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Introduction /853*

Glucose exchange in the vertebrate brain, the principal route for aercbic en-
ergy yield, is linked with the maintenance of stable concentrations of neurally ef~
fective amino acids (cyclic amino acids, glutamate, glutamine, aspartate, gamma-~
aminobutyrate=GABA (1-3 among others]). Through the incorporation of these amino
acids into peptide chains there is a constant transfer of glucose-C to the protein
fraction. This is an essential detail of cerebral protein hamoeostasis (1,4,5,6).
The quantity and quality of glucose movement within the metabolic sequence
glmplasna -+ glwosehrain-» Jlycolysis + tricarboxylic acid cycle -+ amino acids ~+
protein deviate under the influence of the most varying factors, among others due to
changes in the excitation state of the central nervous system because of enviromment-
al corditions {7,8,9]. Specialized neural functions, such as the neurcendocrine me-
tabolism processes in the hypothalamus, are also reflected gradually in changes of
the glucose, amino acid and protein metabolism [10-13].

Within the framework of R. Baumann's basic concept in regard to the etiologic- /854
al significance of psychophysical and socio~ or psychoemotional factors in the ap-
pearance of defective requlation in the circulatory system and carbohydrate-lipid
metabolism [14,15] there have been investigations of the effect on an animal model
of environmental stress conditions carried cut in this Institute in recent years.

In this connection an interest was shown in characterizing the central nervous con-
dition of the test animals by the degree of deviation of glucose exchange along the

1
In honor of the 65th birthday of Academy Member Prof. R. Baumann, M.D.

*

Numbers in the margin indicate pagination in the foreign text.
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above mentioned flux route in integratively as well as autonomically active brain re-
gions.

Materials and Methodology

Male Wistar rats weighing 150-200 g were shut up for several hours and several
times a day in small boxes, with a stochastic alternation of rest periods, and thus
exposed to considerable stress. The experiment was carried out in the division for
Bxperimental Neuroses and Behavior Research of the Institute [16]. Animals were re-
moved from the immobilization program at various times and given a shot injection in
a caudal vein of 50 pCi(U=14c]-D-glucose/100 g body wt and 20 pci (P31) serum altu-

min as blood marker. 5.5 min later the animal was killed by heat coagulation of the
brain with microwaves (exposure time in MW field 3 sec, rise in brain temperature ab
16°C/s; for apparatus and methodology see (17]). Following decapitation blood sam-
ples were taken from the throat vessels , the brain was then totally removed -
from the skull and prepared, carefully freed of attached vessels and coagula, bi- s
sected sagitally and dissected under magnification (diagram Fig. 1). Further treat- ""
¥
ment of the brain tissue was carried out as 4
follows: Weighing (weights in Table 1), ho~
mogenization in 5 parts 0.5 N perchloric a- i
cid (wt./vol.), measurement of 131, radio- f ﬂ
activity by crystal diffraction and determin- o
ation of content and ¢ ragioactivity of s855
: Fig. 1. Diagram of rat brain dis- the involved metabolites following cambined ,'
\E section: C.a. - camissura anterior; chramatograph-enzymatic chemical isolation ;
Lo = i i H Co + = . ‘
, Ch.o Ch?‘im] opticum; C.m procedures (faor methodology see (3,18],
suitable only for small sample quantities). ’
L
Table 1. Weight of brain samples studied (x¢s from 48 brains) '
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Key. a. Brain region
b. Frontal pole with remnants of
lobus olfactorius
C. parietal cortex

d. mensencephalon
e, xebenun (gray matter)
£.

*Nunerical symbols as in Figure 1

The individual amino acids were separated fram extracts of 3 cambined regional
Samples, the precipitated proteins purified (17] and dissolved in beta-phenylethyla-
mine and the 14c activity measured in the PPO-toluene scintillator.

Determination of the DNS content was made with UV spectrophotometry ([19)

The theoretical bases for quantification of the glucose flux have been de-
scribed [3]. |

Adhering, even in the state of stress with normal course (18] of identical ki-
netic patterns, to the stipulation of: 1. the elimination of 14¢ from the bicoa
plasma and 2. the accumilation of the glucose 4C in the amino acid pool, the in-

corporated amounts of glucose-C were approximated owver

nCiMCmtotalwﬂ.macids-glregionalbmint_tsmeafters.smn

nci . uMol"l

plasma glucose after 5 min

The time difference of 0.5 min corrected against the flux time of the ¢ popula-
tions fram the plasma to the brain amino acids. In individual experiments with rats
3 weeks after stress had bequn, an identical radioactivity time integral was calcula-
ted fram initial levels and elimination patterns of the l4c-glucose in the plasma
that were the same as the control values and thus there was evidence of the applica-
bility of the above stipulations.

