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MIYAUCHI, T., S. I. DWORKIN, C. CO AND J. E. SMITH. Specific effects of punishment on amino acids turnover in
discrete rat brain regions. PHARMACOL BIOCHEM BEHAYV 31(3) 523-531, 1988.—Specific effects of punishment on the
turnover rates of aspartate (Asp), glutamate (Glu) and gamma-aminobutyric acid (GABA) in 14 brain regions were investi-
gated in rats exposed to punishment. Two yoked controls were also used in an attempt to separate the nonspecific effects of
response rate, reinforcement density and direct effects of punisher (foot shock). Punished and unpunished littermate rats
had similar response rates, and the reinforcement density was almost identical for both groups. A third group (yoked-
shock rats) received food and shock independent of responding whenever these were given to the punished rats. When
compared to the unpunished rats, the punishment increased the turnover rates of the three amino acids in all brain regions
examined except GABA turnover in the caudate-putamen and preoptic-diagonal band. The majority of these changes by the
punishment were similar to the effects of the yoked-shock (yoked-shock versus unpunished), although the magnitude of increase
by the punishment was mostly larger than that by the yoked-shock. Six changes by the punishment (increase in the turnover rates
of Asp in the thalamus, Glu in the hypothalamus and GABA in the cingulate cortex, entorhinal-subicular cortex, dentate
gyrus and hypothalamus) appeared to be the specific effects of punishment since the yoked-shock did not affect these
parameters. These results suggest that the punishment caused a hyperexcitation of the amino acidergic neurons in the

limbic systems, particularly those in Papez’s circuit.

Punishment Conflict
Neurotransmitter turnover rates

Amino acid neurotransmitters

Gamma-aminobutyric acid Anxiety

GELLAR-SEIFTER type of conflict-punishment proce-
dures (17) are useful animal behavioral techniques to investi-
gate the effects and mechanisms of action of anxiolytic
drugs. In this procedure, operant responding which is main-
tained by positively reinforcing stimuli (food, water, etc.) is
suppressed (punished) by response-dependent presentation
of noxious stimuli (electric foot shock, etc.), and anxiolytic
drugs increase the rate of punished responding. A large body
of pharmacological evidence exists implicating central
gamma-aminobutyric acid (GABA) [reviewed by Sepinwall
(38), Enna (14) and Sanger (36)] or serotonin [reviewed by
Sepinwall (38) and Iversen (21)] in the antipunishment effect
of anxiolytics in rats. In contrast to the numerous phar-
macological studies using punishment procedures, however,
there has been no report, to our knowledge, assessing the
neurochemical consequence of punishment. This study was
designated to detect punishment-specific changes in turn-
over rates of amino acid neurotransmitters as indexes of
amino acidergic neuronal activities in discrete brain regions
in rats.

Most punishment experiments utilize multiple schedule

procedures in which punished (2-5 min duration) and unpun-
ished (5-15 min duration) periods appear alternately during a
session. However, these schedules are not suitable for the
neurochemical procedure we are using to determine turnover
rates (8, 24, 25, 39, 40). In this procedure, animals are killed
60 and 90 min after intravenous pulse injection of radiolabel-
led precursors of neurotransmitters, which requires animals
being under a single component (punished or unpunished)
during the pulse interval. Also, response rate and reinforce-
ment density during the punished period are usually less than
those during the unpunished period. The difference in motor
activity (response rate) and food intake (reinforcement den-
sity) between the two components may obscure punish-
ment-specific neurochemical effects.

