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CHAPTER |

General Introduction and Scope of the

Present Investigation



G all the netabolic pathways in a wide variety of
animal s, the pathway concerned with the nitrogen netabolism
has an unique position. Ntrogen netabolismis interesting
in two aspects viz. (1) very few netabolic reactions are
involved in the incorporation of inorganic nitrogen (in the
formof ammonia) into organic nitrogen and (2) there are
mul titude of reactions which can |iberate organic nitrogen
in the formof ammonia. Mch attention was focussed in the
past decades to study the nitrogen netabolismin a w de
variety of aninmals under variety of experinental conditions
as accunul ation of the ammonia either in the blood or in
tissues would be lethal to the organism A w de variety of
bi ochem cal, physiol ogi cal and environnental adaptations are
seen in aninmal phyla to circunvent the amonia toxicity

whi ch are well docunent ed.

In man, all the known hyperammonem c states are of
metabolic origin, though, there are very few cases of direct
exposure to ammonia. Brain is the nost profoundly affected
organ during hyperammonemc states and a najority of the
clinical synptons observed are related to the neurol ogi cal
di sturbances. Vol um nous work has been done to el ucidate
t he basi c pat hophysi ol ogi cal nechani sns underlying the neuro-
| ogi cal disturbances induced by the ammoniumion. However,

as yet, no concl usive nechani sm has been proposed.



In the present investigation an effort was made to
identify the cellular site of action of ammonia in the brain
and to correlate the result with the observed neurological
changes. Before pronouncing the scope of the present investi-
gation, a brief introduction encompassing the available
information on the cerebral ammonia metabolism both in normal
and pathological states and the etiology and pathophysiology

of the neurological disorders in hyperammonemic states would be

provided.

Cerebral ammonia levels:

The ammonia content of the brain depends on the
functional state at the time of study. Under normal physio-
logical conditions the cerebral ammonia levels were reported
to be between 0.15 and 0.35 4 moles/gm wet weight of the
tissue. These values increased during heightened neuronal
activity and declined following a decline 1n neuronal acti-
vity. Post-mortem changes were also found to have a profound
influence on the determination of cerebral ammonia levels
(107, 123, 134, 281, 282, 288, 311). Information on the
regional heterogenity in the cerebral distribution of ammonia
both in normal and pathological states 1s completely lacking.
Such a study would be of interest since, the ammonia levels
are used as an 'index of neuronal activity' in the normal

brain (93). Under the pathological conditions, 1t would



help in understanding the vulnerability of different regions

of brain.

Condi tions influencing cerebral ammonia |evels:

As nmentioned earlier, cerebral amonia levels fluc-
tuate in parallel to the functional state. A reduction in
functional activity was found to be associated with a decrease
In cerebral ammonia content. R chter and Dawson reported
an 80%reduction in brain ammonia content due to prol onged
anaesthesia (226). A simlar fall was noticed during sleep
(300). However, an elevation of cerebral amonia |evels was
found to be always associated wth increased cerebral acti -
vity such as convul sions (93, 285, 287). Besides this,
several convul sants were also found to increase brain amoni a
content. These include Msl (93, 266), fluoroacetate, thio-
sem car bazi de, pentanet hyl ene tetrazole (281) canphor (301),
pi crotoxin (226, 120), bicuculline (57) and insectisides
such as telodrin (119) |indane, dieldrin, heptachlor and DDT
(209) and bemgride (322). Such studies lead to a concl usion
that the toxicity of these agents mght be due to the I|i be-
ration of ammonia as it was observed that amonium salts by
t hensel ves are capabl e of producing convul sions. Not only
the convul sant drugs, but also the pathol ogical states
associ ated with convul sions such as anoxia (226) hyperbaric

oxygen (87), hypercapnia (92), hypoglycema (2), 1ischem a(282),



audi ogeni ¢ sei zures (in sujceptible aninals) (169) enhance
cerebral ammonia levels. Deprivation of sleep (121) and
pai nful shocks to extremties (286, 288) also elevated

brain ammoni a cont ent.

| ncreased ammonia levels in brain and CSF were al so
noticed since long tinme in several pathological states
such as hepatic encephal opathy (241, 328),after portocaval
anast anoses (137, 323) and in the congenital disorders in
the netabolismof amno acids and of urea cycle enzynes

(69, 139, 241).

Sources and production of ammonia in brain:

Steady state level of ammonia in brain is governed
by the relative rates of its uptake from bl ood and extra-
cellular fluids, release into blood and extracellular fl uids,
its rate of formation from both endogenous and exogenous
sources and finally by amonia utilizing processes in brain.

However, in the ensuing description, the role of extra-
be

cel lul ar space and extracellular fluidswouldignored as the
contribution by this conpartnent to total cerebral vol une
was shown to be insignificant (accounting to 2-5/. of total
volunme (177, 250). The process involved in naintaining

ammoni a levels in brain mght then be represented as foll ows:



Bl ood ammoni a Production from endogenous

/ precursors.

BRAI N ANMONI A

Bl ood precursors WUilization of both

endogenous and exogenous
anmoni a.

Though it is well known that blood ammonia levels are strictly

guarded and maintained well below the tissue |evels (blood

ammonia < 0.1 mM), its contribution to tissue pools cannot

be ignored. This process assunmes a greater inportance

especially in hyperamonen ¢ states, when the bl ood amoni a
| evel s woul d be higher than usual. In blood, it was shown

that,the level of ammonia in red blood corpuscles was higher

than plasma (50, 133). Several lines of evidences indicated

that either the blood or extracellular ammonia rapidly
equilibrates with tissue pools for eg.,

systemc adm nistra-
tion of amoniumsalts

| ncreased the brain ammonia | evel s

in avery short time (123). O the mechanisns proposed for

anmoni a transport across the neuronal plasnma nenbranes, the

pH gradi ent theory has been well accepted (191, 264).

Ammoni a can exist in two forms - the unprotonated

NH; form and the protonated NH4+ form  These two forns are

in a state of dynamic equilibriumin solution and their

i nterconversion was found to be rapid and sol ely dependent

on pH of the medium (123). At alkaline pH, NH4+ dissociates



into NH; and H and at acidic pH the NH3 formwoul d be
converted to NH4 form by accepting a proton.

physi ol ogical pH (7.4) at |east 98/
form

However, at
of ammonia is in NH,
In this state the nolecule has a limted perneability
across the plasnma nenbrane while the NH; form penetrates

the plasma nenbrane with ease as it is nore |ipid sol uble.

Though, brain ammonia concentrations were found to

be | ower than bl ood, nost of the bl ood ammoni a enter the

brain. It was observed that under physiological conditions,

the pH of brain was |lower than the blood pH (134). The NH;

f ormof amoni a f rombl ood woul d thenrapidly enter the brain as

it is nore freely perneable. This perturbs the equilibrium

bet ween protonated and unprotonated forns and favours the

di ssoci ation of additional NHd+to NHs; i n bl ood.

| nsi de the
cel |,

due to acidic pH NH; accepts a proton and is converted

to the inpernmeable NHA+ form This process continues as |ong

as the blood pH is higher than brain pH Increased intra-

cellular NH; levels would deplete protons and shift the

intracellular pH towards al kaline range unl ess honeostatic

nmechani sns buffer the pH change. |If they fail, not only

further transport of ammonia would be inhibited but also

ot her nmetabolic processes would be interfered. Evidences

for the pH dependent transport of ammonia were provided by

the follow ng observations. (a) The tissue (brain and nuscl e)

ammoni a concentrations increased by 2-3 fold during netabolic



and respiratory alkalosis (264). (b) Variations in the LD50

dose of various ammoniumsalts testedweredirectly rel ated

to their ability to induce changes in the blood pH (310).

Al kaline ammonium salts (NH,OH, ( NH;) ,CO3) were found to

be nore lethal even at very |ow doses than acidic salts of

ammoni a (NH;Cl). (c) Acidosis induced by injection of hydro-

chloric acid had a protective effect on the mce injected

wi th ammoni um chloride (4).

In addition to the above said nechanism carrier
medi ated or active uptake of ammoniumion (N#+) by the cells

was al so proposed which was based on the foll owi ng observa-

tions. (a) NH4+ substituted K for the enzyne Na*, K'-ATPase

of the hydrated ions
of K" and NH; (4) (b) K was replaced by NH;, i n the ouabain

due to the simlarities in the radii

sensitive Na+ extrusion against concentration gradient
toad skel et al

in
nmuscle and red blood cells (15, 219). However,
this effect was observed only when NH4+ concentration was 3-7

times nore than K+. (c¢) Under in vitro conditions, the K

concentration in cortical slices decreased far in excess of

the internal NH;. when they were incubated with 10 mM NH,C1(17)

(d) Admnistration of NH,Cl or Msl (which increased brain

ammoni a |l evels) or addition of NH,C1 to brai n honogenat es

i ncreased the Nat K'- ATPase activity (235, 265, 266). (e)

In infant brain an equal exchange of K+ wi th NH+was denons-

trated. Such observations favour the hypothesis that N+

mght be transported into the cell at the expence of ATP by

t he nmenbrane bound Na+, K'- ATPase (265).



In tissues like liver and muscle, amno acids from

bl ood are avidly taken up and utilized not only for protein

synthesis but also for energy generation, the latter process

However, in brain the

operation of such a process appears to be unlikely because
of the peculiarities of brain nmetabolism
that the bl ood-brain barrier

| eads to ammoni a production (167).

It is well known
Is not freely perneable to al

They are transported across the bar-
by specific carrier proteins (14).

the amno acids (14).

rier As nore than one

amno acid share the sane carrier protein for transport, the

relative concentration but not the concentration of

I ndi -
vi dual

amno acid in the bathing nedium determne the rate

of transport, which severely restricts their abundancy for

utilization in energy generating reactions. Amno acids

that have a relatively free perneability are glutam ne and

alanine (14). Ceneration of ammonia from gl utam ne m ght

be severely restricted due to high endogenous gl utanate
concentrations in brain which inhibit glutamnase activity
(147, 247) while the very low activity of al ani ne am no-

transferase limts the utilization of alanine for amoni a

production (8, 235, 268, 269). Further, the sole energy

source for brain under physiological conditions is glucose

and but for glutamate no other amno acid can support brain

energy denands (14). However, exogenous (blood) glutamate

may not be available for this purpose as the bl ood-brain

barrier is inperneable to this amno acid. Hence, ammonia



. . . suppl.ied by blood m ght
reaction in _brain from precursors supplied _Qy _
generation in brain physiool ogi cal

beof i mtedi nportanceat | east under physi ol ogi ca

condi ti ons

The inherent ability of brain to produce amonia from
Its endogenous precursors was concl usively denonstrated

during the in vitro studies with cortical

slices. Wen
slices were aerobically incubated in the absence of substrates

supporting cerebral netabolism about 14-16 noles of ammoni a

was generated per pgm wet weight of tissue. Addition of

substrate, such as gl ucose, suppressed ammonia fornmation to

a large extent (>70%). Metabolic inhibitors (iodoacetate),

uncoupl ers of oxidative phosphorylation (2,4-Dnitro-

phenol ), electron transport chain inhibitors such as cyanide

I nhi bit ammoni a production in the absence of glucose and

enhance in the presence of glucose. Anoxia dimnished

ammoni a production both in the presence and absence of

gl ucose under these conditions. These results suggested

t hat ammoni a production in brain could be an aerobic
process (20).

Such a high rate of endogenous ammoni a production

in brain elicited interest in the search for a precursor

to this process. |In sumary, the three major precursors

proposed to serve as substrates were proteins, amno acids

and nucl ei ¢ aci ds.



Proteins: Proteins as a source for endogenous anmoni a was
suggested long ago (301, 318). It has been shown that of
the total ammonia fornmed, during in vitro incubation of
brain tissue in the absence of a substrate, at |east 25-35/.
was accounted by the deam dation of protein bound am de
groups (301). It was estinmated that 16%of the protein
bound gl utamnyl (but not asparginyl bonds) were deam dated
in situ (321). This process was independent of the presence
of glucose. Besides deam dation of protein bound am de
groups, ammonia was al so shown to originate fromam no acids
generated during proteolysis. The occurrence of |atter
process was evidenced by a rise in the content of essenti al

amno acids during in vitro incubations (20, 317).

Amno acids: The free amno acid pool of brain differs

fromthat of other tissues by the presence of |arge quanti -
ties of glutamate famly of amno acids (glutamate, gl utam ne,
aspartate, alanine and Y-am nobuutyricacid). The glutanmate
concentration in the brains of various mammal s was found to
be approximately 10 unol es/gm wet wei ght while that of
glutamne was 4-5 pnoles. As these two amno acids occur

In such large concentrations, nuch attention was focussed

on the changes in their content under a variety of netabolic
states associated with amonia production. Early studies

in this direction indicated that at |east 50% of the ammonia

formed was accounted by the fall in glutamate content during
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in yitro incubation of cortical slices (277). However, 1in
these studies the corresponding increase 1in aspartate

formed from endogenous glutamate by transamination, was not
taken into account. Later studies indicated that the contri-
bution made by glutamate to cerebral ammonia would be little
higher than 30/. (19, 20) largely localized in the neurons

and ammonia liberation occurs majorly from this site (19).

Of exogenous glutamate taken up by brain, 49/. would be

converted to aspartate and 37/. to glutamine (both the
would be
processes occur in glia) while only 14/. completely oxidized

to ammonia and a-ketoglutarate, majorly in neurons (19).

The glial cells as per these authors, do not produce ammonia.
However, recent results suggest that glial cells are capable
of oxidizing glutamate completely to ammonia and a-ketoglu-

tarate (3260).

During in vitro incubations of cortical slices, ammonia
production was observed to be associated with a fall in the
content of glutamine besides glutamate (20). 30/. of the
ammonia formed could be accounted by the fall in the glutamine
content. This value appears to be high as later studies
indicated that ammonia production from exogenous glutamine
proceeds at a lower rate, which was ascribed to the inhibi-
tion of the initial deamidation process by endogenous gluta-
mate and ammonia (16). Further, the precise contributions

made by o-amino and amido groups or spontaneous hydrolysis
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of glutamne to cerebral ammonia pool is not known. Besides
these two amno acids, other amno acids such as GABA were
al so proposed to act as precursors for amoni a production
in the brain. However, the contribution nade by am no acids

ot her than glutamate and gl utam ne appears to be negli gi bl e.

Puri ne nucl eotides: Depolarization of cortical slices

in vitro was shown to be acconpanied with the rel ease of

| M°, inosine and hypoxanthine (272). |t was postul ated
quite early that in excitable tissues (such as brain and
muscl e) | ess phosphoryl ated nucl eoti des woul d be |iberated
as a result of depolarization (222). These results |ead

to the postulation that the purine nucleotides, especially
AWP and adenosi ne mght serve as precursors for ammoni a
production by a process of deamnation in the purine nucl eo-

tide cycle (175, 251).

Enzynmes involved in amonia production: As the major

precursors in cerebral ammonia production were shown to be
proteins, glutamte and
and purine nucl eoti de
cycle, a brief account of the enzynes involved in this
process are given bel ow
Though, the contribution nade by protein bound am de
group is significant, it is surprising to note that no

enzynati c nechani sns have been so far described in the
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literature. The only study that gives a clue to the enzy-
matic mechanism involved was the inhibition of this process

by MSI (321).

The enzyme glutamate dehydrogenase (GDH) oxidatively
deaminates glutamate to ammonia and o-ketoglutarate and
requires either NAD' or NADP' as the coenzyme. The same
enzyme 1s also responsible for the reverse reaction (a-keto-
glutaratet+ammonia glutamate) in the presence of NAD(P)H.
This enzyme is localized in the mitochondrial matrix and
serves as a connecting link between amino acid and carbo-
hydrate metabolisms. Though, Chee et al. , (58) purified
this enzyme from brain only recently, 1t was not thoroughly
characterized as liver enzyme. The molecular weight of the
purified enzyme from other sources ranges from 300,000 to
2,000,000 with a total number of polypeptide chains varying
from 10-40 (31, 273). This enzyme exhibits associlation-
dissociation phenomenon which appears to be under the control
of various factors including its own concentration. At low
concentrations, the enzyme dissociates into catalytically
active subunits with a different substrate specificity
(94,283). However, 1in liver mitochondria the concentration
of this enzyme was found to be sufficiently high to exist
in associated form (274). The association-dissociation
kinetics of this enzyme are also influenced by physiological

compounds such as nucleotides, inorganic ions and even NAD .
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The activators promote the association of the subunits while
the inhibitors dissociate the enzyme (284). The enzyme
also exhibits sigmoid kinetics with allosteric properties.
The allosteric activation by ADP, GDP and leucine and the
allosteric inhibition by ATP and GTP are of physiological
significance. The oxidative deamination of glutamate by
this enzyme i1s also subjected by noncompetitive feed back
inhibition by ammonia, if the concentration is high (20 mM)
(43, 86). Further, the ratio of NAD(P)/NAD(P)H also
influences the direction of the GDH reaction (18, 19, 317).
In the presence of a substrate, ADP stimulates reductive
amination of a-ketoglutarate by increasing affinity of GDH

for ammonia (168).

Normally, the primary step in the metabolism of most
of the amino acids is the transamination wherein the a-amino
group 1s transferred to an o-ketoacid to form a corresponding
amino acid. Though both oxaloacetate and pyruvate have the
ability to participate 1n these reactions to form aspartate
and alanine, in most of the transamination reactions o-keto-
glutarate 1s the preferred substrate resulting in the forma-
tion of glutamate which 1s later oxidized to produce ammonia
by GDH reaction. This pathway is known as transdeamidation
pathway. Of all the aminotransferases present in brain,
the activity of aspartate aminotransferase (AAT) was found

to be very high (7, 77, 144, 156) followed by alanine
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am notransferase (ALAT). Both the enzynes were found to
have a dual localization in the cells, i.e., both in mto-
chondria and cytosol. Because of the high activity of AAT,
It was shown that at |east 80% of glutanmate oxidation occurs
through the transamnation pathway (7). In addition to its
role as a connecting link for amno acid and carbohydrate
nmet abol i sns, this enzyne also plays a najor role in Borst
cycle (4b) for the transfer of reducing equivalents from
cytopl asm across the mtochondrial nenbranes. For this

pur pose, the enzyme acts in concert with nal ate dehydroge-
nase. The operation of this cycle in brain mtochondria

Is nowwell established (39, 77). This enzyne is al so known
to formstabl e macronol ecul ar conplexes with GDH in pig brain,
t hough the significance of this process is yet to be under-
stood (63).

Hydr ol yki ¢ cl eavage of gl utam ne would al so generate
ammoni a fromglutamne and the enzyne responsible for this
process, glutam nase (G.Nase) was found to be present in
brain. Two najor isozynes of (G_Nase have been identified
in mammal s (143). The phosphat e i ndependent GLNase is not
susceptible either to ammonia or glutamate and is present
nostly in kidney and liver. This enzyne is supposed to be
absent in brain (140, 152, 153, 314-316) or even if present
it is less than 10%of the total GLNase activity (201, 279).



The other form of GLNase, phosphate activated G.Nase
was found to be activated by | ow concentrations of phosphate.
The enzynme is localized on both the sides of the mtochondrial
I nner nmenbrane (153). This enzyne is inhibited by both the

products, glutamate and ammoni a under in vivo conditions.

Furt her, excess substrate would also be inhibitory to this
enzyne which was observed to be not due to the substrate
per se but by the large amounts of products produced. This
formof G_Nase was denonstrated to be present in kidney,
liver and brain. 1In the brain 9% of the (LNase activity
was found to be due to phosphate activated form Recent
studies indicated a conplex pattern of regulation of this
enzyme in brain which depends on its cellular |ocalization
(154). The enzyne localized in the nerve ending particles
was found to be inhibited by both glutamate and ammoni a
while the astroglial enzyme was found to be inhibited by
glutamate alone. The enzyne fromboth the sources is acti-
vated by calciumions (16, 154). Besides generating ammoni a,
this enzyne is supposed to play a major role in generating
the neurotransmtters such as glutamate and GABA from

gl utam ne. However, under physiological conditions, it is
believed that the activity of this enzyne is not fully
expressed due to high glutanmate levels which are inhibitory
(18).



Amoni a production from purine neul eoti des:

The operation of purine nucleotide cycle in brain
was postul ated by Lowenstein and his associates. Amoni a
Is generated in this pathway by the deam nation of AWMP by
the enzyne AMP-deam nase with the concomtant production
of IMP. IMP is converted to AMP and the necessary am no
group is provided by aspartate. The net result of opera-
tion of this pathway is the oxidation of aspartic acid.
The enzyne, AWMP-deam nase is a cytosolic enzyne and exhibits
allosteric properties. ATP acts as an allosteric activator
and GIP as an allosteric inhibitor. It is believed that
under physiol ogical conditions, the inhibitory effect by
GIP is far nore than the ATP activation, hence, the enzyne
exhibits low activity. The enzyne activity was al so found
to be stinmulated by K+ and this inorganic ion could be

substituted by Rb™ and NH4 + (256, 257).

In addition to AMP, adenosine was al so shown to be
deamnated in the brain by the enzyne adenosi ne deam nase.
Hence, AWMP might al so be converted to adenosine by the
enzynme 5'-nucleotidase and |ater deam nated. The presence
of this latter enzyne was al so denonstrated in brain and
it was reported to be |ocalized exclusively on the astro-

glial plasma nmenbrane( 332}



Li berati on of inosine and hypoxant hine both in vivo

andin vitro (by slices) into the incubation nmedi umlends

support to the operation of this pathway (222).

M nor reactions: Besides the above three processes, amonia

Is also generated in small quantities fromother sources
such as guani ne and guanosi ne deam nases, NAD- deam nase,
gl ucosam ne- 6- phosphat e deam nase, nonoam ne oxi dase, serine

dehydr at ase, hi sti dase, etc.

As said earlier, the steady state levels of amonia
depends not only on the rate of transport and its endogenous
synthesis, but also on the rate of its disposal or utiliza-
tion. It is obvious that if the rate of renoval of ammonia
Is low, then the tissue |evels would be high due to amoni a
accurmul ation. The latter condition nay be seen in sone
pat hol ogi cal states especially where extracerebral tissues

are invol ved.

D sposal of ammonia: Unlike the multitude of ammoni a gene-

rating processes, only three pathways exist in aninmal systens
to di spose of ammonia. They are (a) carbonyl phosphate

bi osynthesis (b) glutamate and (c) gl utam ne bi osynt hesi s.

As the carbonyl phosphate synthesis is negligible in brain

(237), the latter two processes woul d be di scussed.



d utanmate bi osynthesis: The enzyne involved, in fixing

I norganic ammonia into organic |inkage of glutamate, is GDH,

the description of which was given earlier.

NADH NAD'
Amonia + a - ketoglutarate ---------- > gl utamate

Under physi ol ogical conditions, the equilibriumof this
enzyne catalyzed reaction is poised in favour of glutamate
bi osynt hesis. However, the contribution of this pathway to
the total pool of cerebral glutamate ------- appears to be
quantitatively lower than the transam nation pathway.

d ucose carbon would be rapidly converted to glutamate and
aspartate by transamnation pathway under physi ol ogi cal

conditi ons when the cerebral ammonia levels are |ow (10).

d utamne synthesis: |n extrahepatic tissues, which are

devoi d of conplete conplinent of urea cycle enzynes, such as
brain and nuscle (237), the najor pathway of ammoni a det oxi -
fication i s supposed to be gl utam ne bi osynthesis (313).
dutamne acts as a tenporary store house of ammoni a and
exerts less toxic effects when conpared to ammoni a. Further,
It also serves as a nitrogen donor in several biosynthetic
pat hways |leading to the formati on of am nosugars, nicotin-
am de coenzynes, purine nucleotides, pyrimdines etc. 1In
brain, glutamne has additional role as a precursor for

neurotransmtter amno acids such as glutamate and GABA.
ATP ADP+Pi

dutanmate + NH; --_ > glutamne



This reaction is nediated by the enzyne gl utam ne synt he-
tase (GS). Due to the endergonic nature, the reaction is
virtually irreversible. The product ADP is inhibitory to
the enzyne. The enzynme gl utamne synthetase is ubiquitously
distributed in ANNNNNNNINN all animal cells. In brain
it is believed that this enzyne is exclusively localized in
the astroglial cells (183, 206). Though much work is done
on the regul ation of bacterial glutamne synthetase, not
much information is available on the brain enzyne and the
avai | abl e evidences indicate that this enzyne from ani nal
tissues is not subjected to regulation by various |igands

as the bacterial enzyne (167).

Met abol i ¢ conpartnentation and ammonia in brain; Foll ow ng

I nfusi on of 1§¢annmwﬂun1acetate, It was observed that there
was a significant increase in cerebral glutamne content
wi thout a corresponding drop in glutamate (29). Sinmultaneous
15
determ nation of the fate of N-| abel reveal ed heavy | abel -
ling of the amdo nitrogen of glutamne than the -am no
nitrogen of either glutamne or its precursor, glutanate.
This ananoly in the precursor-product relationship was
expl ai ned by assumng the existence of two netabolic pools
of glutamate, of which one was |larger and the other was
smaller. |t was postulated that the | arge pool of glutanmate
contains nost of the tissue glutamate pool and has a sl ow

turnover rate while snall pool of glutanmate contains |ess
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glutamate and has a rapid turnover rate than the former.
These two pools do not mix with each other. Further, it
was shown that the rate of synthesis of glutamine was less
in the large pool than the small pool and glutamate in the
large pool would be metabolized by oxidative deamination
while in the small pool it would be majorly involved in
glutamine synthesis. The precursor for glutamate in the
large pool was shown to be glucose while in the small pool
besides glucose, B-hydroxybutyrate, acetate, carbon dioxide,
butyrate, propionate, citrate, leucine, etc., would serve
as precursors (9, 65, 193, 292). Further studies revealed
that the large pool of glutamate is localized in the neurons
and the small pool in the glia (18, 65, 100, 293). This
suggested that the metabolism of glutamate would be different
in the neurons and glia. The neurons metabolize glutamate
primarily by oxidative deamination while in glial cells
major portion of glutamate would be converted to glutamine
and rest 1s transaminated to o-ketoglutarate prior to the
oxidation through citric acid cycle —--——--- (19) . Higher
activities of GDH (231) in neurons than in the glia and

for glutamate
the presence of high affinity uptake systems in glia. (124,
127, 319) supported this concept. The glutamine so formed
in the glia would be transported to nerve endings where 1t
would serve as a precursor for releasable pool of glutamate

and GABA. This concept received support from the observation

that exogenous glutamine would serve as a better precursor
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for rel easable pool of both glutamate and GABA in synapt o-

sonmes (41) and in slices (112, 113) and the activity of

G_Nase was hi gh synapt osones than the astrocytes (320).
Further, histochem cal and bi ochem cal |ocalization of the

enzyne GS exclusively in astrocytes favoured this concept

(183, 206).