Results

Regional Metabolite Levels and Glucose Flux Rates in Initial State

The regional pattern of the pertinent hydrocarbon and N metabolites can be found
in Table 2 together with data for DNS and blood content. Glucose content was relat=
ively large in the parietal cortex and smaller in the di- and mesencephalic struc-
tures and in the pons and medulla. Glycogen variation was fairly opposed to this
with relatively high amounts in the subcortical regions. Lactate showed no real re-
gional differences. Total amino-N content was greater in the cortex and frontal pole
than in the subcortex, where extremely small values were measured in the pons and me-

[PSrON



Teble 2. Metabolite content in various regions of rat hrain
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dulla. Glutamate content was relatively high in the cortex and frontal pole and re-
latively low in the pons and medulla, while GABA in the hypothalamus was a factor 2
. higher than in the gray matter of the parietal cortex and carebellum. Apart from a
] concentration in the cortex, aspartate showed no regional differences in contrast to j 3
glutamine with highest values in the cortex and thalams and lovest in the mesence- { |
phalon, cerebellum and pons and médulla. !
After 5 minutes the radicactivity in the total amino acid pool, minus that of
the alanine — subtraction of empirically averaged 108 of the 1C content [18) —
practically equalled the degree of marking of the cyclic amino acids. Table 3 gives
i mudthmnmofcgminmlfmﬁmudwiw. :
60-70% of the raddoactivity was found in the regional glutamate, 10-16% in the gluta- {
mine and also 10-18% in the aspartate. Participation of the GABA shunt route in
Colucose £1U% to cyclic amino acids was 108 in the frontal pole, 9% in the parietal
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Fig. 2. Blood volume, glucose and lactate
content in regions of rat brain during
longterm stress due to hypokinesis. As in
the following figures, selected brain re-
gions: circle = parietal cortex, thalamus;
dot = hypothalamus; triangle = nesmcephal
on; square = pons and medulla
Key: a -~ blood volume

b - tissue

Cc - lactate

d - glucose

e - days in hypokinesis

Rt . st o e

cortex, 11% in the thalamas, 11% in the

hypothalamus, 128 in the mesencephalon,
11% in the cerebellum and 10% in the

Metabolite Level

In view of the large time screen
a multiphase process was recognizable.

1st week of hypokinesis:
ing 2 several-hour periods of immobili-
zation there was already a reduction of
capillary volumes in the brain areas
and an increase in lactate content (Fig.
2);: only in the hypothalamus was there
an early dilatation of the course of
circulation. In this region too there
was a rise in the glucose level accom-
panied only in the thalamus and mesen-
cuphalon by a moderate unidirectional
movement. There was a significant rise
in regional total amino-N content (Fig.

follow-/857

3). At the earliest moment of measurement (after 1 week of stress) there was a reduc-
tion in total fractions and individual amino acids (except glutamate in the hypothal-
amus) .

3rd week of hypokinesis: Nothing special about regional glucose and lactate
content. Movements of the cyclic amino acids waried: an olwious increase of gluta-
mate and GABA in the hypothalamus with simultaneous decrease of glutamate in the me-
sencephalon and pons and medulla, as well as a relatively high rise of glutamine in
the thalamus.

Fram weeks 4 to 14: regional levels of glutamate, aspartate and GABA appeared
to establish themselves, whereas glutamine stopped at a level lower than the initjal
value. For glycogen only around the third week of stress was there a determination
in all regions of an increase amunting to about 12-20% of the initial value.
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Glucose Flux
The random sampling pattern shows maxi- /858

-ocmcgmnummmrce
immobilization (Fig. 4). Initially the asro-
bic glucose exchange rose above the initial
value (factors): hypothalamus 1.7, thalamus
1,5, cortex 1.3, mesencephalon 1.3 and pons
and medulla 1.1. At the second flux peak the
2.2 hypothalamis factor is likewise largest,
followed by thalams 1.9 and pons-medulla 1.7,
mesencephalon 1.6 and cortex 1.5 (cerebellum
and frontal pole each between 1.5 and 1.6).
Pig. 5 demonstrates the flux changes in the
GABA shunt route. In all regions the sub-
strate exhange 4n this bypath of the tricar-
boxylic acid cycle alreddy went up after the
first week of stress in the cortex and pons
and medulla but notably late in the hypotha-
lamys (week 6).

