
explants (50-77 |im being the average inter-
capillary distance for mature rat cortex (Metzger
et al., 1980). However, the minimal thickness of
viable newborn brain slices that can be obtained
by current techniques lies between 300 and 360
pm. The first purpose of this study therefore was
to find experimental conditions that would (i)
sufficiently reduce the thickness of the explants
during the first week of the culturing period, and
(ii) enhance diffusion of metabolites both via the
top- and bottom-side of the explants during the
weeks thereafter. Such conditions were achieved
by combining (a) polyamide gauze as a carrier for
the explants, (b) the use of a defined volume of
serum-free medium per culture dish, and (c) rock-
ing of the cultures at a defined tilt angle and
speed. It was crucial to keep the amount of nutri-
ent medium at 1.2 ml per dish during the whole
culture period. This actually caused the explanls
to be covered only by a thin film of nutrient
medium. Increasing the amount of medium to e.g.
1.5 ml per dish resulted in less flattening and more
central necrosis during the third week while less
medium led to cell death at the top-side of the
explants. If gauzes with larger mesh openings were
used, the explants grew through the holes which
occasionally resulted in one half of the explant
present above and the other half below the gauze
by 21 DIV.

The second purpose of this study was to achieve
a reasonable histiotypic architecture within the
explants. To that end we investigated (at a certain
experimental stage) the cyloarchitectural changes
that occurred during the firs' days in vitro in
explants started in the conventional way (i.e. no
preincubation, overnight adherence to the bottom
of collagen or poly-D-lysine-coated culture dishes
in a minimal amount of medium) but continu-
ously rocked thereafter. This revealed a severe
degeneration of neurons and neuropil, especially
in the explants at 2 DIV. During subsequent days,
however, these degenerative phenomena disap-
peared giving the tissue a more or less healthy
appearance again on day seven. It turned out from
a series of experiments that this initial cell loss
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could be reduced by (i) preincubating the freshly
dissected explains in Hanks" BSS supplemented
with extra glucose (final cone. 6.5 mg/ml) for 1 h
at room temperature followed by (ii) an adherence
period in ample nutrient medium. Together these
steps almost completely prevented the initial cell
loss and therefore contributed to a better hislio-
typic achitecture of the explains later on. Worth
mentioning still is that culluring the explants in
2i)r< horse serum-supplemented medium during
the first day(s) did not prevent the start-induced
degeneration but triggered a massive migration of
neurons and glial cells which partly left the ex-
plant.s on all sides causing considerable flattening
of the explants. This phenomenon, already previ-
ously described by e.g. Baker et al. (1984) and
Gahwiler (1981. 1984). seriously distorted the
original histiotypic architecture of our explants.

The fact that our explants retained a certain
thickness throughout the entire cuhuring period of
ca. 100 |im. which corresponds with about 8 cell
layers, is expected to permit a better histiotypic
architecture to develop - given the columnar
organization of the neocortex — than would have
been possible if the explants had flattened to
monolayers in the presence of serum.

The question whether the roller-'ube technique
as used by Gahwiler (1981, 1984) would yield
comparable results if combined with our serum-
free medium and polyamide gauzes as explant
carriers, cannot be answered here through lack of
relevant experimental data. At least there would
be some problems with respect lo optimal ad-
herence and flattening of the explants on the
gauzes. Apart from this, explants in culture dishes
are directly accessible to electrodes for electro-
physiological examination.

In conclusion, the present procedure for cultur-
ing rat neocortex explains in a serum-free nutrient
medium has the following advantages. Serum-
induced variability of experimental results as well
as undesirable side-effects (Romijn et a).. 1984)
are absent. Particularly, excessive cell migration in
the explants is prevented so thai the explants do
not flatten to monolayers bul develop a three-di-
mensional histiotypic architecture that mimics in
many respects the in vivo lamination of the
neocortex.
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CHAPTER 2

CYTOARCHITECTURE IN CULTURED
RAT NEOCORTEX EXPLANTS

B. M. DE JONG, J. M. RUIJTER and H. J. ROMUN

Netherlands Institute for Brain Research. Meibergdreef 33, 1105 AZ Amsterdam ZO, The Netherlands

(Received 7 December 1987; in revised form 20 February 1988; accepted 23 February 1988)

Abstract—Neocortex explants obtained from 6-day-old rat pups and cultured in a serum-free medium
from 5 hr to 13 days in vitro (OIV) show preservation of cyloarchitectural characteristics. Major changes
in ihc size of the explants and their layers occur during the first 2 DIV. A radial arrangement of neurons
within layer 2-3-4, which becomes apparent between 2 and 10 DIV, suggests an advance in maturation in
culture. In contrast to the situation in vivo, a distinct layer 4 cannot be consistently identified. During
Ihc first 2 DIV. a transposition of cells into the pial direction can be seen. Individual degenerated cells
are spotted especially in layer S. The presence of these cells amidst healthy neurons suggests that their
death has a functional cause. Neurons at the ventricular border of layer 6 become relatively large in
comparison with other neurons. Within the cultured tissue there is a marked increase in GFA reactivity
compared to the situation in vivo. The described results clearly indicate that in these cultured explanls.
both similarities and differences are of interest for studies on the formation of neuronal circuitry within
the cerebral cortex.

Key words: Rat ncocortcx cultures. Histiolypical architecture. Light microscopy. Development.
Functional cell death.

Although some studies concerning the anatomical organization in cultured mouse neocortex
explants have been published,"13 there are no publications of studies on the organization in rat
neocortex explants. Due to a recently developed method for culturing rat neocortex explants,12

tissue with preserved spatial relationships has become available in which morphological charac-
teristics can be studied without the presence of massive, centrally localized degeneration. This
was achieved by: (i) preincubation of the explants in a glucose supplemented buffered salt
solution, (ii) placing the explants on a polyamide carrier grid in Petri dishes filled with an optimal
amount of medium, and (iii) continuous rocking of the Petri dishes.
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In the present study, the cytoarchitecture of the cultured rat cortical explants will be described
and compared to the developing neocortex in vivo. Cytoarchitecture can be defined as the
arrangement of cells within the surrounding neuropi), leading in vivo to distinct layers and
columns. * Pilot studies indicated that the major changes in shape and size of the cultured pieces of
tissue occur during the first days after explantation. In this period, a cell-dense area becomes
prominent at the pial side of the explant and, occasionally, mitotic figures can be found through-
out the whole culture. Attention will therefore be paid to the following three points: (i) The
possibility of discriminating distinct layers during the first 2 weeks in vitro in comparison with the
lamination in vivo during a corresponding period, (ii) Incorporation of ['HJthymidine to identify
cells that are formed between the first day and the end of the second day in vitro (DIV).
(iii) Identification of glial cells by Glial Fibrillary Acidic Protein (GFA)-immunocytochemistry,
both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Explants were obtained from 6-day-oId Wistar rats. From three coronal brain sections with a
thickness of about 350 p-m, made with a slicer with four parallel razor blades, 24 explants were cut
from the visual cortices of each rat." The explants were grown two by two on polyamide carrier
grids in a serum-free nutrient medium (R16). This procedure has been described in detail by
Romijn et al. '2 Cultured explants were fixed in 5% glutaraldehyde in sodium cacodylate buffer
(3OO mOsm; pH 7.4) for 1.5 hr, and postfixed in 1% OsO4 in the same buffer (1.5 hr). There-
upon the explants were dehydrated in a graded ethanol series and embedded in Epon. In
addition, coronal brain sections were made from 6-, 8- and 16-day-old pups with the same slicer,
and fixed immediately.

A total number of 30 explants was used for a time-series of: (i) 5 hr in vitro (0 DIV 5 hr, n = 4),
(ii) 1 DIV at 08.00 hr (a.m.; n = 4) and at 16.00 hr (p.m.; n = 4), (iii) 2 DIV a.m. (n = 4) and p.m.
(n = 4), (iv) 10 DIV (n = 10). These explants were studied in ca 1 u.m thick horizontal sections, cut
parallel to the carrier grid. For obtaining sections perpendicular to the carrier grid, an additional
number of 26 cultured explants was fixed at 0 DIV 5 hr (n = 6), 1 DIV p.m. (n = 4), 2 DIV p.m.
(n = 6), and 13 DIV (n = 10). In order to study the incorporation of [3H]thymidine, eight explants
were placed in medium containing 3 u,Ci/ml [3H]thymidine (Amersham; sp. act. 20 Ci/mmol) at
the end of 1 DIV. At 2 DIV p.m. they were rinsed in control medium, after which four explants
were fixed, whereas the remaining explants were grown further until fixation at 7 DIV. The sec-
tions were cut parallel to the carrier grid and mounted on chrome-alum gelatine-coated slides.

The obtained 1 u.m thick Epon sections were treated in different ways: (i) staining with
toluidine blue, (ii) processing for postembedding anti-GFA immunocytochemistry (first antibody
rabbit-anti-GFA diluted 1:1000) according to an etching and labelling protocol that has been
described previously,6 and (iii) autoradiography with respect to the tritiated tissue: 1.5 u.m thick
sections were exposed to a photographic emulsion (Ilford K2) for 17 days after employing a dip-
coating technique." Adjacent sections were treated as described under (i) and (ii).

For the measurements that were performed on the sections, an eye-piece micrometer was used.
The differences in thickness of the layers at different time stages were statistically tested with the
Kruskal-Wallis one-way analysis of variance and subsequent multiple comparison of groups.4

The Mann-Whitney {/-test was used for the statistical testing of differences between the layers in
vitro and in vivo at a similar time stage.

RESULTS

Macroscopically, the explants are characterized throughout the culture period by a regularly
shaped convex pial side being opposed to a narrow, and less regular ventricular side. The cyto-
architecture of the explants can best be observed in horizontal sections stained with toluidine
blue. When explants up to 10 DIV are compared with the cortex of 6-day-old rat pup, it is
possible to distinguish five zones at all stages (Figs 1-5). In order to maintain a corresponding
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nomenclature with the layering in vivo, the five zones in vitro were denoted as layer 1, layer 2-3-4,
layer S, layer 6 and ventricular region. In perpendicular sections, one can see that the explants
have alreidy become thinner at 0 D1V 5 hr, reaching a mean thickness above the carrier grid of
135 p.m at 2 DIV and 113jj.mat 13 DIV (Table 1). The neuronal cell bodies flatten, as is obvious
when horizontal and perpendicular sections are compared: in horizontal sections the nuclei are
round, whereas in perpendicular sections their shape is more or less oval.

Characteristics of the layers
Layer 1 is a cell-poor region, constituted by fibres of which the tangential course is responsible

for the regular pial outline of the explant. Although its thickness within an explant varies between
0 DIV 5 hr and 2 DIV, at 10 and 13 DIV an evenly thick layer 1 surrounds the pial side of layer 2-
3-4, which is continuous with a 10-20 u,m thick cover of fibres over the topside of the cultured
explants (Figs 8 and 11).

Layer 2-3-4 is a zone in which a consistent subdivision is difficult to be made. At 2 DIV,
however, a dense layer of small neurons often demarcates the pial side of this zone. This layer '2'
appears to be the result of a transposition of cells into layer 1, which occurs before the end of
2 DIV (Fig. 6). This transposition is most obvious in the upper half of the explant. The margin
between layers 2-3-4 and 1 is rather irregular between 1 and 2 DIV a.m., but it becomes regular at
the end of 2 DIV. In 60% of the perpendicularly sectioned explants, cells from the topside of the
cultured explant are transposed to the pial side of the explant during the first 2 DIV. The border
between layers 1 and 2-3-4 seems, therefore, to bend in the pial direction (Fig. 7). Sometimes a
cluster of cells bulges from this bended border into layer 1. In the remaining 40% of the explants
the demarcation between layers 1 and 2-3-4 stays either perpendicular to the carrier grid, or
seems to bend into the ventricular direction. Also in these cases, clusters of cells from layer 2-3-4
may occasionally bulge into layer 1. At 10 and 13 DIV the pial border of layer 2-3-4 is regularly
shaped in horizontal and perpendicular (Fig. 8) sections. At 10 DIV, a radial arrangement of

neurons is present in layer 2-3-4, together with an increase of the neuropil (Fig. 9). Layer '2',
although prominent at 2 DIV, becomes thinner and sometimes difficult to distinguish in older
cultures. In contrast with the intact animal, it is not possible to demarcate a distinct layer 4 at
10 DIV.

Layer 5 is characterized by large pyramidal neurons, pointing with their apical dendrite
towards the pial side of the explant. The cells are more widely spaced than the neurons in the
adjacent layers. At 10 DIV, layer 5 can be distinguished in 80% of the explants. Although the
apical dendrites of these neurons are less easy to identify at this time, their relatively large size is
still a recognizable feature. At 10 DIV, individual degenerated cells can be spotted amidst
apparently healthy neurons, especially in layer 5 (Figs 10 and 11). These degenerated cells are ob-
served as homogeneous clumps of lightly or unstained material, in which crumbled remnants of
nuclei are often present. Incidentally, a very small, evenly blue-stained, intact nucleus can be
seen within such an unstained profile.

The neurons in layer 6 vary in size and shape. Apical dendrites point to the pial as well as to the
ventricular side of the explant. The neurons at the ventricular border of this layer are notably
larger in comparison with the surrounding neurons at 10 DIV (Fig. 12). The neurons within the
corresponding layer 6B of the 16-day-old rat pup are intermediate in size as compared to neurons
in the other layers (Fig. 13).

The demarcation between layer 6 and the ventricular region is unchanged at the different
stages in culture (^ig. 14). In the ventricular region, the fibres have a rather irregular pattern,
mainly intermingled with glial cells which become more prominent after 1 DIV. Incidentally, an
explant is bordered at this side by a seried rim of ependymal cells with centrifugally directed ciliae
(Fig. 15). At 13 DIV the thickness of the explant from layers 1 to 6 is about 110 u.m above the
carrier grid. The ventricular region, however, flattens to a thickness of about 15 |xm.

Measurements of the layers

In the horizontal sections from the middle of the explants and in the sections from 6-, 8- and 16-
day-old pup cortices, the thickness of the described layers was measured over the pial-ventricular
axis (Fig. 16). In case of an irregularly delineated transition between layers 1 and 2-3-4, an
average value was determined. From the studied material, one explant (I DIV p.m.) was lost
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during the dehydration procedure. Two out of 10 explants at 10 DIV were excluded from the
measurements, because layer S could not be clearly distinguished. The width of the explants was
measured at the border of layer 1 with layer 2-3-4 and at the border of layer 6 with the ventricular
region (Table I). The statistical testing of the differences in the sizes of the layers is shown in
Table 2. These results show that the thickness of layer 2-3-4 does not significantly increase after 2
DIV. In vivo, the increase in thickness of layer 2-3-4 between 6- and 8-day-old pups is similar to
its increase in thickness between 8- and 16-day-old pups. The thickness of layer 5 does not change
significantly with age, neither in the cultured explants nor in the cortex in vivo. The pial side of
the explants widens markedly, in contrast to the ventricular side, which even tends to narrow
after 2 DIV (Table 1).

1 .•*
:mm

Figs 1-3.

Figs 1-5. Cytoarchitectural layering in (he 6-day-old ral pup (Fig. I) and in cultured explants, cul parallel
to the carrier grid, at 0 DIV 5 hr (Fig. 2). 1 DIV a.m. (Fig. 3), 2 DIV p.m. (Fig. 4) and 10 DIV (Fig. 5).
Boundaries between the layers 1.2-3-4,5.6 and ihe ventricular zone are indicated in Figs I and 5. These

demarcations are based on the characteristics of the layers given in the text. Bar = HX) pm.
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10
Fig. 6. Transposition of cells into layer I at I D IV a.m.; the

presented section is cut parallel to the carrier grid.
Bar= 100 nm.

Fig. 7. Perpendicular section al 1 DIV p.m., showing that
especially cells from the topside of the explant are trans-

posed in the pial direction (p). Bar = 50 u,m.

Fig. 8. Demarcation between layers 1 and 2-3-4 at 13 DIV
(perpendicular section). Layer 1 is continuous with a cover
of fibres on top of the explant, indicated by the asterisk

(see also Fig. I I ) . Bar-SO |im.

Fig. 9. Radially arranged neurons in layer 2-3-4 at 10 DIV,
observed in a section cut parallel to the carrier grid.

Bar = 50 fun.

Figs 10 and 11. Individual degenerated cell bodies (arrows)
are visible amidst healthy neurons in explants at 10 and 13
DIV, sectioned parallel (Fig. 10) and perpendicular
(Fig. I I ) to the carrier grid. Comparison of these sections
reveals the flattening of the cell bodies. The asterisk in Fig.
11 indicated the fibre cover over the topside of the cultured

explant. Bar = SO urn
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Fig. 12. Large neurons demarcate the border between layer 6 and the ventricular zone (v) at 10 DIV
Bar = SO u.m.

Fig. 13. Layer 6B in the intact 16-day-old rat pup, wm = while matter. Bar == SO |im.

Fig. 14. The border between layer 6 and the flattened ventricular region (v), seen in a perpendicular
section at 13 DIV. Bar = 50 |un.

Fig. IS. Ependymal cells with their characferistic ciliae in an explant sectioned perpendicular to the
carrier grid (13 DIV) . Bar = 10 u,m.
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Table 1. Width and thickness of the explants. measured in sections from the middle of the explants cut parallel or perpendicular to the
carrier grade (mean ± S.EM.)

TT. !:___•• J . I ,..., ! . _ . . _ . • measured value .. , „

Culturing
period

0DIV5hr
1 DIV a.m.
1 DIV p.m.
2 DIV a.m.
2 DIV p.m.

10 DIV
13 DIV

n

5
4
3
4
4
8

a

Pial width

Size
(u.m)

1288 ±68
1594 ±167
1725 ±177
1638 ±66
1694 ± 3 0 "
1766 + 65 ' "

P<0.01

Normalized
value

137 ±5
156 ±18.5
132 ±12
127 ±6
139 ±9
143 ±3.5

n.s.

measured value of 2-6

Ventricular width

Size
(\x.m)

819±19
988 ±102

1000 ±76
950 ±68
912±65
763 ±51

n.s.

Normalized
value

87 ±13
98 ±14.5
77 ±5.8
74 ±5.5
75±9
62 ±4 .2"

P<0.05

uu

Thickness of the explants above the carrier grid (|tm)

n

6

4

6

10

b

Pial
side 02')

125 ±12

115 ±16

U0±7.3

96±6

n.s.

Middle

157 ± 11

I3O± 10

135 ±8.6

113 ±5.4*"

P<0.0l

Ventricular
side (6)

128 ±10

105 ± 4.5

97 ±8.6"

8 2 ± l l " l :

P<0.01

* Kruskal-Wallis test on width: 0 DIV 5 hr, 2 DIV p.m.. 10 DIV.
" Kruskal-Wallis test on thickness: 0 DIV 5 hr. 2 DIV p.m., 13 DIV.
' Significant difference in comparison with 0 DIV 5 hr.
d Significant difference in comparison with 2 DIV p.m.
•P<0.05; " P < 0 . 0 l . n.s. = Not significant.



THICKNESS OF THE LAYERS. MEASURED OVER THE PIAL-VENTRICULAR AXIS ( mean 1 SEM )

0 500 1O0O 1500 um

layer 6

uj 5 2 # m

I Layering in horizontal sections from the middle of the explant
j Separately measured value of 2 through 6 in horizontal sections

Layers 2 through © and layer 1 in perpendicular sections

Fig. 16. Thickness of (he cytoarchitectural layers. Independent measurements of the thickness of the
individual layers were carried out on sections, cut parallel to Ihe carrier grid. In similar sections, the
total thickness of layers 2 to 6 was measured separately. Correspondence between the latter value and
the sum of the individual layers 2 to 6, indicates the consistency in discriminating the individual layers.
The rectangle within layer 2-3-4 indicates the thickness of the dense cellular layer '2'. Additional
measurements were performed in perpendicular sections from explants at 0 DIV S hr. 1 DIV p.m.,

2 DIV p.m. and 13 DIV.

Table 2. Differences in the thickness of the layers at different time stages in vitro and in vivo, as shown in
Fig. 16

Kruskal-Wallis test.' cultured explants
0 DIV Shr. 2 p.m.. 10 DIV

2DIVcf .ODIV
10 DIV cf. 2 DIV
lODIVcf.ODIV

Kruskal-Wallis test: cortex m viva
6-, 8-, 16-day-old pup

8- cf. 6-day-old pup
16-cf. 8-day-old
16-cf. 6-day-old

Mann-Whitney (/-test: cultured explants
vs cortex in vivo

0 DIV S href. 6-day-old
2 DIV p.m. cf. 8-day-old

10 DIV cf. 16-day-old

6

n.s.

n.s.

+ •

+ •
+ *

5

n.s.

n.s.

+ n.s.
+ n.s.
+n.s.

Layer

2-3-4 2-6

• • •
+ • +*

+ n.s. =
+ "• +•

a * • •

+ ** + "
+ •* +•
+ ** + **

+ n.s. +*
+n.s. +"
+ n.s. +*

1

•
+ n.s.

a

-n.s.

•
+n.s.
+ *
+ •

+ 11.S.

+ •
_#

'2'

• •
+ •*
_•
+ '•

n.s.

-n.s.
+ •

'P<0.0$; "P<0.0i. n.s. = Not significant.
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Figs 17-19. Individual cells can be identified in a series of adjacent sections (7 DIV), processed for
('H]lhymidinc autoradiography (Fig. 17). toluidine blue staining (Fig. 18) and anli-GFA immuno-
chemistry (Fig. 19). Adjacent loluidine blue-stained sections provide an opportunity to observe charac-
teristics of the labelled nuclei, thus enabling discrimination between neuronal and glial cell bodies.

B 50

Fig. 20. Abundant anli-GFA labelling throughout an explant at 7 DIV. Bar= 100 tun.

Figs 21 and 22. GFA immunor»activity in the cortex of a 16-day-old pup is mainly restricted to the pial
border (Fig. 21) and :he white matter (Fig. 22). Bar = 100 u.m.
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Autoradiography and GFA-immunocytochemistry
Sections from explains of 2 and 7 DIV which were processed for ['HJthymidine autoradiography,

reveal that the newly formed cells within the layers 1-6 are not arranged in clusters. They do not
influence the aspect of lamination in vitro. Worth mentioning is the row of labelled nuclei over
the ependymal rim, present in one culture of 2 DIV. A comparison of autoradiographically ex-
posed sections, counterstained with toluidine blue, and of adjacent GFA immunostained and
toluidine blue stained sections, indicates that only glial cells are formed during the incubation
period (Figs 17-19); no labelled neurons were found.

In explants from 1 DIV up to 10 DIV, GFA immunoreactivity increases remarkably (Fig. 20).
In 16-day-old rat pups, GFA expression is modest: apart from some sparsely labelled cell bodies
and radial fibres in the cortical layers, GFA expression occurs prominently only around blood
vessels, in the pial demarcation of the tissue (Fig. 21) and in the white matter of the neocortex
(Fig. 22).