Thus according to the theory of netabolic conpart-
nmentati on, ammoni a woul d be generated by neurons and nerve
endings fromboth glutamate and glutamne and |i berated
along with glutanate and GABA during functional states.
The exogenous ammoni a, ¢l utamate and GABA woul d be trans-
ported into the astrocytes where ammonia is converted to
glutamne. The glutamne in the astroglial cells would be
transported into nerve endings where it is reconverted to

glutamate and related neurotransmtters.

Cerebral effects of ammonia: Though ammonia is generat ed,

rel eased and utilized by brain during functional states, it is
less wel | 11 tol erated and t he endogenous concentrations are very
closely guarded. At elevated |evels, amonia exerts del e-
terious effects on cerebral functioning. Amoniumion was
shown to have a biphasic effect on cerebral activity, at

| ow concentrations it is known to act as an excitant and

at higher concentrations as a depressant (286). E evated amoni a

| evel s, associated with several pathological states, result
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In either convulsions or coma. Though several hypotheses
the underlying nechanismin amonia toxicity

Is yet an enigma. Wl ker and Schenker

| were proposed,

(306) have summari zed

the literature on the possible sites of action of ammoni a.
Al the suggested nechanisns ultinmately postulate that NH,.

woul d deplete cerebral ATP stores either directly or

indirectly.
Such a depletion of ATP in vital

areas of brain has functional

Is believed that ATP is a prerequisite
for the mai ntenance of cerebral

sites

significance as it

electrical activity. C the8
suggested extensive literature is available only on

fewsites and the evidences for the effects on other

sites
are i nconcl usi ve.

Effects on ionic fluxes:

Exogenous ammoni a woul d encount er
the plasna nenbrane before entering the cell

and hence it
m ght be assuned that at

| east sone of the nenbrane func-
tions would be influenced by the ammoni umi on.

The prinmary
function of neuronal plasma nenbrane is the maintenance of

lonic gradients essential for the generation of action

potentials and other vital electrical activities. It was

I nvestigators that NH4+ exerts an infl uence
Benjamn et al .,

shown by severa

on this process. reported that NH+
suppressed spontaneous el ectrical activity in brain slices
and pronotes an efflux of K with a concomtant

I NCcr ease
in [Na+]0 (17).

Adm ni stration of ammonium salts was shown

to elevate plasma K" without any change in Na® (123). Loss
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of K" frombody fluids (hypokal ema) was al so noticed in
em

pr ol onged hyperammoni a (218). These studi es woul d then
suggest that extracellular NH4+ affects the ionic fluxes

across the neuronal plasnma nenbrane. Besides the ionic
channel s (of several types), the nmenbrane bound enzyne,

Na+, K'-ATPase was shown to play a najor role in the nainte-
nance of ionic gradients (189), as this enzynme utilizes at
least a third of total cerebral ATP stores (5). Na+, K'-ATPase
was shown to transport 2 K" into the neuron and 3 Na+

out of the cell at the expense of one ATP nol ecule (189).
As nentioned earlier, NHA+woul d conpete with K for the

sites on this enzyne as the ionic radii of NH; and hydrated

K" were found to be simlar (262). It was shown that the
activity of this enzyne in brain was elevated in hyperammone-
mc states (23b, 236, 26b). Stinulation of Na+, K'- ATPase
would not only affect cellular ATP levels but also shifts
the resting nmenbrane potentials close to firing threshold

(5, 16, 123). In addition, the release of neurotransmtters
woul d al so be affected as this enzyne was shown to be invol ved

inthis process (190, 299).

Besi des these two ions, NH4+was al so shown to influence
the perneability to chloride ions (Cl ~). NH+ were shown
to block the operation of outwardly directed chloride punp
resulting in the disinhibition of postsynaptic inhibition

of spinal neurons (178). S mlar results were obtai ned by



other investigators (171, 179, 223, 224). An inward movement
of Cl~ into rat brain cortical slices was shown to be
dependent on the extracellular NH4+ concentration (17). At
low concentration of NH4+ the inflow of Cl- was not asso-
ciated with any fluid influx and at higher concentrations
1t was associated with a large influx of fluids. These
authors concluded that the Cl- uptake at low [NH4+]0 was
largely into neurons and the second phase of influx would
be into glial cells. These permeability changes were believed
to be due to local pH changes created by ammonium ion induced

metabolic changes.

Depletion of a-ketoglutarate: Bessman and Bessman proposed

this hypothesis to explain the mechanism of ammonia toxicity
(33). The major contention of their proposal was that
o-ketoglutarate (a KG) would be drained out of citric acid
cycle in the detoxification process by way of glutamate
formation (a-KG+NH,—> glutamate) catalyzed by GDH. Deple-
tion o+ oKG would interfere with the normal operation of TCA
cycle and subsequently energy production. Though this hypo-
thesis was theoretically attractive, the experimental results
were highly contradictory. The early reports of reduced
o-ketoglutarate levels 1in ammonia intoxication (32, 64, 259)
did not receive support from later studies wherein the
levels were reported to be either increased or remained

unaltered (83, 123, 132). 1In spite of these contradictory
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evidences this theory was still given credence due to the
fact that these studies were carried out either with extracts
of whole brain or with larger areas and this would mask any
localized change in the levels of a-ketoglutarate. Further,
no importance was given to the metabolic compartments. It

is well known that about 80% of brain a-ketoglutarate would
be present in the large compartment of glutamate and only

20% would be localized in the small compartment (99). No
satisfactory method is at hand till today to study the
localized changes 1n these compartments. However, 1t 1is
interesting to note that Garfinkel and Hess (101), based on
the data of Berl et al., (29), predicted a fall in the
o-ketoglutarate levels in the small pool of glutamate, supposed
to be localized in the astrocytes and such a change was

considered to be possible (186).

Another implication of Bessman's hypothesis would be
an increase in the glutamate content and its rate of forma-
tion due to enhanced reductive amination of oa-ketoglutarate
in hyperammonemic states. Evidence was provided to this
much later by the elevated activity levels of cerebral GDH
in hyperammonemic states (84, 202, 235, 236). It was
observed that the magnitude of change was greater in the
brain stem than in other regions which supported the earlier
concept of greater vulnerability of this region (235, 236).

However, on the contrary cerebral glutamate levels under
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these conditions were reported to be either unaltered or
decreased (29, 84, 90, 97, 123, 136, 180, 194, 289). This
decrease was, however, explained to be due to the increased
rate of glutamate utilization for gl utamne biosynthesis,

a process stimulated by enhanced cerebral ammonia |evels.

Jutamne formation: As nentioned earlier, disposal of

ammoni a by way of gl utam ne biosynthesis would be a najor
em
pathway in brain during hyperammonjic states (313). As glutamne

formation involves ATP utilization, it has been suggested
that this woul d be another naj or energy depl eting nmechani sm
I n hyperammonema (198). |In conpliance with this hypot hesis,
an increase in cerebral glutamne levels was observed in
hyperammonem ¢ states of varied etiologies (133, 135, 137,
235, 297, 323, 328) and in cortical slices in the presence

of ammoniumsalts (16, 19). Another line of evidence for this
hypot hesi s was provided by the studies with glutam ne synthe-
tase inhibitor, nethionine sulfoximne. Admnistration of
this conpound resulted in an elevation of cerebral ammonia
level s with concomtant fall in glutamne levels and the

ani mal s succunbed to convulsions (311). The increase in
cerebral glutamne levels in hyperammonem c conditions was
shown to be partly due to decreased gl utam ne breakdown
(inhibition of cerebral glutamnase by amonia) (293) and

al so due to increased glutamne synthesis (26). This obser-

vation was supported by the unaltered activity of glutamne
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synthetase in homogenates under hyperammonemic conditions

15
(68, 235). Metabolic studies with N ammonium salts indi-
cated that the synthesis occurred exclusively in glial cells
(29), an observation supported by immunohistochemical
studies on the localization of this enzyme (206). The glial
involvement in ammonia detoxification was further evinced

by the cytological changes observed in glial cells in hyper-

t
ammonemic states resulting in the formation of Alzhemer

type II glia (53, 162, 203-205). These studies, in conclusion,
supported the postulated role of glial cells in ammonia
detoxification and energy depletion in these cells in

hyperammonemic states.

Effects on cellular NADH/NAD ratio: Enhanced glutamate

dehydrogenase 1n hyperammonemic states would affect the
levels of not only o-ketoglutarate but also of NADH. As

NADH 1s oxidized to NAD in this reactilion, 1t was proposed
that under hyperammonemic states, NADH availability for
electron transport chain would be severely restricted thereby
retarding ATP production (325). Hindfelt and Siesjo (136)
confirmed this hypothesis by demonstrating a fall in the
ratio of NADH to NAD in the mitochondria. The cytoplasmic
ratio of NADH to NAD under these conditions was found to be
elevated and enhanced lactate production was attributed to

this. A similar profile reported later confirmed the above

finding (260).
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Q her effects of increased cerebral ammonia |evels
in brain were supposed to be stinulation of phosphofructo-
ki nase (pronotion of glycolysis) (136, 242), increased
car bondi oxi de fixation (26, 29, 30, 304), and decreased
ACh production (278, 308).

In conclusion, majority of the hypotheses on the
nmechani sm of amonia toxicity proposed an interference in ATP
production, and depletion of TCA cycle internediates. Though
several efforts were nmade in the past to denonstrate such
changes, the results obtained were inconclusive. Schenker
and his associates have denonstrated a fall in ATP levels
at least in brain stemand its associated structures (186,
259). But these results were contradi cted by several other
i nvestigators (32, 123, 137, 235). The discrepancy m ght
be dwe to various procedures adopted to arrest postnortem
changes and the selection of different regions for ATP
determnation. Further, as the studies were nade in hono-
genates, it would be difficult to detect the |ocal changes
in a snall population of cells. Finally, it may be said
that ammoniumion has a nultipronged effect on brain neta-
bolismand it would be difficult to predict which particular

change triggers either convul sions or cona.

Pat hol ogi cal states associated with hyperammonem a; As

nentioned earlier, in hyperammonem c states there woul d be
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an elevation in both blood and tissue |evels of ammonia
resulting in a netabolic and functional derangenent. Such
hyper ammonem ¢ states could be due to defects either in the
synthesis, transport or disposal of ammonia. The known
hyperammonem c states mght be categorized into congenital
or acquired disorders. A brief description of the known
states of hyperammonem a woul d ensue bel ow, but detail ed
descriptions are available in several reviews (4, 74, 89,

241, 328).

Congeni tal disorders: In congenital hyperammonem c states

defects were found in the enzynes directly related to amoni a
nmet abol i smon one hand and on the other hand several defects
in the enzynes involved in the netabolismof am no acids

not related to anmonia were noti ced.

The only known congenital disorder with defective
gl utamate synthesis was reported to be Reye's syndrone. The
defect in this syndrone is not in the enzynes of gl utanate
bi osynthesis, but in the fragility of mtochondrial nenbranes
whi ch woul d be subjected to an acute insult (49, 214).
Consequently, the integrity of these nenbranes woul d be | ost
leading to the liberation of all the mtochondrial enzynes
I ncl usi ve of GDH and carbaﬁ%l phosphat e synt het ase whi ch
aggrevates the clinical condition (44, 228). Recently, it

was shown that an endogenous i nhibitor was bound to GDH
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which would |l ower the residual activity of GDH (138). Due
to the loss of both GDH and carbanyl phosphate synthet ase,

ammoni a accunulates in the blood and ti ssues.

No reports are available on congenital defects in
gl utam ne bi osynt hesi s which mght be because of the pre-
mature death of the enbryos as glutamne has several other

roles to play besides serving as an ammoni a trap.

Several congenital disorders of urea cycle enzynes
have been reported. dinical synptons and nagnitude of
hyperammonem a varies frommld to severe. The range of
defects also vary. Total deficiency of carbanyl phosphate
synt hetase, though rarely occurs, was reported to be | ethal,
while in majority of cases, the deficiency was partial wth
various degrees of residual activity and in such cases other
causes for hyperammonem a played a decisive role. The
severity of ornithine transcarba&ilase deficiency was reported
to be fatal in males and benign in the females. The range
of defectsvaried fromtotal absence of the enzynme to altered
affinity for ornithine. These patients had high bl ood
glutamne levels besides ammonia, indicating increased
glutamne synthesis as an alternate protective nechani sm
Further, elevated blood |evels of orotic acid and uraci
were believed to be due to increased availability of carbongl
phosphate for their synthesis. Spongy cortical degeneration

and nental retardation were reported in these patients (139).
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In the congenital disorder of argininosuccinic acid
synthetase, both citrulline and ammonia |evels were el evated
in the blood and the affected patients had an abnornmal EEG
and cerebral atrophy. The clinical outconme of this disorder
was shown to be fatal. Massive accunul ati on of arginino-
succinic acid was reported in argininosucci nase deficiency.
The bl ood ammonia |evels and clinical picture were highly
variable and could be nodified by restricting the protein

intake. The survivors usually suffered with nental retarda-

tion (139).

Hyper ammonem a was al so observed in several other
I nherited disorders of amno acid netabolism |In ornithi-
nemas due to a defective ornithine am notransferase;ornithine
accunul ates in the blood and influences the operation of
urea cycle leading to a hyperammonemc state. Due to the
conpetitive inhibition exerted by |lysine on argi nase acti -
vity, hyperlysinema was found to be associated with hyper-
ammonem a. D sorders of branched chain amno acids, such
as mapl e syrup di sease, hypervalinema, etc., were found
to be acconpanied with el evated bl ood amoni a | evel s and

the relationship between these two is yet to be understood

(139).

Acqui red hyperammonem c states: A direct relationship between

hepatic functioning and hyperammonem c states has been

established. In several of the reported acquired hyperamobnem c
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states a severe deficiency of hepatic functioning was
observed. The spectrumof neurol ogical synptons due to
hepati c inadequacy was found to be highly variable and the
term 'hepati c encephal opathy' (HEC was coined to describe
the changes. In the early stages of hepatic encephal opat hy
mental, personality and enotional changes were found to be
very subtle. Wth the progress of encephal opat hy, hypot her m a,
hyperventill ation, confusion, drowsiness ensue which gradually
|lead to conmatose condition. Neuronuscul ar changes Iike
asterixis, hyper-reflexia, unsustained clonus were al so
noticed in early stages of HEC which di sappear along wth
pupil lary and corneal reflexes with the progress of the

di sease. Convul sions, decerebrate rigidity and decorti cal
posture were found occasionally (241). HEC was found to be
of two types. (i) Exogenous hepatic coma or chronic |iver

di sease due to decreased |iver nmass and gradual shunting of
bl ood around liver (liver bypass). These conditions are
seen usually in cirrhosis and portal systemc shunting and
the onset of neurol ogical and other clinical synptons are

| ess violent and precipitated by exogenous factors such as
high protein diet or by drugs. (ii) In acute liver disease
(endogenous hepatic cona) the decrease in functional |iver
nmass is due to acute viral infections, drugs and other
toxins and the onset of clinical synptons are very rapid and

sudden.
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Cerebral pathology varies with the duration and type
of hepatic coma. In acute HEC cerebral edenma is a prom nent
feature (309), while in chronic HEC hypertrophy and hyper -
pl asia of protoplasmc astrocytes are of common observati on.
These changes are seen principally in cerebral cortex and
in other regions of brain (305). Neuronal cells do not show
many of changes in the acute HEC while in chronic conditions
degeneration and denyelination are exhibited (330). However,
the major change is usually seen in the protoplasmc astro-
cytes. These cells, in chronic HEC, proliferate, enlarge
and finally undergo hydropi c degeneration. The changes
I nduced would result in the formation of Al zheiner type 11
astroglial cells (1). The Al zheimer type Il cells were also
found in experinental HEC due to portocaval anastanosis in
rats (150) and in induced hyperamonemas (53, 106, 162,
203-205). The devel opnent of Al zheiner cells were reported
to be associated with the loss of glial acidic fibrillary
protein in the grey matter (263). The Al zheiner changes in
the glial cells under these conditions were believed to be
due to abnornmal bi ochemcal events leading to altered

el ectrol yte bal ance and ot her transport phenonena (52, 327).

Amonia was inculcated since long tinme in the patho-
genesis of HEC. Increased |levels of ammonia in bl ood and
CSF is a promnent |laboratory finding in patients with HEC

The major site of origin of ammonia in these patients was
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established to be intestine (210, 241, 328). The intestinal
bacteria deamnate not only the dietary amnoacids but also
urea to generate ammonia. In the absence of functional |iver,
this ammonia enters the systemc circulation. Tissue amoni a
levels rapidly equilibrate with blood ammonia [evels and as
a result an overall hyperammonemc condition sets in.

| ncreased ammonia | evels are supposed to deplete TCA cycle
Internediates and energy levels (due to glutamne fornmation)
as described earlier which would ultimately result in the
broad spectrum of neurol ogi cal changes (241). dial cells,
as the seats of glutamne synthesis, were supposed to be
involved in the detoxification process, and |oose their
energy resources which would be reflected in their norphol ogy
(203, 204). However, no direct relationship between the

bl ood ammoni a | evel and extent of coma was possible to
establish. Instead a direct relationship with a good corre-

| ati on exist between CSF glutamne levels and clinical state
of coma. To overcone this ananoly various alternate hypo-

t heses were proposed for the pathogenesis of hepatic cona,

brief account of which are given bel ow

(a) False Neurotransmtters:

This theory was proposed by Fi sher and Bal dessarini (89,
142). Decreased levels of neutral amno acids (I eucine
I sol eucine, and valine) with a concomtant rise in the |levels

of aromatic amno acids (phenylal anine, tyrosine and tryptophan)
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would result in the preferential transport of the latter
group of amino acids into brain. As their concentration
builds up, the rate limiting initial hydroxylation reaction
(In catecholamine and serotonin biosynthesis) would be bypassed
and these are decarboxylated to form R-phenylethylamine,
octopamine, synephrine ana tryptamine. These amines would
displace the biogenic monoamines from the nerve endings and
receptor sites resulting in an altered catecholaminergic

and serotonergic transmission which might precipitate coma.
The theory is wholly based on the partial disruption of blood
brain barrier and a specific alteration in the amino acid

transport.

(
) Short chain fatty acids:

Plasma and CSF levels of short chain fatty acids such
as butyrate, valerate and octonate were reported to be ele-
vated in conditions of HEC (331). These fatty acids either
alone or synergestically with ammonia were shown to produce
coma 1n experimental animals (307, 331) which was proposed

to be one of the pathogenic mechanisms of HEC.
(c) Mercaptans:

Indoles and mercaptans were shown to be degradation
products of methionine by intestinal bacteria liberated into
the portal blood and detoxified by liver (59). In HEC due

to hepatic i1nadequacy, these compounds enter the systemic
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circulation attributing a characteristic nusty odour to
these patients (59). It was proposed that these conpounds
m ght be inculcated into the pathogeni c nechani sns of HEC
(329).

In addition to above hypot heses, the role of GABA
produced by intestinal bacteria and affecting cerebral GABA-
ergic functions due to a partial disruption of blood-brain
barrier was recently proposed (184, 240). Another nechani sm
proposed was increased cerebral sensitivity to exogenous

substances (241).

SCOPE O THE PRESENT | NVESTI GATI ON

Despite of an assunption that astroglial cells are
highly vulnerable to ammonia toxicity, much of the earlier
work on the cerebral effects of ammonia and the changes in
cerebral netabolismin hyperammonemc conditions were carried
out wth extracts or subcellular fractions or slices prepared
fromeither whole brain or fromselected regions. It is
well known that brain is a heterogenous organ having at | east
three different cell populations (neurons, astrocytes and
ol i godendrocytes) which are structurally, functionally and
netabolically different fromeach other. No coné?ous efforts
were nmade to study the netabolic changes in cells other than

astrocytes. This was partly because of the firmbelief that
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the astrocytes, which serve as the locale of the snall
conpartnment of glutamate hence, involved in the glutamne
formation, were the seats of ammoni a detoxification while
the neurons enconpassing the |arge conpartnent were not
involved in this process. The ngjor limting factor to
undertake such a study in the past was the difficulty to
obtain a relatively pure preparation of the different cell
popul ati ons. Though, this problemwas answered recently by
the use of cultured cells, in which the purity of the frac-
tion mght approach theoretical limts, certain limtations
would restrict their use. Qe problemwth cell culture

is their considerable deviation in several biochemcal and

physi ol ogi cal paraneters fromthe cells grown _in situ.

However, the short life span of the brain cells under
cultured conditions would also restrict their use. Moreover,
the cells grown in the culture are totally devoid of the
devel opnent al influences of other cells which is quite

nornmal in situ devel opnent.

In the present study an attenpt was nade to separate
the different cell fractions fromnormal aninals and from
ani mal s rendered hyperammonem C.  Efforts were al so nade
to characterise the cells both physically and bi ochemcally
under these conditions. In addition, an attenpt was al so
nmade to study the enzynmes involved in the netabolism of
amno acids of glutamate famly (aspartate, al anine, glutanate

and glutamne) in the cell fractions isolated fromthe nornal



and hyperamonem c aninmals. The reason for selecting the
amno acids of glutamate famly is quite obvious as they are
not only involved in the synthesis and the renoval of ammoni a,
but they al so have netabolic and functional roles to play in
the cerebral tissues. The reason for selecting astrocytes
to study the netabolic changes in hyperammonem a is based
on the earlier observations that the astroglial cells are
highly vulnerable to ammonia toxicity as they are seats of
glutamne formation. Since, the netabolismof glutanmate in
the astrocytes is closely related and highly influenced by
its netabolismin nerve endings, in the present study the
met abol i ¢ changes in the nerve ending particles during
hyperammonem ¢ conditions were also studied. Such a study
would throw light on the changes in glutanmate netabolism
in different netabolic conpartnents during pathol ogical
states. In the original theory of netabolic conpartnentation
t hough nuch was said about the involvenent of neurons in
the glutamate netabolism the word 'neuron' was not clearly
defined as the neurons have different structural elenents
such as perikarya, dendrites, axons and nerve endings.
all these elenents, only nerve endings are capabl e of

rel easing the neurotransmtters and thereby participating
in the inpulse transmssion. Hence, it nmay be assuned
that the word 'neuron’" of the original theory of netabolic
conpartnentation mght refer to the nerve ending particles.

In other words, this theory ignored the contributions nmade
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by neuronal perikarya to cerebral netabolism Hence, it

was felt necessary to study the netabolic contributions

made by neuronal perikarya in nornmal and in hyperannonem c

states. Such a study would then yield results which woul d

throw light not only on the cellular site of action of
ammoni a, but also on the neuro-glial interactions during
t he pat hol ogi cal states.



CHAPTER Il

Materials and Methods
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1. Animals;

Adult albino rats froman inbred colony of Wstar
strain were chosen as experinental animals. The aninals
were of either sex and of sane age having a body wei ght of
150-200 gns. The animals were nmaintained in an air condi -
tioned roomin groups of six in cages under natural |ight
and dark periods. The aninmals had free access to food
(bal anced pellet diet fromH ndustan Lever Limted) and

water ad |i bitum

2. Drug treatnent;

2.1. Ammoni um acetate treatnent;

Ammoni um acetate (25 mmoles/kg wt.) was adm ni stered
intraperitonially using saline as a carrier, for both

comat ose and convul sive conditions.

2.2 NBlI treatnent;

L- Met hi oni ne-DL- Sul foxi mne was admnistered intraperi -
tonially using saline as a carrier. For acute treatnent
a dose of 300 ng/ kg body wei ght was adm nistered and the
animals were sacrificed at the end of 3.5 hrs. For subacute
treatnent, the dose was reduced to 150 ng/kg body wt. and

the aninals were decapitated between 17-18 hrs.
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3. Cell Isolation Procedure:

Both astrocytes and neurons were isolated by the
met hod of Farooqg and Norton (88) nodified and described
earlier (269, 270a). The basic cell isolation nedium
consi sted of 8/, (wWv) glucose, 5/. (wWv) fructose and 2/.
(wv) Ficoll in 10 nM KH,PO4- NaOH buffer pH 6.0. Addi -
tional Ficoll was added to this basic nediumto prepare
solutions of increasing densities. Thus 7% Ficoll solu-
tion contained a total of 9% (wv) Ficoll and so on. Brains
devoid of cerebellumand brain stemwere isolated fromrats
soon after decapitation. Cerebral cortex was quickly
scooped out and 10-14 free-hand slices were prepared.
Cortical slices were incubated in 5 m of basic nmediumwth
acetylated trypsin to a final concentration of 0.1% at 37 C
for 90 mn. in a shaking water bath. After incubation, the
medi umwas decanted, an equal anount of basic nmedi um con-
tai ning 0.1% soybean trypsin inhibitor was added and the
m xture was cool ed. The nediumwas discarded and the slices

were washed 3-4 tines with ice cold nedi um

D saggregation of the tissue was achi eved by succes-
sive aspiration steps. A nozzle with a dianeter of 2.4 mm
at the tip and length of 3.4 cmwas attached to the side
armof 100 m suction flask. The washed tissue was aspi -
rated through the nozzle into the nedi umunder slight

negative pressure. The coarse suspension was passed through



nonofil anent nylon screen with a nmesh size of 300 . The
residue on the screen was aspirated and filtered tw ce.
Finally the undi srupted tissue on the screen was aspirated
fromthe underside of the screen and all the filterates
were conbined. After mxing gently with a vortex m xer,
the filterate was passed tw ce successively through nylon
meshes of pore diameter 80 p and 55 p to renove debris and

br oken processes.