Incorporation of Marked Glucose in Glycogen /859
Fig. 6 presents the course of the process
for an incorporation period of 5.5 min by
' means of the quotient
14

C to glycog.-g ‘region.brain tiss.
uc-pmlqbrunglm

» A general decrease after stress day

¢ 2 was followed by a stimulation of

the incorporation rate with a maxi-

—+ mm between stress weeks 1 and 3.

Incorporation of leooe-[l‘CI in
proteins

As a working criterion one may
use the quotient
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Fig. 5. Flux of glucose-C in GABA
shunt route as § of flux of tri-~
carboxylic acid cycle (calculated
to include theoretical decarboxyl-
ation rates)

Key: £ - weeks in hypokinesis

g - shunt route

14c in proteins

4 in total amino acids
for each gram of reginal brain tissue and an in-
corperation time of 5.5 min. Practically
speaking, mlyﬁeutinatimofclmﬂm:
mrkedmd.macidsforminsynfm:lam
involved (alanine, aspartate and glutamate (1,
20]). The selected incorporation time lay with-
in the area of the linear increase of protein
marking (21,22]. The symbols in the initial
state -~ zero point in time in Pig. 7 ~~ indic-
ate, under normal conditions of animal behavior,
a transfer of glmose—uc » in porportional a-
mounts that are regionally about the same, from

- the amino acid fractions to the
protein fractions. Following
day 1 of hypokinesis protein mark-
ing went down to ca. 50% and aft-
|  exr day 2 it reached a minimum of
| about 208 of the relative marking
4 degree. This determination was

L TN S S
I3

in-the course of hypokinesis

stress week 6).

Discussion

> A S
e lege f,','-,)m,-‘ St

Fig. 6. Incorporation of [14c]-glucose in glycogen

likewise made during the one-week
spot check without more pronounced
regioral differences. During the
period of stress weeks 2-3 the in-
corporation rate was higher: for

thalamis and hypothalarus it was

about 5 times greater and about 3

times for the remaining areas. The persistent activation in the hypothalarus and the
pons and medulla was notable (only slight reduction of the quotient in the course of

when campared with cold fixation [23-25), the regionally arrested metabolite con-
tent following rapid heating of the rat brain via heat coagulation of the enzyme pro-
teins seems to give the earliest picture of the native condition. The lactate level,

(860




. e, 1 g

e i

o

Qors

095

[e]

A

scissa) initially. Glucose exchange cal- Fid- 8 indicates a narrow covariation ‘of

1J T B

"y i

2 1 7
Jr"' £ Wochen in Hypokinese

xylation rates. Numbers

correspond
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indicating a post mortem metabolic dribble,
ococurred in all brain areas at the level of
the "freese stop” value.(26,27], as happens
in the mouse brain under optimal gecmstric
sapling and apparatus conditions [28]. Spe~
cific findings on glucose deficit did not
bear ocut a previously described enhancement
in phylogenstic younger portions of the
brain (dog beain (28] presumble an artifact
dus to layer cooling of brain tissus {29]).
The regional pattern of the cyclic amino a-
cids is in acoord with the known literature
data [30-33).

The capillary volumes determined by /861
the isotope method bear the following rela-
tionship to other vassular and circulatory
perameters: 1. a regiomal variation from
the histametrically mesasured cepillary length
[34) and 2. a statistically significant re-
lationship with blood perfusion in comparable

or identical brain areas (regional value
of blood flow (35]; correlation coeffi-
cient for 7 areas r'= 0.84); i.e. the ca-
pillary volums are represantative of the
circulatory active capillary cross section.
Marking of the amino acids is a quan-
titative mpasuremant of the entry of glu-
cose~C into the tricarboxylic acid cycle
less the losses through metabolic decarb-
oxylation. Now the statistical camparison
of vascularization and glucose exchange in

local blood supply and asrobic metabolic
activity and affirms on the basis of di-
rect flux data a parallelism betwsen re-
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| - * ient cortex and frontal brain >cerebellum
i ~o a > di- and messncephalon > pons and medulla
B is the smms as the gradient for declining
| snsitivity to O, deficit ami clearly in-
dicates the assumsd connection betwesn re-
| - 1\ gional metabolic intensity, vascularisa-
‘ ’.'“O:M"Mdmm ’\ tion and hypoxia resistance (37).