DISCUSSION

This paper deals with the cytoarchitecture and its development in rat neocortex explants in
tissue culture. As in the in vivo situation, the neurons maintain an arrangement into dis-
tinguishable layers between an unmistakably pial and ventricular side of the cultured tissue.
Despite the lack of increase in the thickness along the pial-ventricular axis of layers 1-6 beyond
2 DIV, the pronounced radial arrangement of neurons and neuropil in layer 2-3-4 observed in cul-
ture, suggests maturation of the cytoarchitecture similar to that in vivo. In the studied rat pups,
the increase of the cortical thickness between days 6 and 8 is similar to that between days 8 and
16, which is in agreement with the reports of Sugita. '5 This increase in cortical thickness is mainly
due to an increase of layers 1-4.

The layers, as they are defined in the explants, show some characteristic differences with the
situation in vivo. Up to 2 DIV cells are partly transposed over and into the initial layer 1. A newly
formed layer 1 is present at 10 DIV, completely surrounding the pial border of layer 2-3-4. This
layer 1 appears to be continuous with an extensive network of fibres which covers the explant, a
cover without a clear anatomical equivalent in vivo. The marked increase in thickness of layer 2-
3-4 between 0 and 2 DIV, together with the formation of a wide dense cellular layer '2', might be
due to mechanical factors that flatten the tissue. The bulging of cells into layer I, however,
suggests a tendency of the neurons to migrate towards the pial side of the tissue. The formation of
the dense cellular layer '2' is not caused by an increased number of cells due to cell division. This
can be concluded from the pHJthymidine localization at 2 DIV.

Transposition of cells probably accounts for the absence of a distinct layer 4 in vitro. In the
explants of the mouse neocortex, Seil et al. ° described rows of closely packed cells in a location
similar to layer '2', which they called the external granular layer. The idea that neurons from this
youngest part of the cortical plate are triggered to migrate towards the pial side of the tissue,
could be related to reports on neuronal ectopies, induced by the interruption of pia during
development."4

The phenomenon of individual dead cells at 10 DIV, especially in layer 5, differs from the
occurrence of centrally clustered, swollen cells with pyknotic nuclei that were seen in the de-
generated central parts of explants, observed by us before the present culturing protocol was
developed.'2 Since in vivo layer 5 contains pyramidal cells that project outside the cortex, it is
tempting to suggest a relation between such cell death and the inability for these cells io establish
proper synaptic contacts. Such a mechanism is one of the possible causes of neuronal cell
death.510 The increased size of the neuronal cell bodies at the ventricular border of layer 6 might
indicate that especially these neurons can optimally establish contacts since, in vivo, neurons with
horizontally extended dendrites and axons projecting nearby within the cortex are present in the
corresponding layer 6B.716

The abundant GFA-immunoreactivity developing in the explants and the formation of glial
cells, found with the incorporation of ['HJthymidine, indicate an increased spread of glial cells
throughout the neuronal tissue. The distribution of GFA-immunoreactivity in the neocortex of
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the studied rat pups, is in agreement with the results of Bignami and Dahl.2 In normal intact
neocortex, GFA-immunoreactivity is modest compared to the other parts of the brain.2 Increased
GFA expression in vivo may be induced experimentally by stab-wounding.'

In conclusion, the present study demonstrates similarities as well as differences between
neocortex cytoarchitecture in vitro and in vivo. The similarities encourage the use of the cultured
expiants as a 'model' in experimental studies. Further study of the differences may provide insight
into mechanisms which play a role in the formation of neuronal circuitry within the cerebral
cortex.
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CHAPTER 3.

CELL NUMBER, TISSUE THICKNESS, AND PROTEIN CONTENT

AS MEASURES FOR DEVELOPMENT AND VARIABILITY

IN CULTURED NEOCORTEX EXPLANTS.

B.M. DE JONG and J.M. RUIJTER.

Int.J.Developm.Neurosci. (1989) in press.

Summary. The development of neuronal number, explant
thickness and amount of protein was studied in several series of
rat neocortex explants, cultured up to 21 days in vitro (D1V). In
contrast to the dimensions of the explant, which rapidly
stabilized, the amount of protein showed a prolonged increase with
age in vitro. The number of neurons initially tended to decrease
until a constant level was reached from 14 through 21 DIV. These
findings are in good agreement with previously described
cytoarchitectural characteristics. The present data also provided
an opportunity to calculate the variance for various parameters
within and between culture series obtained from different rats.
Especially for the amount of protein, the variance between culture
series appeared to be larger than within culture series. This
difference was present already at the onset of culturing and
persisted during development in vitro. Implications of these
findings for experimental design are discussed.

Key words: cerebral cortex cultures; morphometry; number of
neurons; protein; development; analysis of variance.
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INTRODUCTION

Recently, a procedure for culturing rat neocortex explants

without the generally occurring central necrosis has been
9

developed in our laboratory . This procedure resulted in tissue

in which cytoarchitecture and its development in isolated

neocortex was compared with the neocortex of intact animals . It

was observed that major changes in the shape of the explant

occurred during the first days in vitro, but, after this initial

phase of cellular rearrangement, a distinct layering from the pial

to the ventricular side of the explant had been maintained. The

aspect of cell bodies and neuropil, however, suggested further

maturation of the tissue after the first days in vitro.

Similarity of cytoarchitectural characteristics in vitro and

in vivo encouraged us to use this cultured brain tissue as a

"model" system in experimental studies. Recently, various

experiments have been carried out in which treatment effects were

assayed on the basis of morphological, electrophysiological or

biochemical parameters ' ' ' . This provided an opportunity for

extending earlier observations on morphological development in

cultured explants, and for making a comparison with developmental

changes in the amount of protein in this culture system. Due to

the application of these cultures, material became available in

which variation in the amount of protein, the number of neurons,

and the overall dimensions of the explants could be analysed.

Time-dependency of variation might give insight in possible causes

of such variation. Thereabove, knowledge of the variability

inherent in this tissue culture system will be of value for the

experimental design of other studies employing this system. It is

worthwhile to note that also pharmacological studies might benefit

from the availability of stable cultured explants when an assay

system falling between fractionated tissue and the whole animal is

needed.
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MATERIALS AND METHODS

Cerebral tissue was taken from six-day-old Wistar rat pups.

Twenty-four explants were cut from the occipital cortex of each

rat and grown in pairs on polyamide carrier-grids in a serum-free
q

nutrient medium . In the present paper, a group of cultures

derived from a single rat, is defined as a "culture series". For

morphological examination, cultures were fixed in 5%

glutaraldehyde, postfixed in 1% OsO, solution (with or without

1.5% K^Fe(CN),), and, after dehydration in a graded ethanol

series, embedded in Epon as described previously ' . From the

Epon embedded cultures, 1 um thick sections were cut along the

pia-ventricular axis, perpendicular to the carrier-grid, and

stained with \% toluidine blue in IX borax.

In several series, cultured for different periods in vitro,

the following parameters were determined:

i) the thickness of the neuronal layers 2 through 6, measured over

the pia-ventricular axis, which will further be defined as the

"axis-length 2-6", ii) thickness of the explant, total as well as

the part above the carrier-grid, iii) number of neurons, and

iv) the amount of protein.

Morphological measurements were carried out on perpendicularly

sectioned explants that were cultured for 5 hours and for 1, 2, 7,

14 and 21 days in vitro (DIV). in addition, sections of explants

cut parallel to the carrier-grid were also used for measuring the

axis-length 2-6. These explants were cultured for 5 hours and for

1, 2, and 10 DIV. Axis-length and thickness above the carrier-grid

were measured on sections with an eye-piece micrometer. Total

thickness and the number of neurons per explant were determined by

tissue area measurements and an unfolding procedure on counted

neuronal profiles . The number of neurons was expressed as the

number per reference volume, i.e. the average number of neurons in

a tissue volume of 100 by 100 square um wide and total thickness

high. The amount of protein in single explants immediately after

explantation, and in pairs of explants grown together on

carrier-grids (3, 4, 7, and 14 DIV), was determined according to
o

procedures described by Lowry and co-workers
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All measured parameters were tested for differences between

ages in vitro, with a one-way analysis of variance on the mean of

each culture series, followed by a multiple comparison of groups
12

(Student-Newman-Keuls procedure ). Statistical significance was

accepted at P<0.05. In this analysis, at least two culture series

had to be present for any given age in vitro, whereas each series

was required to contain at least four observations. Explants grown

for 10 DIV were therefore excluded from this analysis because

measurements of axis-length 2-6 were obtained from 8 explants,

devided over 4 culture series. In order to compare the mean amount

of protein in series of cultured pairs of explants with series of

single pieces of starting material, the mean amount of protein in

a series of the latter was doubled, to represent the mean of

series of randomly paired explants.

In order to evaluate the variation between and within

culture series at a given age in vitro, a one-way analysis of

variance was employed on protein and morphological measures. In

addition to this analysis, the correlation ratio was calculated,

i.e. the fraction of the total variation explained by the

variation between series (see formula Table 1)

For comparison of the variation within culture series at

different ages in vitro, the mean coefficient of variation (see

formule Table 1) for each age in vitro was calculated. This

analysis was done on the protein values of freshly taken single

explants and of pairs of cultured explants at 4, 7, and 14 DIV,

whereas analysis of the morphological measures was done at 14 and

21 DIV. At these ages, for each parameter a minimal number of four

culture series, each containing at least four observations, was

available for analysis.

RESULTS

Developmental trends in the measured parameters are plotted

in Figure 1. The axis-length of layers 2 through 6 increased

significantly during the first day after explantation, without

further changes through 21 DIV (Fig.l:A). Both the total thickness

of the explant and its thickness above the carrier-grid decreased
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FIGURE 1. DEVELOPMENTAL MEASURES OF CULTURED RAT NEOCORTEX EXPLANTS

A. Axis-length of the neuronal layers 2-6.
B. Total thickness of the explant (circles) and thickness above the

carrier-grid (solid points).
C. Number of neurons per reference volume.
D. The amount of protein in pairs of explants.
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The parameters A. through D. are represented by the mean (+SD) of the
means of the culture series at a given age in vitro. For the
morphological measures (A,B,C) the first cultures (0 DIV) were fixed
at 5 hours after explantation. The number of such culture series are
indicated in the figure. Each series constituted of at least 4
observations. The parameters were tested for differences between days
in vitro with a one-way analysis of variance on the means of separate
culture series. As the F-ratio in A. and D. was significant (P<0.001),
a multiple comparison of groups was carried out (Student-Newman-Keuls
procedure, ref. 12). The resulting significance matrices are given in
Fig.lA, and Fig.ID. In Fig.lA., explants at 10 DIV were excluded from
this analysis because the series did consist of less than
4 observations. No significant overall effect was present in B. and C.
for 7, 14, and 21 DIV.
ns= not significant; * = P<0.05
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during the first week in vitro, but no significant changes were

found during the following two weeks (Fig.l:B). Nor were any

statistically significant differences found in the number of

neurons per reference volume at 7, 14 and 21 DIV (Fig.l:C).

However, if the mean of the 6 explants in the single culture

series at 2 DIV is taken into account, the number of neurons per

reference volume appeared to decrease until a plateau was reached

by 14 DIV. The amount of protein in pairs of explants increased

significantly between 0 and 14 DIV (Fig.l:D).

Variability among the cultured explants could be analysed at

14 DIV for all parameters that were measured. At this stage of

development, a significant variance component between culture

series (ANOVA) indicated that significant differences between

culture series were present with respect to i) the amount of

protein, ii) the axis-length 2-6, iii) the total thickness of the

explant, and iv) the number of neurons per reference volume

(Table 1; probability F-ratio). Analysis of variance on the

thickness of the explant above the carrier-grid did not result in

a significant F-ratio, at either 14 or 21 DIV. Together with a

coefficient of variation of .126 at 14 DIV, and .102 at 21 DIV,

this indicated an essentially constant thickness of the explant

above the carrier-grid, within as well as between culture series.

The correlation ratio for the amount of protein at 14 DIV was more

than twice as high as for the other three parameters (Table 1),

illustrating a larger contribution of the variation between series

to the total variation. Already at the time of explantation, the

variation in the amount of protein between pieces of tissue

obtained from different rats accounted for almost 80% of the total

variation. The variability within culture series, expressed by the

mean coefficient of variation, was in a similar range for the

amount of protein (Table 1), the axis-length 2-6 (Table 1) and the

thickness above the carrier-grid (see above). Although the total

thickness of the explant varied but little at 21 DIV within a

given series of cultures, the number of neurons per reference

volume showed a large coefficient of variation. For this last

parameter a significant variance component between series was

absent at this age.

-46-



TABLE 1. VARIABILITY BETWEEN AND WITHIN CULTURE SERIES.

MEAN SQUARES
between within
series d.f. series d.f.

b) MEAN c)
F-RATIO CORRELAT. COEFF.

RATIO VARIAT.
within series

PROTEIN :

a)
6d. pup

4 DIV

7 DIV

14 DIV

1505.2

2555.5

518.9

3088.8

AXIS-LENGTH 2-6:

14 DIV

21 DIV

64420.4

25177.9

TOTAL THICKNESS:

14 DIV

21 DIV

NUMBER OF

14 DIV

21 DIV

952.0

445.1

NEURONS:

4781.6

350.2

4

5

4

23

5

6

3

6

3

6

40.9

108.3

169.4

250.7

20258.0

31212.4

193.6

125.8

1207.1

1254.2

35

49

21

199

50

43

26

38

26

38

36.8
P<0.001
23.6

P<0.001
3.1

P<0.05
12.3

P<0.001

3.2
P<0.05
0.8
n.s.

4.9
P<0.01
3.5

P<0.01

4.0
P<0.05
0.3
n.s.

.78

.67

.24

.54

.16

-

.28

.25

.23

-

.187 d)

.109

.112

.112

.099

.114

.098

.071

.148

.157

a)
For starting material protein was determined in single explants, whereas
in cultured tissue, this parameter was determined in pairs of explants,
grown together on a carrier-grid.

b)
Correlation Ratio = [SS b e t w e e n - (n-1) * MSw] / [SS t Q t a l + MSv]

SS, sum of squares; MS , mean squares within series; n, number of series.

c)
Coefficient of Variation = Standard Deviation / Mean

d)
In order to compare the coefficient of variation in the series of single
explants with series of pairs of cultured explants, the mean of a series
of single explants was doubled, and the SD was multiplied by /2, to
represent the mean and the SD of series of randomly paired explants. The
value for the coefficient of variation thus obtained was 0.132.
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DISCUSSION

In this paper we presented quantitative data on the

variability of a histiotypic neocortex culture system that has
9

recently been developed in our laboratory . To our knowledge,

similar quantitative studies are lacking for other culture

systems. The changes in the studied parameters during the time

that the explants were grown in vitro have added insight into the

development of the cultured tissue. The new data acquired from the

culture series at 7, 14 and 21 DIV confirm the previous

observations, that the thickness along the pia-ventricular axis of

layers 2-6 remains essentially constant after two days in vitro

In that study, also the width of the explants v/as observed to

remain without significant changes after this initial period in

vitro. As the thickness of the explant did not change after 7 DIV,

the volume of the cultured explants can therefore be considered to

be virtually constant between 7 and 21 DIV. The decrease in the

number of neurons per reference volume in the first few days after

explantation can be assumed to result from cutting damage at the

edges of the explant. However, a prolonged decrease through 14 DIV

in the number of neurons supports the previously suggested

occurrence of functional cell death . In that study, the increase

of neuropil was described as a major morphological characteristic

of maturation in the cultured explants. The increase through 14

DIV found in the present study for the amount of protein

presumably reflects this aspect of maturation.

The correlation ratio for the amount of protein in explants

taken from the six-day-old pups, showed that explants taken from a

single rat were obtained with less variation than the variation

existing between series of explants, taken from different rats.

This could be caused either by differences in the brain of the rat

pups or by slight variations in cutting the coronal slices from
9

the cerebral hemispheres . Up to 14 DIV, variation between

culture series in the amount of protein continued to contribute a

significant fraction to the total variation among the explants.

This did not hamper the identification of a significant increase

in the amount of protein with increasing age in vitro. The
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variability within culture series for this parameter remained

similar at 4, 7 and 14 DIV, as indicated by the coefficient of

variation.

At 14 DIV, the correlation ratio for the morphological

parameters was smaller than for the amount of protein. This

indicated that for these morphological measures, the variation

between series contributed less pronounced to the total variation.

At 21 DIV, there were no significant differences between culture

series with respect to the axis-length 2-6, or to the number of

neurons per reference volume. This can be explained by an

increased variation of these two parameters within culture series,

as was indicated by an increased coefficient of variation at this

age in vitro. Variation in the thickness of the explants above the

carrier-grid was not significantly determined by variation between

culture series, either at 14 or at 21 DIV. Since all cultures

received the same quantity of nutrient medium, this similarity in

thickness above the carrier-grid is in agreement with the

observation, that the amount of nutrient medium is of major
o

influence on this measure . Variation in the total thickness is

probably due to tissue which has grown through the carrier-grid.

Nevertheless, variation in the total thickness is vex̂ y small

within culture series, as was illustrated by the low coefficient

of variation.

The observed coefficient of variation (CV) of about 10% for

the amount of protein, the axis-length 2-6, and the thickness of

the explant, means that for the discrimination between two groups

of a 10£ difference at P<0.05 level of statistical significance,

each group would have to consist of at least 8 observations
2

(according to Cruz-Orive and Hunzinger ; formula 9.1:
2 2

n > 4*2(CV) / [(mean-^meanjVmeanj] ). However, in order to

discriminate such a difference in the number of neurons per

reference volume, about 20 cultured explants would be needed in

each group.

The variation encountered between the series of cultured

explants emphasizes the necessity of including a control group in

each culture series where experimental effects are being tested.

Such variation between culture series appeared to exist already at
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the moment the tissue was explanted, and did not increase during

aging in vitro. This supports a claim of reproducability of the

circumstances under which the explants were grown. The use of a

serum-free nutrient medium can be assumed to be important in 'Ins

respect . It can be concluded that, although the volume of the

cultured explants remained constant after 7 DIV, "development" of

the tissue reaches a more or less constant level between 14 and

21 DIV. This means that treatment effects can probably best be

studied in this period.

I t
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Postembedding immunocytochemical GABA
labeling in rat neocortex cultures: applicability in

quantitative studies
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The value of '/-aminobutyric acid (GABA) immunogold labeling in the quantification of nerve endings
was studied in dissociated rat neocortex cultures. Adjacent sections were processed in 3 series according
to the same staining protocol. Of all nerve ending profiles examined, 2OJ6 appeared to be GABA-positive,
while 7$ could not be classified. In cultures pretreated with gabaculine, GABA-positive endings were la-
beled more heavily. Cell bodies could always be discriminated as GABA-positive or GABA-negative. Of
all neuronal cell profiles. 14% appeared to be GABA-positive. These neurons could also be identified by
light microscopy using the peroxidase-anti-peroxidase method.

Recently, an antibody against y-aminobutyric acid (GABA) [11], used in a postem-
bedding immunogold staining method, enabled the electron microscopic demon-
stration of this neurotransmitter with optimal preservation of ultrastructural de'ail
[3, 12, 14]. Such a method would be useful in research in which the quantification
of GABA-positive structures is needed as a parameter. Such studies demand, how-
ever, reliable discrimination of labeled and unlabeled structures. The main purpose
of this study, therefore, was to investigate whether cell bodies and nerve endings in
rat neocortex cultures could be accurately designated as either GABA-positive or
GABA-negative.

GABA was visualized in ultrathin sections by means of a postembedding immuno-
gold method, and in semithin sections by postembedding staining, using the peroxi-
dase-anti-peroxidase method. Cultures pretreated with the GABA-transaminase
inhibitor gabaculine were compared with controls in order to see if the expected
GABA increase [1,7] would result in a heavier and, therefore, more discriminative
labeling of GABA-positive nerve endings. Pilot experiments in which fixation, rinsing
and etching times were systematically varied, led to the following protocol.

Occipital cortex tissue obtained from 19-day-old fetal rats was mechanically disso-
ciated, and the resulting cell suspension inoculated onto the center of poly-D-lysine-
coated plastic Petri dishes. Reaggregates were grown in a serum-free, chemically
defined medium for 16 days [10, 15]. Two hours prior lo fixation, growth medium
of two cultures was replaced by medium containing 1.8 mg/ml gabaculine [9], where-
as two control cultures were refreshed with drug-free medium. The cultures were
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fixed in 5% gluiaraldehyde in sodium cacodylate buffer (300 mOsm, pH 7.4) for 2
h at 4 C . rinsed 3 times in 0.05 M Tris-0.9% NaCl and stored overnight in this buffer.
Postfixation was done in a mixture containing )% OsO4 and 1.59ó KjFe(CN)é in
sodium cacodylate buffer (300 mOsm. pH 7.4) for 1 h at 4°C. Cultures were dehyd-
rated in a graded alcohol series, embedded in Epon and polymerized at 45 and 6O'C.
divided over 2 days.

Both semithin (ca. 1 fan) and ultrathin (ca. 70 nm) sections were cut. Semithin sec-
lions were mounted on chrome-alum-gelatine-coated slides and alternately stained
with Toluidine blue or processed for GABA staining (Table I). Ullrathin sections
were collected on 300 mesh nickel grids and processed according to the immunogoid
method as described in Table II. This method was carried out 3 times on different
grids with sections obtained from the same cultures. It should be noted that quantita-
tive statements about cell bodies and nerve endings, made in this communication,
refer to the number of profiles of structures examined. Unfolding procedures were

TABLE)

POSTEMBEDDING GABA STAINING ON SEMITHIN (1 fim) SECTIONS

Removal of Epon |4. 6]
Put slide with sections into Na-ethanolate
Dab with filtering paper
100% ethanol (I)
Dab
100*elhanol(2)
Dab
100% ethanol (3)
Dab
100% ethanol (4)
Phosphate-buffered saline (PBS: pH 7)
Rinse in aquadest (3 x )
PBS(pH4)
Rinse in lap water

Removal of osmium
Elch in 8% H:Or

Rinse in aquades; (3 x ) and in 0.05 M Tris-O.9% NaCl (pH 7.6: once)

Immunocvtochemical staining
Incubate in normal, goat scrum diluted 1:5 in Tris-NaCl
Rinse in Tris-NaCl (once)
Incubale in rabbit anti-GABA diluted in Tris-NaCI-0.5% Trilon 1:1000
Rinse in Tris-NaCl (3 x )
Goal anti-rabbil antibody 1:100 in Tris-Triton
Rinse in Tris-NaCl (3 x )
PAP complex diluted 1:600 in Tris-Triton
Rinse in Tris-NaCl (3 x )
7 5 mg Diaminobcnzidinc and 5 fA H;O; (30%) in 15 ml Tris-NaCl
Rinse in Tns-NaCI (once) and lapwater

Note: the whole procedure was done at room temperature,
c r : 5% normal goat serum added to each antibody s tep

Ih

5 min

1 min

1 min

1 min
5 min

5 min
5 min

12 min

30 min

overnight

1 h

! h

12 min
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beyond the scope of this study. The expression 'profile' will not be used further, so
as to maintain a uniform terminology.