The coarse cell suspension was centrifuged at 720 ¢
for 15 mn. at 2°C. The cell rich pellet (Pl) was suspended
in 1/. Ficoll solution and centrifuged at 720 g for 10 m n.
to separate a neuronal cell enriched pellet (P2). The super-
natant was diluted to 1:1.125 with the basic nedi um and
centrifuged at 1,120 g for 20 mn. to get a pellet enriched
with astrocytes (P3). Instead of |ayering on density gradients
as in the original procedure, P, was suspended in 30% Fi col |
solution and P3 in 15% Ficoll solution and centrifuged at
8,500 g for 10 mn. P30F contained relatively pure fraction
of neurons and P;5f astrocytes. The pellets were washed

once with the cell isolation nedium

The cells from experinental aninals were isolated
in the simlar procedure but with slight nodifications. The
tinme for incubation with acetylated trypsin was reduced to

60 mn. and the crude cell suspension after disaggregation



step was passed through 300 p and 80 p nylon neshes. The
time for each differential centrifugation was increased by
5 mn. P, was suspended in 26%Ficoll solution (instead of
30% and P; in 10% Ficoll solution (instead of 15% for the
final centrifugation step. (How diagramof the cell isola-

tion procedure is enclosed at the end of the chapter).

The final cell pellets were suspended in 0.32 M
sucrose and an aliquot was stained wth 1% et hyl ene bl ue.
The cells were counted under a |ight mcroscope in a heno-
cytoneter. The cell viability was assessed by dye excl u-
sion nmethod using 1% trypan blue. For enzyne assays and
bi ochem cal determnations cells were suspended in double

distilled water and subjected to a single cycle of freezing

and t haw ng.

| sol ati on of synapt osones;

Synapt osones were isolated by the procedure of Cotnan
(72). Cerebral cortex was honogenized in 5 m of ice-cold
0.32 Msucrose (pH 7.0) in a Potter-H vehjem type honoge-
nizer with a teflon pestle. The honogenate was first centri-
fuged at 1000 g for 5 mn. and the supernatant further at
15,000 g for 12 mn. The resultant pellet (crude mto-
chondrial fraction) was suspended in 5 mt of 0.32 M sucrose

and applied to density gradient consisting 5 m of 4, 6 and
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and 13% Ficoll in 0.32 Msucrose. After centrifugation at
63,500 g for 45 mn. (ME superspeed 75) the synaptosonal
fraction fromthe 6/13% Ficoll interface was diluted wth

4 volunes of 0.32 Msucrose (pH 7.0) and centrifuged at
50,000 g for 20 mn. The pellet was suspended in distilled
water and the protein concentration was adjusted to 1 ng/n.

(How diagram of the nethod is enclosed at the end of the

chapter).

M croscopy of the cells:

Smal | drops of cell suspensions were taken on a gl ass
slide and cover gl ass was placed. Phase contrast photo-

m crographs were taken with Zeiss or Leitz photom croscope.

Scanni ng el ectron mcroscopy of the cells was done
according to the nethod of Hanberger et al., (114). Snal
drops of cell suspensions were placed on a cover glass and
left for 5-10 mn. (Qdutaral dehyde (2.5% in 0.1 M Na-phosphat e
buffer pH 7.4) was carefully added to the drops with a m cro-
pipette. The cells were left in glutaral dehyde for 90 m n.
in cold. The cover glass was then washed w th decreasing
concentrations of phosphate buffer and then with distilled
wat er, 50% et hanol, 96% et hanol and absol ute ethanol. The
speci nens were coated with gold in a vacuum evaporat or and

examned with Jeol scanning electron mcroscope.
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Bi ochem cal determ nations;

(i) Wt weight: Approximately 0.5x10 cells were suspended

i n Krebs R nger-phosphat e-gl ucose nedi um (Nad 128 niM KCl
5mMM MgSO0, 1.3 mM CaCl, 1.0 M Na-phosphate buffer 10 nM
(pH 7.4), and glucose 10 m\M and filtered through Wat nan
G-/ A filters or mllipore nmenbrane filters (0.45 p) under
negative pressure. The difference in the weights of filters
with and without cells was taken as the weight of cells and

average wet weight of a single cell was calculated and

expressed as ng/cell.

(ii) Dy weight: The filters with and without cells were

dried at 60°C to a constant weight. The difference between
these two was taken as the dry weight of the cells and

average dry weight of a single cell was cal cul ated and

expressed as ng/cell.

(iii) Water content: The difference between wet weight

and dry weight was used for calculating water content, and

was expressed as nl/cell.

(iv) Protein determnation:. Protein was estinated according
to the nethod of Lowy et al., (176). An aliquot of the
0.32 M sucrose honogenate was precipitated with TCA (10%

final concentration) and kept at 0°C for 30 mn. and centri -

fuged to obtain a pellet. The pellet was washed with 10%
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(wWv) TCA and suspended in 1 m of 0.1 NNaCH The protein
content was estinmated with Folin-Gocalteau reagent (IN)
usi ng bovine serum al bumn (100 pg/ M) as standard. For
cell preparations the protein content was expressed as
pg/cell and for synaptosones as ng/ gmwei ght of cerebral

cort ex.

(v) Nucleic acid determnation; Nucleic acids (RNA DNA)

were estimated by the procedure of Schmdt and Thanhausser
(24b). Nucleic acids present in 1 m of cell suspension (in
0.32 M sucrose) was precipitated at 10% TCA concentrati on.
The pellet was washed once with 10% TCA and del i pi dated by
washi ng-twi ce with ethanol, ethanol:ether (3:1) and ether.
The final pellet was dried overnight at room tenperature

and digested in 1 m of 1 NKCH at 37°C for 2.5 hrs both

DNA and protein were precipated 0.2 m of 6N HC1 and 0.6 n
of 5% (wWv) TCA The supernatant contained RNA.  The pell et
was hydrol ysed with 5% (wv) TCA at 80°C for 30 mn. and
centrifuged after cooling to roomtenperature. The super-
natant contained DNA and the pellet, protein. The absorbance
of the nucleic acids was nmeasured at 260 nm (G |ford spectro-
photoneter), using Calf thynus DNA and Yeast RNA as standards.

Nucleic acid content per cell was cal cul ated and expressed

as pg/cel | .



(vi) Amonia determnation; As it was not possible to

estimate in the cellular and subcellular fractions, amonia
| evel s were determned in the whole brain honogenates. Rats
were decapitated and the heads were allowed to fall into
liquid nitrogen. The frozen heads were taken out after the
fixation of the tissue for 15 mn. and the brains were

qui ckly scooped out and powdered under liquid nitrogen in
a stainless steel nortar chilled with liquid nitrogen. The
powder was transferred to tubes containing 5 m of 5% (wv)
i ce-cold PCA. Blood was collected fromthe Caracas soon
after decapitation and the serumwas separated. 0.5 m of
serumwas precipitated with 5% (wv) ice-cold PCA The
tubes were kept for 30 mn. in an ice bath and centrifuged
for 10 mn. at 5000 rpm The supernatants were neutralized
with 2 NKHCO; to pH 7.0 and centrifuged. Ammoni a was

det erm ned by phenol - hypochlorite nethod (141). To one ni
of supernatant 1.5 ml of solution A (phenol 50 gm and
sodiumnitroprusside 250 ng/3.75 1 water) and 2 m solution
B (8.4 gns NaCH, 89.2 gmNa,HPO, and 10 m of 5% NaQd/lit)
were added. After 20 mn. the blue colour was read at

630 nm Amoniumchloride (0.1-1 mnole) was taken as
standard. Cerebral ammonia |levels were expressed as [ nol es
ammoni a per gmwet wt. of brain and the blood |evels were

expressed as g noles ammonia per m of serum



(vi) Amonia determnation: As it was not possible to

estimate in the cellular and subcellular fractions, ammonia
| evel s were determned in the whole brain honbgenates. Rats
were decapitated and the heads were allowed to fall into
liquid nitrogen. The frozen heads were taken out after the
fixation of the tissue for 15 mn. and the brains were

qui ckly scooped out and powdered under liquid nitrogen in
a stainless steel nortar chilled with liquid nitrogen. The
powder was transferred to tubes containing 5 m of 5% (wv)
i ce-cold PCA. Blood was collected fromthe Caracas soon
after decapitation and the serumwas separated. 0.5 m of
serumwas precipitated with 5% (wv) ice-cold PCA The
tubes were kept for 30 mn. in an ice bath and centrifuged
for 10 mn. at 5000 rpm The supernatants were neutralized
with 2 NKHO®B to pH 7.0 and centrifuged. Ammoni a was
determ ned by phenol - hypochlorite nethod (141). To one m
of supernatant 1.5 m of solution A (phenol 50 gm and
sodiumnitroprusside 250 ng/3.75 1 water) and 2 nl sol ution
B (8.4 gns NaCH, 89.2 gmNa,HPO, and 10 Ml of 5. NaOGd/lit)
were added. After 20 mn. the blue colour was read at

630 nm Amoniumchloride (0.1-1 mnole) was taken as
standard. Cerebral ammonia |evels were expressed as 4 nol es
ammoni a per gmwet w. of brain and the blood |evels were

expressed as Y4 noles ammonia per m of serum
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Mar ker Enzynes:

Carboni ¢ anhydrase (E.C. 2.1.1.1): Carboni c anhydrase was

assayed by the nethod of Krebs and Roughton (148) using

14 14
KH14 CO8 and trapping liberated 14C0, wi th hyam ne hydroxi de.
1 4 - + 14
H14 CO;. +H----- » H,0 +14C0,

Assay m xture (250 pl) contained 100 p noles of sodi um

phosphate buffer of pH 8.0, 50 p noles of sodi um bi carbonate

14
with 10 pl 14GKHO3B- and 15 pg of enzyme protein. Thereaction

tionwas carried out at 4 Cwith shaking for 15 mn. 1402
was trapped with 0.2 m of IN hyamne hydroxi de and radi o-
activity was determned after mxing with 10 M of Bray's
scintillation fluid (0.4/. diphenyl oxazole and 0.02/. 1, 4-

bi s- (4- et hyl - 5- phenyl oxazol e- 2-yl ) benzene in tol uene).
14 /

Activity was expressed as u noles of 14CO0, |i berated/ ng
protein/hr. or as n noles of 14Co2 |iberated/cell/hr.

Lact at e dehydrogenase (E.C.1.1.1.27); Lactate dehydrogenase

was assayed by followi ng the oxidation of NADH by the nethod
of Bergneyer and Bernt (25).

Pyruvate + NADH + H ----> Lactate + NAD'

The reaction mixture (250 pl) contained 12 * ™ potassi ymn
phosphate buffer (pH 7.5), 15" ™!'®s of sodiumpyruvate,
0.045 p mol es NADH and 2 ug of enzyme protein. After a
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prei ncubati on period of 5 mn., pyruvate was added and NADH
oxidation at 37 Cwas recorded for 5 mn. at 340 nm Enzyne
activity was expressed as p noles of NADH oxi di zed/ ng protein/hr

or nnol es of NADH oxi di zed/ cel | / hour.

Acetyl cholinesterase (E C 3.1.1.7) and pseudochol i nest er ase;

(E.C.3.1.1.8): The cholinesterases were assayed by the

method of HIlnmann et al. (85).

Acet yl t hi ochol i ne iodide—>Acetylthiol + choline iodide.
Butryl thiocholine iodide— Butyrylthiol + choline iodide.

Free thiol group + DTNB—» thi o DINB deri vati ve.

Assay mxture for acetyl cholinesterase (250 pl) contained
40 pnol es of sodi um phosphate buffer (pH 7.9), 0.15 unol es
of acetylthiocholine iodide, 0.1 pmol of DINB and 10 pq

of enzyne protein.

Assay mxture for pseudocholinesterase (250 pl)
contai ned 40 pnol of sodi um phosphate buffer (pH 7.9),
0.75 pnol es of butrylthiocholine iodide, 0.1 pnoles of DINB,
0.001 prmol of BW284 C51 (acetyl cholinesterase inhibitor)

and 10 pg of enzyne protein.

The reactions were carried out at 37 C and the
I ncrease in absorbancy was recorded at 412 nm Enzyne

activities were calculated by using the nolar extinction
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coefficient of DINB thiol conplex (1.36xl04) and expressed

as pnoles of acetylthiocholine or butrylthiocholine hydro-

| yzed/ ng protein/hr. or nnoles of acetylthiocholine or

but ryl t hi ochol i ne hydrol yzed/cel | /hr.

Chol i ne acetyltransferase (E.C 2.3.1.6);

Chol i ne acetyl -
transferase was assayed by the nethod of Fonnum (96).

I ncubation mxture contained 15 pnol es of Nad,

of sodi um phosphate buffer (pH 7.4),

The
2.5 pnol es

0.4 pnol es of choline

brom de, 1.25 unoles of EDTA (pH 7.4), 10 nnoles of acetyl

oA (1- 14Cacetyl CoA 4680 DPM nnole) in a final vol une of

50 pl. Eserine sulfate in the original

assay was repl aced
with BW84 C51 dibromde (0.1 unole).

Fol | owi ng the addi -
tion of 30 pg of enzyme protein incubation was carried out

at 37°Cfor 15 mn. |In the controls 10 units of acetyl

chol i nest erase was added and BW84 (51 was omtted.
end of incubation,

At the

2 M of acetonitrile containing 10 ng of

t etraphenyl boron and 10 ml of toluene scintillation mxture

(0.05/. diphenyl oxazole and 0.02% 1, 4- bi s- ( 4- et hyl - 5-

phenyl oxazol e- 2-yl ) benzene in toluene) were added. The

to extract acetyl -
choline into toluene phase |eaving behind acetyl GoA in
t he aqueous phase.

vials were shaken gently for a m nute,

The two layers were allowed to separate

for 10 mn. and the vials were counted for radioactivity

in Beckman liquid scintillation counter (P-3133).
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Glutamate dehydrogenase (GDH) (E.C.1.4.1.2): Glutamate

dehydrogenase was assayed by the method of Chee et al., (58).

o-ketoglutarate + NH3 + NAD+ glutamate + NADH
0.25 pmoles of NADH,
The assay mixture ( 250 pl) contained/195 pmoles of sodium
arsenate-EDTA (0.025 uymoles) buffer (pH 7.8), 12.5 umoles of
a-ketoglutarate and 10 png of enzyme protein. Assay mixture
without o-ketoglutarate was incubated for 5 min. and the
fall in NADH absorbancy at 340 nm was recorded for every 15

sec. after the addition a-ketoglutarate.

The enzyme activity was expressed as umoles of NADH

oxidized/mg protein/hr. or n moles of NADH oxidized/cell/hr.

Glutamine Synthetase (GS) (6.3.1.2): Glutamine synthetase

was assayed by the method described by Rowe et al. (233).
The assay mixture (2 ml) contained 100 umoles of imidazole-
HC1 buffer (poH 7.2), 40 |umwles MgCl,, 50 pmoles 2-mercapto-
ethanol, 100 umoles L-glutamate, 20 umoles ATP, 200 pmoles
of hydroxylamine hydrochloride and 200 ng of enzyme protein.
In the blanks both ATP and L-glutamate were omitted. At

the end of 15 min. incubation 3 ml ferric chloride reagent
per 100 ml

(6 gm FeCl,, 3.35 gm TCA and 6.6 ml conc HCl) was added and
centrifuged. The absorbancy of the supernatant was measured

at 535 nm. Using vy-glutamyl monohydroxamate as standard,



the enzyme activity was calculated and expressed as umoles
of Y-glutamyl hydroxamate formed/mg protein/hr. or n moles

of Y-glutamyl' hydroxamate formed/cell/hr.

Glutaminase (GLNase) (E.C.3.5.1.2); Glutaminase activity

was estimated by the method as described by Nimmo and

Tipton (201).

(1)
L-Glutamine > L-glutamate + ammonia

. -

ammonla + o-ketoglutarate + NADH+ Glutamate +
NAD  + H+

(1) Glutaminase

(2) Glutamate dehydrogenase

The assay mixture (250 ul) contained 25 pmoles of tri-
ethanolamine -HCl buffer (pH 7.4) 0.025 pmoles of NADH,
1.125 (umoles of L-glutamine, 0.75 umoles of a-ketoglutarate,
10 units of GDH and 10 pg of enzyme protein. The reaction
was carried out at 37°C and the NADH oxidation was measured
at 340 nm. The enzyme activity was expressed as u moles

NADH oxidized/mg protein/hr. or as p moles NADH oxidized/
cell/hr.

Aspartate aminotransferase (AAT) (E.C.2.6.1.1) and alanine

aminotransferase (A1AT) (EX.2,6.1.2): Both the amino-

transferases were assayed by the method of Bergmeyer and



Bernt (24). AAT assay was coupled to malate dehydrogenase

(MDH) and AIAT assay was coupled to lactate dehydrogenase

(LDH) .
AAT
(1) L-Aspartate + o-ketoglutarate------ > L-glutamate
+ oxaloacetate
MDH ———-————-- >+

Oxaloacetate +NADH + H~ = Malate '~ NAD+ 20
A1AT

(2) L-Alanine + o-ketoglutarate<======> L-glutamate +

pyruvate

Pyruvate + NADH + H+ <= > Lactate + NAD+ + H.0

Assay mixture for AAT (250 pl) contained 10 p,moles
of potassium phosphate buffer (pH 7.4), 25 pmoles of
L-aspartate, 0.065 pmoles of NADH, 4.5 umoles of a-keto-
glutarate 2.5 ug of MDH (in 50% glycerol) and 2 ug of enzyme

protein. The change 1n NADH absorbance was recorded for

5 min.after adding o-ketoglutarate.

Assay mixture for AIAT (250 ul) contained 10 umoles
of potassium phosphate buffer (pH 7.4), 100 pmoles of
L-alanine, 0.065 pmoles of NADH, 6.6 umoles of oa-ketoglu-
tarate, 2-5 ug of LDH (in 50% glycerol) and 5 mg of enzyme
protein. Preincubation was done for 10 min. and NADH
following the addition of

oxidation was recorded for 5 min.

o-ketoglutarate.
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Enzyne activities were calculated fromthe extinc-
tion coefficient of NADH (EnMb. 2) and expressed as unol es
of NADH oxi di zed/ ng protein/hr. or nnol es of NADH oxi di zed/

cell/hr.

Assay for Nat, K+ -activated My++ dependent adenosi ne

tri phosphatase (E.C. 3.6.1.3): Na+,K-activated Mg ™" dependent

adenosi ne triphosphat ase was assayed by the nethod of
Schousboe et al. , (247) and the inorgani c phosphate was
estimated by the nethod of Lindberg and Ernster (170). The
assay mxture (600 pl) for total ATPase contained 18 pnol es
of histidine-Hd buffer (pH 7.4) 72 pnoles of Nad, 12 pnol es
of KCl, 0.6 pnoles of MgCl ,, 0.6 pnoles of ATP and 50 pg

of enzyne protein. The assay mxture for My -ATPase
contained 0.6 pnoles of ouabain along with the above conpo-
nents. After 20 mn. of incubation at 37°C the reaction
was termnated with 0.5 m of 1.8 N-PCA and centri fuged.

To the controls ATP was added at the end of incubati on.

The inorgani c phosphate in a 0.5 m aliquot of the super-
natant was determned followng the addition of 0.5 m of
5N H,S04, 0.5 m of 2.5% (wv) amoni umnol ybdate and 50 pl
of reducing mxture (25 ng/m solution of sodiumsulfite:
sodi um bi sul fite: | — am nghapht hol -4-sul fonic acid 1.28:
1.25:02 by weight). The solution was nade upto 5 m wth
distilled water and the col our was neasured at 660 nm

after 20 m n.
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The activity of Nat K+,-ATPase was calculated as the
difference of total and ouabalin insensitive ATPase and
expressed as umoles P. liberated/mg protein/hr. or umoles

p. liberated/cell/hr.

1

Validity of the enzyme assays: Initial rate kinetics of

all the enzyme assays were given at the end of the chapter.

Statistical analysis: Statistical analysis of the data

was done according to Ganong (98). P values were calculated

by Students 't' test.

Materials: Nylon screens were purchased from Nybolt Co.,

Zurich. 2- C-acetyl CoA was purchased from Amersham
Radiochemical Centre, KH”CO3 was supplied by Bhabha
Atomic Research Centre, Bombay. Fico 11-400 was obtained

from Pharmacia Chemicals.

Acetylated trypsin, soybean trypsin inhibitor,
a-ketoglutarate, B-NADH, L-aspartate, L-alanine, malate
dehydrogenase, lactate dehydrogenase, glutamate dehydroge-
nase, sodium pyruvate, L-glutamine, ATP, EDTA, choline
bromide, DTNB, acetylthiocholine iodide, butrylthiocholine
iodide, diphenyl oxazole, 1,4-(bis-4-methyl-5-phenyl
oxazole-2-y1 benzene) and ouabalin were from Sigma Chemical

Co., St. Louls (USA).



BW284 (51 dibromde was a gift fromWl | cone Ltd.,
Kent (UK).

Al the other chemcals of AnalaR grade were

obt ai ned | ocal | y.

Spectrophot onetri c neasurenents were nade wth
A | ford Spectrophotoneter equipped wth thernoprogranmer.
Radi oactivity neasurenents were nmade w th Beckman Liquid
Scintillation Spectroneter-LS3133P. M croscopi c obser -
vations and photom crographs were nade with Zeiss Phot o-
m croscope or Leitz Photom croscope and Jeol scanning
el ectron mcroscope. For centrifugations Mstral CL with
hi gh speed attachnent or Rem-C 24 and MBE Superspeed 75

wer e used.



Fl ow diagramof the procedure for isolating

neuronal and astrocyte enriched fractions from
rat cerebral cortex.

Nor nal
Cerebral cortex

0.1%Trypsin, 90 mn. 37 C

Aspiration through nozzle, 2.24 mmdi aneter
Mesh 300 80 u, 55 p.

Cel | suspensi on

720 g. 15 mn.

CGell rich pellet

7%H col |
720 g, 10 mn.
Pel | et Super nat ant
(Neuron enri ched) Dlute 1:1.125 with nedi um
1120 g, 20 mn.
30/. Ficoll
Pell et (Astrocyte enriched)
8,500 g, 10 mn. F col |
Pel | et Pel | et

( Neur ons) (Astrocytes)



FI ow di agram of the procedure for isolatin

neuronal and astrocyte enriched fractions ?ron1
rat cerebral cortex.

Experi nment al

Cerebral Cortex

1

0.1% Trypsin, 60 min. 37 C

Aspiration through nozzle 2.4 mm di aneter
| mesh 300 p, 80

Cel | suspensi on

\
720 g, 20 m n.

1

Cell rich pellet
7% Fieoil
720 g, 15 min.

Pel | et

Super nat ant
(Neuron enri ched)

Dlute 1:1.125 with nedi um

1120 g, 25 mn
26% Ficoll

Pellet (Astrocyte

enri ched)
8,500 g, 15 min

10% Ficoll

Pellet (Neurons) Pellet (Astrocytes)



FIl ow di agram of the procedure for isolating

synapt osones from cerebral
and experi nent al

Cer ebr a

Cort ex

cortex of normnal
rats.

10% honogenate in 0.32 M sucrose pH 7.0

suspended in 5 mM 0.32 M

4% F

6% F

13% |

\

J

1000 g, 5 mn.

Pel | et
(di scard)

Pel | et

Sucr ose

63, 580 ¢
45 m n.

Super nat ant

15000 g, 12 mn

4%F
6% F
13%

Super nat ant
(di scard)

dilute with

4 vol. 0.32 M
sucr ose

50, 000 g
20 mn

Pel | et Super nat ant

(Synapt osones) (di scard)
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CHAPTER Il

Cell morphology, cytochemical parameters, marker
enzymes and distributory profile of enzymes of

glutamate metabolism in normal cells.
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Fol lowing the early work of Rose (230) on the sepa-
ration and partial characterization of the cell fractions
fromrat brain, several investigators have reported tech-
niques to isolate these cell fractions with varying degrees
of purity (88, 125, 196, 197, 253, 290). However, conplete
characterization of the cell fractions wth respect to
nor phol ogy, cytochemstry and narker enzynes was not done.
In addition, information about the profiles of the enzynes
of glutamate netabolismin these cell fractions is totally
| acking in spite of volum nous work on netabolic conpart -
nmentation and cerebral glutanate netabolism An attenpt was

made in the present study in these |ines.

Results

Cell norphol ogy and cell nunber: The physical appearance

of the isolated cell fractions were shown in Plate | and I1.
Astroglia (Pate I: A B, C and D) had nunerous processes
and a well defined cell body. |Its appearance resenbled to
that of a protoplasmc astrocyte. As the astrocytic processes
were protoplasmc in nature and fold at random under the
coverslip, it was difficult to obtain a phase contrast
phot om crograph with lucid details. The perikarya (P ate II:
A B C and D were wusually devoid of processes such

as dendrites and axons. The nucl eus, being |arger

than that of the astrocyte, was very conspi cuous. The nunber

of cells were determned after staining a snmall aliquot



PLATE |

A and B : Phase contrast photom crographs of bul k isol ated astrocytes.
A x 800
B x 2,560 (arrow indicates cell body)

Cand D :

Scanni ng el ectron mcrographs of bul k isolated astrocytes.
C x 602

D x 300
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PLATE |1

A and B : Phase contrast photom crographs of bul k prepared neuronal perikarya
A x 400
B x 3,200

Cand D: Scanning electron mcrographs of bulk isolated neuronal perikarya
C x 602

D x 262
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(10-20 pl) of the enriched cell preparations wth nethyl ene
bl ue, using a henocytoneter. The nunber of the cells were
counted at random fromwhich the cell nunber was cal cul ated

using the formul a

nunber of cells per square x 1000 x vol unme
of cell suspension (in m).

0. 00625

cell nunber

Though this nethod could be applied successfully to count
neurons and astrocytes it could not be used for determng
the nunber of synaptosones, because of their smaller size

whi ch was beyond the resolution of the m croscope used.

Though, it is believed that the astrocytes out -
nunber the neurons in aratio of 1:10 (230, 231), in the
present investigation the nunber of neurons obtained was
greater than the astrocytes (Fig.l). This mght be due to
a greater fragility of astrocytes conpared to neurons. The
nunber of astrocytes or neurons isolated fromgm wt. of
cortex renmained nore or less constant in different experi-
ments indicating the reproducibility of the nethod and the
nodi fications nade thereof. The nunber or astrocytes i so-
| ated by the present nethod was nore or less equal to the

nunber of cells isolated by Farooq and Norton (88).

Wt wei ght, dry weight and water contents: Various m cro-

scopic nethods are available to determne the wei ght of

i ndividual cells (213). In the present investigation a
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sinple and highly reproduci bl e method was deviced to deter-
mne the average weight of a single cell, which was descri bed

earlier (c.f. naterials and net hods).