. ot“c A notable point is the incongrusnce /862
Fig. '0‘-'”[% ( ), of regional dlucoss exchange and cell
mﬂ (M) and ]=- thicdoess (IS contant (38]): the coctex/

bicarbonate (square) via cyclic amind o )1 relationship for the fiu- m’>
quotients for cortex, thalamis, hypo- is 1:0.3 and for the DNS content the ratio
w."!"'m“m' is 1:4; moreover metabolism in brain areas
Key: e - days in hypokinesis of fairly equal cell thickness differed by
a factor of 1.8 (comparison cortex:hypothal-
ams). There was no data in the literature on the comparison of asrcbic glucose ex-
changes in individual brain areas.

Mong the regional metabolite levels studied only glutamate bore a direct rela-
tionship to the locally corresponding glucose flux (glutamate content:flux of glucose-C
to glutamate in 7 brain regions, correlation coefficient I’ =0.91). This kind of level
behavior is eplained by the function of this- amino acid as the primary collection be-
sin for ths influx of 60-708 of the glucose-C incorporated in the amino acid pool. The
substrate flux in the GABA shunt was 5108 of the exchange in the tricarboxylic acid
cycle (as is also the case for the total mouse brain (39,40]) and was not larger in
ths hypothalamus region with a high GA3A level.

On the wide-meshed random sampling screen of the stress experiments there was no-
ted a biphasic course taken by metabnlic events. Initial stimulatior. of asrobic glu-
cose exchange at ths cutset of the longterm stress period followed a course in harmony
with a decrease in capillary volumes directed at substratim suplus demand and this re-
sulted in functional hypoxia for all brain areas (ubiquitous lactate increass). The
asmmed reason for diminution of vasal volume is vascconstriction via extracersbral me-
chanisms. This view is favored by the mobiilization of the renin-engiotensin system by
stimilation of brain structures [41-13) as well as Auring stress [44,58-60] and the




great sensitivity of the brain vessels to this huworal factor [45). Likewise &x~ /963

ing the first stress days thare was a riss of glucose conant in the thalams and
percicularly in the hypothalams, whereas in the plamm it wvas constant. This region-
ally salective hciose acommlation can be explained only by a local activetion of the
glucose transport plasss + brain tissus or by a corresponding increase in the distri-
bution area for glucoss in the brain tissus (intracellular accusmlation [18]). This
finding, intsresting in respect to the stimulation or depression of glucose-srnsitive
nsurons in the hypothalamus [46-49) and affecting the mutritional bshavior of the
test animals was not supplemented in the present experimantal series by any special.
studies. In the course of stress regional vascular volumes increased, most of all in
the hypothalams (Factor 2), less 80 in theccortex. In view of the protracted period
the explanation is not found in vasodilatation but in capillary necplasm (as in con-
timozd-ﬂcu (50) or functional loading of brain areas (51,51]).

The second maximm for glucose metabolism with generally highve flux rates was
reachad arcund stress week 3. At this temporal point there was a distinct increase in
the utilization of cyclic amino acids for prctein synthesis. Testing for higher nexve
activity through conditionsd reflex defense methods in parallel experiments showed a
distinct improvemsnt in the test animals' sbility to function.[16). This agrees stri-
kingly with the established association between memory function and protein synthesis.
[53-55).

The sharp reduction of glucoee-C incorporation in protein during stress wesk 1
semms significant. We may asmme that the ubigquitous decrease of cyclic amino acids
in the brain, presumsbly a symptcm of tissus hypoxia (see [56)), is caused by a de-
crease of glucose flux to a precursor compartmsnt of protein synthesis in favor of a
rise in the oxydative transfer in the “ensrgy cycle" (compartmsntalization of cerebral
intermediary metabolism (57]). PFor more accurate characterization we conducted addi-/864
tional experimants to study, during the critical stress phase, the incorporation of
lactate-Y4C and bicartonate-14c from the plasm into the brain proteins vis the cere-
bral amino acid pool (representing the application of 75 pci (U-14c)-D-lactate or
150 pct [4c)-bicarbonate per rat, otherwise as described for glucose). The marked
carbon of both precursurs appears likewise only in the cyclic amino acids. Fig. 9 pre-
sents the precursor-substrate relationships. mmmmua“cm.
the course taken by lactats and bicarbonate — introduced into the cerebral intermadi-
mmwm,rmm—mmmmuymmmmm.

Incorporation of cyclic amino acids into proteins was t ac dscreased in a precur-
sor pool fed by glucose flux. This confirms the hypothesis of warious amino acid com-
mﬂmmmqmmm.
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