In the present experiments, therefore, a behavioral pro-
cedure which was suitable for the neurochemical examination
of punishment was developed. To separate the neurochemical
effects of nonspecific factors described above, we used a be-
havioral procedure [yoked-box procedure (16)] which resulted
in similar rates of responding and reinforcement density for
punished and unpunished littermate rats. The yoking proce-
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dure for food reinforcement seems important for the neuro-
chemical analysis because it has been reported that in rats
performing lever pressing for water, catecholamine utiliza-
tion in the causate nucleus, amygdala or brainstem changed
in relation to the number of water reinforcement but not with
response rate, response dependency or volume of water rein-
forcements (1, 13, 20). To separate the nonresponse contin-
gent (e.g., sensory effects), electric foot shock and food was
given to the third littermate (yoked-shock rats) independent
of responding whenever these stimuli were delivered to the
punished littermate. In this design, the specific neurochemi-
cal effects of punishment were determined by comparing the
effects of punishment (punished compared with unpunished)
with the nonspecific effects of shock (yoke-shock compared
with unpunished) for individual compounds in each brain area.

METHOD
Behavioral Procedures

The thirteen triads of male F-344 littermates (3 months old at
the time of the experiments) were food-deprived prior to be-
ginning of training and were maintained approximately 80%
of their free-feeding weights throughout. The animals were
trained using a yoked-box procedure (16). The three litter-
mates were run at the same time in three separate standard
operant conditioning chambers located in ventilated,
sound-attenuating enclosures in a room with white noise.
Sessions were controlled and data collected and analyzed
using Rockwell Aim 65 computers operating under MSC
control, located in an adjacent room. One rat from each triad
was randomly selected to respond on a random-ratio
schedule. A food pellet was delivered to this rat after it
completed a randomly determined number of responses
(5—minimum, 100—maximum). For the second littermate,
reinforcement was arranged according to a random interval
schedule, directly yoked to the inter-reinforcement intervals
produced by the first littermate, i.e., food was presented
after the first response by this subject occurring after food
was delivered to the first rat. The third littermate was placed
on a response-independent food presentation schedule
yoked to the first littermate, i.e., food pellet was presented
to the third rat whenever the food was given to the first rat.
Thus, the procedure resulted in equal inter-reinforcement
intervals for the three subjects. Daily sessions terminated 90
min after the start or after 100 food presentations were deliv-
ered to the second littermate under the yoke-random interval
schedule.

After rates of responding had stabilized (from the 29th
session), a cojoint random ratio schedule (minimum—25,
maximum—200) of electric foot shock (0.4 mA, 100 msec)
was added to the ratio-food schedule for the first rat (pun-
ished rat). The same intensity and duration of shocks were
given to the third rat independent of responding whenever
the punished rat received the shock (yoked-shock rat). No
shocks were delivered to the second rat under the yoked-
random interval schedule (unpunished rat). Once responding
under this condition was stabilized (after 39th session), all
rats were implanted with chronic IV catheters into the jugular
vein under pentobarbital (50 mg/kg, IP) anesthesia for pulse
labelling of neurotransmitters (23,40). At the beginning of the
54th session, eight triads of the animals received IV injection
of 0.2 mCi D-[U-*C]-glucose (I.C.N., 210 mCi/mmol) in 50
ul of saline through the jugular catheters. The three rats in
each litter were sacrificed at 60 or 90 min after the pulse
labelling by immersion of the whole body into liquid nitrogen.

MIYAUCHI ET AL.

Five pairs of punished and unpunished rats that were not
pulse labelled were used to examine the behavioral effects
of pentobarbital. Sodium pentobarbital was administered 1P
30 min before the start of sessions with doses sequenced in a
random series with a minimum of seven days between de-
terminations. Each dose (3.0-17.0 mg/kg) was evaluated at
least twice in each subject. Doses are presented in terms of
salt. Drug was administered to the punished and unpunished
rats on different days.

Neurochemical Procedures

The heads were stored at —70°C and later warmed to
—20°C in a cryostat, the brains dissected into 14 discrete
regions. The individual tissue samples were pulverized in
liquid nitrogen in a stainless steel mortar and stored at
—70°C until extraction and assay.

