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Abstract—Pentobarbital administered to rats in rvivo increased the levels of acetylcholine (ACh) in
the cerebral cortex, striatum, hippocampus and pons-medulla but not in the midbrain or cerebellum.
It has been suggested that the increased levels of ACh may be the result of an inhibition of release
of the transmitter. However, when pentobarbital was tested in vitro, it inhibited potassium-stimulated
ACh release from all regions. Release of ACh and tissue levels of ACh were compared directly n
cerebral cortex and midbrain in vitro. Stimulation with 25 and 50 mM KCIl enhanced ACh release
from both regions but decreased tissue ACh only in the cerebral cortex. Pentobarbital inhibited potas-
sium-stimulated ACh release from both regions but only increased tissue ACh in the cerebral cortex
{stimulated with 25 mM KClI}. These results suggest that the regulation of ACh synthesis and release
is different in the two brain regions and that pentobarbital can inhibit ACh release without necessarily

causing a concomitant rise in ACh tissue levels.

Barbiturates have long been known to increase brain
levels of acetylcholine (ACh) when they are given in
vivo [1-5]. In addition, these drugs have also been
shown to decrease the release of ACh from the surface
of the cerebral cortex in vivo [6-8], from the stimu-
Jated, perfused superior cervical ganglion [9], and
from cerebral cortex slices incubated in vitro [10, 11].
In the case of the barbiturates, as well as with other
classes of drugs and other treatments, it has been pro-
posed that increased levels of ACh are the result of
the inhibition of ACh release and a subsequent ac-
cumulation of the transmitter [12-15].

However, this proposal has not been tested directly
for the barbiturates. Therefore, we have compared the
effects of pentobarbital on tissue levels of ACh and
the release of this transmitter from different regions
of rat brain. The results suggest that the regulation
of ACh levels in the tissue is different in the cortex
and the midbrain and that an inhibition of ACh
release by pentobarbital is not always associated with
a rise in tissue ACh levels.

METHODS

Tissue preparation. To determine the effect of pen-
tobarbital on brain ACh levels, male Wistar rats
(200300 g} were injected with S0mg/kg of sodium
pentobarbital (Sigma Chemical Co.) or 0.9%; NaCl i.p.
30 min before they were killed by near-freezing in
liquid nitrogen [16]. The brains were dissected in a
cold box {—20 } into six regions, After a dorsal mid-
line incision, the cerebral cortex was laid back and
both hippocampi were removed. The striatum (cau-

* A preliminary account of portions of this work was
presented to the Fall Meeting of the American Society for
Pharmacology and Experimental Therapeutics, Davis,
Calif., August 1975,
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date nucleus, putamen and pallidum) was removed
bilaterally by dissecting it away from the cortex. The
septum was included with the striatum. The cerebel-
lum was removed by severing the cerebellar pedun-
cles. After complete separation of the cerebral cortices
{only one of which was used) a cut immediately cau-
dal to the colliculi isolated the pons-medulla from
the midbrain. The pons-medulla was separated from
the spinal cord 3 mm caudal to the obex. The brain
regions were individually wrapped in aluminum foil,
frozen in liquid nitrogen, and stored at —70° until
assayed for ACh.

To determine the amount of pentobarbital in each
brain region, rats were injected i.p. with 50 mg/kg of
sodium pentobarbital containing ['*C]-(ring)-pento-
barbital (New England Nuclear), 0.025 mCi/m-mole,
and killed 30 min later by near-freezing. The same
brain regions described above were dissected at —20°,
weighed, and homogenized at 0° in I1ml of 0.5M
sodium acetate, pH 5.0. A 500-u1 sample of the homo-
genate was counted in 12 ml Aquasol (New England
Nuclear). Portions of some homogenates (300 ul) were
extracted to separate unchanged pentobarbital from
polar metabolites [17].