At both the light and electron microscopic level, a population of heavily labeled
cell bodies could be unambiguously discriminated from lightly labeled or unlabeled
cell bodies (Figs. 1-3). The heavily labeled cell bodies belonged to neurons only, not
to glial cells, and were defined as GABA-positive. Light microscopic screening of
several sections revealed an uneven distribution of GABA-positive neurons without
any tendency towards a preferential localization within the cultures. The average size
of GABA-positive and GABA-negative neuronal cell bodies did not differ. Only cell
bodies that showed a nucleus in sections stained for GABA and in adjacent Toluidine
blue-stained sections were measured. GABA-positive neurons constituted 14% of 840
neurons that were screened in 4 cultures. White et al. [16] observed 30-50% putative
GABA-positive neurons in comparable cultures. The neuronal population in mouse
neocortex cultures has been reported to contain only 10% GABA-positive neurons
[Sj.

Labeling was seen to be distributed more or less evenly across the entire cell body,
including the nucleus, using both light microscopy and electron microscopy. Nuclear
labeling is a common artefact, probably induced by the glutaraldehyde fixation,
which opens the nuclear membranes and allows not yet fixed molecules to difTuse
into the nucleus. Intrinsic GABA as well as [3H]GABA has been localized in the nu-
cleus in other studies too [5, 13].

At the electron microscopic level, both axons and dendrites could be found to be
heavily labeled with go!.'? particles (Fig. 4). Since cortex cultures have large intercellu-
lar spaces, the presence of background contamination could easily be determined on
TABLE II
POSTEMBEDDING GABA IMMUNOGOLD LABELING ON ULTRATHIN SECTIONS

Removal of osmium
Etch grids in 30 ft\ 8% H:O3 droplets 12 min
Rinse in aquadest (3 x ) 0.05 M Tris-0.9% NaCl (pH 7.6; once)
Store grids in droplets Tris-NaCl

Immunolabeling
Rabbit anti-GABA diluted 1:1000 in Tris-NaCl-0.5% Triton
Keep grids in 15 /A droplets 20 min
Rinse in Tris-NaCl (3 x )
Store grids in Tris-NaCl droplets
Goat ami-rabbit IgG labeled with gold particles

(diameter 15-20 nm; Janssen Pharmaceuticals)
diluted 1:40 in Tris-Triton

Keep grids in 15 ftl droplets 20 min
Rinse in Tris-NaCl (twice) and aquadest (twice)
Grids can be dried

Contrast with uranyl acetate and lead citrate

Note: incubation and storage droplets were kept on parafilm in Petri dishes. Rinsing media were stirred
in beakers, in which a grid was held by a forceps. The whole procedure was carried out at room tempera-
ture.
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the basis of gold particles scattered across these spaces (Fig. 7). In cases where the
intercellular space was devoid of contamination, slight labeling on some cell bodies
and fibers could still be found.

The occurrence of nerve endings, observed as compartments with at least 3 clear
vesicles, was screened in 6 mesh holes of each of 14 grids. In sections where the inter-
cellular space showed no gold particles, nerve endings were defined as being indeter-
minable if a single particle in small endings, or 2-3 in larger ones were seen. In cases
where the intercellular space showed signs of contamination, classification standards
were adapted: from the number of gold particles over a distinct nerve ending, the
number of gold particles over a similar area in surrounding intercellular space was
subtracted. Nerve endings classified as GABA-positive formed synapses on GABA-
positive as well as on GABA-negative structures. These synapses were always sym-
metrical. GABA-negative endings, on the other hand, formed symmetrical as well
as asymmetrical synaptic junctions. Gold particles in nerve endings were found to
be evenly distributed, i.e. they did not appear to be clustered across either vesicles
or mitochondria (Figs. 5 and 6).

The results of the classification of nerve endings are presented in Table III. Based
on all sections examined (»= 14), endings were classified as 20 + 2.7$; GABA-positive
(mean + S.D.), 73+ 1.7% GABA-negative and 7+1.7% indeterminable. Pretreatment
with gabaculine resulted in an increased labeling of the GABA-positive endings. This
finding was supported by the increased number of gold particles over a set of ran-
domly chosen GABA-positive endings in gabaculine-treated cultures compared with
those in control cultures (Table III). Qualitative observations indicated that the aver-
age size of these endings in both pretreated and control cultures was similar. The per-
centage of GABA-positive endings in gabaculine-treated cultures was slightly
increased, whereas the percentage of indeterminable endings tended to decrease.

Thus, pretreatment with gabaculine slightly improved the possibility of discrimi-
nating between GABA-positive and GABA-negative nerve endings. Although accur-
ate identification of GABA-positive nerve endings varied between the 3 immunogold
staining series that were carried out. this postembedding labeling method appears to
be useful in quantifying GABA-positive neurons and nerve endings. Appropriate
quantitative methods were recently described by Braendgaard and Gundersen [2].
Postembedding staining also opens the possibility of separately treating adjacent sec-
tions, which offers the opportunity of studying the same tissue sample in different
ways, thus providing a broad spectrum of information.

Figs. 1 and 2. Cell bodies in two adjacent semithin scclions, showing the same area, stained (I) for GABA
according to Table I and (2) by Toluidine blue Bar=50^;m.

Fie. 3. Two nciehboring cell bodies in an ullrathin section, processed b\ the immunogold method des-
cribed in Table 11. The GABA-positivc ncuronal cell body on (he led side is characterized by heavy label-
ing of gold particles. Bar = 500nm
Fig A. A GABA-posiiivc axon with its terminal (control culture). Bar= 500 nm.
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TABLE I I I

( LASSI I I IA TION Ol- NF.RVU HNDING 1'ROFILES

luiuiunogold labeling was curried out 3 limes on dilfcrent grids covered with tissue sections obtained from 4 cultures. Nerve endings were examined in 14 sections,
processed according to Table I I . These sections were derived Trom 2 drug-treated (A, B) and 2 control (C, D) cultures and placed on dilVerenl grid:,. In 2 sections
(•) endings were examined in 3 mesh holes instead of 6, because these sections appeared to be cut at the edge of the culture, with only 3 tissue-covered mesh holes
present

<£J Staining series I 2 3
Oo
I . . . . „ _ ... _

Cultures from which seclions were obtained A B C D A B C C D O A B C D
I'relrealment gabaculine control gabuculinc control gabaculine control
Mean number of gold particles in 20 random GABA-

poshive endings 9.6 9.1 6.6 7.1 7.3 7.7 9.5 5.4 5.6 5.9 12.3 14.0 9.2 8 7
1'iejciice of gold panicles in intercellular space _ _ _ _ _ _ . ( _ _ _ _ + + + +
%GABA-posilive
%CiABA-negalive
% Indeterminable
Number of endings examined

24.2
72.7
3.1
256

24.4
72.3
3.2
311

16.8
74.1
9.1
286

16.0
76.0
8.2
208

21.1
72.6
6.3
2X5

20.0
73.0
7.1
185

19.4
73.4
7.1
255

21.8
71.3
6.9
188

22.0
72.0
6.1
82*

Hi.l
76.X
7.1
56*

21.2
71.6
7.2
27X

21.9
70.X
7.3
219

19.1
72.6
X.3
2XX

19-4
72.5
hi
258
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Fig. 5. GABA-posiiive and GABA-negative ner\e endings iynapsing on a GABA-negative dendrite in a
gabaeuline-preireatcd culture. Bar = 300 nm.
Fig. fi A GABA-posiiive heavily labeled and a GABA-negative synapse in a control culture. Bar = 300
nm.
Fig "V Overall picture of an area in which a GABA-negative (arrow) and a GABA-posmve ending (arrow-
head) form synapses on the same dendnte in a control culture. The absence of gold particles over the
remaining fibers and endings reflects the select!\ u> o\ this staining procedure. Bar = 400 nm.
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Immunocytochemical indications for neuronal
co-localization of GABA and aspartate in cultured

neocortex explants

B.M. de Jong, J.M. Ruijter and R.M. Buijs
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The application of postembedding immunocytochemistry on ser ia l
semithin plas t ic sections, revealed the presence of GABA positive and
aspartate positive neurons in cultured neocortex explants. GABA
positive neurons were found in a l l layers of the cultured cortex,
whereas aspartate positive neurons were mainly restr icted to layer 6.
Although exact quantification was not carried out because of the
variabi l i ty in aspartate immunoreactivity, colocalization of GABA and
aspartate immunoreactivity could unambiguously be observed in a few
neurons.

Keywords: Cerebral cortex cultures; Postembedding imraunocytochemistry;
GABA; Aspartate; Colocalization.

In the cerebral cortex, y-aminobutyric acid (GABA) is the main inhibitory neuro-
transmitter [7], whereas, glutamate and aspartate are the major excitatory neuro-
transmitter candidates [15]. Recently, GABA-positive neurons have been demon-
strated in rat neocortex tissue culture by means of postembedding immunocyto-
chemistry (ICC) [3], using a specific antibody against GABA [1, 14]. In the present
study, this postembedding staining protocol was used to label adjacent sections of
the same tissue with antibodies against GABA and aspartate.

Eighteen neocortex explants were obtained from the visual cortices of three 6-day-
old Wistar rat pups, and grown on carrier-grids in a serum-free nutrient medium [13].
This culluring protocol has been shown to result in tissue in which distinct histiotypic
characteristics are preserved [4]. After 14 days in vitro, explants were fixed in 5% glu-
taraldehyde in sodium cacodylate buffer (300 mOsm; pH 7.4) for 2h, kept overnight
in 0.05 M Tris 0.9% NaCI buffer, and subsequently postfixed in I % O.SO4 and 1.5%
KjFe(CN)6 in sodium cadodylate buffer (1 h). The expLnts were dehydrated in a
graded ethanol series and embedded in Epon. Epon was polymerized at 45~C (24 h),
followed by at least 24 h at 60X.
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Series of adjacent 1 )im thick sections were cut along the pia-vcntricular axis of
ihe e.xplant. perpendicular to the carrier-grid, and mounted on different chrome-alum
gelatine coaled slides. Sections were either slaineu with Toluidine blue, processed for
ynti-GABA ICC (first antibody rabbit anti-GABA: diluted 1:1000). or processed for
anti-aspartate ICC (first antibody rabbit anti-aspartate; diluted 1:3000). The specifi-
city of the employed antibodies has been described elsewhere [1. 2. 14]. The postern-
bedding ICC procedures were carried out according to an etching and labeling proto-
col which has been described previously [3J. An adaptation of this protocol formed
the addition of 5% normal goat serum to each antibody solution, instead of preincu-
bating sections with 20% normal goat serum. Sections were examined light microsco-
pically.

Labeling with anti-GABA resulted in clearly distinguishable populations of
GABA-positive and GABA-negative neuronal profiles. GABA-positive profiles were
found throughout all neuronal layers of the explant, whereas aspartate-positive neu-
rons were mainly restricted to layer 6. This location ofimmunoreactivity corresponds
with the location of these neurotransmitters in the visual cortex in vivo [7, 15]. The
intensity of aspartate labeling varied, and in many cases, immunoreactivity hardly
exceeded background staining. Although the majority of the neurons were aspartate-
negative, ihe variable intensity of staining hampered the consistent discrimination of
aspartate-positive and aspartate-negative structures. In cases where aspartate-posi-
live neurons were darkly stained, heavy labeling could be observed in different sec-
tions of the same neuron (Figs. 3,5: arrow). This indicated that the observed variation
of immunoreactivity was probably caused by variations in the concentration of
aspartate in different neurons. The weak staining of several aspartate-positive neu-
rons might easily have been caused by the fixation procedure, as aspartate has been
demonstrated to have a low affinity for glutaraldehyde [12]. This would likely result
in fixation of only a small fraction of the aspartate available in the tissue, and there-
fore explain the weakness in its staining as compared to GABA.

Comparison of profiles of the same neuron in series of adjacent sections, revealed
that neurons could be exclusively GABA-positive (Figs. 1-4: arowhead), exclusively
aspartate-positive (Figs. 6-8: arrow), or both GABA and aspartate positive (Figs.
1-4: arrow). A majority of neurons were neither GABA- nor aspartate-positive. A

Figs. 1-5. Adjacent sections stained for GABA (1), toluidine
blue (2), aspartate (3), toluidine blue (4) and aspartate (5),
respectively. The neuron which is both GABA-positive and
aspartate-positive (arrow), is present in a l l five sections. The
arrow-head points at a GABA-positive neuron which is not labeled
for aspartate. The asterisk marks an aspartate-positive neuron,
which is cut only in the sections shown in f igs. 4 and 5. Bar=20|Jtn

Figs. 6-7-8. Adjacent sections stained for GABA (6), toluidine
blue (7) and aspartate (8), respectively, demonstrate the presence
of a neuron which is exclusively aspartate-positive (arrow).
Bar=20um.
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total number of 1750 neuronal profiles could roughly be counted in 6 Toluidine blue-
siiiined sections, cut from the middle of different explants. In the adjacent sections,
225 GABA-positive and 48 undoubtedly asparlate-positive profiles were identified.
Profiles of 4 neurons appeared to be immunocylochemically labeled for GABA as
well as asparate. thus indicating a colocalization of GABA with aspartate.

The presence of both GABA and aspartate immunoreactivily in the same neuron
is not caused by cross-reactivity between the GABA antibody and aspartate. or
between the aspartate antibody and GABA. Previously, specificity tests have demon-
strated the inability of glutaraldehyde-conjugated aspartate to displace glutaralde-
hyde-conjugated GABA from binding to the GABA antibody, resulting in a cross-
reactivity ratio of less than 1:50.000 [14]. Testing the displacement of glutaraldehyde-
conjugated aspartate from the aspartate antibody by a similar GABA complex, has
been reported to result in a cross-reactivity ratio of 1:6320 [3]. Moreover, the absence
of staining of identified GABA positive neurons in aspartate labeled sections, and
the absence of GABA staining of identified aspartate-positive neurons, as was found
in the present study, illustrates that there was no cross-reactivity between the antibo-
dies used.

GABA has been identified in neocortical neurons, together with a broad range of
neuropeptides [8]. Reports on neuronal colocalization of GABA with serotonin,
dopamine, histamine, glycine or acetylcholine [6, 9, II] have been published. Mor-
phological studies concerning the colocalization of GABA and asparate have not
been reported before. Biochemical findings, however, have pointed at the presence
of glutamate and aspartatc in GABAergic synaptosomes [5]. Ottersen and Storm-
Mathisen have previously been speculating on the co-localization of GABA and
aspartate, after they had observed a similar distribution of these two populations of
immunoreactive cells in the area dentata of the guinea pig hippocampus [10]. The
20/rm thick sections they examined, were not suitable for the demonstration of cellu-
lar colocalization.

Double labeling for aspartate and GABA might be due to the presence of a high
concentration of metabolic aspartate in GABAergic neurons, although aspartate is
not a direct precursor of GABA. Since aspartate could only be detected in a small
minorily of the GABA-positive neurons (2%), the present results suggest that the
concentration of aspartate remained below the detection limit in most cases. Whether
the high concentration of aspartate detected in some of the GABA-positive neurons
indicates, that in these neurons both GABA and aspartate might function as neuro-
transmitters, cannot be concluded from this study. The colocalization of these two
neurotransmitters would then indicate the presence of neurons with excitatory as well
as inhibitory properties. Further morphological support for such a hypothesis would
need ultrastructural localization of both neurotransmitters, either in the same nerve
ending, or in different endings belonging to the same neuron. The application of
immunogold labeling (1, 3J of adjacent ullrathin sections for GABA and aspartate,
might be worthwhile to get an answer to this question.
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CHAPTER 6 .

Uptake of SPECT radiopharmaceuticals
in neocortical brain cultures
Bauke M. de Jong1' and Eric A. van Royen2

' Netherlands Institute for Brain Research.
- Department of Nuclear Medicine. Academic Medical Center, 1105 AZ Amsteidam

Abstract. The uptake, retention and uptake antagonism of
-'"Tl-DDC, 2nlTl-C), 123I-IMP. "Tc-HMPAO and
•">mTc-O4 were compared in rat neocorlex cultures. " ' T l -
DDC and I23I-IMP revealed the highest uptake of radioactivi-
ty in the cultures. "mTc-HMPAO and 123I-IMP showed
the highest retention of radioactivity within the tissue in
washout experiments. Blocking of bioelectric activity by te-
trodotoxin did not significantly affect the uptake of the
radiopharmaceuticals (RPHA). Inhibition of Na-K-ATPase
by ouabain inhibited the uptake of 2O1TI-C1 (77%) and
i0 'Tl-DDC (27%). Imipramine showed a significantly
stronger inhibitory effect on '"I-IMP uptake in compari-
son with the effect on other RPHA. 1)'>mTc-O4 was not
concentrated within the cultured tissue. Under the in vitro
conditions used in this study, the various RPHA were char-
acterised by distinct differences in their interaction with
cortical brain tissue.

Key words: SPECT - Brain Tissue culture Radiophar-
maceutical uptake

Introduction

Single Photon Emission Computerized Tomography (SPECT) with radiopharmaceu-
ticals (RPHA) that pass the blood-brain barrier has become a useful diag-
nostic tool for investigating brain disorders. However, the mechanisms
underlying the distinct localization of a RPHA in the brain remain to
be further elucidated. Rapid clearance from the blood indicates that the
initial distribution of RPHA within the brain reflects brain perfusion
(Holman et al. 1983). On the other hand, distribution of e.g. 123I-labeled
3-quinuclidinyl 4-iodobenzilate (123I-QNB) illustrates the interaction
of a RPHA with a specific receptor, i.e., QNB binding to the muscarinic
acetylcholine receptor (Eckelman et al. 1984). Reports that commonly used
RPHA, such as 99mTc-hexamethy1 propyleneamine oxime (99n)Tc-HMPA0) and
123I-N-isopropyl p-iodoamphetamine (123I-1MP), do not necessarily yield
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similar brain images (Moretti et al. 1987a), indicate the probability of
different ways of interaction with the cerebral tissue.

The main purpose of the present in vitro study was to get more insight
in factors, other than blood flow, that might contribute to the formation
of SPECT-images in vivo. The application of cultured rat neocortex ex-
plants, which are constituted by electrophysiologically and metabolically
active tissue (Romijn et al. 1988), provides an opportunity to study the
uptake of RPHA in healthy brain tissue, under circumstances with neither a
blood-brain barrier nor cerebral blood flow. In contrast to acute slice
preparations, there is no degeneration at the tissue-medium interface of
the cultured explants. They show a distinct histological architecture with
neurons arranged into layers, intermingled with glial cells (De Jong et al.
1988). Experiments were carried out in which uptake, uptake-antagonism and
retention of 2°iTl-diethyldithiocarbamate piTl-DDC), 20iTl-chloride
(20iT]_ci), 1231-IMP, 99»Tc-HMPA0 and 99Tc-sodium pertechnetate (per
99mTc) were compared in this cultured tissue.

The influence of tetrodotoxin (TTX), ouabain and imipramine on the
uptake of the RPHA was studied for the following reasons:
i) Addition of the puffer fish poison TTX (Fuhrman 1968) results in the
absence of bioelectric activity, due to a selective blocking of sodium
channels (Narahashi 1974). In this way the influence of neuronal electrical
activity on the uptake of RPHA could be studied.
ii) Ouabain inhibits the membrane enzyme Na-K-ATPase, resulting in a de-
crease of potassium uptake (Glynn 1964). Similarity between the uptake and
uptake-inhibition of thallium and potassium has been shown in the squid
giant axon (Landowne 1975) and in cultured myocardial cells (McCall et al.
1985). An ouabain effect on 2O1T1-C1 uptake and/or 2O1T1-DDC uptake might,
therefore, indicate the involvement of Na-K-ATPase.
iii) Imipramine inhibits serotonin (5-HT) uptake in brain tissue (Langer et
al. 1980; Sette et al. 1981) and in blood-platelets (Meyerson et al. 1987).
p-Iodoamphetamine and IMP have been reported to inhibit 5-HT uptake in
synaptosomes (Fuller et al. 1979; Winchell et al. 1980). Although seroto-
nergic neurons from the nucleus raphe dorsal is are not present in neocortex
cultures, a selective effect of imipramine on 123I-IMP uptake, in com-
parison with other RPHA, would indicate the specificity of its relation
with a distinct neurotransmitter such as 5-HT (Kimtnelberg and Katz 1985;
Henn and Hamberger 1971).

Materials &nd Methods

Culturing procedure. Cerebral tissue was taken from six-üay-old Wistar rat
pups. Twenty-four explants were cut from the occipital cortex of a single
animal and grown in pairs on polyamide carrier-grids distributed over 12
Petri-dishes (Romijn et al. 1988). A carrier-grid consists of a small, fine
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mazed grid on which the two explants are grown, and which is soldered to a
larger, widely mazed grid. Such a carrier-grid, combined with a continuous
rocking of the Petri-dishes, provides optimal washing of the explants by
the serum-free nutrient medium (Romijn et al. 1988). A pair of cultured
explants will be further denoted as one culture. After a period of 13 or 14
days in vitro, series of maximally 12 cultures were used for experiments.
In a total of 31 experiments, 45 of such culture series were used.

Preparation of the radiopharmaca. Each of the RPHA was prepared in the same
way as is done for clinical application. 2O1T1-C1 (1 mCi/ml at reference
time; specific activity over 500 mCi/mg Tl) was obtained from Mallinckrodt
(Petten, The Netherlands). 2O1T1-DDC was prepared by adding 100 uCi from a
201T1-C1 solution (1-2 mCi/ml) to 0.2 ml NaODC 5 mg/ml (Vyth et al. 1983;
Van Royen et al. 1987). 123I-IMP (2mCi/ml; spec.act. 4000-8000 Ci/mol) was
supplied by "Cygne" (Technical University Eindhoven). "Tc-HMPAO was pre-
pared by reconstituting a kit of "Ceretec" (0.5 mg HMPAO, Amersham) with an
eluate of 5 ml per 99n>Tc(20-30mCi) from a 99MO/99KITC generator.

Incubation with radiopharmaca. For an experiment in which a specific RPHA
was studied, cultures were taken from 1 or, occasionally, 2 culture series
and were randomly assigned to the different experimental groups. The cul-
tures were placed in Petri-dishes, each containing 1,5 ml nutrient medium
with a RPHA added to an radioactivity of 5 uCi and incubated in an oven
under standard growing conditions such as rocking of the Petri dishes,
5% C02-gassing and a temperature of 37°C After incubation, the cultures
were replaced into the control medium and rinsed twice in minimal essential
medium. The small carrier-grids containing the explants were then removed
from the large carrier-grids and the radioactivity was measured. Samples of
15 pi were taken from the radioactive medium before incubation (in five-
fold), after incubation (in duplicate), and from the last washing step (in
duplicate). The radioactivity of the cultures and the medium samples was
measured in a v-counter. After these measurements, the protein content of
the cultures was determined (Lowry et al. 1951).