A portion of each tissue sample was used to determine
content of aspartate, glutamate and gamma-aminobutyric acid
(GABA) by a modification of the method reported by Jones
and Gilligan (22) using HPL.C and fluorometer. In brief, the
amino acids were extracted from the pulverized tissue sam-
ples with 200 ul of methanol and the tissue pellets saved for
protein determination (26). To each tissue extract, 10 ul of 3
mM homoserine was added as an internal standard.
Methanol extracts were dried at 37°C under dry N,. Dried
samples were dissolved in 20 ul of methanol, and 10 ul of
the solution was mixed with 30 ul of OPT reagent (22). A
portion (20 ul) of the mixture was injected into HPLC sys-
tems (Gilson) controlled by Apple IIc computer and utilizing
a C,; reversed phase column coupled with a fluorometer.
The HPLC mobile phase was 0.1 M sodium acetate buffer
(pH 6.2) containing 0.1 uM EDTA and methanol in concentra-
tions that changed linearly from 15 to 70%. The column
temperature was 30°C and flow rate 1.8 ml/min. The levels of
amino acids were calculated by comparing peak areas of
each compound with standards. The radioactivity incorpo-
rated into the amino acids was measured by collecting each
peak eluent from HPLC in a counting vials by means of a
fraction collector (Gilson Model 202) and a controller (Gil-
son, 201-202), adding 10 ml of Aquasol-2 (New England Nu-
clear), and counting the samples in a Searle Isocap Model
6872 liquid scintillation counter.

Turnover Rate Calculation Procedures

Turnover rates were determined with the assumption that
radiolabel from each neurotransmitter was disappearing
from a single open pool since there is no acceptable method
for determining CNS intraneuronal compartmentation in
vivo. Thus, turnover = K X content where the apparent
fractional rate constant (K) was a slope of the regression line
derived from natural logarithmic plot of specific radioac-
tivities (dpm/nmol) obtained at the two pulse times on the
linear portion of the radioactivity decay curve for each neu-
rotransmitter (8, 24, 25, 39, 40). The S.D. of K value was also
calculated by regression analysis. It has been reported that
the decline in specific activities for glutamate, aspartate,
GABA and glycine was log-linear over a time course of from
40 to 150 minutes postinjection of radiolabelled glucose (39).
Although specific activities at each of two pulse times were
derived from only four rats, the variability in these values
were small and the linearity of all of the regression lines was
statistically significant (r*>0.68, p<0.05). The S.D. of slopes
of the regression lines (K) ranged from 5.3 to 50.1 percent.
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TABLE 1

MEAN RESPONSE RATES, REINFORCEMENT DENSITY AND SHOCK FREQUENCY OF THE THREE
GROUPS BEFORE AND AFTER THE INTRODUCTION OF SHOCK CONTINGENCY

Before Shock* Shockt
Reinforce- Reinforce-
Group Response/min ment/min Response/min ment/min Shock/min
Punished 86.3 £ 9.6 1.7 = 0.20 10.9 = 9.1 0.2 = 0.14 0.09 = 0.08
Unpunished 19.9 + 4.5 1.7 £ 0.20 9.2 +34 0.2 +0.20 —
Y oked-shock 0.3 +03 1.7 + 0.20 1.1 £ 1.1 0.2 +0.14 0.09 = 0.08

Values are mean = S.D. of 8 rats.

*Mean values during the last five days before the introduction of shock contingency.

tMean values on the day of pulse labeling.

The turnover rate is expressed as nmol mg protein~!-hr=',
These turnover rates are assumed to be representative of the
utilization of the respective neurotransmitters.

Behavioral and content values were compared by
ANOVA followed by multiple comparison (46) and turnover
rate values were compared by parallel-line assay.