Rats were killed by decapitation for superfusion
studies in virro. The brain was removed and dissected
on a petri dish on ice into the regions described
above. Each region was weighed and then prisms
were prepared by cutting at 0.4-mm intervals in two
planes at a 45 angle with a Brinkman-Mcllwain tis-
sue chopper. The slices were suspended in 5ml of
incubation medium and the total suspension was
loaded into a 25-mm Swinnex (Millipore Corp.) and
superfused with medium at 37° at 0.5 ml/min as de-
scribed previously [18]. The medium contained
(mM): 120 NaCl, 0.75 CaCl,, 1.2 MgCl,, 12
KH;PO,, 25 NaHCO;, 10 glucose, either 5, 25 or
50 KCt and either 10™* M eserine (physostigmine sul-
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fate, Sigma Chemical Co.) or 107°M paraoxon
(diethyl-p-nitrophenylphosphate, Sigma Chemical Co.)
and was continuously bubbled with 5%, C0O,/95%, O,
(final pH, 7.5). When 25 or 50 mM KCl was used,
no adjustments were made in the concentrations of
other ions. Sodium pentobarbital was included in the
medium as indicated in Results. Samples of superfu-
sate (2.5 ml) were collected as timed fractions (5 min)
with a fraction collector. Tissue was recovered by
forcing excess medium out of the Swinnex with a
syringe filled with air, and transferring the tissue with
a spatula to a homogenizer containing 1 ml of the
medium with which the tissue had last been perfused.
The tissue was homogenized on ice with eight strokes
of a pestle rotating at 840 rev/min.

In some experiments 0.25-g portions of sliced cere-
brum (including the cerebral cortex, hippocampus,
striatum and midbrain) were superfused with 5 mM
KCl medium containing paraoxon and ['*C]pento-
barbital (5 x 10~ M, 0.02 uCi/umole) or [1*CJpento-
barbital and [3H]Jinulin (I x 1077 M, 300 xCi/umole,
Amersham-Searle Corp.).

ACh assays. ACh in frozen brain regions was
extracted and measured by the method of Goldberg
and McCaman [19] as modified by Richter and Shea
[20]. ACh in 1-ml superfusate samples and in 500 pl
of the homogenized tissue slices was assayed using
modifications described by Richter [18]. Blanks and
standards were routinely prepared in incubation
medium, since preliminary tests showed that the con-
centrations of KCl, pentobarbital, paraoxon and eser-
ine used did not affect the assay. In some assays
ATP-choline. phosphotransferase (EC 2.7.1.32) from
Sigma Chemical Co. was used. It was also found that
ACS scintillation solution (Amersham-Searle Corp.)
could be used as well as Aquasol (New England Nuc-
lear).

Scintillation counting and calculations. Samples were
counted in 12 ml of scintillation solution in a model
3375 Packard scintillation counter. Internal standards
were used to determine counting efficiency, and when
two isotopes were counted, the results were corrected
for overlap. Results are expressed as the amount of
ACh or pentobarbital in samples derived from 1g
(wet weight) of tissue + S. E. M. Student’s t-test was

Table 1. Effects of pentobarbital in
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used to determine statistical significance (P < 0.05) of
differences between means.

RESULTS

The amount of ACh in six regions of rat brain was
measured 30 min after an i.p. injection of saline or
50 mg/kg of sodium pentobarbital. The barbiturate
caused an increase in ACh in the hippocampus, cor-
tex, striatum and pons-medulla but no increase in the
midbrain or the cerebellum (Table 1). This differential
effect was not the result of a regional concentration
of the drug in the brain. Using ['*C]pentobarbital.
we found the drug to be highest in the pons-medulla
and lowest in the cerebral cortex. The small differ-
ences in drug distribution showed no correlation with
the effect on ACh (Table 1). No more than 13 per
cent of the radioactivity behaved as polar metabolites.

Preliminary experiments in vitro indicated that pen-
tobarbital had a smaller effect on stimulated ACh
release when it was introduced at the same time as
50 mM KCI compared to its effect when it was added
to the 5SmM KCI medium for 30 min of superfusion
before stimulation with 50 mM KCl. When ['*C]pen-
tobarbital was used to determine the partition of pen-
tobarbital between the tissue and the medium, 1t was
found that the amount of radioactivity in the tissue
reached a stable level between 45 and 60 min afier
superfusion began; the pattern of loss of ['*C]pento-
barbital from the tissue when superfusion was
switched to medium without the drug was a mirror
image of the accumulation. In another experiment,
the accumulation of inulin and pentobarbital was
determined in six tissue samples 60- 7S min after
superfusion began. The ratio of substance/g of tissue
(initial wet weight) to substance/ml of medium was
2.93 + 0.11 for [*Clpentobarbital and 0.57 + 0.016
for [®*H]inulin. The higher value for the inulin space
compared to reported values of 0.38 to 0.40 for incu-
bated brain cortex slices [21.22] could be explained
in part by the adherence of some medium to the tissue
and the effect of using aliquots of suspensions of cere-
brum prisms on the accuracy of the estimate of the
initial wet weight. In all further experiments. pento-
barbital was added at the beginning of superfusion.

