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Abstract—Intracerebral injection of fluoroacetate and fluorocitrate were made in rats
by manua! and stereotaxic technique, Fluorocitrate was found to be at least 100 times
more toxic than fluoroacetate under various experimental conditions. .

Fluorocitrate was more toxic when injected in the third cerebral ventricle, or in the
nucleus reuniens thalami than when injected in the lobus frontalis.

Gas chromatographic determination of fluoroacetate shows that this compound is
rapidly removed as such from the brain.

These results and their implications are discussed in relation to current views of the
action of these compounds.

THE PROBLEMS of the actval toxicity of fluorocitrate to brain tissue are of importance
for several reasons.

There is the fundamental question whether the convulsions caused by i.p. injection of
fluoroacetate are caused by fluorocitrate synthesized locally in the brain or whether
they are due to fluorocitrate carried to the brain after synthesis elsewhere in the body.
Since fluorocitrate in small amounts blocks the enzyme aconitase, the amount of
fluorocitrate leading to convulsions and death is very small; it follows that brain tissue
appears to have no alternative pathway to the “citric acid cycle” for the final stages
of metabolism.

It is known that in some animals, the brain tissue in vitro does not convert
fluoroacetate into fluorocitrate. In the pigeon for instance homogenates of the brain
can be used to estimate fluorocitrate in the presence of fluoroacetatel.2 and in the
rat, there is no apparent synthesis of a “citrate” inhibitor from fluoroacetate as shown
by Peters and Shorthouse®. Qualitatively, it is known that intracerebral injections
of fluorocitrate iz vive are much more toxic than injections of fluoroacetate. In the
cat Prof. Szerb (personal communication) found that application to the brain surface
of fluoroacetate (100 ug/ml) did not alter the electrical activity of the underlying
cortex, whereas fluorocitrate (100 pg/ml) abolished all electrical activity within 15
min, In considering a possible local effect of fluoroacetate itself in cats, we must take
into account the induction of “scissor-like” signs described in cats by Kelen and
McEachern?; there are also the more recent observations by Lahiri and Quastel on
homogenates from rat brain, indicating that fluoroacetate in rather large concentra-
tions (10 mM) can inhibit the glutamine synthetase and so alter ammonia metabolism.
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New techniques for the intracerebral injection of drugs® and for injection over
specified areas of the brain gave the opportunity for more quantitative tests in the rat.
We have also investigated the rate at which fluoroacetate can leave the brain.

MATERIALS AND METHODS

Sodium fluorcacetate (Monsanto) contained no measurable fluoride and was
95 per cent pure; the main impurity being sodium acetate (M. Shorthouse, personal
communication). Sodium fluorocitrate was from the sample used by Ward and
Peters? previously and was made from chemically synthesized triethyl-fluorocitrate.
Tt was reckoned to contain 11-5 per cent of the biologically active isomer, as previously
determined. In our experience, fluorocitrate remains stable for a long time if kept in
the dessicator, The experiments of Table 2 were made with a more recent preparation.

Intracerebral injections

Intracerebral injections by the Valzelli technique6 were made in a volume of 0-01-0-02
ml on female Sprague-Dawley rats anaesthetized with ether.

This technique takes advantage of the squamopetrosal fissure, immediately behind
the zygomatic arch; injections by this technique reach the diencephalic zone. The
stereotaxic technique is described below.

The solution of sodium fiuorocitrate and of sodium fluoroacetate were made up
with 20% gum arabic, which prevents a loss through the site of injection and which
has been proved in this Institute to be innocuous.

Stereotaxic technigues

Sprague-Dawley adult female rats weighing 250 4- 10 g (brain weight 1-8 + 0-1 g)
were used.

Microinjections of sodium fluorocitrate or sodium fluoroacetate were made in
different parts of the rat brain using a stereotaxic apparatus {C. H. Stoelting) under a
light ether anesthesia.

The microinjections were made in the following brain centers: nucleus reuniens
thalami (RE), nucleus rhomboideus thalami (RH), nucleus mediodorsalis thalami
(MD), nucleus paraventricularis thalami (PV), nucleus medialis septi (MS), gyrus
dentatus (FD), lobus frontalis (LF) and also in the third ventricle (V) {see Fig. 1).

The coordinates were calculated according to de Groot® (1959). The volume of the
microinjection in all cases was 1 ul. As a control the same volume of pyrogen free
distilled water was injected.