RESULTS
Behavioral Observations

The random ratio schedule of food presentation initially
engendered a high, constant rate of responding, while re-
sponding maintained by the yoked-random interval contin-
gency occurred at a much lower rate. Extremely low rates of
responding were elicited by the noncontingent presentation
of food. The addition of the shock contingency to the random
ratio schedule resulted in similar and stable rates of punished
un unpunished responding. Reinforcement density for the
three groups was identical both before and after the intro-
duction of shock schedule (Table 1). Using another group of
punished and unpunished rats, dose-effect curve for pen-
tobarbital which has been reported to selectively increase
punished responding (28) was examined (Fig. 1). Pentobarbi-
tal increased the punished responding and the peak dose of
5.6 mg/kg produced over an eight-fold increase in respond-
ing. Unpunished responding was not affected at doses that
increased punished responding. The largest dose inhibited
both punished and unpunished responding.

Content of Amino Acids

As shown in Table 2, there was no significant difference
between groups in the content values for Asp, Glu and
GABA in any of the brain regions assayed. The absence of
changes in content supports the hypothesis that neuronal
systems are capable of maintaining sufficient neurotransmit-
ter stores to meet functional needs within normal physiolog-
ical limits. Such an interpretation would indicate that the
effects of the behavioral manipulation in this study did not
exceed these normal functional limits.

Turnover Rates of Amino Acids

In contrast to the content values, numerous changes in the
turnover rates of the amino acids occurred as a result of
either the punishment (the punished rats compared to the
unpunished rats) or the response-independent shock (the
yoked-shock rats compared to the unpunished rats), and all
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FIG. 1. Effects of pentobarbital on the response rates of punished
(closed circle) and unpunished (open circle) rats. Each point repre-
sents mean and S.D. (vertical bars) of at least 10 observations.

of the changes were increases (Figs. 2-4). Out of 42 combi-
nations of the amino acids and the regions, only two showed
ineffectiveness of the two behavioral manipulations, i.e.,
GABA in the caudate putamen and preoptic diagonal band.
Asp and Glu turnover was significantly increased by the
punishment in all of the 14 brain regions (44106 and 60-161%,
respectively), whereas the yoked-shock increased Asp turn-
over in [0 regions (31-114%) and Glu turnover in 12 regions (42—
90%). GABA turnover was significantly increased by the
punishment in 12 regions (19-195%) and by the yoked-shock
in 8 regions (31-168%). Fifteen of the 40 changes observed in
the punished rats were identical in the yoked-shock rats:
increase in Asp turnover in the frontal cortex, pyriform cor-
tex, entorhinal subicular cortex, nucleus accumbens, septum,
caudate-putamen, amygdala and dentate gyrus, increase in
Glu turnover in the frontal cortex, pyriform cortex, septum
and caudate putamen and increase in GABA turnover in the
frontal cortex, pyriform cortex and hippocampus. The re-
maining 25 elevated turnover rates in the punished rats were
significantly different from those in the yoked-shock rats.
However, the majority (19/25) of these changes in the pun-
ished rats were qualitatively similar to the effects of yoked-
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TABLE 2

CONTENT OF AMINO ACIDS IN 14 BRAIN AREAS OF
PUNISHED, UNPUNISHED AND YOKED-SHOCKED GROUPS

Amino Acids Content (nmol/mg protein)