In spite of a large nunber of processes, the wet
wei ght of the astrocyte was less than that of a neuron which
was devoid of processes (Fig.2). The nagnitude of the
di fference between these two cells was about 4.7 fold.
SSmlarly the dry wei ght of neuron was higher than the dry
wei ght of astrocyte (Fig.2). The nmagnitude of difference
was only 2.2 fold. This suggested that a greater portion
of the neuronal wet weight was contributed by cell water
rather than the particulate naterial. The observed water
content of the cell preparations also supported this concept
(Fig.2). Conpared to astrocytes, neuronal water content
was 6 fold higher. About 7b/. of the weight of the neuron
woul d then be contributed by cell water while in astrocyte
It would be about 59/. of the wet weight. The observed
difference in water contents mght be because of |arge nunber
of protoplasmc process with their inclusions in astrocytes.
However, in neurons as the cytoplasmis conpressed to a thin
rimby the nucl eus, which (nucleus) occupies 3/4 of the cel
vol une, the nunber of cytoplasmc organelles contributing
to the dry weight would be conparatively |less. The water
content, wet weight and dry wei ght have greater bearing in
assessing the pathol ogi cal changes in the cells (to be

di scussed | ater).



Fig. 1 Cell number of astrocytes and neurons

Ty

R AR o

— s31dd011sY

- 15
- 10

X81I03 *im -wb/_OT X Iagunu [T3)

O .

R ARRR T
Faas

S33hoo01ysy H

w
=
o
e
® o
')
c o — m 0o o
- L i 1 i J
£
“ Z
- (3u3iuod Q¥H) 1T129/s3I3TTOURU
3
>
(5]
o
=
e
w
o
et
(=]
@
e X
c 1
- . 53142 '
o | ==a 1Ad013sy
= i
o
L&
=~
o
P <t e ™ A o
= L ; | i
- ("Im Azp) T1193/swexboueu
= |
= ;
—
@
o
o
L]
e
[ =
-4
3
w
M $3142013s5Y H
o>
-~
@
=
- = )

[@] Yy o . %
S . o o3 — o o
m.. (*Im*33m) [135/suezdcueu
(I



61

DNA, RNA and protein:

The DNA content of the astrocyte was about 7 pgns/cel
(Fig.4) and was conparable to the value reported by Farooq
and Norton (88). It was also in concurrence to the reported
DNA content of the normal diploid cell of rat (42). The DNA
content of the neurons (30 pgns/cell) (Fig.3) was, however,
hi gher than that of astrocyte and of the diploid cells of
the rat or the values reported by other investigators (95,
207). The high DNA content of the neurons could be due to
the pol yploidy of these cells. Several reports were nade
In the past about the polyploidy of the neurons and this
topic is highly controversial. Tetraploid DNA content was
reported in the mature Purkinje cells, Betz cells, hippo-
canpal pyramdal neurons and ventral horn cells (128, 129,
163, 208). Polyploidy to an order of 75, 000-200, 000 was
observed in the neurons of Aplysia (66, 164) while a poly-
pl oidy of 16 was observed in insect neurons (276). However,
the size of the nucleus or that of the cell was noticed to
be unrelated to the state of ploidy (129). The earlier
cytophotonetric determnations of the DNA content nade by
these investigators was doubted and the validity of these
reports has been questioned by recent investigators. No
I ncorporation of 3Hthymdine into DNA was observed at the
time of ploidy by Mares et al., in the Purkinje cells (181,
182) Cohen et al. , failed to observe the polyploid DNA
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content in the Purkinje cells isolated fromthe cerebel | um
(67). It was suggested that in the early cytospectrophot o-
metric observations the nonspecific loss of incidental |ight
passing through the cytoplasmwas not accounted resulting

In an erraneous estination of DNA content. Though, the high
neuronal DNA content obtained in the present study woul d
support the concept of polyploidy in cerebral neurons, at
present it is not possible to assess the true state of

pol ypl oidy in cerebral neurons.

The RNA content of astrocyte was nore or |ess equal
to its DNA content (Fig.3). This value corresponded wth
the val ues reported by Farooq and Norton (88) and was |ess
than those reported by Norton and Podusl o (207). The neuro-
nal RNA content was 4 fold higher than the astrocytic RNA
content (Fig.3). The greater RNA content of neurons woul d
indicate its protein synthetic capacity. Moreover, neurons
are known to be enriched with the N ssl substance (ri bonucl eo-
protein conplex). UWtrastructural studies denonstrated the
exclusive distribution of the N ssl substance in the peri -
karyon of the neuron (212), which mght explain the high
RNA content of the neuron. Such a greater protein synthetic
capacity of the perikaryon would be required not only for
Its mai ntenance, but also for the higher functions. The
hi gh RNA content of the neurons woul d confirm basophilic

staining properties to be perikaryon (212). However, in
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the present study no efforts were nade to characterize the
relative contributions of the three different RNA species

(MRNA, t RNAand r RNA) to the total RNA content.

The protein content of neurons and astrocytes did
not differ nmuch (225 and 219 pgns/cell) (Fig.4). These
val ues were within the range of the values reported by Farooq
and Norton (88). The discrepancy in the values wth other
I nvestigators (125, 196, 197, 253) mght be due to differences
in the isolation procedures, node of treatnment wth proteo-

| ytic enzynes, duration of the isolation procedure and the

extent of contam nati on.

In spite of greater DNA and RNA contents, the neuron
had nore or | ess sane anount of protein as the astrocytes.
The presence of |arge nunber of protoplasmc processes in
the astrocytes and the |ack of processes such as axons,
dendrites and nerve endings in neurons mght account for
such an observation. Further, the presence of a |arge nucl eus
with very little cytoplasmin the neurons conpared to the
astrocytes mght be another reason for the |low protein
content in the forner. It is also possible that the neuro-
nal peri karyon mght be synthesizing greater anounts of
protein for export to the other sites than for its own use.

Loss of these processes during isolation procedure would

| essen the protein content in this cell fraction. No information



Fig. 3 Nucleic acid contents of astrocytes and neurons
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Is available on protein turnover rates of the individua

brain cells.

Mar ker enzynes;

The purity of cell preparations nay be assessed by
two nmet hods, viz., particle count nethod and by narker
enzynes, the cellular localization of which have been well

docunented. In the particle count nethod, each preparation

woul d be observed under the m croscope for contam nation by

ot her cells. Though this nethod has an obvi ous advant age

In the sense that the contam nati on woul d vi sual i zed
directly, it would fail to detect the lysed cells and if

contam nation is nmenbranous and subm croscopic in nature.

Suchadifficultym
with an electron mcroscope. However,

prepare the materi al

the tine taken to

for electron mcroccopi c observation

woul d prohibit further studies with the cell preparations.

In the present investigation it was observed that the con-
tamnation of astrocytes with neurons and vice versa was
very mnimal. Wth particle count nethod the maxi num con-

tamnation |level recorded was 57/. and 8-10%respectively.

However, with this nmethod it was not possible to detect

the contamnation of glial cells with synaptosones and the

synapt osones with gliosones. The gliosonmes are known to be

formed by the vesiculization of the glial processes. Both

the gliosones and synapt osonmes are submcroscopic and require
el ectron m croscope for visualization.



65

The problens encountered in the particle count method
were resolved to certain extent by determning the activity
| evel s of nmarker enzymes in different cell fractions. Wile
usi ng marker enzynmes for the characterization of either
cellular or subcellular preparations follow ng assunptions
were nmade: the enzynme would be |ocalized exclusively at a
particular site in the cell or in a particular cell in the
organ. Evidence for such an assunption was obtained najorly
from hi stochem cal studies. Precautions should be taken
while interpreting the histochemcal data especially about
the sensitivity and specificity of the assay nethod. Usually
hi st ochem cal nethods neasure the col our deposits either hy
vi sual neans or by cytospectrophotonetric nethods. |In the
earlier nmethod, the conclusions mght be biased and in the
| ater, nonspecific absorption of the light by the tissue
preparati on would be a najor problem The colorinetric
net hods enpl oyed in histochemstry are usually |ess sensi -
tive than the isotopic or spectrophotonetric methods enpl oyed
in the biochemcal nethods. The problens in histochem cal
net hods m ght be conpounded by the perneability of the sub-

strates and cof actors.

| n brain, carbonic anhydrase (104, 105) pseudochol i ne-
sterase (13) and gl utam ne synthetase (183) are supposed to
be localized in the glial cells, while choline acetyl trans-

ferase is known to be a narker for synaptosones (187). No
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specific marker enzymes were described in the literature

for the neuronal perikarya. In addition to these, certain
proteins such as S 100, glial fibillary acidic protein are
known to be present exclusively in the glia (296) and 14-3-2
(neuronal specific enolase) is supposed to be a nmarker for
neurons (217, 243, 244). 1In the present investigation the
activities of carbonic anhydrase, pseudo choli nesterase,
acetyl cholinesterase, choline acetyl transferase and gl ut a-
m ne synthetase were estimated as the narker enzynes in

order to assess the purity of the cell preparations.

The activity of carbonic anhydrase was hi ghest in
the glial cells when conpared to neurons and synapt osones
(Fig.5). The neurons had about 18%of the activity expressed
by the glial cells and the synaptosones about 14%i ndi cati ng
that the nmaxi num contam nation of the astrocytes by neurons
and synapt osones was 18 and 14/. respectively. The activity
| evel s of acetyl cholinesterase were surprisingly high in
astrocytes than the neurons or synaptosones (Fig.7). Wen
conpared to the synaptosones, it was about 5 fold higher
In astrocytes and about 2 fold in neurons. A simlar
profile was obtained for pseudocholinesterase but with
nmarked differences in the activity of this enzynme between
various preparations (Fig.6). GConpared to synaptosones,
the activity of pseudo cholinesterase in astrocytes was

about 30 fold higher. Based on pseudo choli nesterase
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activity, the extent of contamnation of astrocytes with

the synapt osones woul d be about 3% and about 7/.
The ratio of

by neurons.
pseudochol i nesterase to acetyl cholinesterase

activity was observed to be high in the astrocytes than in

the synaptosones and the contamnation as assessed by this

ratio was about 19/.. The distributory profile of glutamne

synt het ase, another narker for astrocytes, woul d be discussed
later. Al these observations indicated that the purity
of astrocyte preparation by the present mnethod was about

85-93% and the contam nati on never exceeded 10-12/.

The activity of choline acetyltransferase in synapto-
sones was 10 fold higher than that of the astrocytes or
neurons in which the activity levels were alnost equal (Fig.8)

Though, neuronal perikarya were established to be the sites

of synthesis for this enzyne (187), lower activity observed

in this fraction suggested that the enzyne was synthesized
exclusively for transport to the nerve ending particles.
Contam nation of astrocytes or neurons wth pinched off
nerve endi ngs (synaptosones), as adjudged fromthe activity
of this enzyne, was found to be not nore than 9/. Though

| act at e dehydrogenase is considered to be a nmarker enzyne

for synaptosones its use is restricted for assessing the

contamnation of cell fractions w th synaptosones, because

of the ubiquitous presence of this enzyne in all the cells.
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Distribution of enzvmes of glutamate metabolism in cellular

fractions: In the original model proposed by Berl et al.,

(28) , the amino acids glutamate and glutamine were supposed
to exist 1in two compartments or pools. The large pool of
glutamate, supposed to be localized in neurons would have

its origin from glucose and pyruvate, and its rate of turn-
over was thought to be very low. The small pool of glutamate
with a faster turnover rate than the large pool was presumed
to be localized in the glial cells. The precursors for this
pool were found to be acetate, propionate, butyrate, leucine,
phenylalaine and CO2 besides glucose and pyruvate. The large
and small pools of glutamate would not mix with each other

as they are spatially separated and the fate of glutamate

in these two pools was found to be totally different. 1In
the large pool the glutamate was predicted to be converted
to aspartate, GABA and a-ketoglutaric acid. Later studies
of Quastel and his group (18-20) indicated that the gluta-
mate released by neurons (exogenous) would be taken up by
the glial cells and converted to glutamine. The loss of
glutamate from the large compartment (eventually the dicarboxy
lic acids such as oa-ketoglutarate and oxalocacetate) would
be compensated by the transport of glutamine from the glial
cells into the neurons where 1t would be reconverted to
glutamate and its products. Further studies by Van den Berg
(293) resulted in the identification of at least eight sub-

compartments (metabolic spaces) within the small compartment.



This theory of netabolic conpartnentation was supported by

I ncorporation of radioactive precursors such as gl ucose,
glutanate, acetate, etc., into giutamate and gl utam ne

(9, 65, 193, 292), by the pharnacol ogi cal dissections (18)
in cerebral slices using various drugs, known to affect the
met aboli smof a particular cell population in brain (tetra-
dotoxin, fluoroacetate, fluorocitrate, malonate, etc.).
SSmlarly, confirmative data for the theory of metabolic
conpartnentation was provided by using anaesthetics such as
hal ot hane (61, 62). Further evidence was provided by the

| mmunohi stochem cal studies on the distribution of the
enzynes of glutamate netabolismparticularly of glutamne
synthetase (183). Such a study indicated the presence of
this enzynme exclusively in the astroglial cells, which
contribute the snall conpartnent of glutamate involved in
the synthesis of glutamne. However, recent studies with
cultured cells (154, 326) and studies wth isolated cell
fractions (269, 270) and excitotoxins (such as kianic acid)
(149, 200) yielded data contradicting the original theory

of netabolic conpartnentation.

Ohe of the major drawbacks in the theory of neta-
bolic conpartnentation is the disregard for the functional
and structural dissimlarities between the neuronal peri-
karya and nerve ending particles. In fact, the neuronal

conpartnent in the original theory does not distinguish the
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neuronal perikarya fromthe nerve ending particles. It is
wel | known that the rel easabl e pool of neurotransmtters

are exclusively present in the nerve termnals but not in
the perikarya. It is also known that the major function of
the perikarya is to receive the information fromthe dendrijc
arborizations and to convey the same to the nerve endi ngs
via the axon. Such a structural and functional dissimlarity
bet ween the perikarya and nerve endi ngs woul d al ways be
associated with the dissimlarities in the metabolism
especially of the neurotransmtters. Hence, it is not known
that the neuronal conpartnent (large pool) of the original
hypot hesis refers to the perikarya or to the nerve endi ng
particle. However, based on the studies of Benjamn and
Quastel (18) it mght be assuned that this neuronal conpart-

ment refers to that of nerve ending particle.

No information is available with regard to the distri-
bution of enzymes involved in the glutamate netabolismin
the above said conpartnents. |In the present study, an

attenpt was nade to study the distribution of the enzynes

incell fractions enconpassi ngdi fferent netabolic
conpartnents. |In the process, a need was felt to identify
neuronal perikarya as netabolically different entities from

the nerve endi ngs (synaptosones).

Two different paraneters viz. specific activity

(activity/nmg. protein/hr) and cellular activity (activity)
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cell/hr) were used to express the enzyne activity. This was
justified by the fact that the true conparision of an enzyne
activity in two different cell populations would be valid
only when their protein contents are simlar but not when

the variation is too high. Further, any changes in the
protein content due to drug treatnents would naturally nask
the real changes in the enzynme activity expressed in rel a-
tion to the total protein content which includes both enzymc
and nonenzymc proteins. Wth the available material and

the techniques, it would be highly inpossible to determne
the precise anount of enzyne protein of any given cell popu-

| ati on. However, for synaptosones the activity was expressed
only per ng. protein and not per single synaptosonal particle,
as it was not feasible to count the nunber of synaptosonal

particles present in the assay m xture.

The specific activity of AAT was very high in synapto-
sones than in other cell fractions (Fig.9). The activity
of this enzyne in neuronal perikarya was found to be | owest
anong the three. Wen the activity was expressed per cell,
It was observed that the astrocytes had a 2.4 fold higher
activity than the neurons. AlAT was found to express | ower
activity than AAT which was on par with the results obtained
wi t h honogenates (6, 77, 234, 235). D stribution of this
enzyne in the three fractions was observed to be nore or

less sane (Fig.10). Simlar results were obtai ned when the
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activity was expressed per cell. The specific activity of
@H was found to be equal in the neurons and glia, which was
about 13-14 fold less than the activity found in synapto-
sones. The cellular activity of GHwas found to be nore

in the astroglial fraction than in the neurons (Fig.11).

GS activity was nore or less equal in the neuronal perikarya
and the synapt osones which was |esser than the activity of
the enzyne in astrocytes (Fig.12). Wiler et. al., reported
the presence of glutamne synthetase in the glial cells as
wel | as in neuronal perikarya and synaptosones (320). However,
the activity levels in all these fractions were |[ower than
the values reported in the present study, though assay nethod
was sane. Further, they have observed that the activity in
synapt osones was far greater than the glia and neuronal

peri karya whi ch was reasoned to be due to the loss of the
enzynme fromastroglial cells and its subsequent uptake by
other cell fractions. Hence, they have nornalized the acti -
vity of GSwith reference to |actate dehydrogenase. Discre-
pancy of their report with the present investigation m ght

be due to nethodol ogical difficulties in the preparation of
cell fractions, especially the neurons and glial cells,

whi ch woul d be reflected in the purity of the preparations.
As the authors thensel ves have stated that the astrogli al
preparati on was contamnated with unidentified nenbranes (38),
the lowered specific activity in astrocytes mght be due to

the contamnating nenbranes contributing to the total protein
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content of the preparation but not to enzyne activity.
Further, normalization of GS activity with reference to

| act at e dehydrogenase nay not be reflecting a true picture
as | actate dehydrogenase is an ubiquitous enzyne present

in all the cells and the activity levels of this enzyne in
the respective cell preparations before isolation is diffi-
cult to obtain. The |eakage of |actate dehydrogenase during
I solation fromthe cellular cytoplasmwas ignored by the
authors. GSis known to be bound to the nmenbranes of endo-
plasmc reticulum (254) so, its |eakage during isolation
appears to be inprobable. Hence, a true conparision could
not be nmade wth the earlier data, presence of GS in neurons
and'glial cells was also reported by Patel et al. (215).
Cellular activity of this enzyne was found to be nore in

astrocytes than in the neuronal perikarya.

When expressed per ng protein the activity of G.Nase
in the astroglial fraction was about 2.5 fold higher than
the synaptosonmal faction. Wth the nethod enpl oyed presently
the activity of this enzyne was not detected in neuronal
peri karya (Fig.13). Based on the theory of netabolic com
partnentation, it was predicted that the activity of G.Nase
woul d be higher in synaptosones than in astrocytes and
various authors have shown that at |east 30-40%tissue
G_Nase m ght be present in the synaptosones. Further,

Wiler et al. (320) reported a three fold higher activity
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of this enzyne in the synaptosones than in the glia. A
simlar report was al so made by Patel et al., (215) in the
astrocytes and in granule cells and Purkinje cells isol ated
fromrat cerebellumas well as in astrocytes cultured from
the rat cerebellum These results were once again not on
par wwth the results reported in the present investigation.
Such a contradictory result mght be due to the nenbraneous
contam nation as descri bed above (c.f. GS). The purity of
the cell preparation reported by Patel et al., (215) was |ow
(50-70*/.) conpared to the present nethod. Further, the assay
met hods used in both the cases were also totally different.
In the assay nethod used by these two investigators, incu-
bations were nade for a period of 15 mn. It is well known
that (G_Nase is inhibited both by NH4+ and gl utamate (150, 314).
Prol onged i ncubations would then result in the product inhi-
bition of enzyne activity. |In the nethod used presently,

It was observed that the rate of enzyne reaction was |inear
for only a period of two mnutes, beyond which the linearity
was not naintained. Hence, in the nethod used by the above
aut hors, the incubation tine (15 mn.) would include a non-

| i near kinetic zone which mght influence the cal culation

of the enzyne activity. Recent results of Kvamme et al. |,
(151) indicated that the cultured astrocytes contai ned very
high activity of GLNase although, it was lower than that of
synapt osones. The activity of this enzynme was i ndependent

of the concentration of glutamne in the culture nedi um



which ruled out the possibility of induction of this enzyne

by extracellular glutamne (151). The lower activity reported

by these authors mght be due to the differences in

honogeni zati on medi a used.

t he

In spite of the fact that no literature is avail able
on the distribution of the enzynes of glutanate netabolism

a prediction was nmade in this regard based on the original

hypot hesi s by subsequent investigations. As it was proposed

that the precursors for the glutamate in |arge conpartnent

were nmajorly glucose and pyruvate (18), it mght be assuned

that the enzynes AAT and to a certain extent (3OH woul d express

a higher activity in this conpartnent (i.e. in neuronal cells).

As the release of neurotransmtters glutanate, aspartate and

GABA woul d al so occur fromthis conpartnent and as it was

denonstrated repeatedly that this pool is derived from

glutamne (41)258 , it mght be inferred that the sane conpart -

nment should al so have a higher (A.Nase activity. In other

words the neuronal conpartnent is supposed to be enriched

with AAT, (H and (G_Nase. The snall conpartnent invol ved

"n the synthesis of glutamne fromsnall pool of glutamate

should then be enriched with GS. It was al so shown that

exogenous glutamate and the related neurotransmtter amno
acids along with ammonia woul d be taken up into this conpart-
nment and a najor portion of these amno acids are initially

transamnated (49% or converted to glutamne (37/.) and a



small portion 1s oxidized to CO, (19). Hence, 1t may be
presumed that this compartment should be enriched with high

GS and aminotransferases with poor activity levels of GDH.

The enzyme profiles obtained in the present investigation inastrocyt:
accord with the hypothesis. The high activity of AAT in
synaptosomes would be responsible for the synthesis of
glutamate from glucose. Such a proposal was strengthened
by the observation that 80/. of the glucose carbon rapidly
equilibrates with glutamate and related amino acids (10).
Similarly a high activity of this enzyme in the astrocytes
would be responsible for the conversion of a major portion
of exogenous glutamate to aspartate as was observed by
Benjamin and Quastel (19). Similarly, the high activity
of GDH in synaptosomal fraction would be responsible for
the reductive amination of oa-ketoglutarate (derived from
glucose or pyruvate) to glutamate. This observation was in
accord with the results of Lai and Clark (155) that the
synaptosomal mitochondria have 70% higher GDH activity

than the nonsynaptic mitochondria.

The low activity of GDH in the astrocytes compared
to that of synaptosomes would indicate that the glutamate
formation by the reductive amination of a-ketoglutarate

would be lower in these cells when compared to synaptosomes.
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et al
Though,Berl (29,

éd)~~~~ predicted that much of the GDH
activity would be present in the small compartment, later
evidences indicated that it might not be the case. Berl (26)
himself and later by Cooper et al., (70) have shown that the
specific radioactivity of oa-amino group of glutamate or of
glutamine was lower than that of amide nitrogen of glutamine
when injected with l%ﬂ or 1%ﬂ ammonia. This indicates that
the glutamate (responsible for the glutamine synthesis)
formation (by GDH activity) might not be taking place in the
small compartment. Further studies of Nicklas et al., (200)
and Krespan et al., (149) in which the kianic acid was used
to destroy the large compartment, indicated that the GDH
activity decreased in spite of glial proliferation and
similarly synthesis of both glutamate and glutamine was lowered
Results of present investigation along with the above said
evidences would clearly suggest that ammonia fixation by

GDH reaction would not be a major property of the small
compartment. This would be explained later with more evi-

dences 1in the following chapter.

Based on the studies with several precursors into
glutamine the original proposals of metabolic compartmentation
suggested GS would be localized in the small compartment.

This concept was further strengthened by Benjamin and Quastel
(19). The exclusive localization of GS in astrocytes was
demonstrated by Martinez-Hernandez et al., by immunohisto-

chemical method (183). Such a localization helped in
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explaining the astroglial proliferation and Al zhei nrer

type Il astrocytosis in hyperammonem a conditions espe-
cially associated with hepatic failure. The results obtained
in the present investigation were not in accord with the
above nentioned observations. The activity of this enzyne

i n synapt osones and in neuronal perikarya was at |east 70-80/.
of the astroglial activity. The presence of this enzyne in
neuronal peri karya and synapt osones, denonstrated in the
present investigation, mght not be due to the contam nati on
of the cellular and subcellular fractions. The extent of

the contamnati on of synaptosones w th gliosones was not

nore than 15% (as assessed by carboni c anhydrase and chol i ne-
sterases ratios). The activity that could be expressed due
to contamnation should not be nore than 15/. Failure to
detect this enzynme i munohi stochemcally in the neuronal
fraction mght be due to redistribution of this enzyne dur-
ing the tissue processing or by poor penetration of antibody
i nto synaptosones or neuronal perikarya. S mlar conclusion
was nade by Van den Berg (293). In the present investigation
the redistribution of this enzyme during the preparation of
synapt osones or the neuronal perikarya mght also be ruled
out as the enzyne in glial cells is bound to the endopl asmc
reticulum |If the redistribution of the enzyme had occurred
chol i nesterase (mcrosomal enzyne) and carboni ¢ anhydrase
(cytopl asmc enzyne) should al so have occurred resulting

in a higher level of these enzynmes in the synaptosones as

wel | as in neuronal perikarya.
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The presence of GS in the synaptosones m ght be due

to the axonal transport fromneuronal perikarya. As the

neuronal perikarya are the sites of major biosynthetic reactions,
the presence of this enzyne in the neuronal perikarya

m ght be very essential. Watever the reason for the presence

of this enzyne in synaptosones, it suggeststhe possibility

of glutamne synthesis in this fraction which is the site

of large conpartnent. dutamne synthesis by synapt osones

was al so inplicated by the results of N cklas et al., (200)

and Krespan et al., (149). As nentioned earlier, these

: : 3
authors denonstrated that glutamne synthesis from H acetate

14
and 14C GABA (precursors of small pool of glutamate) was
inhibited by kianic acid while the effect was very noderate

on the synthesis of glutamne fron1U-}ﬂC>glucose,a.Iarge
pool precursor. It is worth nentioning at this point that

a caution nust be exerted in interpreting the results with
synapt osones, as the synaptosonal popul ation isolated from
cerebral cortex is a heterogenous preparation w th regards
to the neurotransmtter specificity. Wth the nethodol ogy
avai |l able presently, it is not possible to obtain a pure
glutamtergic nerve ending fraction. Hence, the possibility
of the absence of GS in pure glutamtergic nerve endi ngs

and its presence in the non-glutamtergi c synaptosones

cannot be ruled out. A simlar suggestion with regards to
the presence of citrate |yase in cholinergic and nonchol i ner-

gic nerve endi ngs was nade by Benjamn and Quastel (21).