Experiments. The following conditions were tested for each of the RPHA:
i) uptake after 20, 60 and 120 min incubation, ii) uptake after 1 hour
incubation in the presence of 10"7M TTX (Sigma), 10"4M ouabain octahydrate
(Sigma) or 10"4M imipramine HC1 (Ciba-Geigy), and iii) retention of radio-
activity in the cultures after 1 hour incubation, followed by 1 hour re-
placement in control medium. In each experiment, a control group of four
cultures, incubated for 1 hour, was included. All experiments were per-
formed at least twice. In an additional experiment, the effect of various
concentrations of both imipramine and cold IMP on the 1Z3I-IMP uptake was
compared. Activity of the carrier grids was measured for each of the RPHA
in all experimental conditions.
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Data processing and statistics. The uptake of RPHA by a culture is ex-
pressed as the activity value, i.e., the radioactivity of a culture after
the radioactivity of 1 ul concurrently measured preincubation medium has
been set to 1. As the tissue volume of a culture can be reasoned to be
about 0.5-1 ul (De Jong et al. 1988; Romijn et al. 1988), this activity
value represents a tissue/medium concentration-ratio, and can therefore be
used for comparing the uptake characteristics of the different RPHA. The
presented activity values are corrected for adhesion to the carrier-grid
(see Results). The differences in the activity value of the various RPHA
were statistically tested by the Kruskal-Wallis non-parametric analysis of
variance, followed by a multiple comparison of groups (Conover 1980). In
order to compare the effect of the antagonists in the different experi-
ments, the activity value of the individual cultures in each experiment was
multiplied by 100, and divided by the mean activity value of the control
cultures in that particular experiment. This resulted in a normalized
activity value for each culture. These normalized activity values in the
experiments with additives, as well as with retention as a variable, were
compared with the normalized activity values of the control cultures of the
related experiments, and statistically tested for differences with the
Mann-Whitney U test. Statistical significance was accepted at K0.05
(two-tailed).

Results

Activity of the carrier-grid.

Activity measurements of small and large carrier-grids that were incubated
without cultures, and of the large grids that were separated from the cul-
tures after incubation, showed adhesion of the RPHA to the polyamide grids.
This adhesion, which was not influenced by addition of TTX, ouabain or
imipramine, was different for the various RPHA. Therefore, for each RPHA a
fixed correction value for adhesion to the small carrier-grid, i.e., the
activity value of the small grid, was subtracted from the activity value of
a culture, including its small carrier-grid, in order to obtain the activi-
ty value for the uptake in the cultured tissue itself. For the one hour in-
cubation period the correction values were: 201T1-DDC 0.60, 2O1T1-C1 0.30,
123I-IMP 3.75, "Tc-HMPAO 0.75 and per^Tc 6.30. For other incubation or
wash-out periods, the appropriate correction values were applied.

"Control" uptake after one hour incubation.

The five studied RPHA showed differences in the uptake after one hour incu-
bation. The activity values (mean ± SEM) of these control cultures, includ-
ing the small carrier-grid, were 2O1T1-DDC 48.9 ± 1.7 (n=41), 2O1T1-C1
27.7 ± 1.0 (n=35), ^I-IMP 44.3 ± 1.7 (n=28), 99i"Tc-HMPAO 23.9 ± 0.9
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b ns not significant

FIGURE 1.
a) Mean activity values of the
control cultures with a known
protein content (n=114,
indicated in italics) that were
incubated for 1 hour with the
various RPHA, corrected for the
carrier-grid.
b) Differences between the
activity values (T-value=78.4;
p<0.001) and between the amount
of protein (T-value=8.7;
p<0.05) of the four RPHA
groups, tested by the
Kruskal-Wallis analysis of
variance with a subsequent
multiple comparison of groups.

20C r

100

201TIDDC TICI

1 2
Time (hours)

#* • p<0001
ns not significant

FIGURE 2.
Normalized activity values of
cultures, corrected for the
carrier-grid, i) after 20, 60
and 120 min incubation with the
various RPHA, and ii) after
replacement into the control
medium, following 1 hour
incubation. The differences
between the normalized activity
values of cultures after 1 hour
replacement following
incubation with a given RPHA
and control cultures in the
related experiments, were
tested by the Mann-Whitney U
test.
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Table 1. Normalized activity value of cultures after one hour incuba-
tion in addition of TTX, ouabain and imipramine, respectively
(mean ± SEM). The normalised activity value is based on the activity
value of a culture, corrected for the carrier-grid. The differences
between the normalised activity values of the drug-exposed cultures and
control cultures in the related experiments were tested by the
Mann-Whitney U test.

TTX 10"7M OUABAIN 10"4M IMIPRAMINE 10-4M

ZO1T1-DDC

2O1T1-C1

"Tc-HMPAO

103 ± 8.7 (n=7)
ns
control(n=7)
100±5.4

100 ± 4.9 (n=8)
ns
contr(n=8)
100±7.7

94± 8 .6 (n=8)
ns
contr(n=8)
100±4.8

86± 5 .7 (n=18)
ns
contr(n=16)
10043.3

73 ± 2.5 (n=ll)
***
contr(n=ll)
100±4.3

23 ± 4.0 (n=9)
***
contr(n=9)
100±2.6

94 ± 3.0 (n=8)
ns
contr(n=8)
100±4.8

10 1 ±3.8 (n=7)
ns
contr(n=8)
100±4.6

87 ± 5.9 (n=8)
ns
contr(n=7)
100+6.0

85 ± 4.0 (n=7)
*
contr(n=7)
100±6.1

59 ± 3.6 (n=12)
***
contr(n=12)
100±5.1

76 ± 2.6 (n=8)
**
contr(n=8)
100±5.2

ns = not significant
* p<0.05; ** p<0.01; p<0.001

Table 2. Normalized activity value (grid-corrected) of cultures after
one hour incubation with 123I-IMP in addition with cold IMP and imipra-
mine, respectively (mean ± SEM).

MOLARITY

Control
10-6M
10-5M
10"4M

COLD

100 ±
96 ±
67 ±
54 ±

IMP

12.7
14.7
7,5
5.7

(n=4)
(n=3)
(n=3)
(n=3)

IMIPRAMINI

100
98
89
59

±
±
±
±

5.1
4.9
5.0
3.6

(n=12)
(n=4)
(n=4)
(n=12)
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(n=28) ano : sr"mTc 7.2 ± 0.3 (n=7). As the grid-corrected activity value
of the cultures incubated with per"raTc appeared to be 0.9, uptake of
per"raTc was assumed to be absent. Therefore, this RPHA was excluded from
further examination. The data presented in the text are based on the acti-
vity value of cultures, corrected for the small carrier-grid.

From the control cultures in the various uptake experiments (n=132),
the amount of protein in 114 cultures was determined. These cultures con-
tained 126 ± 1.9 ug protein (mean ± SEM). For the statistical analysis of
the differences between the uptake of 2O1T1-DDC, 2OlTl-Cl, 123I-IMP and
99mTc-HMPA0 by the cultured tissue after 1 hour incubation, the grid-
corrected activity values of the control cultures with a known amount of
protein were compared (n=114). The Krurkal-wallis analysis of variance
revealed significant differences between the activity values of the four
groups (Fig. 1). The small differences that were found in the amount of
protein between the groups did not explain these differences in activity
value (Fig. 1).

Experimental variables.

The results from the experiments in which the uptake was determined for
2O1T1-DDC, 2O1T1-C1, 1Z3I-IMP and 99mTc-HMPAO after 20, 60 and 120 min are
given in Fig. 2. Although saturation was not manifest, the results given in
the Figs. 1 and 2 suggest that a low 1 hour activity value correlates with
high 20 min normalized activity values and low 120 min normalized activity
values. The retention within the tissue after incubation differed for the
studied RPHA (Fig. 2). The activity of "Tc-HMPAO and "^I-IMP was strong-
ly retained in the tissue, whereas 2O1T1-C1 had the fastest washout from
the cultures.

The effect of the addition of 10"7M TTX, 10"4M ouabain and 10-"M
imipramine is presented in Table 1. Ouabain had a strong inhibitory effect
on the uptake of 2O1T1-C1 and a smaller effect on 2O1T1-DDC. Imipramine had
a significant inhibitory effect on the uptake of i^I-IMP, "™Tc-HMPA0 and
2O1T1-C1, respectively. This inhibitory effect (Table 1) was specifically
stronger on the uptake of 123I-IMP in comparison with the effect on the
other three RPHA: p<0.01 for each of these comparisons (Kruskal-Wallis
test). Cold IMP and imipramine had effects in a corresponding range on the
uptake of the active 123I-IMP (Table 2).

Discussion

Under the experimental conditions described, 2O1T1-DDC, 2°iTl-Cl, «3I-IMP
and 99mTc-HMPA0 were concentrated in different amounts within the neuronal
tissue, whereas per"mTc was not taken up. If the volume of a culture is
assumed to be 1 ul, the tissue/medium concentration-ratio ranged rrom 23
and 28 for 99mTc-HMPA0 and 2O1T1-C1, to 40 and 48 for 123I-IMP and 2O1T1-DDC,
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respectively. The differences between 123I-IMP uptake and 9SraTc-HMPA0 up-
take correspond with the differences in pharmacokinetics between these two
RPHA that have been reported for dogs in vivo (Bok et al. 1987). In con-
trast with the differences between 2°iTl-DDC and ^Tl-CI uptake in our
brain cultures, the tissue-concentration of 2O1T1-C1 in cultured rat
myocardial cells has been reported to be significantly higher than that of
2O1T1-DDC (89 vs 4.1) after ZO min incubation (Maublant et al. 1987).
Retention of 2°iTl-DDC was relatively higher than that of 2O1T1-C1, both in
our neocortex cultures and in the myocardial cultures.

Blocking of the bioelectric activity by 10"7M TTX did not result in a
clear decrease of RPHA uptake. This supports the idea that in vivo the phe-
nomenon of diaschisis (Leonard et al. 1986; Pantano et al. 1986; Biersack
et al. 1987; Johansson et al. 1988) is due to a secondary decrease in the
blood flow, apparently induced by healthy, but bioelectrically less active
tissue. An effect of TTX on 99mTc-HMPA0 uptake was suggested. However, as
the high variation remained after increasing the number of cultures in this
particular experiment, the statistical significance of such an effect could
not be established.

Although both 2O1T1-DDC and 2O1T1-C1 accumulated in the cultures,
their interaction with the tissue differed. The strong inhibitory effect of
ouabain on the 2O1T1-C1 uptake suggests its relation with Na-K-ATPase. The
effect of ouabain on 2O1T1-DCC was less, though still significant. This
might be due to the presence of free Tl after dissociation of Tl-DDC. In
rat brain, the distribution of 3H-ouabain binding sites, and thus of
Na-K-ATPase, has been shown to be closely correlated with the regional pat-
tern of cerebral metabolism as determined by 14C-deoxyglucose (Spyropoulos
and Rainbow 1984). Although ZO1T1-C1 does not pass the blood-brain barrier
in vivo, after dissociation of 2°iTl-DDC in the brain the distribution of
the free Tl ion might be a factor in the distribution of activity observed
in late SPECT-images.

The stronger inhibitory effect of imipramine on 123I-IMP, in com-
parison with other RPHA, indicates an interaction of IMP and imipramine on
common binding sites. This is in line with a recent report on the inhibi-
tion of 123I-IMP-uptake in the lung and brain of intact rats by imipramine
(Moretti et al. 1987b). Besides the inhibitory effect of imipramine on 5-HT
uptake, the localization of 3H-imipramine binding sites has been shown to
correspond with the localization of 5-HT uptake sites in the brain (Palko-
vits et al. 1981). If the cerebral cortex, basal nuclei and cerebellum are
compared, the density of imipramine binding sites in the brain (Palkovits
et al. 1981; Langer et al. 1981) appears to correlate with the retention of
123I-IMP (Creutzig et al. 1986): a high density of imipramine binding sites
is related to a slow 123I-IMP washout. Although less pronounced, a signifi-
cant inhibitory effect of imipramine on "Tc-HMPAO and 2O1T1-C1 was also
demonstrated. The present data are not sufficient to allow us to explain
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this effect.
The differences between the RPHA found in the present study may pro-

vide a reference point for evaluating the redistribution of RPHA in vivo.
These differences encourage a systematic comparison between brain RPHA with
regard to their differences between initial and late SPECT images. That
initial as well as late SPECT images may have clinical relevance, has been
indicated by Defer et al. (1987). They found that especially the differen-
ces between initial images and images made 4 hours after injecting 123I-IMP,
correlated with prognoses in a patient group with a broad variety of
cerebral blood flow disturbances.

Acknowledgements

We would like to thank Dr M.G.P. Feenstra and Dr A. Vyth for their pharma-
cological advice, Or J.M. Ruijter for his statistical advice, and the three
of them, together with Dr R.E. Baker, for their comments on the manuscript.
We also wish to thank Ms G. Olivisr and Mrs J.M.S.I. Renaud-Van Mierlo for
preparing the RPHA, and Mr H. Stoffels for drawing the figures. We would
further like to thank "Cygne" (Technical University Eindhoven) for gene-
rously providing 123I-IMP and the foundation "De Drie Lichten" for their
financial support.

References

Biersack HJ, Linke D, Brassel F, Reichmann K, Kurthen M, Durwen HF, Reuter
BM, Wappenschmidt J, Stefan H (1987) Technetium-99m HM-PAO brain SPECT
in epileptic patients before and during unilateral hemispheric anesthe-
sia (wada test): report of three cases. J Nucl Med 28:1763-1767

Bok BD, Scheffel U, Goldfarb HW, Burns HD, Lever SZ, Wong DF, Bice A,
Wagner HN (1987) Comparison of 99mTc complexes (NEP-DADT, ME-NEP-DADT
and HMPAO) with 123IAMP for brain SPECT imaging in dogs. Nucl Med
Caitnun 8:631-641

Conover WJ (1980) Practical nonparametric statistics, 2ed, John Wiley and
Sons, New York, pp 229-237

Creutzig H, Schober 0, Gielow P, Friedrich R, Becker H, Dietz H, Hundes-
hagen H (1986) Cerebral dynamics of N-isopropyl [123I]p-iodoampheta-
mine. J Nucl Med 27:178-183

Defer G, Moretti JL, Cesaro P, Sergent A, Raynaud C, Degos JD (1987) Early
and delayed SPECT using N-isopropyl p-iodoamphetamine iodine 123 in
cerebral ischemia. Arch Neurol 44:715-718

De Jong BM, Ruijter JM, Romijn HJ (1988) Cytoarchitecture in cultured rat
neocortex explants. Int J Dev Neurosci 6:327-339.

Eckelman WC, Reba RC, Rzeszotarski WJ, Gibson RE, Hill T, Holman BL,
Budinger T, Conklin JJ, Eng R, Grisson MP (1984) External imaging of
cerebral muscarinic acetylcholine receptors. Science 223:291-292

Fuhrman FA (1968) Tetrodotoxin. Sci Amer 217:60-71
Fuller RW, Snoddy HD, Snoddy AM, Hemrick SK, Wong DT, Molloy BB (1979)

p-Iodoamphetamine as a serotonin depletor in rats. J Pharmacol Exp Ther
212:115-119

-75-



Glynn IM (1964) The action of cardiac glycosides on ion movements.
Pharmacol Rev 16:381-407

Henn FA, Hamberger A (1971) Glial cell function: uptake of transmitter
substances. Proc Nat Acad Sci USA 68:2686-2690

Holman BL, Hill TC, Lee RGL, Zimmerman RE, Moore SC, Royal HD (1983) Brain
imaging with radiolabeled amines. In: Freeman LM, Weissman HS (eds)
Nuclear Medicine Annual 1983, Raven Press, New York, pp 131-165

Johansson T, Soderberg B, Virgin J (1988) Cerebral infarctions studied by
[123-I]iodoamphetamine. Eur Neurol 28:18-23

Kimelberg HK, Katz DM (1985) High-affinity uptake of serotonin into inmu-
nocytochemical identified astrocytes. Science 228:889-891

Landowne D (1975) A comparison of radioactive thallium and potassium fluxes
in the giant axon of the squid. J Physiol 252:79-96

Langer SZ, Moret C, Raisman R, Dubocovich ML, Briley M (1980) High-affinity
[3H]imipramine binding in rat hypothalamus: association with uptake of
serotonin but not of norepinephrine. Science 210:1133-1135

Langer SZ, Javoy-Agid F, Raisman R, Briley M, Agid Y (1981) Distribution of
high-affinity binding sites for [3H]imipramine in human brain. J
Neurochem 37:267-271

Leonard JP, Nowotnik DP, Neirinckx RD (1986) Technetium-99m-d,l-HM-PA0: a
new radiopharmaceutical for imaging regional brain perfusion using
SPECT; a comparison with iodine-123 HIPDM. J NucJ Med 27:1819-1823

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement
with the folin phenol reagent. J Biol Chem 193:265-275

Maublant JC, Moins N, Van Royen EA, Lusson J-R, Cassagnes J, Veyre A,
Gachon P (1987) Myocardial uptake of thallium-201 diethyidithiocar-
bamate (201T1-DDC) in cultured heart cells and in humans. Eur J Nucl
Med 13:408-409

McCall D, Zimmer LJ, Katz AM (1985) Kinetics of thallium exchange in
cultured rat myocardial cells. Circ Res 56:370-376

Meyerson LR, Ieni JR, Wennogle LP (1987) Allosteric interaction between the
site labeled by [3H]imipramine and the serotonin transporter in human
platelets. J Neurochem 48:560-565

Moretti JL, Vigneron N, Cesaro P, Cinotti L, Defer G, Ducassou D (1987a)
HMPA0-99mTc and IMP-123I brain Tomoscintigraphies in subacute strokes.
Nucl.-Med 26:117

Moretti JL, Holman BL, Delmon L, Carmel A, Johnson D, Moingeon P, Blau M
(1987b) Effect of antidepressant and narcoleptic drugs on N-isopropyl
p-iodoamphetamine biodistribution in animals. J Nucl Med 28:354-359

Narahashi T (1974) Chemicals as tools in the study of excitable membranes.
Physiol Rev 54:814-889

Palkovits M, Raisman R, Briley M, Langer SZ (1981) Regional distribution of
[3H]imipramine binding in rat brain. Brain Res 210:493-498

Pantano P, Baron JC, Samson Y, Bousser MG, Derouesne C, Comar D (1986)
Crossed cerebellar diaschisis, further studies. Brain 109:677-694

Romijn HJ, De Jong BM, Ruyter JM (1988) A procedure for culturing rat
neocortex explants in a serum-free nutrient medium. J Neurosci Meth
23:75-83

Sette M, Raisman R, Briley M, Langer SZ (1981) Localization of tricyclic
antidepressant binding sites on serotonin nerve terminals. J Neurochem
37:40-42

Spyropoulos AC, Rainbow TC (1984) Quantitative autoradiography of
[3H]ouabain binding sites in rat brain. Brain Res 322:189-193

Van Royen EA, De Bruine JF, Hill TC, Vyth A, Limburg M, Byse BL, O'Leary
DH, De Jong JMBV, Hijdra A, Van der Schoot JB (1987) Cerebral blood

-76-



flow imaging with thallium-201 diethyldithiocarbamate SPECT. J Nuci Med
28:178-183

Vyth A, Fennema PJ, Van der Schoot JB (1983) 201Tl-diethyldithiocarbamate:
a possible radiopharmaceutical for brain imaging. Pharm Ueekbl Sci Ed
5:213-316

winchell HS, Horst WD, Braun L, Oldendorf WH, Hattner R, Parker H (1980)
N-Isopropyl [123I]p-iodoamphetamine: single-pass brain uptake and
washout; binding to brain synaptosomes; and localization in dog and
monkey brain. J Nud Med 21:947-952

-77-



EXPEP:MENTAI,NEURO[.O<;V 103, 297-299119891

CHAPTER 7 .

Serotonin Uptake in Cerebral Cortex Cultures:

Imipramine-like Inhibition by

A/-lsopropyl-p-iodoamphetamine

B. M. DE JONG,*-t M- G. P. FEENSTRA,* J. M. RUIJTER,* AND E. A. VAN ROYENt

"Netherlands Institute for Brain Research, and tDepartment of Nuclear Medicine,

Academic Medical Center, Amsterdam, The Netherlands

Abstract. In cultured rat neocortex, uptake of 3H-serotonin (5-HT) and the
SPECT radiopharmaceutical 123I n-isopropyl-p-iodoamphetamine (IMP) was
demonstrated after 4 and 14 days in vitro. Both imipramine and cold IMP
inhibited 3H-5-HT uptake. Uptake of 123I-IMP was inhibited by imipramine
but not by cold 5-HT. The analogy in the behavior of IMP and imipramine,
indicates that uptake of IMP might be related to the a serotonergic uptake
system in a similar way as imipramine is related to such a system.

Introduction

Iodine-123 (1Z3I) labeled n-isopropyl p-iodoamphetamine (IMP) is a
radiopharmaceutical widely used for Single Photon Emission Computerised
Tomographic (SPECT) imaging of the brain (2). Its lipophilic character pro-
vides rapid clearance from the blood and, therefore, suggests that after
injection of this radiopharmaceutical the initial distribution within the
brain represents cerebral blood flow (6). However, IMP is not a pharmaco-
logically inert chemical, as has been shown by its inhibitory effect on the
uptake of serotonin (5-HT) in isolated synaptosomes (17).

In a previous study (4), we found that in the presence of the 5-HT
uptake inhibitor imipramine (9,15), uptake of 123I-IMP in cultured rat
cerebral cortex explants was decreased, whereas, uptake of another radio-



pharmaceutical thailium-201 diethyldicarbamate was not. As this suggested a
possible relation between 5-HT uptake sites and the distribution of 123I-IMP
in SPECT images, the pharmacological interaction of IMP in the used tissue
culture system was further evaluated. Therefore we determined:

i. the presence of 3H-5HT uptake in this type of neocortex cultures,
ii. the effect of both imipramine and IMP on such an uptake, and

iii. the effect of 5-HT on 123I-IMP uptake.

Materials and Methods

Cerebral tissue was taken from six-day-old Wistar rat pups. Twenty-
four explants were cut from the occipital cortex of each rat and grown two
by two on polyamide carrier-grids distributed over twelve 32 mm Petri-
dishes (14). A carrier-grid consists of a small, fine mazed grid on which
the two explants are grown, and which is soldered to a larger, widely mazed
grid. The combination of the carrier-grid and continuous rocking of the
Petri-dishes, provides optimal washing of the explants by the serum-free
nutrient medium (14). Each pair of cultured explants will further be
denoted as one culture. Experiments were carried out with series of 12
cultures that were grown for 4 or 14 days in vitro (DIV).

In this study, cultures were incubated in about 10"6M 123I-IMP or
10'6M 3H-5-HT. The uptake of 3H-5-HT was studied in control medium and in
the presence of 10"4M imipramine or 1(HM cold IMP. 5-Hydroxy3H-tryptamine
creatinine sulphate (lmCi/ml; spec.act. 20 Ci/mmol) was obtained from
Amersham. Before incubating cultures, 40 ul of this radioactive compound
was added to 360 )il nutrient medium with 5.10"5M 5-HT creatinine sulphate
(Sigma), thus resulting in a spec.act. of 1.82 Ci/mmol. In each experiment,
cultures on their small carrier-grid were removed from the large carrier-
grid and randomly assigned to the different experimental groups, including
a control group of 4 cultures. Each group was brought into one Petri-dish,
containing 2.0 ml nutrient medium (14) with 10"4M pargyline HC1 (Sigma) to
which 4 uCi 3H-5-HT was added. Cultures were incubated for one hour under
5% C02 gassing at a temperature of 37

CC, but without rocking of the Petri-
dishes. Samples of 20 pi preincubation medium (in fivefold) were each
brought into 0.5 ml soluene 100 (Packard). After incubation, the radioac-
tive medium was replaced three times by minimal essential medium followed
by dissolving each culture in 0.5 ml soluene 100. To the dissolved cultures
and the samples of preincubation medium 5 ml dimilume 30 (Packard) was
added, whereafter their radioactivity was measured in a beta-counter. As
the adhesion of 3H-5-HT to the small carrier-grid was less than 5% of the
radioactivity measured for a culture including its carrier-grid; no correc-
tion value was introduced for 3H-5-HT uptake.