Brain Area Group* Asp Glu GABA
Frontal cortex P 204 = 9.1 113.3 = 50.1 15,6 = 6.3
U 17.3 = 8.7 84.8 + 40.3 12.1 = 6.0
Y 19.8 = 7.2 112.9 + 46.2 15.8 + 6.5
Pyriform P 25,6 = 9.2 128.6 = 50.5 30.7 = 10.9
cortex 18) 18.5 + 6.7 85.3 + 32.2 21.3 + 8.2
Y 21.6 + 8.5 105.5 = 45.9 24.6 + 10.8
Motor- P 232+ 14 103.4 =+ 5.9 17.3 + 2.0
somatosensory U 25,0+ 1.8 106.5 =+ S5.6 19.0 + 1.5
cortex Y 242+ 1.5 105.1 + 7.0 188 = 1.7
Cingulate P 27.6 = 3.4 144.0 = 9.6 204 = 3.1
cortex 6] 248+ 1.6 1344 =+ 8.8 209 + 33
Y 260+ 2.6 140.4 =+ 8.7 213+ 23
Nucleus P 298 + 4.7 149.7 + 19.3 443+ 74
accumbens U 30.1 = 23 141.5 = 7.5 44.7 = 3.8
Y 30,1 = 7.4 149.1 + 23.3 469 = 9.5
Septum P 25.0 = 2.5 1188 = 9.7 61.3+ 39
U 28.6 + 5.2 132.3 + 22.8 68.7 = 12.3
Y 27.1 = 7.6 130.1 = 28.0 63.1 = 11.0
Caudate- P 16.6 =+ 2.3 103.2 = 10.7 344+ 5.4
putamen U 16.0 = 2.4 974+ 7.0 348 = 5.1
Y 17.1 = 2.4 104.5 = 9.8 32.0 = 10.4
Preoptic- P 294 + 5.1 99.8 + 9.1 118.5 = 23.9
diagonal band 8} 32.3 + 10.8 104.0 = 22.6 114.0 = 32.0
Y 26.2 = 5.0 944+ 9.3 109.7 = 21.8
Amygdala P 32.5 = 109 153.6 = 41.9 50.6 = 12.3
U 32.1+ S.2 153.6 = 21.7 48.1 = 6.4
Y 31.7+ 5.5 146.5 = 17.3 432+ 7.2
Hippocampus P 159+ 1.7 103.7 + 7.3 21.2 = 3.1
U 17.3 + 3.1 106.8 + 12.0 240 = 1.7
Y 152 + 1.7 101.3 > 7.4 227+ 1.7
Dentate gyrus P 203« 2.0 129.3 = 10.5 376 =+ 4.0
U 205+ 4.9 122.0 = 20.6 40.1 = 7.8
Y 20.8 + 4.5 130.5 = 16.3 405+ 5.3
Hypothalamus P 222« 54 99.2 £ 19.5 78.4 = 13.0
U 221+ 2.4 100.2 = 5.6 833+ 79
Y 243 = 6.7 109.2 = 21.2 86.6 = 14.6
Thalamus P 21.5 = 3.1 96.3 + 10.2 285 + 5.0
U 21.1 = 3.1 93.7 + 8.2 275+ 3.4
Y 202 = 1.2 91.4 = 6.6 252+ 3.9

Values are mean = S.D. of 8 rats.
*P=punished; U=unpunished; Y=yoked-shock.

shock since the yoked-shock also increased the turnover tal cortex, pyriform cortex, septum, caudate putamen and
rates significantly, but with different magnitudes. Mostly hypothalamus, increase in GABA turnover in the motor-
(16/19), the changes caused by the yoke-shock were weaker somatosensory cortex, nucleus accumbens, septum, amyg-
than those by the punishment. These were: increase in Asp dala and thalamus. The remaining six changes, mostly in
turnover in the motor-somatosensory cortex, cingulate cor- GABA turnover, appeared to be specific effects of the
tex, preoptic diagonal band, hippocampus and hypothala- punishment since yoked-shock did not affect the turnover
mus, increase in Glu turnover in the regions except the fron- rates. These were: increase in Asp turnover in the thalamus,
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FIG. 2. Turnover rates of aspartate in 14 brain areas of punished (clear bars), unpunished (stippled bars)
and yoked-shock (dark bars) groups. Data represent mean and S.D. calculated from 8 rats. *Significant
difference (p<0.05) from the unpunished group. *Significant difference (p<0.05) from the yoked-

shocked group.

increase in Glu turnover in the hypothalamus, increase in
GABA turnover in the cingulate cortex, entorhinal-subicular
cortex, dentate gyrus and hypothalamus.