80

Anot her contradi ctory observation nade in the present
i nvestigation was the distribution of G_LNase in the cell u-
| ar and subcellular fractions. As nentioned earlier, higher
| evel s of glutamnase activity in the synaptosones than in

the glial cells was reported (40, 41, 77, 82) and the possible

reasons were also explained. It nay be worthwhile to recal
the observation of Kvamme et al., (151) on the presence of
a high G_Nase activity in the cultured astrocytes. It was

al so denonstrated by McGeer and McCeer (188) that the G_Nase
activity was present only in GABAnergic but not in gluta-
mtergic nerve endings. The presence of |ow activity of

this enzynme in the synaptosones woul d question the hypothesis
that the rel easable pool of glutamate would be fornmed from
glutamne in the nerve endings by the action of G_.Nase

(40, 258). Further, the presence of high activity of this
enzynme in astrocytes woul d doubt the role of astrocytes in
glutamne formation as the whol e gl utamate-gl utamne cycle
becones futile. However, it was observed that the glial
enzyme was susceptible to inhibition by its product, amonia
(314). As the (@H activity inside the astrocytic mtochondria
was very low, it mght be expected that the astrocytic con-
centration of ammonia would be sufficiently high to inhibit
the activity of this enzynme under physiol ogi cal conditions.
dJutamne transport into the astrocytic mtochondria would
also play a magjor role in regulating the activity of this

enzyne, as it was observed that at | ow concentrations
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glutamine would be transported by a saturable carrier mediated
mechanism while at higher concentrations the transport would
be by diffusion (192). As the rate of efflux of glutamine
from the astrocytes was reported to be very high (248) the
glutamine formed in the astrocytic cytoplasm might be released
into extracellular space before an adequate concentration
responsible for diffusion would be achieved. The difference

in the Vmax values of the efflux of glutamine from the astro-
Vmax

cytic cytoplasm (10 nmoles/min/mg protein) (130) was shown
to be 10 times higher than the Vmax of mitochondrial trans-

port (1 nmole/min./mg protein).

The theory of metabolic compartmentation implicated
both glucose and glutamine as the precursors for glutamate
in the large compartment (synaptosomes). The carbon skeleton
for glutamate would be supplied by the o-ketoglutarate
(generated in citric acid cycle during glucose oxidation)
and localization of the enzymes of citric acid cycle exclu-
sively 1n the mitochondria (except malate dehydrogenase)
has been confirmed. Similarly, the mitochondrial localiza-
tion of GDH was demonstrated conclusively (199, 239). Further,
GLNase responsible for the formation of glutamate from
glutamine, was also shown to be localized in the mitochondria
(75, 153, 199, 239). In addition, glutamate would also be
generated both by AAT and MAT, for which the mitochondrial

localization has been established. In other words, glutamate
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woul d be generated inside the mtochondria at |east by three

different reactions of which only the gl utanate generated

fromglutamne acts as a neurotransmtter pool which woul d

be |iberated on depol ari zati on of nerve endings. Under such

conditions, it is paradoxical as to how these pools of glutanate
generated in the sane mtochondria do not mx wth each

other. Though this probl emwas recogni zed recently (40),

no efforts were nmade to provide suitable answer.

To explain the incorporation of various precursors
Van den Berg (292.) proposed the heterogenity of mtochondria
m ght be responsible for the segregation of different pools
of glutamate. Heterogenity in brain mtochondrial popul a-

tion was denonstrated repeatedly by several authors.
etal

Van den Berg/ (293) denonstrated at |east 9 different popu-
| ations of mtochondria in brain while Lai et al., (157)
denonstrated at |east three popul ations of mtochondri a.
Neidle et al., (199) reported two different mtochondri al
popul ations. The distribution of (A Nase and (GH in these
mtochondrial popul ati ons was shown to be different. The
mtochondria with higher (A _Nase activity had |esser buoyant
density than the mtochondria enriched with GDH activity.
Based on these observations, it was proposed by these authors
that the metabolismof glutamate and gl utamne woul d be
different in different mtochondrial popul ations. However,

cellular localization of these different mtochondri al
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popul ations is not known and it is difficult to envi sage

that the presence of different mtochondrial popul ations

in a single nerve termnal and nost probably nerve endi ngs
wth different neurotransmtter specificities mght harboar
different mtochondrial populations. Further, the variations
in the activities of enzynes of glutamate netabolism (&@H and
G_.Nase) was not nore than 15-20%between different mto-
chondrial populations isolated (157). As the information
avai | abl e was i nadequate, a neani ngful answer especially

on mtochondrial heterogenity, would have to wait till

further experinentation.

La Noue (246) proposed m croconpartnentation in the
ki dney mtochondria to explain the acidosis induced changes
in the glutanate netabolism It was denonstrated that the
glutanmate originating by transamnation and by deam nation
of glutamne do not mx in the mtochondria and exist as two
separate pools, however, (H has access to both these pool s
of glutamate. Hence, the conpartnentati on proposed in this
case indicated the presence of two pools of glutamate within
the kidney mtochondria and these two pools do not mx wth
each other. A simlar possibility mght be envisaged for
brain mtochondria. It nay be assuned that gl utanate gene-
rated by (G_.Nase woul d cone out of mtochondria by rapid effl ux
through glutanate - (OH) exchange system (77) and the ammoni a

| i berated by this reaction would be utilized by (GH to
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generate glutamate while in other microcompartment glutamate
would be generated from aspartate by transmination and this
pool of glutamate might be having a slow efflux rate possibly
through glutamate-aspartate carrier. Most likely this
microcompartment of glutamate would be involved in the main-
tenance of mitochondrial redox state and in the transport

of reducing equivalents across the mitochondrial membranes

through malate-aspartate shuttle (Borst cycle) (48).

The other alternative for the sequestration of the
glutamate pools generated in the mitochondria might be due
to the differences in the flux of metabolites through the
enzyme systems and the competition for the common substrates
between these two enzyme systems within the mitochondria.
a-ketoglutarate is shared majorly by four different enzymes
viz. o-ketoglutarate dehydrogenase, GDH, AAT and A1AT.
Similarly oxaloacetate i1s shared by four different enzymes
AAT, citrate synthase, malate dehydrogenase and pyruvate
carboxylase. Competition for glutamate is seen at least
between AAT and GDH. The availability of other precursors
and cofactors such as ammonia, NAD , NADH, etc. would also
determine the in vivo activity of these enzymes. The roles
played by permeability, diffusion, rates of influx and efflux
of the substrates would add to this complexity. Though
activity of AAT (glutamate ) is higher in the mito-

chondria than the other enzymes, it would be limited by
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the availability of o-ketoglutarate. In the reverse direc-
tion oxaloacetate would be a limiting factor. It was reported
earlier that the increased pyruvate oxidation would inhibit
glutamate transamination due to the increased utilization

of oxaloacetate for acetyl CoA condensation (6). As the
avallable quantity of aspartate within the mitochondria
would be very limited due to the impermeability of aspartate
across the mitochondrial membranes (110) and 1s transported
by glutamate-aspartate exchange (48) 1t may be assumed that
the glutamate formation from aspartate would also be limited.
In addition to aspartate, availability of o-ketoglutarate
would also limit the glutamate formation by this enzyme. In

the competition for oa-ketoglutarate between GDH and o-ketoglutar

dehydrogenase it was shown that o-ketoglutarate
1s preferentially oxidized by o-ketoglutarate dehydrogenase
(12) as the in vivo concentration of ammonia is extremely
low (0.36 pmoles/gm. wt. cortex) and Km of GDH for ammonia
1s quite high (10-20 mmoles) (58) it may be assumed that
the reductive amination of oa-ketoglutarate would be severely
limited due to the lack of adequate quantities of ammonia.
Hence, the amount of glutamate generated by AAT as well as
GDH may be inadequate to dilute the pool of glutamate gene-
rated from glutamine. As synaptosomal GLNase 1s known to be
inhibited by both glutamate and ammonia (151), it would be
worthwhile to include this parameter. The possible explanation

may be the rapid removal of glutamate from the site of GLNase
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by rapid efflux, as was suggested by Schoolwerth and La Noue
(246) for kidney mtochondria. The ammoni umion generated
in this reaction would lose a proton in mtochondrial nmatrix
due to high alkalinity of the matrix. The unprotonated
amoni a, thus forned, would freely diffuse across the mto-
chondrial nenbranes and after entering into cytoplasm it

Is reconverted to ammoniumion. Thus amoni umion nmay be
converted to glutamne wthin the nerve termnal or in the
astrocyte followng its release into extracellul ar space

(synaptic cleft).
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CHAPTER 1V

Ammonia Toxicity
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A great deal of work has been done in the past four

decades to elucidate the nechanismof ammonia toxicity.

Though ammonia is involved in the synthesis of amno aci ds,

an increase in the levels of either blood or tissue anmoni a

(associ ated wi th several physiological disorders) was shown

to be lethal (241). Several neurol ogical and psychol ogi cal

synptons were observed in hyperammonem c states (83a, 241,

4). Though a great deal of work has been done on the

neur ol ogi cal

dysfunction due to elevated ammonia | evels, no

uni fi ed nmechani smwas proposed so far, which is not surpris-

ing as the effects of ammonia are highly conplex and nulti -
pr onged.

It was proposed that
I ntroduction), cerebral
energy reserves would be depleted in course of ammoni a

detoxification (83a, 241, 312).

As discussed earlier (c.f.

Wth the advent of the

theory of netabolic conpartnentation, major enphasis was

laid on the role of glial cells in the ammonia toxicity,
as they were supposed to be the seat of glutam ne synthe-

sis (166, 203, 204),

chem cal

whi ch was supported by i mmunohi st o-

studies on the localization of glutamne synthase

(183, 206). It was denonstrated repeatedly that the glial

cells undergo proliferation and enter into a reactive phase

resulting in the formation of Al zheiner type Il astroglia

cells in hyperammonem c states (203, 204, 327). However,



no information is available on the bi ochem cal changes or
in the profiles of the enzynmes involved in amoni a det oxi -

fication either in these reactive astrocytes or in neurons.

In the present investigation, as the cell prepara-
tions were relatively pure (85-90/), an attenpt was nade to
study the physical, chemcal and bi ochemcal changes in
these preparations in hyperannonemc states. Two assunp-
tions were made in this study (1) the artifacts (if any)

I nduced in the course of cell isolation procedures would be
the same in the cell preparations fromthe normal and experi -
mental animals; (2) the changes, that have taken place in
these cells prior to isolation (i.e., in the iri vivo state),
due to the drug treatnment would be retained and survive the
cell isolation procedure. No attenpt was nade to verify
these facts due to the paucity of the nethods, but the
results obtained indicated that the assunptions nade were
true. One paraneter not verified presently was the inte-
grity of the plasma nenbrane of the isolated cells. This
may not be having any influence on the present study in
which the cells were lysed by osnotic shock to extract the
enzynmes and their activities were neasured in these extracts.
However, the plasnma nenbrane was observed to be physically

I ntact as seen in the photom crographs of high nagnification

andal sobyestimati ngtheenzyneactivitiesinthehonogenates preparedi |
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observed that the activity of the enzyne Na+, K'- ATPase was
very | ow when the honogenates were prepared in 0.32 M sucrose
i ndicating that the extraction of the enzyne was inconplete
when isotonic sucrose was used, which indirectly suggested
the integrity of plasna nenbrane (results not reported).

Anot her probl em encountered in using such cell prepara-
tions would be the viability of the isolated cells. This
aspect was verified routinely by the dye exclusion nethod

using trypan blue. [In addition, the 14033 production from

U 14 G glucose by the cells isolated fromnornal aninals was
14 released/ cel | /
al so neasured (astrocytes-1.08 nnoles 14 Co2 rel eased/cel I/

hour; Neurons .- 7.5

14 CO,rel eased/ cel I / hour). However,

as the cells were |lysed soon after preparation to extract

the enzynes, the prolonged viability of the cells woul d not
be a prerequisite for such a study. The problemof redistri-
bution of enzynmes during isolation was already di scussed
(page no. 78 ).

Necessity for the nodification o" nethod to isolate cells

fromdrug treated aninals;

Early attenpts to isolate the cells fromthe drug
treated (both ammoni um acetate and MSI) using the nethod
adopted to isolate the cells fromnornmal aninals vyielded
| ess nunber of cells (approximately 1-2x10/gm w . cortex).

The reason for such a lowyield mght be due to either cel
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necrosi s induced by the admnistered drug or due to the

| oss of cells during the isolation procedure. The earlier
possibility was ruled out based on the evidences presented
inliterature, indicating proliferation at least glial cells
I n hyperamonem ¢ conditions (53, 162, 203-205, 241, 327).
Hence, assumng that the cells were being |ost during iso-

| ati on procedure, efforts were nade to nodify the procedure,
so that the cell yield could be increased. Wen the cell
nunber was counted at various stages of isolation, it was
observed that the maximumloss was at the final stage of
centrifugation. By reducing the Ficoll concentration from
15 to 10%for glial cells (final concentration of Ficoll 17%
to 12% and 30 to 26% for neurons (final concentration of
Ficoll 32 to 28% the yield was inproved considerably.
Further reduction of Ficoll concentration resulted in the
sedi nentation of debris or other contamnants, the nature

of which was not determned. It was al so observed that
reducing the tinme of initial incubation of the coitical
slices with trypsin and an increase in the tinme for all the
differential centrifugation by 5 mnutes resulted in a better
yield. Hence, these two nodifications were introduced in
the isolation of glial cells and neurons fromthe aninals
treated with ammoni um acetate and MSI. However, for synapto-
sonmes no nodifications were nade to the nethod descri bed
already, as it was observed that the yield (ngy, synapto-
sonal protein/gm wt. of cortex) was not altered significantly

in the experinental aninals when conpared to the nornal ones.
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The purity of the cell preparations were checked
m croscopically and biochemcally to assess the contam na-
tion due to the nodifications nade in the procedure. As
the activity of these marker enzynmes m ght al so be suscep-
tible to the admnistered drug, a conparison of either the
specific activity or per cell activity would result in
erroneus conclusions. Hence, only the ratios of the enzyme
activities were conpared. The ratio of carbonic anhydrase
and chol i nesterases in the neurons and astroglial prepara-
tions were not altered significantly indicating that the
cell purity was unaltered due to the nodificati ons nade
(Fig.17). Since the procedure for the isolation of synapto-
sones fromdrug treated aninmals was not nodified, their

purity was not assessed.

Necessity to use high concentrations of amoni um salts;

In the present investigation a dose of 2.5 mmol es/
100 gm body wei ght of ammoni um acetate was admnistered to
| nduce changes simlar to those observed by other investi-
gators. However, the dose of the admni stered amoni um
salt was higher than that used by other workers (34). Wth
t he dosage suggested by these investigators (0.8 nmol es/
100 gm body wt.), no behavioural changes were noticed in
our animals. This mght be due to the differences in the
strains of the rat or because of the age differences. No

Information is available as to the LDsgy val ues for amoni um



Fig. 16 Effect of ammonium acetate on levels of ammonia in brain and serum
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salts with reference to either strain or age. However, it

I's known that precipitation of coma or production of any
cerebral disturbances is possible in rats only when nassive
doses of ammonium salts were admnistered (327). A dose
dependent curve was prepared with the strain of rats used

in this investigation. It was observed that wi th dosage
used presently, rats entered into comatose state between
15-20 m nutes, followed by convul sions between 25-30 m nutes.
When doses higher than 2.5 nmol es/1 QO gm body wt. were
adm ni stered, the animals succunbed to death within 5 m nutes
and heavy bl eedi ng was observed through rectum Hence, in
the present investigation the dose of 2.5 mmol es/ 100 gm

body wt.was used to induce both coma and convul sions.

Behavi our al Changes:

Al'l the behavioural observations nade were only visual.
No efforts were nade to substantiate these observations by
el ectrophysi ol ogi cal data. Before the onset of cona, behaviour
of the aninmal was not significantly different fromthe nornal
animal. However, with the onset of cona between 15-20 m nutes
the animals exhibited an inpairnment in the alertness and
were drousy. Mtor responses of the aninal to noxious
cutaneous stimulation was inadequate. They also exhibited
a del ayed positive orientation (rightening reflex). The
animals stopped feeding at this stage. |If the experinent

was not termnated at this stage, the conatose condition
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observed in these aninmals led to convulsions. In the con-
vul si ve phase both tonic and clonic convul sions were observed.
The duration of tonic phase was usually less than clonic
phase. The animals were usually sacrificed at this phase.

No distinctionwas nade as to the stage of convul sions.

Death was immnent in these aninmals 5-10 mnutes after the

convul si ons.

Physi cal and Bi ochem cal Changes in the Cell Fractions;

Cell nunber: Following the admnistration of ammoni um

acetate, there was a 55/. decrease in the nunber of neurons that
could be isolated fromgm wt. of cortex, whereas the nunber
of astrocytes isolated were nore or less simlar to that

of controls (Figs.18 and 19). Though several investigators
reported that the astrocytes would proliferate under pro-

| onged hyperammonem ¢ conditions (53, 162, 203 -205, 241,
327), nore nunber of cells could not be isolated because

of the brief duration of hyperammonem c state which m ght

be inadequate for the cell proliferation. The reduction

in the nunber of neurons m ght be due to neuronal death or

| oss of neurons during isolation. It was noticed, during

m croscopi ¢ observations, the neurons having snaller nuclei
decreased considerably in nunber in experinental aninals.
Such a decrease in neuronal cell nunber was not reported
hitherto in acute hyperammonic states. As nentioned earlier,

the nunber of synaptosones were not count ed.
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VWt weight, Dry weight and Water content;

Nunerous reports have indicated the swelling of
astroglia in hyperammonemc states but no efforts were nade
to determne the magnitude of swelling. Based on the assunp-
tions that perneability properties of cells were retained

even after isolation and rapid equilibriumof osnotic con-
to be

stituents would occur if the cells were suspended in an iso-
osnotic nmedium an attenpt was nade to neasure the water
content of the cells suspended in Krebs-R nger phosphate
(contai ning glucose). Wiile determning the water content,
no distinction was nade between bound and free water and it
was assuned that the water content so determ ned woul d be
an index of cell volune. The determnation of wet weight
and dry weight would also give additional infornation about
the particulate material, if any, accunulated in cell as a

result of drug treatnent.

Acute admnistration of ammoni um acetate resulted
in an increase in both wet and dry weights as well as the
wat er content of the neurons and astrocytes (Fig.20-23).
The magnitude of this increase was at least 3 to 5 fold
nore in the astrocytes (Fig.21) than in neurons (Fig.20).
In contrast to astrocytes, the wet weight decreased in the
neurons isolated from ani mal s under goi ng convul si ons conpar ed

to those in comatose state. The changes in dry wei ght showed
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a simlar pattern (decreased in the convulsive state) in
both the cells. The water content (the cell volune) of the
neurons renained nore or |ess constant in conatose and
convul sive states while in astrocytes this val ue increased

in the convul sive state (Fig.22 and 23).

Qeater vulnerability of the astrocytes to ammoni a
toxicity was suggested repeatedly (53, 162, 183, 205, 206,
327). It was noticed that under prolonged hyperamonem c
condi tions such as hepatic encephal opathy (204), protocaval
anastonosis (53) urease treated aninals (106, 165) and after
carbon tetrachl oride poisoning (3, 81), there was a narked
proliferation of astrocytes. However, no reports are
available in animals treated with an acute dose of ammoni um
salts (wth or wwthout nornmal liver function). Failure to
observe any increase in the nunber of astrocytes in the
experinental animals mght be due to a very short tine span
between the admnistration of the drug and decapitati on.

The decrease in the neuronal cell nunber was surprising
since in the earlier investigations neither |oss nor any
change in neuronal norphology was reported in aninals even

I n prol onged hyperammonem ¢ states such as protacoval
shuntings (195, 204, 298). S mlar observations were al so
reported by G bson et al., in mce treated with urease (106).
The only neuronal change observed under these conditions

was the degeneration of nyelinated fibres or loss of Purkinje
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cells only in the cerebellum No changes were observed in
cerebral cortex. Though, the aninals were hyperammonem c,
the node of induction was different fromthat of present

I nvestigation and as such no histological information is
avai l abl e regarding the neuronal changes in rats treated
with an acute dose of ammoniumsalts. The loss of neurons
observed in the present investigation mght be real or due
to the isolation procedures. As the neurons were swollen

t hey m ght have becone nore vulnerable to the rapid changes
in the tonicities of the medium (isotonic --->hypertonic
--> jsotonic) which could induce cell lysis. The neuronal
fraction isolated fromnornmal animals consisted of 2 types
of cells sone with a large nucleus and others with a snall
nucl eus. The neurons isolated fromexperinental aninals were
predomnantly of only one type consisting of a |arge nucleus
whi ch suggested that the neurons with the snaller nucleus
m ght have undergone sone reactive changes whi ch rendered
them hi ghly susceptible to the conditions enployed in the

| sol ati on procedure or they m ght have degenerated within
the aninmal due to drug treatnent. The latter explanation
seens to be nore plausible as the tonicities enployed in
the cell isolation nmethod for experinental aninals were,

i nfact, |esser than those enployed for the controls and the
supernat ant obtained after pelleting the neurons was rel a-
tively free fromdebris or unsedinented neurons. It is not
known whet her this neuronal cell loss has any association

with the induction of behavioural changes.
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The increased water content of both neurons and
astrocytes indicated their reactivity in the presence of
ammoni um i ons. A higher magnitude of increase in the water
content of the astrocytes in conparison to the neuronal
peri karya concurred with the observations nade by earlier
I nvestigators using histochemcal techniques. It may be
presunmed that such an abnornmal increase in water content
would result in swelling of the cells. Astroglial swelling
was observed not only in prolonged hyperamonem a but al so
In a nunber of conditions such as, thernal lesions (36, 37),
al l ergi c encephal onyelitis (161), brain anoxia (185), edena
(174), and due to the admnistration of ouabain (71) and
colchicin (116). Hyperamonem a induced by other nethods
such as urease treatnent and GCl4. treatnent also resulted
in astroglial swelling (106, 165). The astrocyte swelling
m ght be due to a sudden increase in the extracellular fluids
in the brain which flood the astrocyte. It mght also be
due to an increase in the osnotically active but inperneable
conponents in astroglial cells wthout any change in their
concentration in the extracellular conpartnent resulting in
the influx of water from extracellular conpartnent. Several
reports indicated the disruption of the nornmal blood brain
barrier in hyperamonem c conditions (51, 128, 180) which
mght result in a large influx of water into extracellul ar
conpartnent of the brain. The latter possibility i.e. an

I ncrease of osnotically active but inperneable conponents
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in the astrocyte was al so apparent fromthe dry wei ght
measurenents. Since proteins and nucleic acids are the najor
constituents of dry matter, an increase in these conponents
as observed in the present investigation would eventually

I ncrease the osnotic pressure inside the cell and the water
noves down the gradient resulting in the swelling of the
cells. Besides the above nmentioned possibilities, a fall

in the energy charge (146) representing the avail abl e energy
of the astrocyte due to the detoxification of amonia by

way of glutamne formation mght also be responsible for the
swelling of the cells. Benjamn et a.., (17) denonstrated
that NHt in |large concentration (beyond 5 mM) induced a

|arge influx of d-" associated with fluid uptake into the
glial cells. It was also interesting to note that the cells
accunul ated nore water when they were isolated from convul sive
aninmals than the cells from comatose aninmals which m ght be
due to their prolonged exposure to ammonia. The increase in
wat er content also indicated an altered nenbrane perneability

under these conditions.

DNA, RNA and protein:

Adm ni stration of an acute dose of ammoniumsalts
resulted in an elevation of DNA, RNA (Fig.24 and 25) and
protein (Fig.26 and 27) levels both in neurons and astrocytes.
The magni tude of increase in DNA content was nore in the

neurons than in the astrocytes. Both the cell fractions



.-.WCD.HMMS_)COUo

HIHHH

3 . o
« SUOTSTNAUOL e
-
5
= ) - 5
5 <
s ToIjuo) =z
= o = -
. - v N .
H - o) < =] .m — _ N o - 5 . N .
a [| — i L = 1 ) ) : \ ~ A F
e <
: :
o T120/VNH sweIboatd
B 1T130/V¥NH sweIbod1d -
o o
—
< e
> =
Z
& o
¢ Q
2 5
5 +
o @
Q
m i)
g :
) =
t % .. e .
: g o0 0> 782 =7
: 5 _\\\\\\\h SUOTSTNAUOT q\
=
3 o
.l 0
c
g +
(S
. ;
. 3 mcoﬁwﬂ;:o; s
D Ny
5 wl
o
t 7 -
: % _ _ [0I3u0)
- [0I3u0)
Y
i Q Q - A 3
=t 2 2 - .
X : ! v ' + < N (@)
r | | 1 _ ; " |
L
o 1122/¥NQ jo sweIrbootd
-~
F. TT3)/vNag sweIfootd



Fig- 26 Elieol ol ammonium acetate on

neuronal protein content

450
360
Lo |
-
N
v
~
o
Ual
w
4+ .
o
H =240
a.
0
E
o
-
o
o)
(%]
Ul ,.(,
S E%Y
44
c
(o)
5 )
L.O

I‘lg = 27 Ffiect of ammonium acetate on
protein content ot astrocytes

=LK

—
(o]
L]

+

o




99

| sol ated from convul sive aninmals had a hi gher DNA cont ent
than the cells isolated fromconatose aninmals. |In contrast
to DNA, increase in RNA content in astrocytes was greater

I n magni tude when conpared to that of neurons. Keeping in
line with the increase in nucleic acid content, an increase
in the protein content was observed followi ng the adm nistra-
tion of ammonium acetate. In neurons the increase in the
protein content during convul sive phase was higher than that
of the conatose phase, while in the astrocytes a reversed

profile was observed.