The uptake of 123I-IMP was tested in control conditions and in the
presence of 10-4M imipramine HC1 (Ciba-Geigy) or 10"4M 5-HT creatinine
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sulphate. 123I-IMP (ZmCi/ml; spec.act. 4000-8000 Ci/mol) was donated by
"Cygne" (Technical University Eindhoven). In each experiment, cultures were
randomly assigned to the different experimental groups, including controls.
They were placed in Petri-dishes, each containing 1.5 ml nutrient medium
with 123I-IMP added to an activity of 5 uCi and incubated in an oven under
standard growing conditions (14). After one hour of incubation, the cul-
tures were replaced into the control medium, and rinsed twice in minimal
essential medium. The small carrier-grid with the explants was then removed
from the large carrier-grid and its radioactivity was measured. Samples of
15 ul were taken from the active medium before incubation (in fivefold).
The radioactivity of the cultures and the medium samples was measured in a
gamma-counter. After these measurements, the protein content of the
cultures was determined (10).

The uptake of both radiochemicals by the cultures is expressed as the
activity value, i.e. the radioactivity of the cultures after the radio-
activity of 1 ul concurrently measured preincubation medium has been
set to 1. As the tissue volume of a culture can be reasoned to be about
0.5-1 ul (3,14), this activity value represents a. tissue/medium concentra-
tion-ratio. The presented activity values of 123I-IMP incubated cultures
have been corrected for uptake by the carrier-grid. Activity measurements
of the carrier-grids showed adhesion of 123I-IMP which was not influenced
by imipramine or 5-HT. Therefore a fixed correction value of 3.75, i.e.,
the activity value of the small carrier-grid, was subtracted from the acti-
vity value of a culture including its small carrier-grid, thus resulting in
the activity value of the cultured tissue itself.

In order to compare the effect of the antagonists in the various
experiments that were carried out, the activity value of the individual
cultures in each experiment was multiplied by 100, and divided by the mean
activity value of the control cultures in that particular experiment. This
resulted in the normalized activity value for each culture. These nor-
malized activity values were compared with the normalized activity values
of the control cultures of the relating experiments, and statistically
tested for differences with the Mann-Whitney U test (M-W.): significance
was accepted at P<0.05 (two-tailed).

Results and Discussion

5-HT was taken up by the cultures both at 4 DIV and 14 DIV (Table 1).
The activity value of the 3H-5-HT incubated "control" cultures ranged from
1.5 to 4.1 at 4 DIV and from 2.3 to 7.1 at 14 DIV (p<0.05; M-W.). 3H-5-HT
uptake was inhibited by imipramine as well as by IMP (Table 1). The com-
partments in our cultures in which 3H-5-HT is taken up have not been iden-
tified. Uptake of 3H-5-HT has been visualised in serotonergic nerve
endings (5) as well as in glial cells (7). Although nerve endings of the
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TABLE 1.

A. Activity value of "control" cultures at 4 or 14 days in vitro (DIV)
that were incubated for one hour with 10"6M 3H-5-HT and IO-^M 123I-IMP,
respectively (mean ± SEM). The activity value of 123I-IMP is corrected
for the small carrier-grid.

B. Normalized activity value of cultures after one hour incubation
i. with 3H-5-HT in addition of imipramine or cold IMP (mean ± SEM), or

ii. with 123I-IMP in addition with imipramine or cold 5-HT.
The differences between the normalized activity values of the drug
exposed cultures and control cultures in the relating experiments were
tested by the Mann-Whitney U test.

A. ACTIVITY VALUE B. NORMALIZED ACTIVITY VALUE

3H-5-HT

4 DIV

14 DIV

123I-IMP

4 DIV

14 DIV

ns = not
* p<O.OB

2.8 ± 0.2
(n-11)

3.7 ± 0.3
(n-13)

44.8 ± 2.5
(n=29)

40.2 ± 2.0
(n=22)

significant
** p<0.01 *** p<0.

IMIPRAMINE 10-4M

68 ± 7.1 (n=ll)
**
contr(n=ll)
100±8.3

60 ± 5.2 (n=ll)
***
contr(n=13)
100±7.3

IMIPRAMINE 10'4M

34 ± 4.0 (n=15)
***
contr(n=15)
100±5.3

59 ± 3.6 (n=12)
***
contr(n=12)
100±5.2

001

IMP 10-"M

66 ± 6.6 (n=10)
**
contr(n=ll)
]00±8.3

79 ± 5.5 (n=13)
*
contr(n=13)
100±7.3

5-HT 10-4M

94 ± 5.2 (n=14)
ns
contr(n=14)
100±2.4

108 ± 3.9 (n=8)
ns
contr(n=10)
100±4.9
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nucleus raphe dorsalis might be present in neocortex cultures at 4 DIV,
they can be assumed to be absent at 14 DIV. Neuropil and glial cells
(expressing immmunoreactivity against glial fibrillary acid protein) have
been shown to increase in the tissue during culturing (3). Therefore, it is
possible that, especially at 14 DIV, uptake of 3H-5-HT is largely due to
glial uptake mechanisms (8).

The activity value of 1Z3I-IMP incubated cultures was more than 10
times higher in comparison with the activity value of 3H-5-HT incubated
cultures {Table 1). The amount of protein in the cultures increased from
102 ± 3.0 ]ig at 4 DIV to 129 ± 4.8 yg at 14 DIV (mean ± SEM, p<0.001;
M-W.)' Uptake of 123I-IMP, however, did not change significantly in this
period (Table 1).

Both at 4 DIV and 14 DIV, imipramine inhibited 123I-IMP uptake
(Table 1). The differences between the normalized activity values of the
cultures at 4 DIV and 14 DIV showed that this inhibition was significantly
stronger at 4 DIV that, at 14 DIV (p<0.001; M-W.). In a previous study,
imipramine and cold IMP have been shown to have a similar effect on
123I-IMP uptake in cultures at 14 DIV (4). 5-HT did not affect the uptake
of 123I-IMP, neither at 4 DIV nor at 14 DIV. Similarly, the absence of an
inhibitory effect by 5-HT on 3H-imipramine uptake has been described in
cultured cerebellar tissue (13). The lack of inhibition by 5-HT on both IMP
and imipramine uptake in tissue culture, might indicate that most of the
uptake of these two drugs in such a system is not associated with 5-HT
uptake sites. This would be in line with the difference in activity value
found after incubation with 3H-5-HT and 123I-IMP, respectively, if the
tissue/medium concentration-ratio is assumed to reflect the number of
uptake sites. On the other hand, the possibility of non-competitive inhibi-
tion of 5-HT uptake by IMP might also be considered.

The complex relationship between the recognition sites for 5-HT and
imipramine is a subject of discussion (1,11,12,16). The present results do
not allow us to take position in this debate. However, i) inhibition of
3H-5-HT uptake by both IMP and imipramine, found here and reported else-
where (16,17), ii) the lack of inhibition by 5-HT on 123I-IMP and 3H-imipra-
mine uptake in tissue culture, and Hi) a similar effect of both cold IMP
and imipramine on 1Z3I-IMP (4), support a relation between IMP and 5-HT
uptake similarly to the relation between imipramine and 5-HT uptake.
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CHAPTER 8.

SEROTONERGIC DENERVATION DOES NOT REDUCE BRAIN UPTAKE

OF N-ISOPROPYL p-[123-1]IODOAMPHETAMINE IN VIVO.

B.M. DE JONG [1,2], J.M. RUIJTER [1], T.P. VAN DER VOUDE [1],

M. MIRMIRAN [1] and E.A. VAN ROYEN [2].

[1] Netherlands Institute for Brain Research, and
[2] Department of Nuclear Medicine, Academic Medical Center,

Amsterdam, The Netherlands.

Summary. Previously, a relation between the in vitro uptake of
123iodine-123 labeled n-isopropyl p-iodoamphetamine ([ I]IMP) and

serotonin uptake has been suggested. In order to test such a relation

between this radiopharmaceutical and serotonin re-uptake in vivo, the

effect of lesioning serotonergic nerve endings on the accumulation of
123[ I]IMP in the rat brain was studied. Two hours after injecting
123[ I]IMP, the radioactivity per gram brain tissue was higher in the

lesioned rats in comparison with the sham-operated animals. This could

be explained by the loss of body weight of the lesioned animals, thus

allowing an increased distribution to the brain. Since a reduced brain

content of serotonin demonstrated that the lesion had been effective,

it was concluded that the presence of binding sites related to

presynaptic serotonin uptake, does not dominate the in vivo
123distribution of [ I]IMP two hours after injection.
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INTRODUCTION

Images of the brain obtained by Single Photon Emission

Computerised Tomography (SPECT) are generally assumed to depict

cerebral bloodflow in the initial phase after injecting a

radiopharmaceutical (RPHA). This assumption is based upon the rapid

clearance of these lipophilic RPHA from the blood, thus resulting in a

initial distribution of radioactivity within the brain which is

correlated with the local blood supply (Kuhl et al. 1982; Holman et

al. 1983). However, different RPHA, such as r"l]IMP and thallium-201

diethyldithiocarbamate ([ T1]DDC), do not necessarily give similar

images under similar circumstances (Moretti et al. 1987a; De Bruine

1988; Lafrance et al. 1981). This might be caused by differences in

receptor binding. The in vivo distribution of some radiolabeled

ligands has demonstrated that specific receptor binding can be made

visable, especially in a later phase after application (Yamamura et

al., 1974; Eckelman et al. 1985; Saji et al. 1987).
123

In vitro studies have suggested a relation between [ I JIMP and

the uptake of the neurotransmitter serotonin (5-HT). Both in

synaptosomes (Winchell et al. 1980) and in neocortex tissue culture

(De Jong et al. 1989) cold IMP inhibited 5-HT uptake. Such an effect

has been described for various halogenated amphetamines, including

p-iodoamphetamine (Fuller et al. 1980). The 5-HT uptake inhibitor

imipramine (Langer et al 1980; Meyerson et al. 1987) has been shown to
i ?3

inhibit uptake of ['" IJIMP in neocortex cultures, whereas uptake of
201
[ T1JDDC was not signicicantly affected by this pharmacon (De Jong

and Van Royen 1989). Oinical relevance of these in vitro findings
123

would increase, if a relation :•! [ I]IMP distribution within the

brain and the presence of binding sites on serotonergic nerve endings

could be demonstrated in vivo. Therefore an attempt was made to

determine whether lesioning of 5-HT nerve terminals would affect the
123
[ I]IMP uptake in the brain in vivo, after application of this RPHA

via the blood circulation. Similarly, neurochemical lesioning of

dopair>inergic nerve endings in monkey striatum could be demonstravad in

vivo by a decreased binding of the dopamine re-uptake inhibitor

[ C]nomifensine (Leenders et al. 1988).

Lesioning of serotonergic nerve endings by
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5,7-dihydroxytryptamine (5,7-DHT) (Jonsson 1980) has been reported to

result in a decrease of endogeneous 5-HT concentration and 5-HT uptake

in brain tissue (Bjorklund et al. 1975). Thereabove, tissue binding of

markers for 5-HT uptake sites, such as [ H]imipramine and

[ HJcyanoimipramine, was reduced after 5,7-DHT lesioning (Dawson and

tfamsley 1983; Kovachich et al. 1988).

Besides reducing the number of 5-HT re-uptake sites, such a

lesion might additionally result in a changed vasotonus, presumably a

decrease in vasoconstriction (Toda and Fujita 1973; Griffith et al.

1982; Grome and Harper 1983), because bloodvessels in the brain are

also innervated by serotonergic neurons located in the raphe nuclei of

the brainstem (Reinhard et al. 1979; Edvinsson et al. 1983). The

experiment described in this paper was designed according to the
123following reasoning: uptake of [ I]IMP in the brain in the initial

phase after injection will probably reflect cerebral bloodflow,
123whereas during a redistribution period, binding sites for [ I]IMP

related to 5-HT re-uptake might be important for retention of
191 191

[ IJIMP in the brain. For SPECT brain imaging with [ "l]IMP, the

most relevant question to be answered in this experiment was, whether

a decrease in 5-HT uptake sites in the lesioned animals could be

detected by a decrease of radioactivity in the brain.

MATERIALS AND METHODS

Nineteen young adult male tfistar rats, weighting 275-300 g were

divided into two groups. The animals were either operated for

lesioning 5-HT nerve endings by intracerebroventrlcular (i.c.v.)

injection of 5,7-DHT, or sham-lesioned by injecting the vehicle alone.

In order to enhance the specificity of the lesion (Bjorklund et al.

1975), the rats received desraethylimipramine (25 mg/kg i.p.) 30

minutes before i.c.v. injection. They vere anaesthesized 15 minutes

later with 0.1 ml Hypnorm s.c. (10 mg/ml fluanison; 0.2 mg/ml

fentanyl). Using a stereotaxically placed microliter syringe, either

200 ug 5,7-DHT dissolved just before application in 20 ul saline

containing 0.1% ascorbic acid, or 20 ul vehicle (sham lesion) was

injected in the left ventricle at the following coordinates: Bregma

-0.8 mm, 1.4 mm left lateral, depth 3.2 mm (Paxinos and Watson 1986).
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This solution was introduced in a period of 5 minutes, after which the

needle was left in place for 2 minutes. Six days after i.c.v.

injection the rats were chronically catheterized in the jugular vein

in order to provide adequate access to the blood circulation (Steffens

1969). Under Hypnorra anaesthesia, each rat received a catheter on top

of the skull which was subcutaneously brought into the left jugular

vene. As nine animals did not survive these procedures (see results),

five lesioned and five sham-operated (control) animals were left.

Two weeks after i.c.v. injection, ca. 125 uCi [123IJIMP

(Spec.Act. 1500 Ci/mol; "Cygne", Technical University Eindhoven) was

given via the jugular catheter in a volume of 0.5 ml to each rat (ca.
123

0.1 mg IMP/kg). Presence of [ I]IMP in the brain was determined two

hours after applying the RPHA. To that end, each rat was decapitated

and, after removal from the skull, the brain was divided into the left

and right cerebral hemispheres, the cerebellum and the brainstem. From

the frontal pole of each hemisphere, cortical tissue was taken for

biochemical analysis, and frozen on dry ice- All tissue was weighed

wet. Radioactivity of the different brain parts was measured in a

gamma-counter, and corrected for decay. 5-HT, 5-hydroxyindoleacetic

acid (5-HIAA), noradrenaline (NA) and dopamine (DA) concentration

(ng/g wet tissue) in the frontal cortical tissue was determined by

means of high pressure liquid chromatography (HPLC) and

electrochemical detection.

Differences between the lesioned and sham-lesioned groups were

tested for statistical significance (two tailed) with the Mann-Whitney

U test (M-W.). Spearman's rank correlation was used for testing

correlations between variables. Significance was accepted at P<0.05.

RESULTS

Five lesioned and five control animals remained for the study of

[ I]IMP uptake. Of the initial 19 animals, one rat died during

anaesthesia prior to the stereotaxical i.c.v. injection, one rat did

not survive a surgical attempt to open a blocked jugular catheter,

whereas seven animals «ere sacrified because of, either a progressive

weight loss, or a cutaneous lesion at the peritoneal

desmethylimipramine injection site. Animals were lost from both the
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lesioned and the control group.

During the first four days after i.c.v. injection, the Voned

rats showed more run-away activity when they were approached for

handling than the controls did. Later on, no difference in such

behaviour was noticed. The two experimental groups could not be

behaviourly distinguished in a small open field test, 12 days after

i.c.v. injection.

The radioactivity per gram wet tissue of the measured brain

structures was ca. 10% higher in the lesioned group than in the

control group (Table 1:A). In both the control and the lesioned group,

radioactivity per gram brain tissue was 1.5 times higher in the

cerebral hemispheres in comparison with the cerebellum. In the whole

group of rats (n=10), high radioactivity per gram brain tissue

appeared to be correlated with low body weight (Fig.l). This is also

illustrated by the fact that the ratio radioactivity per gram brain

tissue / injected radioactivity per gram body weight did not show any

difference between the control and lesioned group (Table 1:B).

In the first week following i.c.v. injection, the lesioned

animals had lost more weight than the controls. In the second week,
123

all 10 animals that eventually remained for [ I]IMP injection gained

weight. Ultimately, the body weight of rats in lesioned cf. the

control group was 8% less (although not statistically significant),

whereas their brain weight was similar. (Table 2).

An average of 70.5 + 4.5 mg tissue per animal (mean + SEM) was

taken for HPLC. In the lesioned group, application of 5,7-DHT i.c.v.

had resulted in a reduction of 5-HT as well as 5-HIAA in the cerebral

cortex of more than 802 (Table 3). The differences in both NA and DA

concentrations between lesioned and control rats were not

statistically significant. Radioactivity in the brain (Fig. 1) was not

related to the concentration of these neurotransmitters.
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The RELATION between BODY WEIGHT and RADIOACTIVITY per graji brain
tissue.

A: the cerebral hemispheres,
B: the cerebellum, and
C: the brainstem.

rs = Spearman's correlation coefficient; * = P<0.05
o = sham-lesioned control rat; A = 5,7-DHT-lesioned rat
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TABLE 1.

RADIOACTIVITY in BRAIN TISSUE (mean + SEM) in 5,7-DHT-lesioned rats
(n=5) and sham-lesioned controls (n=5). Two parameters, expressing
radioactivity in the brain, were tested for differences between the
two experimental groups (Mann-Whitney):

A. Radioactivity per gram brain tissue (nCi/g).
B. Radioactivity per gram brain tissue / injected

bodyweight.

measured structure:

activity per gram

TOTAL BRAIN HEMISPHERES CEREBELLUM BRAINSTEM

A.
control
lesion

B.
control
lesion

* P<0.
ns not

257 + 11
284 + 3

+1U *

0.619+0.016
0.625+0.011

ns

05
significant

278 + 12
311 + 6

+12% *

0.670+0.017
0.684+0.011

ns

186 + 10
208 + 5

+12£ ns

0.449+0.016
0.459+0.007

ns

199 + 9
219 + 3

+102 ns

0.480+0
0.481+0

ns

.012

.005

TABLE 2.

BRAIN WEIGHT, BODY WEIGHT, and INJECTED RADIOACTIVITY (mean+SEM) for
the rats in the 5,7-DHT-lesioned group (n=5) and the sham-lesioned
control group (n=5). Differences were tested with Mann-Whitney U test,
(ns = not significant).

brain weight (mg) body weight (g) injected activity (uCi)

control
lesion

1789 + 49
1835 + 23

ns

302 + 9
277 + 5

-8% ns

125 + 1
126 + 2

ns
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TABLE 3.

CONCENTRATION (ng/g brain tissue) of 5-HT, 5-HIAA, NA and DA in the

frontal cerebral cortex (mean + SEM). Differences between the 5,7-DHT

lesioned and control group were tested by M-W.

5-HT 5-HIAA

** P<0.01
ns not significant

NA

control
(n=5)

lesion
(n=5)

decrease due
to lesioning

193

22

89%

+ 20

+ 2

**

480

83

83%

+ 22

+ 8

**

176

145

± 16

+ 30

ns

DA

65 + 11

50 + 9

232 ns

DISCUSSION

The reduced concentrations of 5-HT and 5-HIAA reflected the

succesfull lesioning of 5-HT nerve endings by i.c.v. 5,7-DHT

application. This demonstrated that the experimental conditions for

testing an effect of a reduced number of 5-HT nerve endings on the
123uptake of [ IJIMP were present in this study. Clearly, these

123
conditions did not result in a reduced uptake of [ IJIMP in the

123
brain. On the contrary, an increase of [ IJIMP uptake was found in

the lesioned animals.

The increased radioactivity in the brains of the lesioned rats

in comparison vith the controls, might be explained by an increased

bloodflow if the change of radioactivity per gram brain tissue is

assumed to be independent of the change in body weight. However, if
123

the negative correlation between [ I]IMP concentration in the brain

and body weight is assumed to be a causal relation, the increased

radioactivity in the brains of the lesioned animals would be better

explained. In that case, binding sites outside the brain appear to be
123

important for the (re-)distribution of f IJIMP. Recently, Karatzas
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and co-workers (1988) reported a highly significant negative
125

correlation between brain uptake of the [ I] labeled diamine HIPDM

and bodyveight in rats.
123

If binding of [ I]IMP is assumed to occur on 5-HT uptake sites
123

(Winchell et al. 1980), an increase of [ I]IMP binding sites would

not be likely after a reduction of 5-HT nerve endings, on which most

of such uptake sites are located. Also 'postsynaptic' 5-HT uptake

sites on glial cells (Kimelberg and Katz 1985) have been reported to

be affected by 5,7-DHT in glia tissue culture, resulting in a decrease

of 5-HT uptake, three days after application (Kimelberg 1986).

Therefore, we do not favour to explain an increased radioactivity in
123

the brain of the lesioned rats by an increase of [ IJIMP binding

sites, due to upregulation of postsynaptic receptors. Moreover,

upregulation of classical 5-HT receptors has not unambiguously been

demonstrated (Conn and Sanders-Bush 1987; Fishette et al. 1987).

The question remains, why a reduction of 5-HT nerve endings did
123

not result in a decreased uptake of [ IJIMP in the brain. A decrease

of imipramine binding to subcellular cortical cell fractions after

lesioning 5-HT nerve endings has been reported by Sette et al. (1983).

In the intact animal, application of imipramine before injecting
123 123

[ I J I M P has been shown to result in a decrease of [ I J I M P uptake

in the brain as well as the lung (Moretti et al. 1987b), thus

illustrating a relation between imipramine and IMP recognition sites

in vivo. Autoradiographic localization following incubation of brain

tissue slices with [ H]imipramine has revealed a marked reduction of

both total and specific imipramine binding sites due to 5,7-DHT

lesion, whereas, aspecific binding was less or not reduced (Dawson and

Uamsley 1983); in some structures, even an increase of aspecific

binding was observed. In our experiment, an excess of aspecific
123

binding sites for [ I]IMP might have obscured the effect of

lesioning 5-HT nerve endings.

Although a similarity between IMP and imipramine might be

assumed, a major difference between the experiment described in this

paper and the quoted experiments concerning the effect of 5-HT

lesioning on imipramine binding, is in vivo vs. in vitro application

of the radioactive ligand. In vivo, intracellular trapping (and
123

metabolizing) of [ I]IMP after initial distribution, would
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counteract on redistribution towards more specific binding sites. The

occurrence of such a mechanism might be supported by the following

findings. In tissue culture, radioactivity has been shown to be

retained without significant loss during one hour following incubation

with [ I J I M P (De Jong and Van Royen 1989). In intact rats, Moretti

et al. (1987b) have demonstrated that application of imipraraine after
123

injecting [ I]IMP, did not result in a decrease of radioactivity,

neither in the brain, nor in the lung. This is in contrast with the
123

effect of imipramine applied before [ I]IMP injection.