vivo on ACh in regions of rat brain*

ACh in ACh in
Tissue wt control PB-treated Per cent PB

Region (mg) (nmoles/g) (nmoles/g) change {nmoles/g)
Cerebral cortex 403 + 7.4 143 + 0.64 221 + 14 54+ 1520 + 4.4

(one half)
Hippocampus 110 + 3.2 19.2 4+ 0.70 282 + 1.8 47+ 160.0 + 4.3
Striatum 148 + 6.9 368 +24 463 + 3.4 26+ 172.0 + 5.5
Pons-medulla 173 + 109 19.6 + 0.64 230+ 1.0 17+ 188.0 + 2.0
Midbrain 332 + 7.1 26.5 + 0.76 246 + 20 7 161.0 + 6.2
Cerebellum 242 + 57 4.18 + 0.38 437 +£0.23 4 156.0 + 8.0

* Rats were given 50 mg/kg of sodium pentobarbital (PB), normal saline or 50 mg/kg of sodium ['*C]pentobarbital

(0.025 mCi/m-mole) i.p. 30 min before killing by the near-freezing method. Brains were dissected at —20

and ACh

or ['*CJpentobarbital was determined in the individual regions as described in Methods. The mean is given

+ S. E. M.; N = 8-9 in each group.

+ Indicates a significant change from control (P <0.05). The amount of pentobarbital in the pons-medulla was signifi-
cantly higher than in all other regions, and the amount in the striatum was significantly higher than that in the

cerebral cortex.
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Fig. 1. Effect of pentobarbital on acetylcholine (ACh) release from superfused slices of different regions
of rat brain. Rats were decapitated and the appropriate brain region was prepared for superfusion
as described in Methods. The tissue was superfused at 0.5 ml/min with 5mM KCl-eserinized medium
with or without 5 x 10™* M pentobarbital. After 50 min the superfusing medium was changed to one
containing 50 mM KCl, eserine and 5 x 107* M pentobarbital where indicated. The effluents were
collected in 2.5-ml fractions, and 1.0-ml portions were assayed for ACh as described in Methods.
Results are means + S. E. M. of the number of samples given in parentheses. Key: (——) control,
(- ) pentobarbital.

and stimulation was begun at 50 min when the tissue
and medium had reached equilibrium with respect to
pentobarbital.

The effect of pentobarbital on ACh release from
all regions (except the cerebellum) was examined by
superfusing slices of these regions with medium con-
taining 5 x 107* M pentobarbital and eserine as the
cholinesterase inhibitor. As shown in Fig. 1, pentobar-
bital inhibited K*-stimulated release (50mM KCl
medium) from all regions studied. Unstimutated ACh
release (described by the 45-50 and 50-55 min collec-
tion points when the higher K* concentration has
not yet affected the ACh released in the superfusate)
was inhibited by pentobarbital only in the striatum.
In the cerebral cortex and the striatum, other concen-
trations of pentobarbital were also studied and a
dose-related effect of the drug on stimulated release

was observed (Fig. 2). In the cerebral cortex 5 x
10"*M pentobarbital had a large effect, and a
smaller, but statistically significant inhibition occurred
at 1 x 107* M pentobarbital. No statistically signifi-
cant effect occurred at 2 x 107° M, although a
tendency to increased release was seen. In the stria-
tum, the inhibition by 5 x 107* M pentobarbital was
less marked than in the cortex and 1 x 10~*M had
no effect. The effect of 5 x 10°* M pentobarbital on
the striatum was only observed at the time of peak
ACh release (Figs. 1 and 2). In one experiment (not
shown), 1 x 1073 M pentobarbital inhibited the peak
of K*-stimulated ACh release from the striatum by
more than 90 per cent.