The increased DNA content of astrocytes follow ng
the admnistration of ammoniumion correlated with the expected
behavi our of the cell under these conditions. |t has been
denonstrated repeatedly that in the initial stages of hyper-
ammonem a the prinmary astrocyte reaction would be cell
proliferation. However, no mtotic spindles were observed
at this stage suggesting a process akin to endomtosis (53,
162, 2X53-205, 241, 327). For the cell proliferati on DNA
synthesis is a prerequisite. An increased DNA content of
astrocytes observed presently woul d support the concept of
astrocyte reactivity to hyperammonem a. However, no infor-
mation is available on the net rates of synthesis or the
mechani sns involved in the stinulation of DNA synthesis under

t hese conditions.
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The increase observed presently in the neuronal DNA
content was surprising as the neurons were reported to be
relatively resistant to the hyperanimonemic conditions. Further,
the decrease in cell number under these conditions makes
1t more difficult to understand this phenomenon. In addi-
tion, the well established fact that the neuronal DNA content
1s relatively stable after the maturation of the brain in
mammals (23) adds to the complexity of the problem. The
increase in the neuronal DNA content following the administra-
tion of ammonium acetate might be due to an increased rate
of synthesis or a decreased rate of degradation. It is
known that NH4+ stimulates the DNA transcription by increasing
the transcribable portion of DNA (54-56). Though, the
replicative synthesis of DNA 1s not known to occur in the
adult neurons of rat, i1t was established that there would
be repair synthesis of DNA (23). This process 1s mediated
by the enzyme DNA polymerase-p (23), and virtually no infor-
mation 1s available on the neuronal R-polymerase. Both acid
and alkaline DNAses are known to be involved in the DNA
turnover of mammalian brain (271) for which the regulation
phenomenon is yet to be worked out. In the absence of such
information it 1s difficult to predict the mechanism of
accumulation of DNA under these conditions. However, the
cells which survived hyperanimonemic insult and the isola-
tion procedure might be assumed to be in a reactive phase.
The increase in the DNA content, 1f considered along with
the increased RNA and protein content would explain the

increase observed in the activities of virtually all the
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enzynmes of gl utamate netabolism observed in the present

| nvesti gati on.

The increase in RNA and protein contents in astro-
glial cells moulé%gwindex of increased translational activity
under the experimental conditions. Incorporation of 3H uridine
into cerebral RNA denonstrated during experinental hepatic-
encephal opat hy woul d be in support of such an observation(3).
Proliferation of astroglia and its cellular organelles such
as mtochondria, endoplasmc reticulumetc., (observed by
earlier investigators) in hyperammonem c conditions (203,
204) would require the synthesis of new proteins. The increase
translational activity observed in this investigation supports
such a contention. The possibility of transfer of proteins
fromblood into the astroglial cells may al so be worth con-
sidering as the blood brain barrier is disrupted under these
conditions. It is interesting to note that no studies were
undertaken to neasure the cerebral protein turnover rates
either in hyperammonem a or in hepatic encephal opathy. The
only report on the cerebral protein synthesis in hyperammo-
nema so far available is that of Bessman and Pal (35).
They reported an inhibition of 1ﬂc}valine I ncorporation into
cerebral proteins in rats injected with amoni um acetate

whi ch was proportional to the bl ood NH4+ | evel s, cerebral ATP

and GIP levels and the state of consi ousness.



Enzynes of gl utanate netabolism

Fol lowing the admnistration of ammoni um acet at e,
cells and synaptosones were isolated fromthe brain, and the
enzynme activities were estimated in order to study the
changes in glutamate netabolism For the reasons nentioned
earlier enphasis was laid on cellular activity than on the
specific activity in the case of neurons and glia whereas

for synaptosones the results were expressed per ng. protein.

The activities of all the enzynmes of glutamate neta-
bol i sm excepti ng (A _.Nase were increased Doth in comatose and
convul sive conditions in the neuronal fraction of the rat
Drain due to acute hyperammonema. C all the enzynes
studi ed, the nmagnitude of increase in the activity of GH
was greater than that of any other enzyne (Fig.28). Based
on the percent increase of the activities, the enzynes nay
be arranged in the follow ng order GH>GS>AAT>ALAT under
comat ose condition. The nmagnitude of increase in (OH acti -
vity was nore or less sane in both comatose and convul sive
conditions, while that of the other three enzynmes (AAT, AlAT
and GS5) was nore during convulsions than in conatose state

(Fi g. 28-31).

When the activities of the enzymes were represented
as specific activities, the nagnitude of increase was nore

or less sane in all the enzynmes except ALAT. The specific



activity of MAT renai ned unchanged under comatose condition

while in convulsions it was elevated (Fig.28-31).

In contrast to neurons, the cellular activity of GH
In astrocytes was decreased by about 36%due to the adm nis-
tration of ammoni um acetate (Fig.32). The activity of GS
was el evated to the sanme nmagnitude (Fig.33). No changes
were observed in glial AAT activity under these conditions
(Fig.34). The activity of ALAT was, however, nornal in
comat ose condition and increased by about 60% in convul sions
(Fig.35). The change in the astroglial G.Nase activity was

significant only in comatose condition (Fig.36).

When the activities were expressed per ng. protein
but for a significant decrease in the activities of G.Nase
(40% and GDH, no changes were observed in the GS, AAT and
ALAT (Fig.32-36).

The decline in the activity of synaptosonmal GDH was
highly significant (Fig.37) and the nmagnitude of decrease
was far greater when conpared to that of glial GDH Under
comat ose condition this inhibition amunted to 93% whil e
in convulsions it was relieved to a small extent (-72/).

The activity of GS was observed to increase to the sane
extent as found in glial cells (+31% in comatose condition.

However, during convulsions this activity was reverted to



'hour

in

Fiag

=

=
£ 0

iole

20

Cor

-

29 Effect ot

nanomoles NADH oxidized/cell/hour

ranomoles of y-glutamyl hydroxamate formed/cell/hour

-4

Control

Bk

= 1.0

Iulelule
[n lelels
gt
..‘:Qg. o
PO
OOOC
5050

ontrol

F~
bt

ammonium acetate on neuronal glutamine synthetase




Flyge QU ritece Ui ammonium acetate on neuronal aspartate aminotrdnsierase

r' 80
1)
-~
o 6
o = ;
i C =30
L__. r
o A
W =ty
+2 -
o . —
- &
= &
s gel
W
N
2 ol
; ke
. 0 e L
1 A 9 4
‘ a)
< T.
3} I3
L :11
& @
- w
=
- e - ()
w
i c
4 —
(] -
- e
. c
5 6
( W
k‘ -0

Flg. 31 Fifect ot ammonium acetate on neurcnal alanine aminotransferase

[ 4
‘ s o -3
" d
|I’. T~
T —
8] ot
- L‘J
4 "
°
ey @
5 |
L 8]
(8] ’ b
N = 4 ’
3 _
P @ 7 .\:':‘
,.. b , 304
[ J Mol R
o & ol
= Tl e
= - | -
- =t
- - 19
i —t i ’
) o
v (™
(. i
o s
) o
O
)
N




HGO00°0>d %498~
YSUOTSTNAUOD

MOhu.‘.L_—u“_

Q D
- A =

- ! §

Iy/T139/33euexoIphy TAwein(b-A jJo safowoueu

Iy/TT22/PIZTPTX0 HOYN 30 ssfououeu

stroglial glutamine synthetase

o

Jn

[cIjucy)

l” To13uQ)

3

¢
8]
4
33 Effect of ammonium acetate

Flg' 32 Effect of ammonium acetate ylial glutamate dehydrogenase

_ ™) o -
e———— & recerszmal, L | | b
Hc\cMwHOHQ Bu/paziprxo Hav 3o safowu n 3 1 ta210id F 1PWeXoIpA 1 A

{/UutT2304d P/ alewexo 4y 1AuRInIC- ATow T

Fig



Effect of oni =
34 ct of ammonium acetate on astroglial aspartate aminotransferase

Fig.

‘-35

1°0>d xoﬁ+_
Wsg O TS TNAUODN

To13juod

3
29
—20

e
~
1

o
—
1

r140

Inoy/TT29/P22TPTX0 HAYN

sa[owoatd

[e13juold

=120

8 o
L i

—60

HJO;\:MmMOHQ dw/p3

71T

pPTXO

LIyt

acetate on glial alanine aminotransferase

ammonium

of

35 Effect

Fig.

™

vl

T

F'?

Iy/11239/P3

ZTPTX0 HAYN

safcuoueu

-




Fig. 36 Effect of ammonium acetate on astroglial glutaminase activity
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normal levels (Fig.38). The suppression of AAT in both the
conditions was more or less same (Fig.39). Unlike in the
glial cells, the activity of MAT was elevated to a small
extent in comatose condition. Similarly, the decrease in
the activity of this enzyme in convulsions was not statisti-
cally significant (Fig.40). 1In contrast to glia, synapto-
somal GLNase activity was elevated during comatose and was

suppressed during convulsions (Fig.41).

Glutamate and glutamine formation 1s supposed to be
the primary detoxification mechanisms of ammonia 1n extra-
hepatic tissues where the urea cycle 1is incompletezggé the
enzymes GDH and GS are the enzymes involved in this process
(313). It was suggested earlier that the operation of this
detoxification pathway would deplete both a-ketoglutarate
and ATP, resulting in the neurological dysfunction (33).
Subsequent studies have shown that the site of detoxification
was localized in the astrocytes (27). Much of the evidences
for this concept was based on the differential labelling
of glutamate and glutamine from various precursors 1in the
presence of ammonium salts (27). No efforts were made by

these investigators to study the changes 1n the enzyme acti-

vities under these conditions.

The results obtained in the present investigation were,

however, not on par with the well established hypothesis of
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the astrocyte vulnerability or its involvement 1in the process
of ammonia detoxification. It was observed that the major
changes 1in the activities of the enzymes of glutamate meta-
bolism occurred in the neuronal perikarya rather in the
astrocytes. The increase in the GDH activity 1in the neuronal
perikaryva would result in the detoxification of ammonia
resulting in the formation of glutamate, depleting o-ketoglu-
tarate from TCA cycle. The increased GS activity in this
cell fraction would convert glutamate to glutamine in the
presence of ammonia and ATPwould be consumed in this process.
These two processes would eventually deplete the citric acid
cycle intermediates and ATP in this cell fraction. Though
the reaction of AAT is reversible, under the present condi-
tions due to enhanced glutamate levels and reduced o-keto-
glutarate (due to an increase in GDH), 1t might be assumed
that a fraction of glutamate formed in the detoxification
process would be converted to aspartate. In this process
oxaloacetate would be consumed and oa-ketoglutarate regene-
rated might be utilized subsequently by GDH. The increased
activity of this enzyme might also be of help in the trans-
port of reducing equivalents across the mitochondrial

membrane required for the GDH reaction, production of which

would have been lowered due to an interferance in the operationof
the later half of citric acid cycle (due to a-ketoglutarate
depletion). Similarly 1t might be predicted that the AIAT

would be operating 1in the direction of alanine formation
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rather than in the direction of glutamate formation. Though
this process would consume pyruvate, o-ketoglutarate 1is
regenerated bypassing the earlier half of the citric acid
cycle. The loss in the pyruvate would be made good by the
increased glucose oxidation as 1t was shown that NH4+ would
stimulate cerebral aerobic glycolysis (17, 22, 286) . Carbon-
dioxide fixation 1s another process in which the dicarboxylic
aclds are anaplerotically replenished. It 1s unfortunate
that no information is available on the cellular localization
of the enzymes involved, though earlier evidences indicated
the localization of this process to be in the astrocytes
(26, 60). It 1s interesting to note that all the above said
processes were enhanced during convulsions when compared to
comatose condition. Though the involvement of neuronal
perikarya was not demonstrated, hitherto, i1indications were
made in the literature (81). Based on the incorporation of
14C-glucose into glutamine Cremer ef al., suggested the

involvement of large compartment in the glutamine formation

(73) . Similar suggestion was also made by Krespan et al. ,
(149). Another interesting study in this direction was that
of morni et al., (194). These authors demonstrated that

acute administration of ammonium acetate increased the
incorporation of 13C-glucose into glutamate by 65/. under
in vivo conditions. Since glucose incorporation to gluta-
mate and glutamine is a property of large compartment, 1t

may be appropriate to assume that these changes are taking



place in the neuron. If the astrocytes are the only cells

responding to ammonia, then it would be highly difficult to
explain either coma or convulsions during hyperammonia.

The present results would then explain the observed neuro-

logical dysfunction.

As mentioned earlier, the results obtained with astro-
cytes were not in concurrence with the established hypothesis
of involvement of small compartment of glutamate in the
process of ammonia detoxification. Acute administration of
ammonium salts resulted an inhibition of GDH in these cells
rather than activation. Under such conditions, at least, a
major portion of oa-ketoglutarate would be available for the
normal operation of citric acid cycle. The magnitude of
increase in GS in this cell fraction was about 5-7 fold less
compared to neuronal perikarya. However, the increase
observed in the activity of this enzyme would suggest that
a fraction of ammonia would be detoxified in these cells by
way of glutamine formation. Inspite of a lesser magnitude
of increase in GS the activity 1n astrocytes than neurons,
the quantity of glutamine formed by these cells might be
greater than neurons as the astrocytes outnumber the neurons
by 1:10 (230, 231). Interestingly a reciprocal relationship
was observed between GDH and GS 1n this cellular compartment
which would help in preserving cellular energy pools. The

present study also suggested that glutamate required for
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glutamine formation 1n astrocytes may not be generated in
the same cellular compartment (due to inhibition in GDH
activity). In other words, the small rapidly turned over
pool of glutamate which was supposed to be the precursor
for glutamine synthesis was at least temporarily suspended
in acute hyperammonemia. Under such conditions, 1t would
be ~~~ appropriate toassume that the glutamate required
for astroglial glutamine formation would be generated else-
where. This could be from the large compartment. Similar

suggestion was already made by Cooper et al ., (70).

The lack of change in the AAT activity in the glial
cells was on par with the aforesaid changes in GDH activity.
As GDH was i1inhibited the requirement for the regeneration
of oa-ketoglutarate and the replenishment of reduced eqgquiva-
lents would also be minimal. A similar argument may be
applicable to the lack of changes in AIAT activity at least
in comatose condition. The increase in the activity of this
enzyme under convulsions may spare the pyruvate for carbon
dioxide fixation which is supposed to occur in this cellular
compartment (27) . The inhibition of GLNase activity observed
in acute hyperammonemia, though not significant when expressed
per cell, might be due to the inhibition of this enzyme by
ammonium ion. The activity of this enzyme under these
conditions when expressed per mg. protein, showed a very

significant inhibition. The discrepancy might be due to



I ncreased protein content in these cells under the present

Ci rcunst ances.

Al the above observations suggested |ack of active
I nvol venent of astrocytes in ammonia detoxification at | east
during acute hyperammonem c conditions. However, increased
wat er content or swelling observed under these conditions
woul d contradi ct the above suggestion. The results of
Benjamn et al. , (17) would help in resolving this problem
A biphasic influx of chloride ions into cortical slices was
observed in the presence of ammoni um chloride by these
authors. At low concentration of NH; influx of chloride
was not followed by fluid uptake, while at higher concentra-
tion this influx was associated with large anmounts of fluid
uptake. It was suggested that the initial phase of Cl ~
influx was into the neurons and the |ater phase associ ated
with fluid intake was supposed to be into glial cells. This
woul d then suggest the swelling observed in the present
I nvestigati on mght be due to be large influx of d- into
these cells. In conclusion, the swelling appears to be nore

or | essypassive process.

While reporting the inhibition of (GH in astrocytes,
we suggested that the glutamate for gl utam ne bi osynthesis
m ght be originating in the synaptosones (269). This conclu-
sion was based on the reports of Hanberger .et al., (115 that

only the evoked rel ease but not the spontaneous rel ease of
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glutamate from hippocampal slices was inhibited by ammonium
ions. Further, the inclusion of synaptosomes into small
compartment by Hertz (130) provided additional support in
such a concept. Keeping this in view 1t was assumed that

the activity of GDH and other enzymes of glutamate metabolism
would be stimulated in the synaptosomes in acute hyperammonia.
However, when the activities were measured under similar
conditions, an inhibition of all the enzymes of glutamate
metabolism except GS was observed in synaptosomes. The magni-
tude of inhibition in GDH activity was far greater than that
of astrocytes indicating that the detoxification process was
greatly suppressed which would result in the accumulation

of large quantities of ammonia in synaptosomes during hyper-
ammonemia conditions. As in the case of astrocytes, the
stimulation of GS in the synaptosomes would promote glutamine
formation as an effort to alleviate the toxicity of accumu-
lated ammonia. In this process some amount of ATP would

be utilized. The inhibition of AAT in conjunction with GDH,
would spare oa-ketoglutarate and oxaloacetate for the opera-
tion of citric acid, probably at an enhanced rate, resulting
in the generation of large amounts of ATP required in the
maintenance of ionic gradients and also for glutamine forma-
tion. The behaviour of GLNase under these conditions was
difficult to understand. The stimulation of the activity

of this enzyme under comatose condition contradicted the
reports of Van den Berg et al., (294) who demonstrated that

in the initial phase of ammonia toxicity the increase in
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gl utamne concentration was not due to the enhanced synthesis
of glutamne but due to a suppression in the conversion of
glutamne to glutamate. This concept was supported by
several observations wherein an inhibition of G.Nase hy

bot h ammoni a and gl utanate was denonstrated (16, 150).

However, Svenneby (275) reported the presence of ammoni a
stinmulated (LNase activity in the pig brain which is yet
to be confirned. Though the increased (G_.Nase activity in
comat ose condition woul d be explained by the above said
report, the physiol ogical significance of such a process
would be difficult to envisage. Such an increase woul d
inevitably result in the breakdown of glutamne and generate
additional ammonia in the synaptosonmal mtochondria. Further
gl utamat e-gl utamne cycle would then becone a futile cycle
| eading to a wasteful expenditure of energy. However, if
t he observations of McGeer and McGeer (188) are taken into
consideration that G_.Nase is present only in GABAnergic
nerve endi ngs, under these conditions probably glutamne
Is converted to glutamate which would form a precursor pool
Iin the synthesis of GABA resulting in an enhanced GABA f or na-
tion. Since GABAis an inhibitory neurotransmtter, enhanced
synthesis and rel ease woul d depress the neuronal activity
resulting in the comatose condition. Inhibition of the
activity of G.Nase during convul sions woul d depress the

synthesis of glutamate serving as GABA precursor in the
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GABA nergic nerve endings resulting in the disinhibition

of the nervous system (Once the neurons are disinhibited,
ammoni a woul d stinulate the onset of convul sions by |owering
the resting nenbrane potential (2). Though the invol venent
of GABA in ammonia toxicity was proposed repeatedly (11, 108,
240) concl usive evidences are lacking. It is worth nention-
ing at this juncture about the observations nade by Pol ||
(218) on a small but significant increase in the GABA content

of cerebrophinal fluid in amonia toxicity.

In conclusion, at least in acute ammonia toxicity it
appears that the |arge conpartnent enconpassing the neuronal
peri karya would enter into a reactive phase and parti ci pates
very actively in the amonia detoxification while the snall
conpartnent represented by glia (and synaptosones ? (Hertz,
1979) would play a passive role. The present observations
al so suggested at least a transitory deviation in the amoni a-
gl ut amat e- gl utam ne netabol i sm from the classical concept

of metabolic conpartnentation.

ATPases:

The perturbance in the ionic gradients by amoni um
lon was repeatedly stressed (2, 17) as one of the nmechani sns
involved in its toxicity. The naintenance of ionic gradients
in the nervous systemis a conpl ex phenonenon nedi at ed not

only by the ionic channel s but also by ion punps. Na+, K'-ATPase
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whi ch is supposed to act as sodi umpunp, is an enzyne
actively involved in the nmaintenance of ionic gradients

(262) across neuronal nenbranes. As nentioned earlier this
enzynme whi ch exchanges Na® and K" in nonstoichionetric
proportions, is a major consunmer of cerebral energy reserves
(1/3 of the energy reserve) (5). Hence, any change in the
activity of this enzynme would eventually be reflected in

the energy reserves. Further, the activity of this enzyme
especially in nerve termnals is believed to regulate the

rel ease of neurotransmtters (190, 299). Because of its

I nvol venent in these three processes (ionic gradients, energy
reserves and neurotransmtter release) nuch attention was
devoted in the past in this |aboratory on the changes in

the activity of this enzynme during hyperamonem c conditions.
It was observed that the activity of this enzyne in whole
brai n honogenates increased quite significantly in both
acute and chroni ¢ hyperammonem a (235, 236) and MBI induced
hyperammonem a (265-267). In fact these observations pronpted
us to propose that this enzyne would be responsible for the
transport of NHA+into the cells at |east during hyperanmno-
nem c conditions. However, the use of brain honogenates
yielded no clue as to the cellular localization of this
change in the activity of Nat K- ATPase. In the present
study an attenpt was nade in this direction. Since the esti-
mati on of My*™- ATPase is obligatory in the determnation of

Na+, K'- ATPase, the changes in the activity of this enzyme
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were also reported. As the Mg™ ions are not directly

I nvol ved in the nai ntenance or generation of electrical
activity of the neurons, the role of this enzyne is yet to
be understood. Probably My++-ATPase is a nonspecific enzyne,
as many ATP dependent reactions require the presence of Mg™”
lons (265). Hence, in the ensuing discussion, the changes
in the activity of this enzyme woul d be considered in the

l'ight of such an assunpti on.

The activity of My++ - ATPase was stinulated both in
comat ose and convul sive states in the cellular and subcel | u-
lar fractions of rat brain following the admnistration of
amoni um acetate (Fig.42-44). This change was highly signi-
ficant in the neurons and glia but not in the synaptosones.
Further, the nmagnitude of stinmulation also followed the sane
pattern as the level of significance. The elevation was
maxi mal in neurons when conpared to glial cells and m ni nal
I n synapt osones. Unlike My++ ATPase, which showed a uniform
pattern of change in acute hyperammonem a, the changes in
the activity of Nat K'-ATPase varied fromcell to cell and
also wth the neurol ogical state. It was elevated in the
neurons both in comatose and convul sive states. However,
in glial cells the activity of this enzyne increased in
convul sive state and was suppressed in conmatose condition.
I n synapt osones, this profile was reversed i.e., it increased

I n comat ose and decreased during convul sions.
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A generalized increase in My™- ATPase activity in
acut e hyperammonem a suggested an increase in the nonspecific
ATP consum ng reactions. Most |likely these could be the
initial reactions of glycolysis and the GS reaction since
aerobic glycolysis and glutamne formation are known to be

stinmul ated by ammoni umion (22, 286).

The increase in the activity of Nat K'-ATPase in the
neurons (including synaptosones) under comnatose conditions
(Fig.45 and 47) would enhance the transport of NH4+into
these cells due to the simlarities between the sizes of
hydrated K ion and the NH4+ions. The incoming NH woul d
be exchanged for the K+ resulting in an eflux of the latter.
Such an exchange of NH4+ and K+ was reported to be in a ratio
of 1.1 for rat brain cortical slices (287). S nce N4+
resenble K ions it may be assuned that |arge accunul ation
of these ions inside the neuron results in hyperpolarization.
The stimul ation of aerobic glycolysis by these ions |eading
to increased lactate formation, would decrease the pH and
enhance the perneability of the nenbrane to chloride ions
resulting in a large influx as suggested by Benjamn et al.
(17). The enhanced concentrations of both NH4+and d - inside
the neuron woul d then synergestically act to hyperpolarize
t he neurons which mght be responsible for the conatose
state. The suppressed activity of this enzyne in the glial

cell in this state (Fig.46) m ght enhance the availability
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of N+ for the neurons. The state of hyperpol arization nmay
further be aggrevated by the extraneuronal accumul ation of
K" ions. Though extracellular K is known to depolarize
the neuron, prolonged depol arization would eventually | ead
to hyperpol arization. The glial, Na+, K- ATPase, which is
known to be stinmulated by K ions would be ineffective in
removi ng the extracel lular K*, because of the suppressed

activity.

During convul sions, the activity of this enzyne was
restored to the normal |evel in synaptosones and was el evated
in the glial cells (Fig.46 and 47). Under the sane condi -
tion it is interesting to observe that there was a 50%fall
in brain ammoni a | evel s when conpared to comatose state(Fig.l6).
The increased activity of this enzyne in the glial cells
duri ng convul sions would not only decrease the accumul at ed
extracel lular K but also allows NH4+to be transported into
these cells. A this stage probably, the second phase of
A- influx into cerebral tissues mght be assunmed to occur.
As the second phase of - influx was supposed to be into
glial cells along with the fluid uptake, the glial cells
woul d continue to swell under these conditions, which was
evident fromthe present studies on the water content of
these cells (Fig. 23). This influx of d- would deplete
the extraneuronal chloride ions. Such a depletion mght be

associated with the reduction in accumul ated K" ions and
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convert the hyperpol arized state to a depol ari zed state.

This condition was clearly denonstrated by Benjamn et al.,
(17). Such a sudden release in the hyperpol ari zati on nmay
probably result in the convul sive activity. |In other words,
in the initial stages of ammonia toxicity NH+woul d effect
the nerve endings and the glial cells at a later stage. This
could be clearly seen in the changes observed in the activi-
ties of the enzynes of glutamate netabolism |n synaptosones,

the changes in the activity of AAT, GDH, GS and (LNase as

wel | as My++ - ATPase were m ni mal during convul si ons when
conpared to conatose state whereas in the glial cells these
changes were either aggrevated or unaltered when conpared
to the comatose condition.

I n conclusion, the conmatose condition mght be due
to the enhanced GABA synthesis and due to changes in the
ionic gradients as discussed above. The convul sions observed
in the termnal stages of acute ammonia toxicity m ght be
due to disinhibition of the nervous systemby affecting the
synthesis of GABA (through the reduction in the glutanate
pools originating fromglutamne) in conjunction with the
reduction in the extraneuronal chloride ions and increased
glial ATPase activity. Finally, it nmay be enphasized that
the neuronal perikarya representing the |arge conpartnent
are involved to a major extent in amonia detoxification
than was predicted earlier and ae also involved in the supply

of glutamate for the synthesis of glutamne in the glial cells



CHAPTER V

MSI Toxicity
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| nt roducti on:

H storical background:

It was observed that dogs underwent canine hysteria
or running fits after the ingestion of wheat flour treated
W th agene (NClz) (261). Gastaunt et al. , l|ater observed
that feeding dogs wi th agenized proteins resulted in epi-
| epsy and suspected that sone toxic principle mght be
responsi ble for the convul sions (102). Proler and Kel |l anay
identified the toxic principle of the agenized protein diet
as net hionine sulfoximne (Msl) (220). Because of simlarity
of the convulsions to those of human epil epsy, this agent
was the object of nunerous physiol ogical and neurochem ca
studi es. The sanme authors found that MSI produces a conpl ex
syndrome with episodi c behavioural changes consisting of

turning of head, sniffing and crouching novenents in cats.