In conclusion: The initial distribution by cerebral bloodflow

and the dominance of binding sites, other than those located on

serotonergic nerve endings, appear to be the main factors that cause a
1 TO 1J1

distinct location of [ I J I M P in the brain. Therefore, [ I J I M P does

not seem to be a simple marker for detecting a decrease of presynaptic

5-HT uptake sites, reflecting 5-HT innervation, in vivo.
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GENERAL DISCUSSION

In the first section of the present thesis, procedures were

achieved for prolonged culturing of rat occipital cerebral neocortex

explants with good preservation of tissue viability (chapter 1). This

means that the study of this tissue was not confounded by the presence

of central necrosis. In this chapter, comments will be given on

essential steps in the culture procedures, followed by a discussion of

morphological characteristics of cultured neocortex explants in

relation to some interesting aspects of postnatal development of the

cerebral cortex in vivo. In addition, recent applications of the

present culture system in experimental studies will be dealt with. One

such study concerned the uptake of SPECT radiopharmaceuticals,

201-T1-DDC, 123-I-IMP and 99m-Tc-HMPA0, as described in the second

section of this thesis. Mechanisms other than cerebral blood flow,

that might contribute to the distribution of these

radiopharmaceuticals within the brain in vivo will be commented upon,

and some perspectives for the use of SPECT in receptor imaging will be

outlined.

CULTURE PROCEDURES

1) Before the freshly dissected tissue was placed on

carrier-grids in temperature- and CO»-controlled nutrient medium, the

tissue explants were preincubated for an hour at room temperature, in

glucose supplemented Hank's balanced salt solution (chapter 1). This

buffer does not need CO^-gassing for pH equilibration. Incubation at

room temperature lowers the energy demand cf the cells, and can

therefore be assumed to promote cell survival in the center of the

excised tissue. A relationship between temperature and oxygen demand

has been demonstrated by Bingmann and Kolde (1982) in freshly

sectioned hippocampal slices. They observed a steep, temperature

dependent, gradient in the concentration of oxygen from the surface

towards the center of 300-400 um thick slices. At 35°C, the oxygen

concentration at a depth of ISO um was less than 10% of that measured
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at the surface, whereas this value was more than 35% at 25°C.

Moreover, the central zone often exhibited swollen neurons at 35 C, in

contrast to the situation with the lower temperature. Although a rim

of about 50 urn of initial tissue damage at the sectioned slice surface

is possibly unavoidable (Garthwaite et al., 1979; Bingmann and Kolde,

1982), the preincubation period used in our procedure might have

provided time to decrease the deleterious effects of tissue slicing.

An increase of extracellular potassium is an example of such a direct

effect of tissue slicing, which places increased demands upon the

energy consuming Na/K-pump (Misgeld and Frotcher, 1982). At 35°C, this

additional potassium efflux would aggravate the ionic disturbances

caused by hypoxia (Hansen, 1985).

2) As a result of placing tissue on carrier-grids, the nutrient

medium was able to reach all sides of the explant, thus providing an

increased interface between medium and the tissue. Flow of the medium

along all of the tissue surfaces due to rocking (chapter 1) may also

be assumed to have enhanced the exchange of metabolites.

3) The ultimate thickness of the cultured explants was shown to

determine the integrity of their center, and should not exceed ca.

110 urn above the carrier-grid. This thickness was strongly influenced

by the amount of nutrient medium added to the Fetri-dishes. An

abundant amount of medium resulted in thick, cultures with extensive

central necrosis. If the amount of medium was too small, hovever, the

top-surface of the explant degenerated. Rocking of the cultures

provides the opportunity to use the smallest possible amount of medium

(1.2 ml) which superfuses their top-surface at constant intervals, and

has the effect of flattening the tissue. The roller-tube technique

(Gahwiler, 1981), in which the same principle of medium superfusion is

applied, results in cultures of monolayer thickness. Gahwiler (1981)

has reported that both rotation and the use of serum were important

factors in flattening of the tissue. Applying the roller tube method,

an organotypic organization has been described for cultures of many

parts of the brain, but no reports have appeared on culturing cerebral

neocortex tissue in this way.

4) The application of a chemically defined (i.e., completely

serum-free) nutrient medium (chapter 1) has several advantages

(Romijn, 1988). It provides a better standardization of culture
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conditions, and therefore enhances the reproducibility of in vitro

experiments. Serum components have been found to be present in

variable concentrations in different batches, and have sometimes been

observed to result in unpredictable side-effects (Olmsted, 1967; Esber

et al., 1973). Moreover, we have observed that serum favored the

migration of neurons out of the explant, thus degrading its

histiotypic cytoarchitecture.

CYTOARCHITECTURE

The cytoarchitecture of the cultured neocortex tissue was

characterized by a neuronal arrangement in five zones between the pial

and ventricular side of the explant (chapter 2). These zones were

denoted as layer 1 at the pial side, layer "2-3-4", layer 5, layer 6,

and a "ventricular" zone. Although these characteristics implied a

similarity with neocortical cytoarchitecture in vivo, differences

between in vitro and in vivo structural organization were found in the

following features: i) a clear demarcation between layers 2, 3 and 4

was absent in vitro; ii) individually located dead cells could

occasionally be observed (especially in layer 5) surrounded by healthy

neurons and neuropil; iii) neurons in the equivalent area of the in

vivo layer 6B were relatively large; iv) more glia was present in

vitro throughout the tissue than in vivo; v) obviously, the extensive

network of fibers on "top" of the explants had no in vivo equivalent.

The size of the neuronal layers over the pia-ventricular axis

remained without significant changes after 2 days in vitro (DIV;

chapters 2 and 3). In contrast, maturation of the tissue was concluded

to proceed until a constant level was reached between 14 and 21 DIV.

This conclusion was based on the morphology of cell bodies, the

increase in neuropil, the number of neurons, and the amount of protein

(chapters 2 and 3).

MORPHOLOGICAL MATURATION

Explants were taken from the brain of 6-day-old rat pups. At

this age in vivo, migration of neurons from the ventricular wall to

their definitive location within the cortical plate has completed
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(Berry and Rogers, 1965; Miller, 1988). The cerebral cortex in vivo

subsequently reveals a series of changes which can be assumed to mark

a period of major development of its constituting neurons, especially

with respect to the establishment of their interconnections. Although

the occipital thickness of the cortex in vivo has been shown to change

only minimally after 12 postnatal days (Sugita, 1917; Miller, 1981), a

progress in maturation of the rat visual cortex reaches many of the

adult morphological characteristics by the end of the third postnatal

week (Caley and Maxwell, 1968; Miller, 1988; Uylings et al., 1989).

Such a period of maturation in vivo indicates the similarity with the

maturation of the cultured occipital tissue, which reaches a constant

level around 14 DIV, being equivalent to postnatal day (PND) 20.

At birth, most of the neurons in the rat visual cortex are small

and undifferentiated cells, and only a few presumptive pyramidal cells

can be recognized in the depth of the cortex on account of their

developing apical dendrite (Parnavelas and Lieberman, 1979). The

characteristic basal dendrites of pyramidal cells appear in the first

postnatal week (Farnavelas and Lieberman, 1979; Miller, 1981).

Arborization and rapid outgrowth of these basal dendrites starts

around PND 6, and reaches a mature aspect at the end of the third week

around PND 18 (Miller, 1981; Uylings et al., 1989). At PND 24,

neuronal cell bodies cannot be distinguished electron microscopically

from adult cell bodies (Parnavelas and Lieberman, 1979). During the

second and the third week, local circuit neurons also show a steady

increase in the size of cell bodies and the complexity of both

dendritic trees and axonal ramifications (Parnavelas and Uijlings,

1980; Miller, 1986). A temporarily high density of spines on both soma

and dendrites has been found in all local circuit neurons by the end

of the second postnatal week, but only a few dendritic spines remain

in the fourth week (Parnavelas et al., 1978; Miller, 1986, 1988). The

spine density on apical dendrites of pyramidal neurons has its largest

increase in the second week and remains high (Miller, 1981). Before

birth, synapses are present in the molecular layer and the subplate

zone, but the first synapses in the interpositioned cortical plate are

formed around the tine of birth (Juraska and Fifkova, 1979; Blue and

Parnavelas, 1983). Synapses on spines first appear around PND 7, and

rapidly increase in number during the second and third weeks (Juraska
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and Fifkova, 1979; Blue and Parnavelas, 1983). Based upon the

appearance of axosomatic synapses on pyramidal neurons, synapse

formation of local circuit neurons has been suggested to have its

largest increase between PHD 9 and 20 (Miller, 1986, 1988).

Although neuronal differentiation starts earlier in the deeper

parts of the cortex than in the superficial layers, the appearance of

all neurons is mature around the end of the third postnatal week,

regardless of cell type or laminar location (Parnavelas and Lieberman,

1979; Miller 1988; Uylings et al., 1989). Obviously, neuronal

arborization and synaptogenesis, reflecting the formation of

interneuronal contacts, takes place largely in the second and third

postnatal weeks in the rat. The increase of neuropil in vivo is for a

large part due to the outgrowth of dendrites (Miller, 1988; Uylings et

al., 1989). This occurs in the period equivalent to the first two

weeks of growth in vitro, after explanting tissue from 6-day-old pups.

DEAFFERENTED CORTEX

Bringing pieces of neocortex in culture implies isolation of

this tissue from the rest of the brain. Afferent information is no

longer received. In the intact brain, four categories of afferent

fibers to the cortex can be distinguished: i) projections from other

cortical areas, with glutamate and aspartate as putative

neurotransmitters (Streit, 1984); ii) monoaminergic innervation from

the brainstem and midbrain (Fallon and Loughlin, 1988), i.e. the

systems with noradrenaline, dopamine or serotonin as

neurotransmitters; iii) cholinergic innervation from the basal

forebrain (Mesulam et al., 1983; and iv) thalamic projections (Peters

and Feldman, 1976), most of which are probably glutamatergic (Tsumoto

et al., 1986). The onset of the aforementioned four types of

innervation does not occur at the same time.

In the rat, monoaminergic fibers reach the neocortex in the last

week before birth (around embryonal day 15-16) but do not enter the

cortical plate until birth (Levitt and Moore, 1979; Lidov and

Molliver, 1982; Verney et al., 1982; Kalsbeek et al., 1988). Around

birth the monoaminergic fibers grow into the cortical plate, where

they make synaptic contacts. In the first postnatal days, the few
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presynaptic terminals that are present in the cortex can be assumed to

belong predominantly to cortical projection neurons (Miller, 1988) and

monoaminergic neurons (Coyle and Molliver, 1977). Axons of the lateral

geniculate nucleus reach the visual cortex four days before birth, and

stay below the cortical plate until their ingrowth around birth.

Around PND 8, a heavy distribution of these fibers starts in the

layers 4 and 1, within which they form synaptic contacts (Lund and

Hustari, 1977). The cholinergic innervation of the neocortex has been

indicated as starting about a week later than the monoaminergic

innervation (Parnavelas et al., 1988). During the second and third

postnatal weeks a large increase of presynaptically located choline

acetyltransferase can be observed (McDonald et al., 1987).

Because of the early onset of monoaminergic innervation, a

variety of studies have focussed on the influence of this innervation

upon cortical development. However, the morphological effects of fetal

and neonatal lesions of catecholaminergic projections to the cortex

have been subtle (Wendtland et al., 1977; Brenner, 1987; Hohmann et

al., 1988; Kalsbeek, 1989). Recently, lesions of basal forebrain

cholinergic neurons on PND 1 have been shown to result in an obvious

alteration of cortical development (Hohmann et al., 1988). A

demarcation between layers 2, 3 and 4 was absent in the second

postnatal week, and four veeks after birth, blurring of the laminar

boundaries between layers 3-4 and 4-5 had persisted. Furthermore,

packing density of the cells in layers 4 and 5 appeared irregular,

while some neurons (particularly in layer 5) were improperly oriented.

A certain similarity with our descriptioi. of the cytoarchitecture in

vitro is apparent, especially with respect to the absence of an

apparent bordering within the in vitro layer "2-3-4" (chapter 2).

Besides inducing electrophysiological (membrane) effects,

neurotransmitter stimulation of receptors may also result in

intracellular effects. This implies pathways by which receptor

reactions are transduced along a cascade of intracellular reactions,

which may eventually result in changes in gene expression. Second

messengers play a role in transducing external signals impinging upon

the cellular membrane into intracellular signals (Berridge, 1985). The

group of phosphoinositides has been argued to be an important second

messenger system in the brain (Fisher and Agranoff, 1987; Sladeczek et
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al., 1988). A relationship at the molecular level, between the

cholinergic system and development in the neonatal rat cortex, might

be suggested by the temporarily high efficiency by which cholinergic

receptor stimulation is coupled to the activation of a second

messenger system (Johnston, 1988). In the second postnatal week

carbachol stimulation of muscarinic acetylcholine receptors results in

maximal phosphoinositide turnover (Heacock et al., 1987). Such a

strong temporary effect on phosphoinositide turnover is mimicked by

the excitatory amino acids (Nicoletti et al., 1986) but not by, e.g.,

noradrenaline. The effect of noradrenaline on phospholipid hydrolysis

is different: it increases steadily during development to reach an

adult level 5 weeks after birth (Schoepp and Rutledge, 1985; Nicoletti

et al., 1986).

A final illustration of the dynamics in the cholinergic

innervation of cortex during postnatal development is the

redistribution of muscarinic acetylcholine receptor density from

layer 4 of the cat visual cortex during the first postnatal month

towards layers 1-3 and 6 after 2 months of age (Shaw et al., 1986).

Surgical undercutting prevented this redistribution (Shaw et al.,

1988a). In acute slices of the rat visual cortex, Shaw and co-workers

(1988b) reported on the influence of potassium channel stimulation in

down-regulation of the muscarinic receptors, and on the role of these

channels as an intermediate in agonist-induced down-regulation. This

opened perspectives for understanding the mechanisms underlying the

receptor-redistribution.

These data encourage the employment of the presently described

tissue culture conditions for the study of maturation of isolated

neocortex explants during the first postnatal month, using parameters

which mark the interaction between neurotransmitters, receptors,

second messengers, and further cellular effects. In this respect, the

additional contributions of morphological, biochemical and

electrophysiological methods can be expected to be successful for

answering molecularly formulated questions. Cultured tissue can easily

be manipulated by, e.g., receptor agonists or antagonists, blockers of

ionic channels, or the introduction of co-cultures, In contrast to

acute slices, the effects can be followed for a long time. With

respect to the apposition of co-cultures, specificity questions not
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only embrace research on fiber ingrowth into specific regions of the

cortical tissue, but also include the study of neurotransmitter

specific electrophysiological and biochemical effects in cell groups

expressing particular receptors at distinct maturational stages.

CELL DEATH

The occurrence of individually located dead cells within healthy

neuropil (especially in layer 5; chapter 2) explained the decrease in

the number of neurons until a constant level attained between 14 and

21 DIV (chapter 3). This process was suggested to have a functional

cause, probably due to the lack of proper targets. Such an absence of

targets has also been suggested to play a role in the occurrence of

natural cell death in vivo (Cowan et al., 1984). The observed

individually located dead cells in vitro might be equivalent to that

kind of cell death. In the cultured tissue, a distinction was made

between this type of cell death on the one hand, characterized by

scattered homogeneous clumps of amorphous material, and the swollen

remnants of dead cells clustered in the necrotic center of the tissue,

on the other hand, which were inevitably present before the present

culturing protocol was perfected (Fig. 1). Although naturally

occurring cell death in the cortex (Luskin and Schatz, 1985) is still

a subject of debate, the morphological features of this kind of cell

death have been well described for chick ciliary ganglion (Pillar and

Landmesser, 1976) and the spinal cord motor neuron (Vang and

Oppenheim, 1978). The morphological characteristics of this kind of

deterioration are often seen first in the nucleus or the ribosomal

apparatus.

In neurons that die due to the lack of an adequate energy

supply, swelling of perikarya (mitochondria) and fibers has been

described to be a prominent feature (Brierly, 1975). These

characteristics can be interpreted as reflecting a failure of the

ionic or water equilibration over cellular membranes, resulting in a

neuronal influx of sodium, chloride, calcium and water, along with an

efflux of potassium (Hansen, 1985). Similar features are seen in

"excitotoxic" neuronal damage (Olney et al., 1979). The initial

observations of glutamate induced brain damage (Olney, 1969)
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Figure 1.
Neocortex explant cultured without a
carrier-grid, and sectioned parallel to the
bottom of the Petri-dish in which it has
been grown. The arrow indicates an area
with cell death possibly due to metabolic
deficit. The arrow-head points at an
example of cell death that has been
interpreted as functional cell death.
Bar = 100 urn.

stimulated research on the role of the excitatory neurotransmitters

("excitotoxins") in the sequelae of events in cerebral ischaeraia

(Simon et al., 1984; Rothman and Olney, 1986), and might explain

aspects of selective vulnerability (Pulsinelli et al., 1982; Collins,

1986).

Actually, by employing tissue culture, similar experimental

strategies can be expected to become fruitful for research into

mechanisms by which (excitatory) neurotransmitters are involved in

both neuronal maturation and deterioration. Such a combined interest

in both neuronal development and neurotoxicity is even more argued by

the observations that one and the same stimulus (e.g. glutamate) may

change from a trophic (Balazs et al., 1988) to a toxic one (Garthwaite

and Garthwaite, 1986) in the course of development.

RECENT CULTURE APPLICATION

The absence of a blood-brain barrier, which enabled us to study

characteristics of thallium uptake in cerebral cortex tissue

(chapter 6), also provided the circumstances for Bingmann et al.

(1988) to ccmpare the effect of the calcium antagonists flunarazine
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and verapamil in brain tissue. In contrast to flunarazine, verapamil

does not pass the intact blood-brain barrier. Intracellular

electrophysiological recordings were performed in acute hippocampal

slices and cultured neocortex explants of about 14 DIV. Recordings

from neurons in the presently described cultured neocortex explants

were observed to show a better resemblence with neocortex neurons in

vivo than was the case for recordings from acute neocortex slices

(Bingmann et al., 1988; Baker et al., 1989). Verapamil was observed to

reduce pentylenetetrazol induced epileptic discharges in both

hippocampal and neocortex neurons, whereas flunarazine had such an

effect only on hippocampal neurons. This indicated that only a

distinct population of neurons had flunarizine-sensitive calcium

channels, and suggested a possible explanation for the variability

between epileptic patients in their response to flunarizine therapy:

this response might depend on the site of the epileptic focus.

In chapter 4, a postembedding staining protocol for the

immunocytochemical identification of GABAergic neurons in

Epon-embedded tissue was described. At the time these staining

procedures were tested, a protocol for culturing explants was still

being developed. Therefore, testing of the GABA staining was done in a

standardized system of dissociated neocortex cultures (Van Huizen,

1986). Later on, GABA positive neurons were observed to be evenly

distributed throughout all cortical layers of the cultured explants,

similar to the situation in vivo (chapter 5; Romijn et al., 1988).

Both in the dissociated cultures (chapter 4) and the cultured explants

(chapter 5), 10-20£ of all neurons could be assumed to be GABAergic.

This is in agreement with observations made in vivo (Meinecke and

Peters, 1987).

Cultured neocortex explants provided suitable conditions for

studying selective effects of hypoxia and hypoglycemia on brain

tissue. Intervening variables such as accumulation of metabolites,

that would occur in vivo due to deterioration of tissue perfusion,

could hereby be excluded. Application of postembedding GABA staining

in such a study revealed that GABAergic neurons were probably more

vulnerable to hypoxia than non-GABAergic neurons (Romijn et al.,

1988), whereas indications were found that the opposite might be the

case under hypoglycemic conditions (Romijn and De Jong, 1989). These
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findings stimulate a further morphological contribution to biochemical

research on the relation between differences in vulnerability of

neurons containing different neurotransmitters, and the way such

neurons use substrates (e.g. glutamate) for energy metabolism (Hertz

et al., 1988).

Individually located cell death, appearing as homogeneous clumps

of material, could be identified in normal cultures (chapter 2).

Ruijter and Baker (1988) observed an increase of this type of cell

death, due to the death of about 50£ of all neurons in explants

cultured in the continued presence of tetrodotoxin (TTX). This drug

selectively blocks sodium channels and, thus, results in the total

absence of bioelectric activity. Elevated potassium (25mM) in the

nutrient medium prevented TTX-induced cell death, but development of

neuropil was reduced in comparison with control cultures (Baker et

al., submitted). Prolonged culturing in nutrient medium with only 25mM

potassium prevented synapse formation. This could be determined

electrophysiologically as well as electron microscopically.

The motivation for the application of cultures for the study of

SPECT radiopharmaceuticals was extensively argued in the introduction.

Conditions without a blood-brain barrier provided the possibility to

test "behaviour" of an ion such as thallium, the uptake of which

appears to reflect Na/K-pump activity (chapter 6). Experiments were

carried out in cultures at 14 DIV. This was argued to be a proper age

for testing radiopharmaceuticals in a relatively "mature" tissue,

(chapter 2 and 3). A coefficient of variation between the cultured

explants for their size and the amount of protein was found to be

about 0.1 (chapter 3), which indicated that for establishing a 10%

difference to be statistically significant (P<0.05), each group had to

contain at least 8 values. This was in agreement with the results of

testing the antagonism of radiopharmaceutical uptake as described in

chapter 5.

The preceding commentary on the present tissue culture system

was focussed on issues that are currently subjects of intense

investigation. An evaluation of further applicability in other

conceivable research lines would be too extensive to justify in this

discussion. Other literature should therefore be consulted (Gahwiler,

1988; Azmitia et al., 1988; Banker and Goslin, 1988) with respect to
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this aspect. The main advantage of this culture system is the

similarity to the structural organization of the neocortex in vivo,

its reproducibility and the interesting time-span in which development

of the tissue was observed to take place, to approach a "mature" state

after 14 DIV. This period of development in vitro corresponds to an

important period of maturation of the rat cortex in vivo, i.e., the

second and third postnatal week.

It should be considered, that for morphological studies, the

necessity of tissue sectioning may seem to be a disadvantage. However,

in sections, neuronal and glial profiles can accurately be

discriminated, thus enabling precise quantification of structures,

provided that appropriate morphometric procedures are employed. Rapid

examination of living tissue by phase-contrast microscopy, for the

observation of, e.g., neurite outgrowth or drug toxicity, can be done

more easily in dissociated cell cultures. Accurate quantification,

however, may be more difficult due to reaggregating clusters of cells,

vhile neurons and glial cells cannot always be clearly discriminated.

CONCLUDING REMARKS ABOUT TISSUE CULTURE

The cultured explants can be looked upon in tvo ways. First of

all, it is the result of a cortical isolation experiment in which

intact cortex forms the control situation. This encourages its

application for research into the mechanisms underlying normal

development of the cerebral cortex. In the second place, it is an

attractive model for testing clear experimental questions. All kinds

of chemicals can easily be applied without interference of blood-brain

barrier, and without taking care for circulation, ventilation,

alimentation or other possible failure of life-support systems in an

experimental animal. Moreover, effects of an applied drug will not be

confounded due to interactions with changes that might have been

induced in vivo in other parts of the brain than the one of interest.