Gas chromatographic determination of fluoroacetate

Brain was homogenized with 759 alkaline ethanol (pH 7'5) in the ratio 1:10 (w/v)
and then centrifuged at 15,000 r.p.m. X 30 min,

Fourteen ml of the supernatant were dried under vacuum. The residue was dissolved
with 2 ml of water and then centrifuged for 10 min. at 10,000 r.p.m., 1-7 ml of the
supernatant were frozen at —20° and then dried under vacuum. The residue was
dissolved with 0-05 m! of H2504, 409 (v/v) and then 0-05 mi of trifluoroacetic acid
were added. The trifluoroacetic acid was used as an internal standard and kept in
water at the concentration of 11-2 mgfml (checked by a volumetric titration). One pl
containing 5-6 ug of trifftuorcacetic acid was injected directly in the chromatography
column.
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FiG. 1. Sites of the intracerebral injection.

RE = n. reuniens thalami
RH = n. rhomboidens thalami
PV == n, paraventricularis thalami

MD = n. mediodorsalis thalami
V = ventriculus cerebri
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A 2 m glass column (i.d. 2 mm) was filled with Gas Chrom P (60-80 mesh) containing
1% phosphoric acid and 109 of LAC 446 (ethylene glycol adipate). Hydrogen was
used as a carrier gas with a flow of 60 ml/min. The temperature was 130°,

Fluoroacetic acid was added at concentrations of 0-7, 1-4 and 2-8 pg/ml.

The surface of the peaks was calculated using the height x base at half height.
A factor of correction was established as the ratio between a standard dose of tri-
fluoroacetic acid and a standard of fluoroacetic acid. This ratio was in our experimental
conditions 0-3535. The recovery obtained by adding a standard dose of fluorcacetic
acid to the brain was around 80 per cent.

RESULTS

1. The effect of intracerebral fiuorocitrate
The results given in Table 1 and Fig, 2 which are confirmed for 10 pg of crude

material in Table 2 prove that fluorocitrate is very toxic upon intracerebral injection.

EFFECTS OF FLUOROCITRATE INTRACEREBRAL

230

155
115

Active Flcitrate {pg)

0-57%
) 22/5 rats alive
%_21312 ——> Al & rats alive

BOBOIOO 140 180 220 260 300 ‘O 460
MINUTES (To death)

FiG. 2. Relation between dose and lethal effect of fluorocitrate (F citrate) injected by intracerebral
route in rats. Time to death in min. K. killed in convulsions.

TABLE 1. INTRACEREBRAL TOXICITY OF SODIUM FLUOROCITRATE

Dose pg Died First convulsion average

(min)

310 3/3 44

2-30 2/2 21

1-55 33 30

115 4/4 42

0-575 4/4 45

0-287 3/5 87

0-115 0/4 none

Note: (1) Weights (approx.) of rats for 2:30 ug, 250 g, for 0-287
g, 134 g. Remainder 150 g.

{2) The dose given is that calculated for the active
isomer which was 11-5 per cent of the crude fluo-
rocitrate injected, i.e. 10 ug crude injected was equiva-
lent to 1-15 ug active isomer.
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All rats of 200 g were killed by 5 ug of the crude synthetic fluorocitrate, 2+5 pg killed
3/5. Since only 11-5 per cent of this preparation was the biologically active isomer,
5 pg is equivalent to 056 ug of the active sodium fluorocitrate isomer.

Reckoning the average weight of the rat brain as 1-40 g, the toxic brain dose per kilo
wet weight is 0-4 mg, which does not allow for losses in other tissues. The quantitative
result is surprisingly close to a theoretical estimate of 0-2 pg/g (2) required to block
the citric acid cycle in pigeon’s brain in vivo. It has been calculated (personal com-
munication by Dr. K. C. Dixon) that fluorocitrate is as toxic as diphtheria toxin.

2. The efffect of fluorocitrate on different areas of the brain
Data reported in Table 2 show that fluorocitrate injected intracerebrally is quite
effective in producing convulsions. The concentration of 2-5 pg (corresponding to

TaBLE 2. CONVULSANT ACTIVITY OF SODIUM FLUOROCITRATE INJECTED IN VARIOUS
PARTS OF THE BRAIN (MIXED ISOMERS)

NaFC Site of N. N. N. Remarks
kE _ the convulsant deaths convulsion
injection in2 hr

— MS 0/2 02 — controls (1 xl/Ha0)
2:5 MS 2/4 0/4 15 —_

5-0 MS 4/4 2/4 32 —

— FD 0/2 0/2 —_— controls (1 pl/H20)
2-5 FD 3/4 0/4 11 —

50 FD 4/4 2/4 20 —

— LF 0/2 072 —_ controls {1 ul/HsO)
50 LF 0/4 0/4 0 —

100 LF 2/4 0/4 14 —

— RE 0/2 0/2 —_ —
1-0 RE 0/4 0/4 — —

2-5 RE 4/4 1/4 28 —

50 RE 4/4 3/4 33 —

10-0 RE 33 373 30 —_

20-0 RE 2/2 2/2 42 ‘ —

—_ RH 071 0/1 —_ controls (1 xl/Hz0)
25 RH 33 2/3 37 _—

— MD 0/1 0N _— controls (1 pl/HO)
25 MD 33 2/3 33 —

— PV 0/1 0/1 — controls (1 xl/H:O)
25 PY 3/3 33 44 , —

—_ ' 0/1 0/1 — controls (1 pl/Ho0Q)
2:5 Y T 33 3/3 38 —

— Midbrain 0/2 0/2 — controls (1 ul/H20)
50 Midbrain 12/12 12/12 11 Valzelli’s technique