These results suggested that the inhibition of ACh
release may not be related to the increase in brain
ACh levels, since the drug inhibited release in the
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Fig. 2. Effect of different pentobarbital concentrations on K*-stimulated ACh release from cerebral

cortex and striatum. Details are as in Fig. 1 except that the concentrations of pentobarbital (PB)

are noted on the figure. Note the different ordinate scales. In this figure also, the average value of

the resting ACh release (45-50 and 50-55 min samples) was subtracted from the subsequent K *-stimu-
lated samples before the mean was computed.
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Fig. 3. Effect of pentobarbital on ACh release from superfused cerebral cortex slices. Slices of rat
cerebral cortex were prepared and superfused as described in Methods in a medium containing
1 x 1073 M paraoxon as the cholinesterase inhibitor. After 50 min of superfusion with SmM KCl
medium with or without 5 x 107* M pentobarbital (PB), the superfusing medium was changed to
a medium containing 25 or 50 mM KCl and 5 x 10™* M pentobarbital as indicated. Samples of superfu-
sate were collected and assayed for ACh as described in Methods. Results are means + S. E. M.
for the number of samples given in parentheses. The lines describing unstimulated release (SmM
KCI + pentobarbital) can also be compared with the data in the right panel but were not reproduced
there to avoid confusion. The statistical significance of differences between various trcatments is indi-
cated in the text.

midbrain but did not change ACh levels in this region
after administration in vico. However, ACh tissue
levels and release were determined in quite different
circumstances which it might not be valid to compare.
In order to compare tissue levels and release in one
system, we looked at the change in tissue ACh after
stimulating ACh release in vitro. We did this using
the organophosphate derivative paraoxon instead of
eserine as the cholinesterase inhibitor, since no de-
crease in cerebral cortex ACh during K *-stimulation
occurred in the presence of another organophosphate
inhibitor, soman, in contrast to eserine [23]. How-
ever, we found that when the tissue was continuously
superfused in the presence of paraoxon. decreases in
tissue ACh were seen in the cortex after K -stimula-
tion but not in the midbrain (see Fig. 3).

When the cerebral cortex was superfused in the
presence of paraoxon. 5 x 10”* M pentobarbital in-
hibited the release of ACh by 50mM KCI (Fig. 3).
Stimulation with 25 mM KCl1 released less ACh than
50 mM KCl, and pentobarbital in combination with

although the values at each time point were signifi-
cantly different by the r-test from unstimulated release
in the presence of pentobarbital (Fig. 3).

After 50 min of superfusion with medium contain-
ing 5mM KClI there were 24.3 nmoles ACh/g in the
cortex and this value did not change after an ad-
ditional 90 min of superfusion {see Fig. 5). When
5 x 107* M pentobarbital was present in the 5mM
KCl medium, the cortical ACh decreased transiently
(after 50 min superfusion) but returned to the control
level after a further 90 min of superfusion. Stimulation
with 50 mM KC1 reduced the amount of ACh in the
cortex to 10.6 nmoles/g. and the blockade of ACh
release produced by pentobarbital in this situation
(Fig. 3) corresponded to a small but statistically insig-
nificant increase in tissue ACh (see Fig. 5). When cor-
tex slices were stimulated with 25 mM KCl, the tissue
ACh content decreased compared to control, but the
decrease was not as great as that caused by 50 mM
KCL In this situation of lesser stimulation, in which
the barbiturate inhibited rclease more extensively, the

25mM KCl resulted in very little ACh release  barbiturate significantly increased tissue ACh so that
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Fig. 4. Effect of pentobarbital on ACh release from superfused midbrain slices. Details are as in Fig. 3.
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Fig. 5. Effect of pentobarbital and potassium stimulation
on superfused cerebral cortex and midbrain slices. Slices
were collected from the Swinnex after the indicated length
and conditions of superfusion in paraoxon-containing
medium and were assayed for ACh as described in
Methods, Values are the means + S. E. M. for the number
of samples given above each bar. The statistical signifi-
cance of differences between various treatments is indicated
in the text.

it was equal to the level in control tissue. Thus, treat-
ment of cortex with pentobarbital during stimulation
with 25mM KCI blocked ACh release and at the
same time increased cortical ACh back to unstimu-
lated levels.