Finally, in contrast to acute slices, experimental effects can be

followed for a prolonged period of time (weeks).
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THE STUDIED RADIOPHARMACEUTICALS

In the present thesis we studied the radiopharmaceuticals

201-T1-DDC, 123-I-IMP and 99m-Tc-HMPA0. These compounds are currently

in use for SPECT imaging of the human brain. Although it is generally

assumed that their initial distribution within the brain is

proportional to local cerebral blood flow, these radiopharma'euticals

do not necessarily result in identical images under similar

circumstances (see General Introduction). In order to add insight in

factors, other than cerebral bloodflow, that might play a role in

their distribution, uptake of these radiopharmaceuticals was studied

in cultured explants.

Uptake experiments revealed characteristic differences between

201-T1-DDC, 201-Tl-Chloride, 123-I-IMP, 99m-Tc-HMPA0, and 99m-Tc-04~

(chapter 6). The highest tissue/medium concentration ratios were found

for 201-T1-DDC and 123-I-IMP, whereas 123-I-IMP and 99m-Tc-HMPAO

showed the strongest retention in the tissue. Strong retention

indicates that the initial distribution after application of these

radiopharmaceuticals in vivo will be maintainted for a long time.

Without specific carriers, the radionuclides 201-T1 and 99m-Tc do not

pass the intact blood-brain barrier in vivo, but in cultures, uptake

of 201-T1-C1 was in a similar range as 99m-Tc~HMPA0. 99m-Tc-0,~ was

not concentrated in the cultured tissue, indicating that this

compound, which has widely been used for the scintigrafic

demonstration of disruption of the blood-brain barrier, depicts in

vivo distribution over the extracellular space.

201-T1 DIETHYLDITHIOCARBAMATE (DDC)

Strong inhibition by ouabaine (Glynn, 1964), indicated that

201-T1-C1 uptake reflects metabolic activity of brain tissue in the

compartment "behind" the blood-brain barrier (chapter 6). Such a

mechanism has also been described for other tissues (Landowne, 1975;

Carlin and Jan, 1985; McCall et al., 1985). This observation adds

arguments to the suggestion that the high accuracy of 201-T1 in

delineating active neoplastic tissue from necrosis and regional edema

in malignant gliomas, might be explained by its relation to
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functioning of the membrane Na/K-pump (Kaplan et al., 1987). The

inhibitory effect of ouabaine on 201-T1-DDC uptake was much less

pronounced than that on 201-T1-C1, and might be due to the presence of

free 201-T1. If dissociation of 201-T1-DDC (Vyth, 1983; Ballinger and

Gulenchyn, 1987) would occur in the brain, late SPECT images might

reflect the distribution of free 201-T1 and thus regional metabolism.

An argument for the assumption that free 201-T1 is actually detected

after 201-T1-DDC application in vivo, might be found in the

observation that in brain homogenates, radioactivity was mainly

present in cytosol (>92£ free; <8% protein bound; Costa et al., 1986).

After 99m-Tc-HMPA0 application, radioactivity appeared mainly to be

present in organelles (Costa et al., 1986). However, it is difficult

to draw conclusions from these observations for the situation in vivo,

because the extensive grinding of the tissue may be assumed to affect

both dissociation of the radiopharmaceutical and subcellular

distribution of radioactivity. Differences in the washout of

radioactivity from cultures after incubation with 201-T1-DDC or

201-T1-C1 (chapter 6), indicated that the dissociation of 201-T1-DDC

is not a fast process in living neuronal tissue.

Differences in regionally specific distributions between

201-T1-DDC, 123-I-IMP and 99m-Tc-HMPA0 have been observed by employing

autoradiographic techniques, and suggested the presence of different

mechanisms of uptake and retention in rat brain (Lear and Navarro,

1987; Lear, 1988). Particularly 201-T1-DDC underestimated local

cerebral bloodflow in white matter and showed a higher uptake in the

periventricular regions of hippocampus and thalamus (Lear, 1988).

De Bruine (1988) also observed specific retention of radioactivity in

the hippocampus, 23 hours after injecting 201-T1-DDC in rabbits.

In an autoradiographic pilot study, we employed the dip-coating

technique (Rogers, 1979) for light-microscopic localization of

radioactivity in cultures that had been incubated with 201-T1-DDC.

This procedure was carried out on 1.5 um thick sections of tissue,

fixed and Epon-embedded as described in chapter 2. Radioactivity was

present throughout the explant, in general without a clear preference

for cell bodies of either neurons or glial cells. Only incidentally a

high density of excited grains was found over glia (Fig.2 and 3). In

such cases an accumulation of probably glial lipid droplets could be
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Figures 2 and 3.
Adjacent 1.5 um thick
sections of Epon embedded
cultured explants that were
incubated for one hour with
210-T1-DDC. These sections
were processed for
autoradiography (Fig. 2) or
postembedding anti Glial
Fibrillary Acid protein
(GFA) immunocytochemistry
(Fig. 3). The arrows
indicate a glial cell that
accumulated radioactivity.
The asterisk marks one of
the neuronal cell bodies
that do not stain after
processing for anti-GFA
immunocytochemistry.
Bar = 100 urn.

identified in adjacent toluidine blue-stained sections. The conclusion

that radioactivity is, in general, randomly distributed over neuropil

and cell bodies is not completely justified because fixation of the

tissue might have caused redistribution, even though no radioactivity

was lost from the tissue during rinsing after OsO, postfixation.

Nevertheless, this study demonstrated that the radionuclide 201-T1 can

be applied for microscopic autoradiography. For further research in

this field, microscopic autoradiography on freeze-dried material or

frozen sections (fixed in OsO, vapour), might be considered.

123-1 n-ISOPROPYL p-IODOAMPHETAMINE (IMP)

Uptake of 123-I-IMP vas inhibited by the serotonin uptake

inhibitor imipramine. Although less pronounced, such an imipramine

effect could also be observed on 99m-Tc-HMPA0 uptake. Serotonin uptake

in vivo is located in nerve endings of neurons, that have their cell

bodies in the dorsal raphe nuclei in the brain stem (Aghajanian and

Bloom, 1967), and in glia (Kimelberg, 1988). Iodinated amphetamine

derivates have been demonstrated to inhibit uptake of serotonin in
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synaptosomes (Fuller et al., 1980; tfinchell et al., 1980). Although

serotonin nerve endings may be assumed to be absent in cultures of

14 DIV, such cultures were able to concentrate this neurotransmitter.

Serotonin uptake was inhibited both by iraipraraine and cold IMP

(chapter 7). In the animal experiment described in chapter 8, we were

not able to demonstrate characteristics of 123-I-IMP as a presynaptic

marker, like imipramine (Sette et al., 1981; Dawson and Wamsley,

1983), for the serotonergic innervation in vivo. On first sight these

in vivo data seemed to be in contradiction with the findings in vitro.

However, high uptake of 123-I-IMP in cultures might already suggest

the importance of recognition sites, other than those located on

serotonergic nerve endings, for both this radiopharmaceutical and

imipramine (chapter 7). Also strong intracellular trapping (chapter 6)

might counteract redistribution towards more specific bindingsites.

Recent clinical observations revealed that, often later than 12

hours after application of 123-I-IMP, radioactivity specifically

accumulated in malignant melanomas (Cohen et al., 1988; Ono et al.,

1988; Nagel et al., 1988), whereas 123-I-IMP is known generally not to

accumulate in primary brain tumors (Lafrance et al., 1981). Melanin is

produced from tyrosine by a sequence of reactions only catalyzed by

catechol oxidase. One of the final steps before polymerization of

melanin is the spontaneous constitution of indolchinon. This compound

is based on the same indole ring structure that also constitutes

serotonin. After dealkylation of 123-I-IMP into iodoaraphetamine, one

might consider a relationship between iodoamphetamine and a cellular

uptake system for melanin precursors.

Redistribution of radioactivity towards specific bindingsites

does not necessarily reflect redistribution of the original

radiopharmaceutical. It may depict the distribution of one of its

metabolites. In rat brain, it has been observed to take 2 hours to

convert 20% of 123-I-IMP into 123-I-p-iodoamphetamine (Baldwin and Vu,

1988). After 24 hours, 90% of the brain radioactivity was present in

the form of iodoamphetamine, whereas the rest was unchanged 123-I-IMP.

In a study on the regional dynamics of 123-I-IMP in the human brain,

Nishizawa et al. (1989) demonstrated the possibility to quantify small

temporal changes in radioactivity, measured by SPECT. Such methods

enable the study of subtle redistribution in vivo and, thus, the
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possible binding to specific binding sites.

99m-Tc HEXAMETHYLPROPYLENEAMINEOXIME (HMPAO)

Uptake in the cultures of 99m-Tc-HMPA0 was lower than that of

2O1-T1-DDC or 123-1-IMP after one hour incubation (chapter 6).

99m-Tc-HMPA0 shoved the strongest tendency to level off after a

relative high uptake in the first 20 minutes. These observations might

suggest either a smaller capacity for 99m-Tc-HMPA0 uptake or

decomposition of the radiopharmaceutical into a less lipophilic

compound. In wash-out experiments, 99m-Tc-HMPA0 was strongly retained

in the tissue. Recently, the rapid trapping of Tc-HMPAO has been

explained by the intracellular conversion of this lipophilic complex

into a hydrophylic form. Such conversion appeared to be dependent on

the presence of glutathione (Neirinckx et al., 1988; Ballinger et al.,

1989). Moreover, Neirinckx et al. (1988) were able to predict the

organ distribution of 99m-Tc-HMPAO more accurately after the

introduction of the glutathione concentrations in the various organs

as a variable in their kinetic model.

Glutathione (i.e. glutamylcysteinylglycine) plays a role in

cellular aritioxidative defense mechanisms and as a coenzyme in several

enzymatic reactions (Orlowski and Karkovsky, 1976). Moreover, its

ability to inhibit glutamate binding to synaptic membrane fractions,

has suggested a role of this tripeptide in the neurotransmission of

glutamatergic neurons (Ogita et al., 1986; Ogita and Yoneda, 1987).

Abolishing neuronal firing of cultured explants by tetrodotoxin did

not result in a significant change of 99m-Tc-HMPA0 uptake, although

for this Ladiopharmaceutical a tendency of decreased uptake seemed to

be present (chapter 8). Introducing a larger difference in the

bioelectric ctate between two groups, e.g. by pentylenetetrazol

induced discharges (Bingmann et al., 1988), might reveal differences

in 99m-Tc-HMPA0 uptake. However, at this moment we do not have solid

indications for a relation between uptake of 99m-Tc-HMPAO and synaptic

activity. In this respect, it would be interesting to study the

distribution of 99m-Tc-HMPA0 in the brain of patients with inherited

glutathione deficiency, which is often characterized by hemolytic

anemia, and may be accompanied by mental retardation and
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spino-cerebellar degeneration (Heister, 1974). Reduced retention of

this radiopharmaceutical in distinct parts of the patient's brain (in

comparison with other cerebral perfusion agents) might i) demonstrate

the significance of glutathione for 99m-Tc-HMPA0 retention in vivo,

and ii) provide insight in relationships between structure,

biochemistry and function in this particular disturbance in the brain.

RECEPTOR IMAGING WITH SPECT

The radiopharmaceutical studied in this thesis were constituted

on a criterium of lipophilicity enabling rapid passage of the intact

blood brain barrier, thus providing conditions for SPECT imaging of

regional cerebral blood flow. A new development in SPECT forms the

introduction of radiopharmaceuticals that may bind specific receptors.

Huscarinic acetylcholine receptors could be depicted in vivo in human

with iodine-123 labelled 3-quinuclidinyl 4-iodobenzylate (Eckelman et

al., 1984; Gibson et al, 1984; Yamamura et al., 1974). Potential SPECT

radiopharmaceuticals for dopamine receptor imaging are radioiodinated

ligands like 2'-iodospxperone (a Dj receptor ligand; Nakatsuka et al,

1987; Saji et al., 1987), iodobenzamide derivates (D_; Bouthenet et

al., 1987; Brucke et al., 1988; Kung et al., 1989), or the iodinated

benzazepine derivate SCH 23982 (a D.-receptor ligand; Aiso et al.,

1986; Thonoor et al., 1988; Kung et al., 1988). In basic D^receptor

studies, 125-I-SCH 23982 is preferred above its tritiated analogue

(Hanik et al., 1988). In pharmacological receptor research, iodinated

ligands such as 125-1 lysergic acid-dietylaaide (LSD) and

2,5-dimethoxy 4-iodophenyl isopropylamine have been applied for

labelling of serotonin receptors, (Peroutka, 1988; HcKenna et al.,

1989). Labelling of both alpha and beta adrenergic receptors with

iodinated ligands, has been reported in vitro (Engel and Hoyer, 1981;

Rainbow et al., 1984) as well as in vivo (Bylund et al., 1977; Tondo

et al., 1985; Couch et al., 1988). Synthesis of iodinated HK-801

analogues may provide oppertunities to depict glutamate receptors in

human in vivo (Wieland et al., 1988). SPECT imaging of benzodiazepine

receptors in the human brain has already been reported with the

123-I-labeled imidazol-benzodiazepinederivate Rol6-0154 i.e.

flumazenil (Hoell et al., 1988). 125-1-Iodobolpyramine has been
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applied in animal research for autoradiographic mapping of histamine

Hj-receptors in the central nervous system (Bouthenet, 1988). For

future application of SPECT in the study of specific binding sites

vithin the brain, iodine-labelled ligands may be fruitful, especially

when they have succesfully been applied in basic receptor research.

In chapter 8, we did not find arguments for the applicability

of 123-I-IMP as simple a presynaptic marker for serotonergic

innervation. Presynaptic markers for the dopaminergic innervation have

succesfully been tested in vivo (Tedroff et al., 1988; Leenders et

al., 1988; Leroux-Nicollet and Costentin, 1988), but are not yet

available for SPECT. Changes in pre- or postsynaptic binding of

ligands for specific neurotransmitter recognition sites may be assumed

to reflect changes in the functional state of such a neurotransmitter

system. Application of pre- and postsynaptic markers would provide

tools (Palacios et al., 1986) for studying the course of

pathophysiology of, e.g., the dopaminergic neurotransmitter system in

Parkinson disease (Rinne et al., 1981; Calne and Martin, 1986; Tedroff

et al., 1987; Glowinski et al., 1988) or the cholinergic system in

dementia of the Alzheimer type.

In Alzheimer's disease, disruption of the cholinergic

innervation from the basal forebrain to the cerebral cortex is a

prominent feature (Coyle et al., 1983). Neurons in the nucleus basalis

of Neynert have been observed to degenerate (Whitehouse et al., 1982).

The reduction of both choline acetyltransferase (Davies, 1979; Sims et

al., 1983; Bowen et al., 1983) and muscarinic M„ receptors (Mash et

al., 1985) in the cortex indicates the failure of cortical nerve

endings of these neurons. Postsynaptic muscarinic (M^) receptors,

however, are not clearly altered (Morgan et al., 1988). A decrease in

nicotinic acetylcholine receptors has been reported for Alzheimer's

disease after labelling cortex tissue with 3-H-nicotine (Flynn and

Nash, 1986; Perry and candy, 1988), This finding is less obvious after

labelling with iodinated bungarotoxin (Perry and Candy, 1988). Both in

normal aging and in Alzheimer's disease, there is a decrease in

serotonergic (postsynaptic) receptors (Morgan et al.,1988). Imipramine

binding appears to increase in normal aging (Bowen et al, 1983;

Severson et al., 1985), whereas in Alzheimer's disease, a decrease in

both serotonin uptake and imipramine binding has been reported. (Bowen
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et al., 1983; Palmer et al., 1987).

In the present thesis, the tissue culture technique was employed

for testing the uptake of radiopharmaceuticals that were primarily

developed for imaging perfusion of the brain. Such a study helped to

explain some of the differences between the distributions of these

radiopharmaceuticals in vivo. The applicability for SPECT of

radiolabelled ligands that are already known to bind specific

receptors, may be tested along another strategy (Kilbourn and

Zalutsky, 1985): i) binding characteristics of the receptor ligand,

linked to an appropriate radionuclide for SPECT, have to be compared

with the radioligand that has been applied in basic research;

ii) distribution of the radiopharmaceuticals in vivo, e.g.,

established by autoradiography in experimental animals, should be

compared to the distribution of biochemically determined receptor

concentrations.

In vivo distribution of receptor ligands is not always

predictable, and may deviate from in vitro distribution observed in

tissue sections. This has also been described for distribution of

drugs in the brain (Feenstra, 1984). Before reaching receptors,

initial distribution of a ligand is always proportional to cerebral

blood flow. After uptake in the brain, cellular trapping of a specific

radioligand might counteract the redistribution towards specific

bindingsites, or intracellular metabolism night alter chemical

properties of a ligand, thus resulting in a changed affinity for

receptors. Moreover, binding characteristics of receptors in vivo may

differ from that in homogenates or tissue sections (Leslie and

Bennett, 1987; Chugani et al., 1988), probably related to dynamics of

surface expression and internalization of receptors. Living tissue in

culture may in this respect show a better resemblance with living

tissue in situ.

CONCLUDING REMARKS ABOUT SPECT

By imaging regional cerebral blood flow, SPECT earned its place

in the armament of clinical research and diagnostics. For this

purpose, 201-T1-DDC, 123-I-IMP and 99m-Tc-HMPA0 are being applied. In

the present thesis, we described and discussed experimental
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observations that contributed to the insight in the behaviour of these

radiopharmaceuticals in vivo, not related to cerebral blood flow.

Conclusions on this subject can be summerized as follows.

1) Uptake of 201-T1-DDC is less affected by ouabaine than 201-T1-C1

uptake is. After dissociation, however, this radiopharmaceutical has

the potency for direct imaging of brain metabolism by distribution of

free 201-T1. 2) 123-I-IMP did not appear to be applicable as a

presynaptic marker for serotonergic innervation in vivo. Nevertheless,

the observed relation with neurotransmitter uptake might explain late

redistribution phenomena in vivo (e.g. accumulation in malignant

melanomas). 3) The strong tissue retention of 99m-Tc-HMPA0 makes this

compound a favourable agent for imaging regional cerebral blood flow.

Imipramine was observed to inhibit 99m-Tc-HMPAO, but its inhibitory

effect was significantly less than that on 123-I-IMP uptake. 4) The

observation that blocking of neuronal firing itself (by tetrodotoxine)

does not result in a significant decrease in radiopharmaceutical

uptake in culture, supports the indications that the in vivo decrease

of radiopharmaceutical uptake in unaffected neuronal tissue, as

observed in crossed cerebellar diaschisis (Pantano et al., 1986), is

due to the efficient regulation of local cerebral blood flow.
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APPENDIX

The observations reported and discussed in the previous chapters

can be seen as just one contribution to the ongoing attempts to reach

for more insight in structure and functions of the brain. The first

part of the present thesis dealed with the microscopic structure of

cultured rat cerebral neocortex. In the second part, this cultured

tissue was applied for the study of compounds that are in use for

imaging functions and pathology of the human brain.

The evolution of the cerebral cortex of mammals is characterised

by a gradual, disproportionate enlargement of the neocortex, as a

consequence of which the problem-solving capacity of various species

has changed notably (Hofman, 1988, 1989). The evolutionary changes in

the geometry of the neocortex in man, for example, which may be

assumed to reflect its attained importance in regulatory tasV.s,

characterise the special position of the human brain among that of

other mammals.

Functional imaging of the brain, e.g. by positron emission

tomography, gives a spatio-temporal display of biochemical mechanisms

underlaying these regulating tasks. Moreover, such imaging points at

the intimacy of the brain with inner life. This may be illustrated by

the observation that, during the comparison of musical tones with

tones previously heard, musically sophisticated subjects revealed an

increased metabolism in the left posterior temporal area of the

cortex, whereas a similar area on the right side was seen to be more
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active in the brain of musically naive listeners (MazEiotta et al.,

1982).

Knowledge of involvement of the brain in the expression of

characteristics in personality and individual appreciation might lead

to the opinion "Man is his brain" (D.F. Svaab). I would like to add to

my thesis a paper on the epistemological status of the brain and the

apparent role of this organ in enabling man to experience what he is.
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INSIDE WORLD, OUTSIDE WORLD: EPISTEMOLOGY ON

THE CONSCIOUS ACTION OF THE NERVOUS SYSTEM.

B.M. De Jong

Methodology and Science (1989) in press.

1. Introduction

About the relationship between mind and brain, intrigueing opinions

have appeared (Schrödinger, 1967; Bunge, 1977; Pepper and Eccles,

1977; McKay, 1978; Segundo, 1985). However, the validity of opposing

these two substantives to each other, can often be commented upon. The

main starting-point in this communication is that action of the

central nervous system as well as conscious experience are terms that

both refer to natural phenomena. Inevitably, the analysis of these two

phenomena implicates a comment on the limitations of describing

nature.

The increased knowledge in brain sciences makes comprehensible

that activity or behavior of complex organisms is the expression of

its vorking nervous system (Droogleever Fortuyn, 1981). Formation of

this nervous system is initiated on genetical authority, in such a way

that it can expand itself by accumulating and integrating information

continuously. Based on such a set of internalized information, the

organism actively seeks involvement in its environment, and is able to

respond adequately to new circumstances. This information is coded in

a physico-chemical way, that can be characterized by the potency to

form spatio-temporal patterns of electrical potentials. The ability to

form these patterns is determined by (i) the plasticity of arranging

contacts between active neuronal elements and (ii) the stimulation of

sense organs. Action towards environment is achieved almost

exclusively by (i) muscle-contraction, which includes for instance use

of the voice, and (ii) secretion of fluids. By means of muscles,

information retained in patterns of electrical potentials is expressed

in motion. This viev leaves no grounds for hypothesizing a

"spiritual" force reigning in the body. Complex behavior can be made

comprehensible, at least in principle, in terms of complex operations

of the brain. However, every human being knows from his own experience
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that he becomes aware of flashes of light and images, of noises and of

music, of pain and pleasure. Even ideas, consistently formed or not,

come to his attention.

2. Inside world as reality

Conscious experience cannot be pinpointed in an organism, neighter in

its behavioral, nor in its physiological, histological or biochemical

qualities (Sherrington, 1940). Conscious experience can be formulated

as participation in a world that is reached exclusively v/ithin one's

own body. The presence within such an inside world of images, sounds

and feelings is inevitably a reality to the individual. Other people's

behavior does not indicate conscious experience, it only points to

processing of information. The ideas of Sigmund Freud about

unconscious motives in human behavior in fact fit better into a model

of neuronal information processing than conscious motives do. The fact

that, in general, laymen think the latter to be more ordinary, might

even be a consideration which strengthens the concept of the inside

world. The assumption that the phenomenon of conscious experience is

present in "other people" too, is based on the fact that they act and

behave in a similar way as "I" would do in comparable circumstances,

and they are built similarly. If, for example, "he" has been hit, he

acts as I would do, so I suppose he feels the same as I would feel,

especially when he tells me that it hurts.

Elements of this inside world appear to arise when information

already present, plus incoming information that has been formed on the

surface of the body, is ordered properly within the central nervous

system. This afferent information, reflected by complex

spatio-temporal patterns of electrical potentials in nerve fibers, is

determined by qualities of that outmost border of the individual. For

example, retinal cells are sensitive to electro-magnetical radiation

of distinct wave lenghts, whereas, sense organs in skin and joints are

triggered by motion and pressure.