Hat hcot e and Pace observed that MSI either abolishes

or retards the growh of the mcrobial culture, Leuconostoc

nesent eroi des, and only glutamne could alleviate this effect

(118). This observation led to the conclusion that MSI nay
bl ock the biosynthesis of glutamne. Pace and MDer not
extrapol ated these studies to animal tissues (211). They
studied the effect of M5l on sonme enzyne systens of gl uta-

m ne netabolismand found that GS was the enzyne inhibited
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by MSI. Peter and Tower observed a marked inhibition of

GS in brain slices of M5l treated cats and a relationship
was postul ated between the amdation of glutamate in brain
and sei zures produced either with M5l or acoustic epil epto-

genic stinmulation (216).

Sellinger and Weiler reported that MSI conpetetively
inhibited GS in vitro (255). They have studied the nature
of inhibition of GSin cat cerebral cortex with M5l and
postul ated that MSI causes depletion of ATP in a intra-
cel lular conpartnent wi thin which the synthesis of gl utamne
occurs. Lamar and Sellinger reported that inin vivo this

drug inhibited GSirreversibly (159, 160).

Mol ecul ar nmechani smof NMSI toxicity:

The studies of Pace and McDernot suggested that MSI
inhibits glutamne fornmation by virtue of its interaction
wth G (211). It was postulated that the inhibition of GS
by M5l results in an elevation of brain ammonia | evels, a
condition known to be toxic to brain (216). Warren and
Schenker studied the effect of M5l on the toxicity of adm -
nistered amoniumsalts (311). They noted that a four hour
premnmedi cation with MSI prevented deaths in mce by a letha
dose of ammonium chloride given intraperitonially. These

studies indicated that ammonia intoxication mght not be
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dependent upon the nere presence of high cerebral ammoni a
| evel s per se, but mght be due to the nechani smof detoxi -

fication.

Fol bergrova et al ., observed an increase in free
glutamate levels in the rat brain after MSI admnistration
(93). They found that neurotoxic effects were apparent
after subthreshold doses of MSI or under conditions when
M5l was adm nistered simultaneously with paraxysnal NS
doses thus preventing the onset of paraxysnal state. It was
concl uded that although MSI narkedly affects the synthesis
of free glutamne in the brain, inpairment of this netabolic
link mght not be responsible for the onset of seizures.
Furthernore, views on the mechanismof Ml toxicity, espe-
cially the production of seizures have been inconcl usive

(45, 103, 109).

Later Ronzio ¢ al. , studied the nmechani smof inhi-
bition of GS by MBI (229). They found that the inhibition
by MSI required ATP and Mg*™ and was associated with the
cl eavage of ATP to Pi and ADP. The inhibited enzynme was
separated by gel filteration and was shown to contain MSI - POy
which was tightly bound to the enzyne (22*). The irrever-
sible inhibition of GS is associated with the phosphoryl ation

of M5l and tight binding of MSI-PO, to the enzyne (158).

Rowe and nel ster studied the effects of all the i somers

of MBI and found that only L-Methionine-DL-sul foxi mne was
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the convul sant isoner (232). They have al so achieved the

chem cal synthesis of MSI-PO, and found that L-MSI-PO,

Inhibited the enzyne nmuch nore effectively in the presence
of Mg™" and ADP (46).

Behavi oural changes:

When dogs were treated with white bread bl eached wth

agene, they entered into a state called canine hysteria or

running fits (261). Proler and Meyer observed in cats a

conpl ex syndronme consisting of episodic behavioural changes

| i ke head turning, sniffing and crouchi ng novenents, fear

and running fits at the onset of which the aninmal m ght

appear hystrical and enter into generalized tonic-clonic

convul sions (221).

EEG studies of aninmals subjected to Ml intoxication

reveal ed that crouching and head turning episodes were

acconpani ed by a diffused pattern of EEG wth a high frequency
during running attacks (221). eneralized tonic-clonic

convul sions were alnost identical with those seen in hunan

beings (221). The tonic phase was characterized by high

frequency, high voltage discharges in all regions, while

clonic phase was characterized by bilaterally symretri cal

bursts of spike and pol yspi ke di scharges which occurred

synchronously with clonic jerks.
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In their studies on ultrastructural changes in the
rat brain followng Msl treatnent (15 ng/l OO gm body wei ght),
Qutierrez and Norenberg recorded the behavioural changes (111).
A progressive decrease in physical activity observed and
rats devel oped a substantially wobbly gait and spl ayed
| eggedness two hours after MSI admnistration. After 6 hours
they lost the equilibriumand a series of involuntary nove-
ments consisting of extension and tortion of the head and
chorei formnovenents were noticed occasionally. This stupurous
but arousable state was followed by generalized tonic and
clonic convul sions. Seizures were preceded by hyperactivity,
facial scraching and twitching and clonic novenents of the
head to upper extremties. Wda et al. , have observed that
M5l causes transient reduction of audi ogenic susceptibility

in genetically sensitive rats (302, 303).

Utrastructural studies:

Several anatomcal studies in brain follow ng the
admni stration of M5l were perforned to determne the site
of action of MSI. De Robertis and Sellinger nmade both
ultrastructural and neurochem cal studies in the nerve
endi ngs of MSI convulsant rats (79). Accunul ation of NS
in nerve ending fraction associated with striking ultra-
structural changes were observed. Swelling of the nerve
endings and | oss of synaptic vesicles was noticed. The

changes were nore wi de spread in non-cholinergic population
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of nerve endings and it was postulated that MS acts on nerve

endings related to the glutamate-glutamine-GABA metabolism.

Later, Lodin et al., analyzed the effect of M3 on
cell dimensions and cell dry mass in the nervous system
(172, 173). An important ultrastructural study of Rizzuto
ad Gonatus demonstrated liquifactive necrosis of cerebral
cortex, degenerative changes in neuron, swelling of glia
and nerve endings and a spongy state of neuropile (227).
Gutierrez and Norenberg performed a histological study of
the brain after M administration, prior to the onset of
seizures (111). The fundamental structural alteration in
brain was the development of Alzheimer type Il astrocytosis.
Light microscopy revealed that astrocytic perikarya and
nuclei were slightly enlarged in the MS treated animals.
The ultrastructural investigation showed that the cytoplasm
was enlarged in 10/. of the astrocytes. On an average these
enlarged cells were twice the size of norma cells. The
astroglial processes were broadened and the perivascular end-

feet were enlarged.

There was a three fold increase in the number of mito-
chondria which also became more oblong and pleomorphic.
Rough endoplasmic reticulum proliferated with a seven fold
increase in the number of oblong profiles. A pronounced

accumulation of glycogen was observed in the smooth endoplasmic
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reticulum Increase in the nunber of mtochondria was attri -
buted to increased intracellular amonia |evels which stinu-

| ated the detoxification process involving the mtochondri al
GDH, the activity of which increased under these conditions.

Al zhei mer type Il astrocytosis as nentioned earlier, was also
observed in portocaval shunting, toxic liver danmage and in

ot her hyperamonem c conditions and this change seens to
inplicate ammonia directly in the etiology of ammonia toxicity

(53, 162, 203- 205, 241, 327).

Stinmulation of the enzyne fructose-1, 6-bi phosphat ase
was observed in the cerebral cortex of rats submtted to VSl
and this stimulation was shown to be due to increased synthe-

sis of the enzyne (131). It was denonstrated that M5l nodifie
2 2

t-RNA pools of rat brain (78,238). N -methyl and N2% di et hyl
guani ne t-RNA Methyl transferase activity was shown to be
stimulated (238). It was also shown that MSI nodified the

t - RNA"YS and t- RNA™ pools of developing rat brain (252).

In spite of all these studies, not nuch attention was
focussed on the biochem cal changes in MSI toxicity with
particular reference to the enzynes of glutanmate netabolism
Si nce the behavioural changes were observed to be close to
human epil epsy and the glial changes (A zheiner type Il astro-
cytosis) was akin to that observed in hyperammonem c states
(particularly hepatic encephal opathy), it would serve as a
best experinental nodel for hyperammonem a. In the present
I nvestigation an attenpt was nade to fill the lacunae in the

avai | abl e knowl edge on the effect of MSI on gl utanmate netabol
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The nodifications and its validity was described
earlier (Cf. amonia toxicity page No. 89).

Cell nunber-: Follow ng the admnistration of MSI, the neuro-
nal yield was reduced by about 40/, while that of astrocytes
increased to a snmall but significant extent (Fig. 48 and 49).
It is interesting to note that the fall in the yield of neurons
was very close to the decrease observed in acute anmmoni a
toxicity (-50/). It appears that hyperarrnmonemc conditions
woul d inevitably result in the loss of at |east sone neurons.
As nmentioned earlier in detail, this loss could be during

the isolation procedure. Since, many of the earlier reports
I ndi cated no change either in neuronal norphology or in its
ultrastructure during hyperammonemc states (117) the other
possibility could be the artifacts induced during the tissue
preparation for histological studies (fixation, dehydration,
etc.) which mght have nasked the changes especially if

their magnitude were to be snall.

The increase in the nunber of astrocytes was on par
wth the earlier reports on the effects of M5l (111). The
major glial reaction in response to Msl is the proliferation
of astrocytes. (Qitteirrez and Norenberg reported a 43%
increase in the astrocytic nuclei wth a | esser dose of M
at the end of 71/2hrs (111). However, in the present

I nvestigati on such an enornous increase in the yield of
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astrocytes was not observed both in acute and subacute
conditions. Probably, sonme of the astrocytes which were in

degenerative phase failed to survive the isolation procedure.

Cell weights and water content,;

The pattern of chahges in the wet weight of neurons
and glial cells was observed to vary with the dosage of the
drug admni stered. The wet wei ght of the neurons increased
above the control value in acute and subacute condi -
tions (Fig.50). The nagnitude of change was at |east twice
as high in acute state than in the subacute state. The
changes observed in glial cells were greater in nagnitude
than that of the neurons. |In acute conditions, the astro-
cytic change was about 7 fold higher than the neuronal change
and in subacute condition it increased to 30 fold. Further,
the astrocytic change in subacute state was found to be at

| east 1.5 times higher than the acute stage (Fig.52).

The changes in the dry weights of both the neurons
and glial cells were totally different fromthe changes in
the wet weight (Fig.50 and 51). The increase in the dry
wei ght of neurons was nore or less sane in both acute and
Subacute states. The increase in the water content of
astrocytes in subacute stage was far greater than the acute
stage. The difference between neurons and astrocytes in

this paraneter was about 3 to 4 fold in acute state and was



Fig. S0 Effect of

methionine sulfoximine on neuronal weight

A E,
&I T >
2.0r
)
ZU 4 J O L,
o I
1_1 _—
}_ +
- o =
1 F
v 15+ D = 3.0k
> OCORen 2
4 %‘ﬁ‘ 3 - r:!:r;l.:r_!iz X
c o,
= 4 : ASASNAS
— i e o
Y S
- & s 2.0 R
4 ] ~ u,',}'
v i ) 3
o Ly @ &
- . B
U ~. _:_Lj .l
= M Of ) L
) 2309
Ej‘ d ?u ISV: E 1.0F — RV,
o H L2 A I o © A
< = R o ke ER
= a (YJ\F (@] + 0 —~
m 3 ¥al [ { = o X
i - T4 e S §§+J
L. = 0.0L . -

Fig. OlEffect of methionine sulfoximine on glial cell weight

= 30
- 12
~20) —-10
o+
i
o
o
W - 5
E< |
-~ |
- f
()
N
— '_-':rJ
—
@
Q
=10 f
E
m - 4
=4
'-_'j ;‘1 o
4 ‘? :
+! b -
. = e
: : 5
Q) O
' -2
L(Q E
b




127

about 50 fold in the subacute state. |In conclusion, the
astrocytic response in these paraneters was far greater than

t hat of neurons after the admni strati on MVSI .

The increase in wet weight as discussed earlier would
suggest an increase in both the particulate and sol ubl e
material, while a change in dry weight would reflect the
changes in the particulate nmaterial. The increase in dry
wei ght in the astrocytes under these conditions woul d
represent the synthesis and accunul ation of particul ate
material. This observation concurred with the existing
reports of the increase in the mtochondrial profiles and
snoot h and rough endoplasmc reticuluns and an increase in

t he nmacronol ecul es such as glycogen in astrocytes follow ng
0]0)

M5l admnistration In addition to glycogen, other macro-
nol ecul es such as protein and nucleic acids mght also be
expected to increase under these conditions as they are
directly or indirectly involved in the process of cel
proliferation. The changes in the neurons in this para-
nmeter though small, yet indicated the reactivity of these
cells either to the drug or to the drug induced netabolic

changes.

The increase in the water content was found to be
(Fig.53) remarkable in the astrocytes especially in subacute

(Fig.53). This observation once again was in accord with
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the already reported changes in the astrocytes due to MSI.
Harris (117) observed a dialation in glial cytoplasmin cm

el ectron mcroscopic study in cerebral cortex follow ng

M5l adm nistration. A simlar change was al so reported
duri ng hepatic encephal opathy (205). |In the astrocyte the
relative contribution of particulate and soluble materials

to the wet weight in acute and subacute stages showed an
interesting trend. 1In the acute stage as nuch of 2/3 of

the wet weight was due to an increase in the particulate
material, whileinthesubacutestateit was|essthan 13% n ot her wor ds,
quite high during acute condition which declined in subacute
state, nost likely due to an augnentation of degradative
processes and degenerative changes in the cell (equival ent

to liquidative necrosis). |In neurons the contribution nade
by dry matter was nore or less constant in both the states.
The changes in the wet weight were solely due to the increase
in cell water content. Though the neurons accunul ated nore
water during acute state, they lost this water in subacute
state (Fig.52). The changes in water content would refl ect
in the changes of the cell size due to swelling. Accunu-

| ation of water both in neurons and glia would alter the
buoyant density, which mght be the reason for the diffe-
rences in the sedinentation properties of these cells during
i solation. The changes in the dry matter and the suggestions
made therein would further be substantiated by subsequent

results on nacronol ecul ar conposition of the cells.
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DNA, RNA and protein:

DNA:  Following the admnistration of MSI, significant changes
were observed in the nacronol ecul ar conposition of the cells.
The DNA content increased to a snall extent in the neuronal
peri karya both in acute and subacute stages (Fig.54). However,
the increase in the astrocytes was far greater in nagnitude
than the neurons, the difference being 3-8 fold. The astro-
cytic DNA content was four fold greater in the subacute

state than in the acute condition (Fig.55).

The increase in the DNA content in a given tissue
woul a be an index of cell proliferation. Though it is well
known that MSI induces cell proliferation in the brain (111),
surprisingly, no efforts were nmade to study the nechani sm
of this process. The interesting feature of MSlI induced
glial proliferation is the absence of mtotic spindles
suggesting that the process mght be endomtotic in nature
(162). Since the values represented in the present investi-
gation were per cell values, the increased DNA content woul d
then indicate either increase in the synthesis or a decrease
in degradation. Mbst probably in the neurons the accunul at ed
DNA which was very snall mght be due to repair synthesis
while in the astrocytes where the magni tude of accumnul ation
was very high, it could be a replicative synthesis. This
Increase in the DNA content, if considered in conjunction

with the absence of mtotic spindles, would then render
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the cells polyploid at |east under the present condition.
At present it is not known whether this synthesis of DNA
Is a replicative synthesis or repair synthesis. Irrespec-
tive of mechanismof stinulation of DNA synthesis in the
astrocytes, it suggested the reactive nature of these cells

to the presence of the drug, MSI.

The changes in the cellular RNA content were nore
or less simlar to the profile of DNA excepting that the
difference in the nmagni tude of change between neurons and
glial cells was only about 3-4 fold. The increase in the
RNA content in the neuronal perikarya was observed to be
nore or less same in both the conditions (Fig.54). In
contrast, the increase in glial cells was found to be greater
I n subacute state than in the acute state (Fig.55). As in
the case of DNA, this increase in the RNA content woul d
be due to increased synthesis or decreased degredati on or
I ncreased stabilization of RNA  Post-transcriptional nodi-
fication of at |east one of the RNA species (tRNA) was
reported (76, 78, 238) which mght play a significant role
in stabilization of newy forned RNA nol ecules. In the
present investigation no attenpts were made to resol ve the
relative contributions of the three species of RNA. If the
pattern is to be sanme in all the cells, then it mght be
assuned that the contribution of rRNA to total cellular RNA
woul d be greater than that of tRNA or nRNA.  This woul d
concur with the electron mcroscopi ¢ observati ons nmade by

several investigators on the ultrastructure of astrocyte
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I n hyperammonem ¢ state (106, 203-205, 327). The Al zhei ner
type |l astrocytosis was associated with the proliferation

of both snooth and rough endoplasmc reticula (111). As

the ribosonmes are constituents of rough endoplasmc reti -
culumthe observed increase in the RNA mght be due to the
changes in rRNA content. Gher RNA species such as nRNA

and tRNA mght also be increased under these conditions.

For the proliferation of the cells and organelles, protein
synthesis is known to be a prerequisite. An increased

i ncorporation of labelled uridine into RNA in hepatic encepha
pat hy was denonstrated, suggesting an increase in the synthe-

sis of RNAin astroglial proliferation (3).

Parallel to the changes in DNA and RNA, protein
content was found to increase both in neurons and astrocytes
following admnistration of M5l (Fig.56 and 57). Unlike
the changes in the other nacronol ecul ar conponents, wherein
the magni tude of increase was greater in the subacute state
than the acute state, the protein content both in astro-
cytes and neurons in the subacute state was less than that
of acute condition. In the astrocytes isolated fromthe
animals treated with acute dose of MSI, the increase in the
protein content was alnost twice to that of the neurons.
However, in subacute state the percent increase was nore
or less sanme both in neurons and astrocytes. This suggested
that the fall in the protein content in the subacute state

was far greater in the astrocytes than the neurons.
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As nmentioned earlier, both for ultrastructural and
bi ochem cal changes observed in the reactive astrocytes,
the protein synthesis is a prerequisite. The change in the
protein content of the astrocytes observed in the present
i nvestigation would support the earlier observations on the
reactive astrocytes under these conditions. It is interest-
ing to note that the neuronal protein content increased
despite of a decrease in cell nunber and a nargi nal el eva-
tion in the contents of DNA and RNA.  Though, no ultrastruc-
tural changes were observed to indicate the reactive nature
of neurons in M5l toxicity, the observed increase in the
DNA, RNA and protein contents in the neuronal perikarya
woul d indicate the occurrence of such a process at |east
to a small extent. Another interesting aspect of the
changes of protein content observed in the present study
was a | esser magnitude of accunulated protein in subacute
state when conpared to the cells in acute condition. In
fact the increase DNA and RNA contents were far greater under
these conditions and it is further believed that the changes
responsi ble for the formation of A zheiner type Il astrocyte
(proliferation of mtochondria, endoplasmc reticulum etc.)
woul d be nmaximal at this stage. In such conditions, a
further increase in protein content(when conpared to acute
state) shoul d have been observed but not a decline. Probably
t he machi nery responsible for the degenerati on of astrocytes

was already in operation at this stage resulting an increased
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degradation and turnover of cellular proteins. However,
unl ess further studies are nade in this direction especially
with reference to protein turnover rates under these condi -

tions, it would be difficult to nmake an appropriate suggesti on.

The changes observed in the macronol ecul ar conponents
of neurons and glia were in accord with the changes observed
in the dry matter of the cells in acute and subacute states.
The decrease in the dry matter (dry weight of the cell) was
far greater in the astrocytes than the neurons in subacute
state, a change simlar to that observed in the protein
profile of the astrocytes under these conditions. It is
apparent fromthese studies that the proteins contribute

a greater portion to the dry matter of the cell.

Ammoni a | evel s:

Amoni a levels were determned in the serum and whol e
brai n honogenates followi ng the admnistration of both acute
and subacute doses of Mol (Fig.58). Amonia |levels increased
sharply in the serumin both the states. Though the quantity
of the drug admnistered in subacute state was |less than the
acute dose, the magnitude of increase in serum ammoni a
| evel s was far greater than the acute condition. In contrast
to the serum concentration, the increase of ammonia |evel
in the brain under acute condition was far greater than the

subacute state. As the cerebral ammoni a | evels were determ ned
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i n whol e brain honogenates, it would be difficult to predict
the regional heterogenity in this paraneter. The rise in
cerebral ammonia |evels due to M5l adm nistration observed
in the present investigation concurred with the expected
action of the drug and with the reports in literature (145,
280, 311). However, the observed rise in the serumval ues
contradi cted the observations nmade by certain earlier investi-
gators (145, 280) but concurred with that of Warren and
Schenker (311). Such an increase in the serumamoni a | evel
m ght be due to the inhibition of GS in peripheral tissues
such as liver, kidney and nuscle. Probably, the contribu-
tion nade by nuscle to serum amoni a | evels woul d be high
because of its greater mass (80% w thin the Caracas than
the other tissues. It was interesting to note that the
magni tude of increase in the ammonia levels both in the
serumand brain in acute state was nore or |ess sane which
suggested a rapid equilibration of ammoni a between these two
tissues. Increase in the cerebral ammonia content due to
M5l adm ni stration was shown to be due to the inhibition of
GS, an enzyne prinmarily involved in the amoni a detoxifica-
tion. The |lesser magnitude of increase in cerebral ammoni a
content in the subacute state mght be due to the synthesis
of GS which may help in lowering the amoni a detoxification
or due to a restricted perneability of this ion into the
brain. The greater increase in serumamonia levels in

this condition would suggest the later possibility. Further,



evi dence for such a possibility would be shown in the latter
part of the results, wherein total inhibition of GS was
observed even in the subacute state, thus ruling out the

earlier possibility.

Enzynmes of ¢l utamate netabolism

Following the admnistration of MSI, GS activity was
totally inhibited in the glia and neurons in both the states
(Fig.62 and 63). The synaptosonmal enzyne was, however,
partially inhibited in the acute state |eaving about 15%
of residual activity. The inhibition of this enzyne in the
synapt osones approached totality in the subacute state wth
only 5% of residual activity (Fig.64). Cellular activity
of GDH increased both in neurons and glia in acute and
subacute states (Fig.59 and 60). Wen the activity was
expressed per ng. protein, a simlar result was noticed
except that the change in the activity in glia under acute
condition was not statistically significant. |In the former
node of expression of enzyne activity, it was noticed that
the changes in the GH activity was nore in neuronal peri-
karya in conparison to the glial cells. In the latter node
of expression (specific activity) the changes in the neuronal
G@H activity were less than that of the astrocytes excepting
In acute state. The synaptosonmal (H was inhibited both in
acute and subacute states, the percent inhibition being

greater in the acute condition (Fig.61).
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Statistically significant elevation in the cellul ar
activity of AAT was observed only in the astrocytes in both
the states (Fig.66). The elevation in the activity of this
enzyne ~~~~~ observed in astrocytes in acute group was
greater than that of subacute group. Wen the activity was
expressed as specific activity, the nagnitude of el evation
observed in acute state was less. In the neuronal perikarya
about 30% i nhi bition was observed in the specific activity
of this enzyne in both the states (Fig.65). Synaptosonal
activity of AAT was inhibited in acute and subacute states,
the nmagnitude of inhibition being greater in acute condition
(Fig.67). Irrespective of the node of expression, ALAT
activity was found to be depressed follow ng the adm nistra-
tion of MSI. However, the percent depression in the acti-
vity of this enzyne was less in acute condi ti on. The
activity of this enzyne was elevated in the acute state and
was depressed in the subacute state (Fig.68-70). Astrogli al
glutamnase was inhibited to a simlar extent both in acute
and subacutes states when expressed specific activity.
Margi nal stimulation (18% was observed in acute state when
the activity was expressed per cell (Fig.71). |In the synapto
sones the activity of this enzynme was unaltered in acute

state and was increased in the subacute condition (Fig.72).

| nhi bition of GS observed in the present Investiga-

tion concurred wth the proposed nechanismof the action of
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Fig. 71 Effect of methionine sulfoximine on astroglial glutaminase
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M5l (159). The total inhibition of the enzyne in neurons
and astrocytes at the end of 3.5 hrs. was also on par with
the work of Lamar (158), wherein near maxi mal inhibition

of the brain enzyne was denonstrated at the end of 4 hrs.
with slightly |esser dose of M5l (200 ng/kg body wt.). It
was interesting to note that the synaptosonmal GS was not
inhibited totally unlike the neuronal or glial enzyne under
the sanme conditions. Though the exact nechani sm behind the
di screpancy is yet to be understood, this observation was
akintothe reports of De Robertis & Sellinger (79) wherein 66%
i nhi bition was observed in the activity of synaptosonal GS.
The inhibition of AIAT due to the admnistration of MSI,
alsocorrelated with the reports of De Robertis & sellinger (79)
and Lamar (158).