In the midbrain superfused in the presence of para-
oxon, 50 mM KCI caused a slightly smaller release
of ACh compared to that seen in the cortex (compare
Figs. 3 and 4). A similar difference was also seen when
the stimulation was done in the presence of eserine
(Fig. 1). A much greater difference in ACh release
from the two brain regions was observed in response
to 25 mM KCl which released very little ACh from
the midbrain (Fig. 4, compare with Fig. 3). Pentobar-
bital completely blocked the 50mM KCl-induced
release of ACh from the midbrain as well as the small
release caused by 25 mM KCI (Fig. 4).

In the midbrain after 140 min of superfusion in
medium containing 5 mM KCl, there was no statisti-
cally significant increase in tissue ACh compared with
50 min superfusion (Fig. 5). At both 50 and 140 min,
5 x 107* M pentobarbital did not change the ACh
content of unstimulated tissue. In contrast to the cor-
tex, stimulation of ACh release from the midbrain
with 50 mM KCl did not cause a large or statistically
significant decrease in tissue ACh levels, nor was there
a decrease in tissue ACh after treatment with 25 mM
KCIl. While pentobarbital blocked ACh release from
the midbrain induced by 25 or 50 mM KCI there was
no corresponding rise in tissue ACh levels such as
was seen in the cerebral cortex when a 25 mM KCl-
induced release was blocked by pentobarbital (Fig.
5).

DISCUSSION

Pentobarbital given in vivo increased ACh in the
cerebral cortex, striatum and hippocampus, had a
small but significant effect in the pons-medulla, and
did not change ACh levels in the midbrain or cerebel-
lum. These results are in general agreement with other

reports in which the effects of barbiturates on ACh
in different brain regions were compared [24-26]. In
order to test the effect of pentobarbital on ACh
release from these brain regions, we used a super-
fusion system in vitro. Potassium-stimulated release
of ACh in vitro was inhibited by the drug in all
regions.

It is recognized that the concentration of pentobar-
bital used in virro was relatively high. A weighted
average of the brain levels of pentobarbital 30 min
after 50 mg/kg i.p. was 0.16 umole/g or approximately
2 x 107* M. Goldstein and Aronow [27] found that
at equilibrium pentobarbital in vivo achieved a ratio
of 3 between brain tissue and plasma water and this
figure agrees with our findings in our superfusion sys-
tem in vitro. Thus, to mimic the situation in vivo dur-
ing superfusion in vitro with salt solutions, 5 x
107" M pentobarbital would be more appropriate
than 5 x 10"* M. From Fig. 2 it can be seen that
this former concentration would be ineffective in inhi-
biting K *-stimulated ACh release in the striatum
since 1 x 107* M did not inhibit release. In the cere-
bral cortex, however, 1 x 1074 M significantly in-
hibits release and 5 x 107> M might also have an
effect. The midbrain appeared to be more sensitive
than the cortex (see Figs. 1, 3 and 4). such that
5 x 107° M might inhibit ACh release in this region.
Differences between states in vitro and in vivo, how-
ever, make it difficult to compare effective concen-
trations exactly.

The cerebral cortex and the midbrain were studied
further as examples of regions in which an increase
and no increase in ACh levels occurred after adminis-
tration in vivo of pentobarbital. While inhibiting ACh
release from both regions in vitro. the barbiturate in-
creased tissue ACh levels only in the cortex. These
data suggest that, in vivo as well, there may be an
inhibition of ACh release in midbrain regions after
pentobarbital even though no change in tissue levels
of ACh is seen. Therefore, there need not necessarily
be a contradiction, suggested by Nordberg and Sund-
wall [26], between the lack of effect of barbiturates
on brain stem ACh levels and the proposal that this
is a primary site of action of these agents [28].