In this view, it is not "the red apple in your hand" itself

which is familiar to you: this red apple is a product of the working

brain, constructed in the inside world. Alike that red apple, other

people, the brain itself, and thoughts about them are inside world

products too and, therefore, have the same status! Geometric
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dimensions should not be attributed to this inside world itself, for

it is not localized. Where would its extension be? Over the areas of

the brain, simultaneously active inside one's head? At places outside

the skull, to which experiences are projected to? Neither is time a

quality that should be brought into this world, because alternation of

events, providing marks of reference, is not measured by a standard

clock.

3. Reality of the outside world

The inside world should not alone be stated as reality for the

individual. This would turn the outside world into an illusion. It is

not strange to assume that objects and events around the individual do

really exist. Interaction with the environment is necessary for

maintaining individual existence: you have to eat in order to survive.

A prerequisite for this interaction is that information within the

individual, on which action directed towards environment is based, has

been formed due to variability within constant limits of stimuli

acting on the body surface. Gravity remains constant. The wall you can

touch does not permit passage, and will never do so: so, don't run

against it. Only a limited spectrum of electromagnetic wavelengths can

stimulate the retinal cells. The interactions between outside world

objects, objects of which the brain has also been build, appear to be

predictable: physical experiments are reproducible.

Physics provides the linguistic tools for describing outside

world objects and their interactions. It co-ordinates what the outside

world makes us to experience (Bohr, 1934). The elements of this

language of waves, particles and motion should not be identified with

the studied phenomena themselves. However, they clearly indicate the

existence of outside world phenomena.

Investigating the outside world reveals that objects and

processes are present which cannot be fully described. In other words,

outside world interactions do not necessarily result in available

information within the individual that can be ordered to a level which

initiates a consistent inside world construct. This is clearly

expressed in the ideas that arise from two fundamental physical

theories, (i) Relativity theory indicates that the sharp distinction

which we experience between time and space is based on the low
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velocity of objects we are generally dealing with, as compared with

the velocity of light, (ii) Quantum theory indicates that a causal

description within time and space completely depends on the small

value of Planck's indivisible quantum of action, in comparison with

the range of events the individual is involved in with his senses

(Bohr, 1934).

The following examples mark our incompleteness in ordering

information, derived from elements in environment, (i) In certain

circumstances light can be described in a mathematical way, which fits

with the behavior of marbles. Under other conditions, however, light

can be depicted mathematically as transverse waves, i.e. as a dancing

string. Thus, a dualistic description remains, (ii) Bohr's theoretical

postulates imply that changes in the condition of an atom can be

formulated as a discontinuous process, undescribable in detail, in

which the atom turns from one stationary condition to another.

Information about these separate processes of change is based upon

statistical considerations. No causal description within time and

space is possible, (iii) Heisenberg mathematically described the

impossibility of deriving accurate information about an outside world

object without changing the object. Especially events, that are so

small that the quantum of action becomes of major importance, do not

lead to information on which a part of the inside world can be

constructed.

Also the brain itself, can be studied as an outside world

object, and, a considerable amount of knowledge has been aquired about

this organ. Some aspects of its information ordering from and towards

the environment can be depicted by circuits of active neurons,

superimposed upon and intermingled with one another (Penfield, 1958;

Lorenz, 1973j Altman, 1987). Frontal parts of the brain appear to be

involved in integrating information for activity towards environment,

whereas dorsal parts are more involved in the integration of incoming

information. On the postcentral gyrus, a strict representation

appeared to be present, of body areas on which patients reported

sensations, during electrical stimulation of the related cortical area

of the brain. During stimulation of other, so called interpretative

areas of the cerebral cortex, patients reported changes in their

thoughts (Penfield, 1966). Loss of circuits on a high level of
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integration leads to less complex behavior, controlled only by lower

circuits. The spinal reflexes represent the most simple neuronal

circuits for controlling information from and towards the environment.

Neurological and psychiatric syndromes add insight in normal working

of the brain and its relation to human behavior, and to conscious

experiences as reported by the patients involved (Brodal, 1969).

However, although knowledge about 'brain functioning increases,

it needs to be kept in mind that, for instance, description of pain as

a physiological or biochemical event will never be similar to

experiencing, feeling pain. This indicates the presence of the limits

of an outside world description of neuron related events. One might

speculate to find these limits on a level of such small and fast

events, that causality fades comparable to quantum-theoretical

descriptions. However, passing these limits is unlikely, as this would

necessarily mean that the investigator experiences the same feelings

as his examined subject does.

A. Conclusions

Attempts to describe conscious experience as a natural phenomenon,

revealed limitations in scientifically describing nature. In physics,

such limitations have been dealed with before.

The concept of an outside world and an inside world provides a

complementary description of nature, especially relevant to the

relation of brain activity and conscious experience. Analysing nature

from the outside world view, consequently excludes description of an

inside world. However, within the outside world, the existence of the

individual with his experiences, indicates the reality of such an

inside world. On the other hand, the outside world cannot be described

as a part of the inside world either. But also in this case, the

presence of the individual, experienced as a seperate entity within

the inside world, reveals limitations of this inside world, and

therefore indicates the reality of the outside world. Thus, the

position of the individual being, marks a border between the outside

and the inside world.

It might be clear, that the inside world, similar to the outside

world, needs not a priori be interpreted as a private world belonging

to the individual. At the contrary, the individual personality,
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denoted as a further characterization of the individual being, might

be defined as a process of i) focussing by the outside world on a part

of the inside world, and ii) focussing by the inside world on a part

of the outside world. This focussing appears to happen within the

central nervous system.

A strict epistemological distinction between the inside and the

outside world infers that if the individual is studied as an outside

world object, which is the common strategy in science, he is complete

in his presentation. For explaining properties of the studied subject,

it is not necessary to divide him, neither body and soul, nor brain

and mind. The arguments discussed in this paper pointed at the

legitimacy of enlisting a dichotomy in achieving knowledge, without

arguing a metaphysical monism or dualism in the subject knowledge is

achieved of. Therefore, the concept of discriminating an inside and an

outside world appears to provide an aid in clearly formulating

problems in the ongoing discussion about 'brains and minds'.

5. Two final examples

i) Thinking is an action, best described within the inside

world. In subtracting 5 from 32, the solution is thought to be 27.

Such an answer arises to attention of the questioner. Within the

outside world, arithmetic can be described as neuronal information

processing, in which parietal parts of the cerebral cortex happen to

play an important role.

The computer also processes information, but is not supposed to

think. Even if complex computers could be made to express human

behavior, they still would differ from man, as not having a biological

origin. Dedicating inside world involvement, and thus thinking, to

such machines, would be more difficult than to assume inside world

involvement of 'other' human individuals.

ii) Free will is an inside world phenomenon, the individual

experiences his desired activity, his choice for action on a specific

moment. Within the outside world, purposive behavior, i.e. an

expression of neuronal activity, without an external cause is seen.

Although it is practically impossible to determine whether an external

cause is absent, or just too complex to analyse, it should be

considered that neuronal activity, electrical activity, within the
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brain may reach levels of events of which a causal description cannot

be made: Thus indicating behavior without any cause.

Summary. An epistemological analysis of the relation between
conscious experience and b:ain activity leads to discerning the
reality of both an "inside" and an "outside" world. This distinction
implies a complementary description of natural phenomena, which
indicates two valid lines of achieving knowledge. Phenomena described
within one "world" do not need to be explained by arguments from the
other "world". The position of the individual being in both the
outside and the inside world, marks the relation between these two
worlds. Two examples indicate that a clear discrimination of
linguistic terms, which refer to either the inside or the outside
world, clarifies discussion about behavior, consciousness and actions
of the brain.
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SAMENVATTING

Dit proefschrift bestaat uit twee delen. Het eerste gaat hoofdzakelijk

over de microscopische kenmerken van plakjes occipitale hersenschors

in kweek, die afkomstig ziji; van 6 dagen oude rattepups. Het tweede

deel betreft de studie naar opnamekarakteristieken van radiopharmaca

in dit gekweekte weefsel. De bestudeerde radiopharmaca, 201-T1-DDC,

123-I-IMP en 99m-Tc-HMPA0 (zie p. 14), worden in de kliniek gebruikt

voor het maken van afbeeldingen van de hersenen d.m.v. Single Photon

Emission Computerized Tomography (SPECT). Deze vorm van

hersenafbeelding in de nucleaire geneeskunde won vooral aan betekenis

nadat beschikbare radionucliden, door binding aan lipofiele

dragerraoleculen, de eigenschap kregen om de intakte bloed-hersen

barrière te passeren. Door snelle opname uit de bloedbaan en fixatie

op de plaats waar de stof in eerste instantie komt, kan verondersteld

worden dat het initiële SPECT beeld de regionale bloeddoorstroming in

de hersenen weerspiegelt. De verschillende radiopharmaca geven echter

niet altijd identieke beelden onder dezelfde omstandigheden. Bovendien

verloopt de redistributie van radioactiviteit in een latere fase na

hun toediening niet altijd op dezelfde wijze. Deze verschillen deden

de vraag rijzen, welke omstandigheden er naast doorbloeding nog meer

een rol zouden kunnen spelen bij de verdeling van de "flow-imagers"

201-T1-DDC, 123-I-IMP en 99m-Tc-HMPAO in de hersenen. Hierbij werd

gedacht aan een mogelijke invloed van neuronale activiteit,

metabolisme, of binding aan specifieke bindingsplaatsen. Weefselkweek

biedt de mogelijkheid om experimenten uit te voeren in hersenweefsel

onder stabiele omstandigheden, zonder bloed-hersen barrière, en zonder

de invloed van doorbloeding.

In het eerste deel van dit proefschrift wordt een procedure voor

het kweken van plakjes hersenschors in een serum-vrij groeimedium

gepresenteerd. In het Herseninstituut werd reeds gedurende meerdere

jaren kweek van gedissocieerde hersenschors gebruikt voor onderzoek

naar de rol van bioelectrische activiteit op de ontwikkeling van

synapsen in de hersenschors. Een voordeel van het kweken van plakjes

boven gedissocieerd weefsel is het behoud van een onderlinge samenhang

van neuronen, een "organotypische" cytoarchitectuur, die beter

vergelijkbaar is met die van de hersenschors in het intakte dier.
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Hoofdstuk 1. Hierin wordt de nieuw ontwikkelde

kweekmethode beschreven. Vier evenwijdige coronairsnedes werden over

het planum occipitale gelegd met evenwijdige scheermesjes die in een

houder gefixeerd waren. Op deze manier werden van elke hemisfeer drie

coupes van de hersenschors verkregen met een dikte van ca. 350 um. Uit

ieder van deze zes coupes werden vervolgens 4 kleinere plakjes

geprepareerd, die gedurende 1 uur op kamertemperatuur in een

gebufferde zoutoplossing met extra glucose werden geincubeerd.

Vervolgens werden de explantaten paarsgewijs op een polyamide

drager-grid in Petrischaaltjes met kweekmedium (R-12) gelegd, in een

box op een schommelmechaniek geplaatst, en gekweekt in een stoof

(temp. 36°C; pCO- 5%). Afplatten van het weefsel (tot ca. 100 um boven

de drager) en optimaal omspoelen met medium had tot gevolg dat

centrale degeneratie geen probleem van betekenis meer was. Het weefsel

behield een organotypische cytoarchitectuur, waarin over de

pia-ventrikel as vijf "corticale lagen" waren te onderscheiden. Een

korte electronen-microscopische verkenning liet een dicht neuropil met

veel axo-dendritische synapsen zien.

Hoofdstuk 2. De cytoarchitectuur in plakjes hersenschors

werd gevolgd op verschillende tijdstippen vanaf het moment van excisie

uit de 6 dagen oude pup tot op een kweekleeftijd van 14 dagen in vitro

(DIV). In de waaiervormige kweken waren vanaf de bolle piazijde de

volgende zones te onderscheiden: i) een cel-arme laag 1, ii)

laag "2-3-4", iii) een piramide cellaag 5, iv) laag 6, en v) een

ventriculaire zone. Rond 2 DIV was een geprononceerde celdichte zone

aan de pia-zijde van de kweek te zien, die als laag "2" te definiëren

was. Deze zone ontstond door celverplaatsing, en niet door celdeling.

Een dergelijke celverplaatsing zou ook de reden kunnen zijn voor de

afwezigheid van een duidelijke laag 4 in vitro. Afmetingen van de

corticale lagen over de pia-ventrikel as veranderden niet of

nauwelijks na 2 DIV. Wel vond er een duidelijke rijping van het

weefsel plaats. Dit bleek o.a. uit een toename van (radiaire) vezels

in laag 2-3-4, waardoor de circumscripte celdichte laag "2" verdween.

Als mogelijke verklaring voor individueel gelocaliseerde celdood

in normaal neuropil, met name in laag 5, werd het ontbreken van de

projectie gebieden voor neuronen uit dit deel van de cortex genoemd.

Van natuurlijke celdood tijdens ontwikkeling is eveneens gesuggereerd
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dat die afhankelijk is van het wel of niet leggen van synaptische

contacten. Optimale omstandigheden om contacten te maken zou de

toegenomen grootte van neuronen in laag 6B kunnen verklaren: in vivo

projecteren d°ze neuronen dichtbij in de cortex. Door alle lagen van

de kweek heen was er een toename van immunoreactiviteit tegen "glial

fibrillairy acid protein" te vinden, i.t.t. de situatie in vivo, waar

immunoreactiviteit vooral in de witte stof en nabij de pia te vinden

was.

Hoofdstuk 3. De ontwikkeling en variabiliteit in de

gekweekte explantaten werd geanalyseerd aan de hand van afmetingen,

aantal neuronen en hoeveelheid eiwit. De veranderingen in de

parameters voor ontwikkeling kwamen overeen met de bevindingen in

hoofdstuk 2: rijping vindt vooral plaats in de eerste 14 dagen in

vitro. De afmetingen van de plakjes veranderden niet na 1-2 DIV. Het

aantal neuronen nam af tot een plateau tussen 14 en 21 DIV, terwijl de

hoeveelheid eiwit toenam tot 14 DIV. Voor met name de hoeveelheid

eiwit bestonden er significante verschillen tussen kweekseries, die

reeds aanwezig waren bij excisie van het weefsel. Binnen kweekseries

lag de gemiddelde coefficient van variatie op 14 DIV voor afmetingen

en hoeveelheid eiwit rond de 10#. Op grond hiervan konden de gewenste

groepsgroottes in experimenten worden berekend (n=8).

Hoofdstuk 4 en 5. Structuren met de inhibitoire

neurotransmitter GABA en de excitatoire neurotransmitter aspartaat

werden immunocytochemisch aangetoond in coupes van kweken, ingebed in

plastic (Epon). Deze procedure werd eerst getest in gedissocieerde

kweek (hoofdstuk 4). Op electronen microscopisch niveau bleek na

immunogoud labeling 20# van de profielen van axoneindigingen

GABA-positief, terwijl 1% niet duidelijk te classificeren was.

Toevoeging van de GABA-transaminase remmer gabaculine resulteerde in

een hogere labeldichtheid boven de eindigingen, wat wees op een hogere

concentratie GABA. Cellichamen waren duidelijk als GABA-positief of

GABA-negatief te onderscheiden, zowel op electronen- als op

lichtmicroscopisch niveau. Rond de 15£ van de neuronen vas

GABA-positief, zowel in gedissocieerde als in organotypische

weefselkweek. GABA-positieve neuronen werden, net als in vivo, door de

gehele cortex heen gevonden. Discriminatie tussen aspartaat-positieve

en -negatieve neuronen was moeilijker, en belemmerde een zuivere
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kwantificatie. Wel kwam de ligging van aspartaat-positieve neuronen in

organotypische kweek overeen met die in vivo: hoofdzakelijk in de

corticale laag 6. Na vergelijking van 1 pm dikke opeenvolgende coupes

die door dezelfde neuronen heengingen, werd gevonden dat een klein

deel van de neuronen zowel GABA- als aspartaat-positief was.

Hoofdstuk 6. Opname, retentie, en opname-antagonisme van

201-T1-DDC, 201-Tl-Chloride, 123-I-IMP, 99m-Tc-HMPA0 en

99m-Tc-pertechnetaat werd vergeleken in gekweekte hersenschors. De

hoogste opname werd gezien na incubatie met 201-T1-DDC of 123-I-IMP.

99m-Tc-HMPA0 en 123-I-IMP werden het sterkst vastgehouden in het

weefsel. Onderdrukking van bioelectrische activiteit d.m.v.

tetrodotoxine veranderde de opname van de radiopharraaca niet. Na

inhibitie van Na-K-ATPase door ouabaine nam de opname van 201-T1-C1 af

met 77H en verminderde de 201-T1-DDC opname met 27X, wat er op wees

dat de opname van het thallium-ion de activiteit van dit enzym

reflecteerde. De serotonine opnameremmer imipramine had een

significant sterker inhibitoir effect op de opname van 123-I-IHP dan

op die van andere radiopharmaca in de kweken. 99m-Tc-pertechnetaat

werd niet in het gekweekte hersenweefsel geconcentreerd. De

verschillen tussen de diverse radiopharmaca wat betreft hun interactie

met hersenweefsel in vitro, geven meer inzicht in veranderingen van

SPECT beelden in vivo, met name bij redistribute in een latere fase

na toediening.

Hoofdstuk 7. In het gebruikte weefsel kon ook de opname

van H-serotonine worden vastgesteld. Deze opname was te remmen met

zowel imipramine als koud n-isopropyl-p-iodoamphetamine (IMP). De

opname van 123-I-IMP was te remmen door imipramine, maar niet door

serotonine. Door anderen werd in verschillende weefsels beschreven dat
3

serotonine evenmin de opname van H-imipramine antagoneert. De

analogie in het effect van IMP en imipramine suggereerde dat IMP

wellicht op dezelfde wijze met serotonine opname interacteert als

imipramine.

Hoofdstuk 8. In dit hoofdstuk werd een experiment

beschreven dat bedoeld was om de relatie tussen de opname van

123-I-IMP en serotonine, zoals die in in vitro experimenten leek te

bestaan, ook in vivo te onderzoeken. In vivo vindt de sterkste opname

van deze neurotransmitter plaats in de eindigingen van serotonerge
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axonen. Daarom werd een week na laedering van deze axon-eindigingen

het effect op de accumulatie van 123-I-IMP in de hersenen van de rat

bepaald. Twee uur na intraveneuze toediening van 123-I-IMP was er

echter geen afname van radioactiviteit in de hersenen van de

gelaedeerde dieren te zien, maar een toename (per gram hersengewicht)

t.o.v. de controles.rDe meest waarschijnlijke verklaring hiervoor was

de afname van het lichaamsgewicht die was opgetreden bij de

gelaedeerde dieren ten opzichte van de sham-geopereerde dieren.

Hierdoor zou er een verhoogd aanbod van het radiopharmacon naar de

hersenen verondersteld kunnen worden. Bepaling van monoamine

concentraties (d.m.v. HPLC) liet zien dat de lesie met goed gevolg was

uitgevoerd. Er werden dus geen aanwijzingen gevonden dat opname van

123-I-IMP in vivo relateerd was met serotonine opname. De

ogenschijnlijke discrepantie met de in vitro bevindingen was mogelijk

te verklaren door een overmaat aan bindingsplaatsen te veronderstellen

die niet gerelateerd zijn aan de presynaptische serotonine opname. Ook

zou sterke retentie van 123-I-IMP, zoals die in kweek werd gevonden,

redistributie naar meer specifieke bindingsplaatsen kunnen

verhinderen.

In de Algemene Discussie werden enkele onderdelen in de

kweekprocedure in een meer theoretisch kader verklaard. Tevens werd,

om de overeenkomsten tussen de neocortex in kweek en die in vivo

verder te onderbouwen, de in vivo ontwikkeling beschreven die optreedt

in de periode die overeen komt met de eerste 14 dagen in kweek. Bij de

intakte rat vindt in deze periode (de tweede en derde week post

partum) de sterkste differentiatie van neuronen, vezeluitgroei, en

aanleg van synaptische contacten plaats. Ten aanzien van verschillen

in de structuur tussen gekweekte (geïsoleerde) hersenschors en de

hersenschors in situ, werden effecten van enkele in vivo uitgevoerde

lesies van de afferente innervatie van de hersenschors aangehaald. Een

aantal karakteristieken in kweek leken op de sitatie na cholinerge

denervatie. Er werd de nadruk op gelegd dat zowel overeenkomsten als

verschillen tussen weefsel in kweek en in situ inzicht kunnen geven in

ontwikkelingsaspecten van de hersenschors. Voorbeelden van recente

toepassingen van het nieuwe kweeksysteem illustreren de mogelijkheden

om dit weefsel als model te gebruiken bij specifieke vragen, die in

vivo moeilijk of niet experimenteel zijn te benaderen.
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Na bespreking van de onderzochte SPECT radiopharmaca werden de

volgende conclusies getrokken: i) Waarschijnlijk laat 201-T1-DDC na

dissociatie in de hersenen een directe afbeelding van metabolisme

zien; ii) 123-I-IMP is geen simpele marker van presynaptische

serotonine opname, maar de gevonden relatie tussen dit radiopharmacon

en neurotransmitter-opname in vitro kan mogelijk wel bijdragen aan het

verklaren van late redistributie van radioactiviteit in vivo (bijv. de

late accumulatie in maligne melanomen); iii) De sterke retentie van

99m-Tc-HMPA0 in gekweekt weafsel is een argument voor het gebruik van

deze stof voor het afbeelden van regionale hersendoorbloeding. Er werd

bovendien een beknopt overzicht gegeven van (gejodeerde) liganten die

mogelijkheden bieden voor toekomstig gebruik op het terrein van

receptorstudies m.b.v. SPECT.

Als appendix is een kennistheoretisch artikel aan dit

proefschrift toegevoegd, dat gaat over de natuurwetenschappelijke

status van bewuste activiteit van hersenen. In de hoofdstukken 1 tot

en met 8 werd onderzoek beschreven aan de hersenschors van de rat in

weefselkweek en de opname van radiopharmaca die worden gebruikt voor

het afbeelden van functies van de menselijke hersenen. Juist bij het

gebruik van onderzoeksmethoden die functies van de menselijke

hersenschors in beeld brengen (PET, SPECT), kan de onderzoeker

geconfronteerd worden met de nauwe relatie tussen hersenen en een

belevingswereld van degene aan wie de hersenen toebehoren. In het

toegevoegde artikel worden argumenten aangedragen die de realiteit van

zowel een "binnen" als een "buiten" wereld aantonen, waarmee

beschreven wordt waarop kennis hierover gebaseerd is. Het

onderscheiden van een binnen- en een buitenwereld resulteert in een

strikt complementaire natuurbeschrijving, waarbij het niet nodig is om

verschijnselen in de "ene" wereld te verklaren met behulp van

argumenten uit de "andere". De positie van het individu, als een eigen

eenheid in zowel de binnen- als de buitenwereld, maakt de relatie

tussen (en het bestaansrecht van) de twee geponeerde perspectieven

duidelijk. Het duidelijk onderkennen van het feit dat taalkundige

begrippen naar de binnen- dan wel naar de buitenwereld verwijzen, kan

de bespreking van zaken als gedrag, bewustzijn en hersenactiviteit

verhelderen.
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