MS : nucleus medialis septi
¥D : dentatus
LF :lobus frontalis
RE : n. reuniens thalami

RH ! n. rhomboideus thalami-
MD : n, mediodorsalis thalami
PV : n, paraventricularis thalami
¥ ! ventriculus cerebri

n = nucleus
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about 0-25 ug of active isomer) produces long lasting convulsions after injection into
almost all the parts of the brain assayed. However the injection of fluorocitrate into
the lobus frontalis was convulsant only at the dose of 10 pg corresponding to about
1 pg of active isomer,

3. The effect of intracerebral fluoroacetate
From Table 3, it is seen that even a dose of 100 ug fluorcacetate injected intracere-
brally did not kill any rat. This is at least 200 times the LD 100 of fluorocitrate. At the

TABLE 3. CONVULSANT ACTIVITY OF SODIUM FLUOROACETATE INJECTION INTO VARIOUS
PARTS OF THE BRAIN

NaFaC Site of N, N. N. Remarks
pE injection convulsant deaths convulsions
in2 hr
— Vv 0/2 0/2 — controls (1 ug/H20)
50 \4 5/6 2/6 19 -
25 \' 4/6 0/6 16 —
10 v 2/6 0/6 3 —
—_ RE 0/2 0/2 — controls (1 ug/H:0)
50 RE 6/6 4/6 13 —
25 RE 4/6 0/6 18 —
10 RE 2/6 0f6 2 —
—_ Midbrain 0/4 0/4 — controls {1 pg/Hz0)
50 Midbrain 0/6 0/6 — Valzelli’s Technique (1)
50 Midbrain 0/12 0/12 — Valzelli’s Technique (1)
75 Midbrain 3/6 0/6 3/6 Valzelli’s Technique (1)
100 Midbrain 2/4 0/4 — Valzelli’s Technique (2)
100 Midbrain 2/4 0/4 — Yalzelli’s Technique (2)
500 Midbrain 11/12 9/12 12 Valzelli's Technique

(1) (2) 150 g rats (2) All rats excited; 50 per cent not severe, clonic convulgions.
V = Ventriculus Cerebri. RE = n. Reuniens Thalami.

same time these experiments revealed a new point. Whereas doses of 50 pg had no
effect, the larger doses of 100 ug induced temporary convulsions of a clonic type in
50 per cent of the rats. 500 pg killed all the animals with typical tonic and clonic
convulsions.

Fluoroacetate injected in the ventricle or into the nucleus reuniens (see Table 3)
was more toxic than when injected by Valzelli’s technique. However even in the nuc-
leus reuniens, fluoroacetate was about 100 times less toxic than fluorocitrate.

4. Presence of fluoroacetate in brain

Though these results appeared to be clear, it occurred to us that some estimate
should be made of the time that the fluoroacetate remained in the brain after an
injection. Accordingly, 150 g rats were given intracerebral doses of 100 pg/rat of
sodium fluoroacetate in 10 ul; the animals were then killed 1, 15, 30 and 60 min after
the treatment. Surprisingly, fluoroacetic acid was only present as such for 1 min after
the injection; it was then less than 15 per cent of the amount injected.
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DISCUSSION

Relative toxicity of fluorocitrate and fluoroacetate

The marked toxicity of fluorocitrate in the brain is very clear. From the injection
into different areas it follows that the most sensitive parts of the rat brain were the
n. reuniens thalami, the n. paraventricularis thalami and the ventriculus cerebri.
Lethality was higher in the nucleus paraventralis thalami and also when the micro-
injections were made in the ventriculus of the brain. Intracerebral injection in the
midbrain was similar, though faster in comparison with the microinjections.