The data reported here also demonstrate a differ-
ence in the regulation of tissue levels of ACh in the
cerebral cortex and the midbrain in several ways.
While the levels of ACh found after near-freezing (and
presumably occurring in vivo) were lower in the cere-
bral cortex than in the midbrain (see Table 1), after
decapitation and superfusion for 50 min in physiologi-
cal medium, the content of ACh in the two regions
was nearly identical (see Fig. 5). Stimulation by
50 mM KCl released a similar amount of ACh from
both regions, 36.3 nmoles/h/90 min from cortex and
32.4 nmoles/g/90 min from midbrain (calculated by
the area under the curves, Figs. 3 and 4). However,
this release was accompanied by a decrease in the
cortex ACh content (12.8 nmoles/g or a 55 per cent
decrease). whereas there was no change in ACh in
the midbrain. Pentobarbital more effectively blocked
ACh release from the midbrain than from the cortex
(seen particularly during stimulation with 50 mM
KCI), but increased tissue ACh only in the cortex
(seen particularly during stimulation with 25 mM
KCl).
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These data on the cerebral cortex confirm the find-
ings of Szerb et al. [29] that the tissue content of
ACh and the release of ACh are inversely related in
the cat cerebral cortex after various treatments in-
cluding pentobarbital. However. the data presented
here suggest that tissue ACh levels are more readily
altered in the cerebral cortex than in the midbrain
and that synthesis and release of ACh are not coupled
in the same way in these two brain regions. Regional
differences in the utilization of choline for phosphati-
dy! choline synthesis [30]. and the turnover of ACh
[317 also support the possibility of differences in the
regulation of the cholinergic system in different brain
regions that may not be solely related to the number
of cholinergic terminals in these regions. While differ-
ences in the maximum velocity for high affinity cho-
line uptake in different brain regions [32,33] may
be ascribed to a variation in the number of choliner-
gic nerve endings [33], alterations in the V. by
various treatments [347] suggest this may not be the
only possible explanation.

Other regional differences in the effects of pento-
barbital on the cholinergic system in addition to those
described here have also been found. For example,
while pentobarbital decreased turnover or utilization
of ACh in whole brain [35-37], when different regions
of the rat brain werc examined, the barbiturate de-
creased ACh turnover in the cortex but not in the
striatum [37]. An increase in striatal ACh content
and a reduction in the conversion of choline to ACh
in the striatum were observed, however. Pentobarbital
administered in vivo has also been shown to inhibit
sodium-dependent high affinity choline uptake
(measured in vitro) in the hippocampus but not in
the striatum cven though pentobarbital increased
ACh in both regions [37 39].

If there are differences in ACh regulation in differ-
ent brain regions, several mechanisms might be con-
sidered. It is possible that there are intrinsic differ-
ences in cholinergic neurons of a qualitative or a
quantitative nature. The differences we have found
and others mentioned above may be manifestations
(either separately or conjointly) of a regional speciali-
zation of cholinergic neurons. Alternatively. the differ-
ences may be the result of regional variations in the
input the cholinergic neurons receive from ncurons
which utilize other transmitters. Among the known
putative transmitters, norepinephrine has been shown
to stimulate choline uptake [40] and choline acetyl-
transferase [41], and serotonin was found to inhibit
acetylcholinesterase [42] and to stimulate ACh
release in certain areas of the hypothalamus [43]. The
amount of input from these or other specific neuron
types onto the cholinergic neurons and, as a conse-
quence, the degree of responsiveness of the cholinergic
neurons to these other transmitter substances may
differ in the cortex and the midbrain.

The regional differences found in the effect of pen-
tobarbital on cholinergic function could be explained.
therefore. by (1) intrinsic differences in cholinergic
neurons; (2) differences in the modulation of choliner-
gic function in different regions by other neurotrans-
mitters which change the response of cholinergic
neurons to pentobarbital; and (3) an effect of pento-
barbital on noncholinergic neurons which then results
in an indirect effect of the drug on the cholinergic

system dependent on the connections existing in dif-
ferent regions of the brain. These possibilities are not
entirely exclustve. If, as Blaustein and Ector [447 have
suggested, the barbiturates act by interfering with cal-
cium uptake during the release process, they would
be expected to inhibit the calcium-dependent release
of all transmitters. This action might lead to both
direct and indirect effects on cholinergic function.
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