The elevation of (H activity observed in the present
I nvestigation both in neurons and glia would help in detoxify-
ing ammonia by way of glutamate formation in these tw cell
fractions. |In this respect the action of MSI on glial CGH
was different fromthat of ammonia wherein an inhibition
rather than stimulation was observed in the glial cells.
Such an effect indicated an inverse relationship in the acti -
vities of GDH and GS in this cellular conpartnent. |In ammonia
toxicity, GS was elevated and GOH was inhibited. In NS
toxicity where GS was inhibited GH was el evated. Such an

I nverse relationship between these two enzynes woul d probably
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help in the conservation of ATP. Under physiological condi-

tions where the ammonia | evels woul d be inadequate to satu-

rate GDH, glutamne fornmation would be a nmaj or nmechani sm of

ammoni a di sposal. Wen there is a surge of ammonia as in

acute amonia toxicity, if glutamne synthesis is not inhi-
continue to

bited, this process woul d/serve as major route of detoxi-

fication in the glial cells. Under these conditions, glutamate

formation in glial cells would be limted and the required

gl utamate woul d be supplied, probably, by neurons. This

inhibition of GDHwould help in an uninterrupted flow of

I nternedi ates through TCA cycle generating the ATP required

for glutam ne formation. However, when GSis inhibited, as

in the case of Mol toxicity, GDHwould assune an inportant

role in the detoxification of ammonia. This would, no doubt,

interfere with the nornmal operation of TCA cycle and energy

production. Probably the ATP neant for the glutamne forna-

tion would be utilized by the other energy requiring nechani sns

The increase in glial GH observed in the present investigation

was simlar to the results of Norenberg (202). This elevation

in GH mght be due to increased synthesis of the enzyne as

the nunber of mtochondria were found to increase under

t hese conditions (205). However, the situation in neurons

in ammonia toxicity appeared to be totally different wherein

both GDH and GS appeared to play an equally inportant role

in ammoni a detoxification. Such a notion is supported by

the elevation in the activity of GDH observed in both the
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conditions tested. The energy deficit due to ammoni a
detoxification in this cellular conpartnent probably reple-
ni shed by an increase in glucose oxidation, as these cells
are known to utilize considerably |arge anmounts of gl ucose
(Neurons - 7.5 pnoles 14CO0, rel eased/cell/hr; astrocytes-
1.08 pnoles 1402 rel eased/cell/hr). Such an equal inportance
to these reactions in neuronal perikarya would naturally
interfere with other equally inportant energy utilizing
mechani sns such as nai ntenance of ionic gradients. The
neur ol ogi cal dysfunction observed in both acute ammoni a
toxicity and MSI toxicity mght be due to such an inter-
ference. The behavi our of synaptosonmal conpartnent under
these conditions was altogether different from neuronal
peri karya and glia, as the activity of (GH was found to be
I nhibited without any relationship to the GS. Such an inhi-
bition would eventually result in an accunul ati on of ammoni um
lons in this conpartnment which mght interfere with the
other vital processes such as state of the rel ease of
neurotransmtters |eading to neurological dysfunction. The
decrease in synaptosomal GDH activity observed in the
present investigationcontradi cted the report of De Roberti s and
SOXh*EftY  (79) .

The response of AAT both in neuronal perikarya and
glia was different from that observed in acute amoni a
toxicity (Fig.30,34). In MSI toxicity the activity of this
engyme wess eebeataeadi nngdl ishl ostlliss sl was unal tered in
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neuronal perikarya while 1n ammonia toxicity 1t was elevated
in neuronal perikarya and was unaltered in glial cells.
Though the exact reason for such a differential behaviour
of the same enzyme in these two conditions is difficult to
considering
explain, an attempt would be made by the inhibition observed i
the activity of GDH. 1In MSI toxicity glial GDH was elevated
leading to the depletion of oa-ketoglutarate from the citric
acid cycle. As the segment of TCA cycle between succinate
and o-ketoglutarate is irreversible, replenishment of o-keto-
glutarate by the reversal of TCA cycle would be improbable
under these conditions. Due to elevation in the GDH, gluta-
mate would accumulate in the glial cells. This glutamate
reacts with oxaloacetate, regenerating o-ketoglutarate with
the formation of aspartate (AAT reaction). Under such
conditions, the depletion of oxaloacetate would be inevitable
and this could be made good by enhanced CCu fixation which
was supposed to be localized in this cellular compartment.
Besides regenerating o-ketoglutarate, the increased AAT
would also help in the transport of reducing equivalents
across the mitochondrial membrane required for glutamate
formation especially when the operation of TCA cycle was
disturbed. The unaltered activity of AAT 1n acute ammonia

toxicity might be due to the fact that o-ketoglutarate

depletion due to GDH activity was not induced.
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A situation similar to astrocytes, might be envisaged
in neuronal perikarya especially with respect to the utili-
zation of o-ketoglutarate (due to an elevation of GDH acti-
vity). However, due to lack of change in AAT activity,
ao-ketoglutarate utilized for glutamate formation might not
be regenerated in adequate amounts. Probably all the
o-ketoglutarate required for GDH activity might have its
origin exclusively from glucose in this cellular compartment
(it 1s well known that neurons consume more glucose than
astrocytes and glutamate in this compartment originates
majorely from glucose). The pathway for the regeneration
of a-ketoglutarate from oxaloacetate, as mentioned above,
might not be operative in this compartment as i1t does not
harbour the enzymes of CCU fixation. Hence, 1f a-keto-
glutarate 1s drained out by GDH reaction, it would be lost
permanently because of lack of regenerative mechanism and
this would impose further strain on the operation of citric
acid cycle. However, 1n ammonia toxicity, AAT activity was
elevated 1in the neuronal perikarva, which would not fall
in line with the above argument. It must be remembered
that the hyperammonemic state in MSI toxicity would be
totally different from that of acute ammonia toxicity,
especilally in the operation of GS. Though, superficially
the enzymes AAT and GS appear to have no relationship to
influence each other, subcellular localization of these

enzymes would yield a clue in their relationships. GDH is
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known to be localized in mtochondria. Hence, glutamate
formed by this enzyne during hyperammonem c state woul d be

in the mtochondria. The enzyne GS is known to be |ocalized
In mcrosones and require glutamate as a substrate, which

has to be transported across the mtochondrial nenbrane as

it is not freely perneable. Hence, nechani sns nust exi st

in the cell for the transport of glutamate across nito-
chondrial nmenbrane, especially to support the GS activity.
Two such nechani sns were proposed earlier. The glutanate

-CH carrier was shown to transport glutamate from cytopl asm
into mtochondria {77 ). The reversal of this carrier action,
I.e. frommtochondria to cytoplasmmght not be in operation
due to an unfavourable H/ OH~ gradients (the mtochondri al
matrix has more OH and less H than the nmedium) (167).

The ot her suggested node of exchange was aspartate-gl utamate
exchange (48). (Qutamate frommtochondrial natrix woul d
exchange with aspartate in cytoplasmin this node of trans-
port which serves as a part of nal ate-aspartate shuttle.

In this process the enzyne AAT plays a nmajor role in connect-
ing the GDH, localized in mtochondria, with the GS | ocalized
in endoplasmc reticulum For increased glutam ne production
as in acute ammonia toxicity, nore glutamate has to be trans-
ported across mtochondrial nmenbrane, hence, an el evation

in AAT activity. In Msl toxicity, where GS was inhibited,
there mght not be a need for the increased transport of

glutamate, hence, the activity of this enzyne was unaltered.



143

The situation in glia was slightly different in this aspect

as glutamate required for glutamne formati on woul d be derived

from several precursors and the contribution by GH woul d

be small in conparison with nornal conditions (when GS is

not inhibited). This mght be a reason for not observing

any change in AAT in the glia in acute ammonia toxicity.

This concept was further supported by the inhibition of AAT

I N synapt osones both in acute ammonia toxicity and also in

MBI toxicity, wherein GDH activity was inhibited nore or

less to a simlar extent.

Though the nechani sm behind the inhibition of ALAT

in MBI toxicity is not understood, it mght help in channell -

ing pyruvate into TCA cycle or for CO, fixation.

Though a marginal stinmulation in G_LNase activity was

observed in acute MSI toxicity, in subacute state, it was

reverted to nornal levels. As there would be no substrate

for this enzyne, the changes expressed in the activity of

this enzyme mght not be of any significance. However, in

synapt osones sone anount of glutamne mght still be avail able

due to the residual activity of GS and this glutamne coul d
serve as a precursor for the rel easabl e pool

and GABA

of glutanate
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Very few observations were made on the |levels of amno
acids in MSlI toxicity and these reports were far from conplete.
Most of the studies were nmade in whol e brain honogenat es
in the animals other than rat. In addition, at least in
few reports where dogs were used as experinental ani nmal s(280),
they were subjected to extensive surgery and were treated
w th several anaesthetics. Further, the results obtained
in in vivo experinments were contradictory to the results
obtained fromin vitro experinments. The in vivo experinents
I ndi cated a decrease in the levels of glutamate and aspartate
(280, 295) which would contradict with the observati ons nade
in the present study where the increased (3H woul d necessi -
tate an increased level of glutamate. Since nost of the
experiments were in whole brain honogenates it woul d be
difficult to assess the changes in the cortex especially if
there is a regional heterogenity in the drug susceptibility
(265). In one of the in vitro studies (20) marginal increase
in glutanate | evel was observed while in another study (29b)
decrease was noticed in the slices. In the slice prepara-
tions the nunbers of neuronal perikarya would be |less com
pared to nunber of nerve endings. |If the assunption that
each neuron woul d bare approxi mately 40,000 nerve endi ngs
Is considered (212), under such conditions one m ght expect
a decrease in glutanate fornmation in the slice preparations

as (OH was inhibited by MSI in synaptosones.
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andl Vo den
The observations nade by Van den Berg (295) were

Interesting and woul d support the observations nade in present

I nvestigation, especially with reference to the changes wth

the glial GH and AAT activities. These authors noticed an

I ncrease in the incorporation of C label into glutamate

and aspartate fron1ﬂ40—acetate, a snall conpartnent precursor

and a decrease in the incorporation of |abelled carbon into

t hese am no acids fron12-aﬂc}glucose,a | ar ge conpart nent

precursor. The latter effect nay be explained by assum ng

that the bulk of glucose utilization would be be in synapto-

sones as they outnunber the neuronal perikarya.

In the present discussion about MSI toxicity not nuch
stress was given on the netabolic conpartnentation of gl uta-
mat e because, both the cells have becone reactive and
expressed nore or less simlar changes (excepting AAT), a
situation totally different fromthat of ammonia toxicity

where the nmaj or changes were observed only in neuronal

peri karya.

ATPases;

The activity of My™ - ATPase was observed to be el e-
vated both in neuronal perikarya and glia in both the
conditions of Mol toxicity (Fig.73 and 74). The percent
el evation in the activity of this enzyne was nore or |ess

sanme in both acute and subacute states in neurons whereas
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it was less in subacute state in glial cells. No signifi-
cant changes were observed in the activity of this enzyme

in the nerve ending particles (Fig.75). The changes observed
in the activity of Mg -ATPase in neuronal perikarya and in
synaptosomes were akin to the changes observed in ammonia
toxicity. As mentioned earlier, the activity of this

enzyme (s) could be a representative of several ATP consuming
reactions (219) especially those involved in glucose phos-
phorylation. The increased activity of this enzyme(s) would
then represent an increase in the phosphorylation of glucose
and larger influx of glucose carbon into TCA cycle, thereby
ensuring an uninterrupted supply of o -ketoglutarate for
glutamate formation. Lack of changes in the activity of
this enzyme(s) in the synaptosomes would be in accord with
this suggestion, as the glutamate formation was totally
suppressed in MSI toxicity. The increased activity of this
enzyme (s) 1in the glial cells in acute phase would also
represent a similar situation. The decline in the activity
in subacute phase might be due to the degenerative changes
of the reactive glial cells, restricting o -ketoglutarate

availability for the glutamate formation.

The increased activity of Na+, K -ATPase observed in
MSI toxicity 1n all the three fractions (Fig.76-78) might
be responsible for the earlier reported elevation in the

activity of this enzyme 1in brain homogenates under similar
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conditions (265). The nagnitude of changes in the activity

G Nat, K+ -ATPase in MSlI toxicity was different fromthat of
ammoni a toxicity. The changes in the glial cells and synapto-
sones were nore or |less equal and were greater than those

of changes in neuronal perikarya. The increased activity

of this enzynme m ght be responsible for the transport of

| arger quantity of NH,. into glial cells and synaptosones

than into neuronal perikarya, due to reasons nentioned earlier,
| ncreased transport of NH;. due to the elevation of this enzyne
activity into the synaptosones, especially in the absence

of normal detoxification nmechani sns, as observed presently,
would result in the accumul ati on of NH4+ inside and the

resting nenbrane potential would be shifted nore towards the
threshold value (123). This mght be responsible for the
susceptibility of the normal mce to audiogenic stimuli
following the treatnment of Msl (302, 303) and also for the

convul sions observed in the present investigation.

Finally, an attenpt would be made to correlate the
changes observed in cell norphol ogy, cellular netabolism
and the behaviour of the animals during M5l toxicity. The
I ncreased nunber of glial cells, as was discussed, mght be
an index of the proliferation of these cells in M5l toxicity.
In contrast, a state of neuronal degeneration (decrease in
cell nunber) was observed. The glial cells would enter

into reactive phase by synthesizing and accumul ating |arge
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amounts of DNA and protein 1n addition to the glycogen.
Accumulation of these components along with the metabolic
changes might lead to the changes in the osmotic activity
inside the cell resulting in large influx of water and the
swelling of glial cells. The lack of detoxification process
in the nerve endings would result in an accumulation of NH4+,
which would affect the membrane potentials (and probably

the state of excitation and release of neurotransmitters)
without 1mposing any metabolic strain. In conclusion, the
neurological symptoms observed might be due to multipronged
action of this drug. From the present investigation, it
would appear that the loss of at least few neuronal perikarya,
depletion of o -ketoglutarate and probable changes 1n membrane
potentials in the nerve endings might be responsible for

the neurological symptoms elicited by the drug, MSI.

Before any cause-effect relationship i1s established
in hyperammonemia similar studies should be conducted in
several other regions of the brain, especially in cerebellum
(responsible for the motor activity) and in brain stem
(responsible for maintenance of consciousness through reti-
cular activating system) and in hyperanmonemic syndromes of
varied etiologies. Studies should also be made on the turn-
over rates of not only macromolecules but also of several
metabolities and the rates of operation of various metabolic

pathways 1in these cells isolated from different regions.



This study was a prelimnary effort in such a direction and
by no neans is totally conplete. However, it would help
I n understanding not only the cerebral nechanisns invol ved

in the pathol ogical states but al so provides the nuch sought

I nformation on neuroglial interactions.



SUMMARY
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SUMVARY

1. A nodi fied nethod was described for the isolation
of cells fromrat brain both fromnornmal aninals and from
animals injected with ammoni um acetate and net hi oni ne sul f oxi -

mne (MSI). Synaptosones were also isolated fromthese

ani nal s.

2. In addition to mcroscopic identification, narker
enzynes were assayed to determne the purity of the isolated
cell fractions. Activities of carbonic anhydrase, butyryl
and acetyl cholinesterases and choline acetyltransferase

I ndi cated that the contam nati on was not nore than 10-15/.

of various cell fractions.

3. Neuronal perikarya had a greater wet weight than the
astroglia. The water content of the neuronal perikarya
(78/.) was greater than that of the astrocytes (59/.) while
the contribution nmade by the particulate material (dry
matter) to the cell weight was greater in astrocytes (47%

than in neuronal perikarya (21%.

4. The DNA content of the neurons was greater than that
of astrocytes or that of a diploid cell of rat which m ght
be due to polyploidy in the neurons. The RNA content was
al so higher in neuronal perikarya than the astrocytes, an

observation in concurrence with the sonmatotrophic role
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pl ayed by the neuronal perikarya. Protein content of the
neurons and astrocytes was nore or |less sane, in spite of
a higher nucleic acid content of the neuronal perikarya,

the reasons for which were di scussed.

5. D stribution of the enzynmes of gl utanmate netabolism
was determned in the isolated cell fractions and synapto-

sones fromnormal ani nals.

6. d ut amat e dehydrogenase (GDH) activity was greater

in the synaptosones than in astrocytes and neurons in which
the activity levels were simlar. The distributory profile

of aspartate am notransferase (AAT) was: synaptosones > astro-
cytes > neuronal perikarya, while that of al anine am no-

transferase (A1AT) was equal in al the three fractions.

7. d utamne synthetase (G5 activity was present not

only in the astroglia but also in the neuronal perikarya

and synapt osones which could not be attributed to the contam -
nation of these preparations with glial cells. It was
suggested that this enzynme in neuronal perikarya m ght supply
glutamne for various other vital biosynthetic reactions,

in addition to its contribution to the neurotransmtter

pool. The presence of this enzyne in synaptosones m ght

be due to axonal transport from the neuronal perikarya.
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8. The activity of glutamnase (G.Nase) was found to
be greater in the astrocytes than in the synaptosones and

it was not detected in the neuronal perikarya.

9. Based on the distribution of the enzynes, it was
suggested that the nerve termnals would derive a najor
portion of their glutamate fromglucose and a part of this
glutamate mght be converted to glutamne in the nerve
termnals. The glutamate for the biosynthesis of glutamne
in the astrocytes mght have its origin fromthe gl utanate
synt hesi zed in synaptosones and a very snall anount of

gl ucose carbon would enter into the glutamate in the astro-
cyte. A simlar condition was al so perceived for the
neuronal perikarya. The suggestions nade in the present

I nvestigation would differ fromthe classical theory of

net abolic conpartnentation with respect to the synthesis

of glutamne both in neuronal perikarya and in the nerve
endings and also with respect to the ability of astrocytes
to synthesize glutamate from gl ucose. AAT was supposed to
play a major role not only in the synthesis of glutanmate
and aspartate (utilizing the dicarboxylic acids from TCA
cycle)but also in the transport of glutamate fromthe mto-
chondria for the synthesis of glutamne in the cytoplasm
and in the transport of reducing equivalents across mto-

chondri al nenbr anes.



10. Lesser nunber of neurons were isolated fromgram

wei ght of cortex of the aninmals injected with amoni um
acetate, than the controls while the nunber of astrocytes
isolated did not vary to a significant extent. The |oss of
neurons under these conditions was not due to the vagaries
of the isolation procedure. M croscopic exam nation of
neuronal preparation from experinental aninals reveal ed
that a popul ati on of neurons which are small in size (ad
have a small nucl eus) were few in nunber than in the prepa-
rations fromcontrol animals. The neurons which were |arge
in size (and have a large nucleus) were unaffected. The
swel ling of astroglia and neurons was m croscopically evident.
It was suggested that at |east a popul ati on of neurons
(possibly Golgi type Il neurons or granule cells) were

vul nerabl e to hyperamonem c st ates.

11. Both wet weight and dry weight of neurons and astro-
cytes increased following the admnistration of amoni um
acetate. The magnitude of increase was greater in the
astrocytes than in the neurons. A simlar profile was
obtained in the water content of the cells where, the
increase in astrocytes was at |least 8 fold higher than

that of neuronal perikarya. The increase in the water
content suggested swelling of the cells due to the adm ni -

stration of anmoni um acet at e.
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12. The increase in the DNA content was greater in the
neurons when conpared to astrocytes, while a reverse profile
was observed for the changes in RNA content follow ng the
admni stration of an acute dose of ammoni um acetate. Parall el
changes were al so observed in the protein content of these
cells. The magnitude of increase in protein content was
greater in neurons than astrocytes. Though the reasons for
the increase in DNA content could not be explained, the
changes in the RNA and protein contents were assuned to be
responsi ble for the synthesis of new proteins to circunvent

the physiol ogical stress in the hyperammonemc state.

13. The activities of all the enzynes of glutamate neta-
bolism (GH GS, AAT, A AT and (G_LNase) were found to increase
in the neuronal perikarya and the nmagni tude of change was

greater during convulsions than in the comatose condition.

14. In contrast to the changes in neuronal perikarya,

the activity of (GH was found to be depressed in the astro-
cytes. But for an increase in GS, the activities of rest

of the enzynes of glutanmate netabolismwere either unaltered
or suppressed in acute ammonia toxicity. The nagnitude of
elevation in the activity of GS in astrocytes was 5-7 fold

| ess than that of the neuronal perikarya. The only signi-
ficant positive change observed in the am notransferase

activity was that of Al AT, especially during convul sions.



15. In synaptosomes, the profile of changes in the acti-
vities of enzymes of glutamate metabolism were almost similar
to that of astrocytes. GDH activity was suppressed totally
(-93/.) and the activity of GS was elevated 1n comatose con-
dition and returned to normal levels during convulsions.
GLNase was elevated 1n comatose condition and suppressed 1n

convulsive state.

16. The changes observed in the present investigation
suggested that the neuronal perikarya encompassing the large
compartment of glutamate would play a major role 1n ammonia
detoxification by way of glutamate and glutamine formation
when compared to the astrocytes as evidenced from the magni-
tude of changes in the activities of GDH and GS. The
increase 1n the activity of AAT in this cell compartment
under these conditions might help in the maintenance of a
favourable redox state in the mitochondria for the synthesis
of glutamate. In addition, it might favour regeneration of
o-ketoglutarate lost in the glutamate formation and also in
the transport of glutamate from the mitochondria for the
synthesis of glutamine. A similar role might be envisaged
for the AIAT, the activity of which was also elevated in

the neuronal perikarya under these conditions.

17. The suppression of GDH in the astrocytes indicated

that the major pathway of ammonia detoxification in the
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glial cells would be glutamne fornation and the gl utanate
required for this process mght have an exogenous origin

as GDH was suppressed and AAT was unaltered. The derange-
ment of netabolismin ammonia toxicity appeared to be m ni nal

in the astrocytes conpared to the neuronal perikarya.

18. The observed changes in the activities of enzynes of
glutamate netabolismin the synaptosones suggested that this
subcel lul ar conpartnent was not involved to a nmajor extent

in ammoni a detoxification but for an initial phase of gl utamne
formation. The total suppression of (H and the reduction

In AAT activity were in support of such an observation. It

was proposed that the nerve endings woul d accunul ate ammoni um

i ons, which would alter the nenbrane potentials, consequently
their electrical activity and neurotransmtter release under

t hese condi ti ons.

19. The swelling observed in astrocytes under these
conditions, inspite of a mninmal metabolic derangenent in
the detoxification process, was proposed to be due to the
changes in nenbrane perneability especially to chloride

i ons.

20. The increase in the Mg**- ATPase activity in the .
neurons was greater in nmagnitude when conpared to the changes

in the glia or synaptosones. As this enzyne was supposed



to be heterogenous in nature and its function is yet to be
understood, it was proposed to be a representative of non-
specific ATP utilization, nmost likely the initial stages

of glycolysis. Increased activity of this enzyne woul d
then represent increased glucose phosphorylation in the
neurons and the entry of glucose carbon into citric acid
cycl e woul d be enhanced under these conditions. This would
supply the necessary carbon skeleton for the synthesis of

glutamate in this cellular conpartnent.

21. Nat+ , K+ -ATPase activity was el evated both in comatose
and convul sions in the neuronal perikarya, while in the
astrocytes such an el evation was observed only in the
convul si ve phase and was suppressed in conatose condition.

The changes in the synaptosonal enzyne were opposite to

those observed in glial cells. Such changes in the activity
of Na*, K+ -ATPase in the glia and synaptosones woul d infl uence
the ionic gradients across the nmenbranes which m ght be

responsi ble for the neurol ogi cal dysfunction.

22. An effort was al so made to understand the cel |l ul ar
mechani sns involved in the toxicity of the hyperammobnem c
drug, nethionine sulfoximne (MSI). The pattern of changes
in wet weight, dry weight and water content due to NSI

adm ni stration was nore or less simlar to that observed

In acute ammonia toxicity, but it was of greater magnitude



In the astrocytes. The increase in the water content was
very promnent in these cells suggesting a greater swelling
of the astrocytes, especially in the subacute state of NS

toxicity.

23. The changes in DNA, RNA and protein in MSl toxicity
were also simlar to those observed in acute ammonia toxicity,
but for their greater nmagnitude in the astrocytes conpared

to neurons. A narginal increase in the DNA was observed in
both the states of MSI toxicity in neuronal perikarya when
conpared to the astrocytes where the changes were nore
promnent in the subacute state. The increase in the protein
content in the neuronal perikarya was nore or |ess sane in
the acute and subacute states of MSl toxicity but in the

glia it was nore in acute state than in subacute state.

The changes in the DNA content especially in the glial

cell's under these conditions was considered to be an index

of the cell proliferation. It was suggested that this

change m ght be akin to endomtosis. The changes in the

RNA and protein would help in the proliferation of the cell

organel | es under these conditions.

24. The activities of GS and ALAT were inhibited under
these conditions both in the neurons and astrocytes, a
result expected fromthe earlier studies on the effect of

M5l on these enzynes. H was elevated in M5l toxicity
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and the magnitude of elevation was greater in neurons than
the astrocytes both acute and subacute states. The activity
of AAT was elevated in the glial cells while the changes in

neuronal perikarya were statistically not significant.

25. The changes in the activities of these enzymes in

the synaptosomes were more or less similar to those in acute
ammonia toxicity as all the enzymes of glutamate metabolism
were 1nhibited to a greater extent excepting glutaminase in

subacute state and MAT 1in acute state.

26. Due to an increase in GDH activity ammonia would be
detoxified by way of glutamate formation in neurons and
astrocytes and in fact this would be a major mechanism in
the absence of GS. In this process, a-ketoglutarate would
be depleted from citric acid cycle. In the neuronal peri-
karya glucose would replenish the loss of dicarboxylic
acids while 1n the astrocytes i1t would be replenished by
AAT. The changes observed in the AAT activity would provide
support to this observation. Unaltered activity of this
enzyme 1n neuronal perikarya during MSI toxicity may be
understood in the light of above suggestion and also by its
role in transport of glutamate for the synthesis of gluta-
mine which was suppressed by MSI. These observations

supported the earlier contention that the neuronal perikarya
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have nmajor role in the process of ammonia detoxification

than the astrocytes.

27. The lack of changes in glutamate netabolismin synapto-
somes would lead to a netabolic state simlar to that described

in the acute amonia toxicity (cf.No.18).

28. The changes in My™"- ATPase once again suggested a
greater nmagnitude of glucose oxidation in the neuronal

peri karya both in acute and subacute states and also in the
glial cells under acute condition. As said above, glucose

m ght be providing the skeleton for the gl utanmate synthesis.

29. The magni tude of the changes in the activity of Nat,
K'- ATPase were nore or less simlar in the astrocytes and
synapt osones and were of greater nagnitude when conpared

to those of neuronal perikarya. As nentioned earlier these
changes mght be responsible in the alterations in the ionic
gradients in the respective cell conpartnments which m ght
play a major role in the etiology of the neurol ogical

synpt ons.

30. The results of present investigation suggested a
major role of the neuronal perikarya in the process of

amoni a detoxification when conpared to the astrocytes.


http://cf.No.18
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It was observed that the netabolic derangenent due to detoxi -
fication was also mninal in the nerve endings leading to
the accunul ation of amonia which alters the electrical
activity by influencing the ionic gradients. |n conclusion,
the present investigation would help in filling up the

| acunae in understandi ng the pathophysiol ogy of ammonia
toxicity and in the involvenent of different cellular popu-
|ations in the detoxification process. This study woul d be
of inportance, as hyperannonem c states are associated with
several netabolic derangenents (both acquired and i nherited)
of amno acid netabolism wurea cycle disorders and in hepatic

failure.
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