The low dose of fluorocitrate, not more than 2 x 10—8M, causing convulsion in vivo
is in agreement with the effects found of inhibition of aconitase in vitro of 10-8M (2);
it is reasonable to conclude that the fluorocitrate is inhibiting the citric acid cycle in
the brain at the point of the aconitase enzyme. It is indeed significant that this proves
fatal, so that the brain appears to have no alternative pathway for obtaining the
necessary encrgy to maintain its metabolism. Possibly there is a failure to synthesize
ATP, It should be mentioned that, in the experience of one of us (R. A. Peters)
and contrary to some statements, convulsions arising from i.p. or intracerebral doses of
fluoroacetate and fluorocitrate have always been accompanied by a rise of citrate
in brain tissue, consistent with a block in aconitase? 9,

Effect of flucroacetate

In regard to the effect of fluoroacetate upon the brain, much of the indirect evidence
points to the idea that the lethal convulsions induced by i.p. flucroacetate injections
are due to entry into the brain of very small amounts of fluorocitrate synthesized
elsewhere. In favour of this, we have the failure to demonstrate conversion of fluoro-
acetate to fluocitrate by brain tissue in vitro and by inference in the cat brain in
vivo.

At the same time, our experiments have demonstrated the new point that injections
of fluoroacetate 50 pg into the midbrain (Valzelli technique) produced no ill effect,
Although this is 100 times the dose of fluorocitrate which killed all animals, the
larger dose of 500 ug in the midbrain was convulsive and lethal; this is best interpreted
by the hypothesis that some of this large dose escaped from the brain and was con-
verted in other tissues to fluorocitrate, some of which entered the brain; Dawson and
Peters!® noticed an escape of fluorocitrate in young rats, where a rise of citrate con-
centration was found in the kidneys after intracerebral injection.

The effect of fluoroacetate itself in the RE (thalamus) appears to be a genuine action
of this compound. So far the only known enzymic effect of fluoroacetate itself is that
on glutamine synthetase at a similar concentration in citro5. It is possible that the
excitation observed is induced by an interference with ammonia metabolism, though
this is not yet proved ir vivo. But the genuine action of the larger amounts of fluoro-
acetate may well point to a new interpretation of the experiments on the brain of the
dog by Hendershot and Chenowethll, if they were observing a local effect of fluoro-
acetate and not of fluorocitrate synthesized from it. They used 12-5 pg/g tissue, and
obtained some rises in citrate. It may be recalled that Guzman Barron and co-workers!2
considered that fluoroacetate interfered with the metabolism of acetate, a view con-
firmed by Quastell® in the presence of very small concentrations of acetate. The
connection of this observation with those of ammonia metabolism is not yet clear,
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though the phenomena seem to exclude the synthesis to fluorocitrate which has been
prove to be blocked by acetate by Peters and Wakelinl.

In conclusion, our studies show that fluorocitrate is at least 100 times more toxic
in the brain than fluorocitrate. Direct measurements show that fluoroacetate as such
leaves the brain very rapidly, unfortunately the amounts of fluorocitrate involved
were too small to be measured. We do not know whether the fluoroacetate is removed
from the brain by an unlikely conversion to another compound or whether it is carried
away in the circulation. The latter possibility is supported by the known great
vascularity of the brain (Cater et al.1%).

Ackrowledgements—We are indebted to Mr. Brown for the fluorocitrate. One of us (R. A. Peters)
thanks the Consiglic Nazionale delle Ricerche, Rome, for a grant in aid of this work.

REFERENCES

1. R. A. PETERS and R. W. WAKELIN, Biochem. J. 67, 280 (1957); E. M. GaAL, R. A. PeTeERs and R,
W. WAKELIN, Biochem. J. 161, 64, (1956).

2. R. A. PetERs, Biochemical Lesions and Lethal Synthesis, p. 100, Pergamon Press, Oxford (1963).

3. R. A. PETERS and M. SHORTHOUSE, Biochem. Pharmae. 15, 2130 {1966},

4, A, KeLEN and D. McEAcHerN, Can. J. Res. E27, 146.

5. S. Lanirl and J. H. QUASTEL, Biochem, J. 89, 157 (1963).

6. L. VALZELLI, Med. Exp. 11, 23 (1964).

7. P. . V. WARD and R. A. PetTers, Biochem. J. 78, 661 (1961).

8. J. DE Groor, Verhandel. K. ned, Akad. Wetenschap, Afd. Natuur. Tweede Reeks, Deei L11,
No. 4.

9. A. R. Hastines, R. A, Perers and R. W. WAKELIN, 0. J. exp. Physiol. 40, 259 (1955).

10. R. M. C. DawsoN and R. A. PETERS, Biochim. biaphys, Acta, 16, 254 (1955).

11. L. C. HENDERSHOT and M. B. CHENOWETH, J. Pharmac. exp. Ther. 113, 160 (1955).

12. G. R. BARTLETT and E. 8. G. BARRON, J. biol. Chem. 170, 67 (1947).

13. J. H. QuasteL, Prac. R. Soc, B.163, 169 (1965-66).

14. D. B. CATER, S. GARATTINI, F. MARINA and 1. A. SiLvER, Proc. R. Soc, B.158, 136 (1961).