DISCUSSION
Behavioral Baseline

Using a yoked-box procedure, two groups of rats which
had similar rates of responding and almost identical rein-
forcement density were obtained. Different effects of pen-
tobarbital which has been reported to selectively increase
punished responding (28) on the response rates for these two
groups verified pharmacologically that the responding for
one group under the random ratio schedule was punished
and that for the other under the yoked-random interval
schedule was unpunished.

Assessment of Amino Acid Neurotransmitter Utilization

The assumption that radiolabel from each neurotransmit-
ter was disappearing from a single open pool is simplified
since it disregards potential compartmentation of the neuro-
transmitters. For biogenic amine transmitters, the disap-
pearance of radiolabel from an open compartment has been
used to evaluate rates of utilization (23). Unfortunately, simi-
lar interpretation of amino acid neurotransmitter utilization
is complicated by several factors. Glucose preferentially
labels neuronal pools of amino acids which are readily re-

leasable in the presence of depolarizing stimuli (11, 12, 31,
43, 44), although it does not distinguish intraneuronal com-
partmentation. This may not be a problem in the forebrain,
where a majority of synapses are thought to release amino
acids such as Glu, Asp and GABA, strongly suggesting that
most of the amino acid pool(s) are dedicated to neurotrans-
mitter function. Therefore, when large pool(s) of Glu, Asp
and GABA are labelled from glucose, the contribution of
these amino acids to nontransmitter functions (metabolic or
synthetic) are probably small and can be ignored without
resulting in significant error. The 60 and 90 minute pulse
length were selected because they were on the linear portion
of the decay in radioactivity curves (39), and they ensure that
the animal is no way stressed nor artificially stimulated dur-
ing ongoing behavior in the punishment paradigm. However,
one may be concerned as to whether neurotransmitter utili-
zation is being monitored at these extended time points. Dur-
ing short pulse intervals after glucose administration, Ber-
tilsson ez al. (4) observed a high flux of label from glucose
into Glu and GABA, and using the method of Neffer al. (33),
calculated turnover rates for the first 7 minutes postinjec-
tion, finding a trend toward decreasing fractional rate con-
stants for GABA. This was attributed to the progressive re-
cycling of radiolabel through the amino acids which is likely
occurring in the present study, but does not reduce the use-
fulness of the observations. Even if recycling of radiolabel is
occurring, the flux through the amino acids is a useful meas-
ure for deriving an apparent rate constant since any up- or
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FIG. 3. Turnover rates of glutamate in 14 brain areas of punished (clear bars), unpunished (stippled bars)
and yoked-shock (dark bars) groups. Data represent mean and S.D. calculated from 8 rats. *Significant
difference (p <0.05) from the unpunished group. *Significant difference (»<0.05) from the yoked-shock

group.

down-regulation of neuronal activity would merely acceler-
ate or diminish the contribution of recycling, and thus
not effect the interpretation. Even considering these short-
comings, the turnover of amino acid neurotransmitters
can be monitored in discrete brain regions after behavioral
and/or pharmacological pertubation, with reasonable confi-
dence that increased turnover rates represent elevated
neuronal activity.

Punishment or yoked-shock caused increases in amino
acid turnover rates in multiple brain regions. These relation-
ships are summarized in Table 3. The 42 comparisons could
be divided into 4 categories.

Effects not Associated Specifically With Punishment

(A) No differences among values for the three groups.
This ineffectiveness of the behavioral procedures was seen
only in GABA turnover rates in the caudate-putamen and
preoptic diagonal band. The present results showing in-
creases in turnover rates of the amino acids in widespread
brain areas by the punishment and yoked-shock, which indi-
cate a general stimulating effect of these behavioral manipu-
lations on CNS neurons, are consistent with reports of an
enhanced glucose utilization in extensive brain regions after
stress (32).

(B) Same magnitude of increase in the turnover rates by
the punishment and yoked-shock. In four out of 15 changes
of this type, effects of the yoked-shock were statistically not
significant (Asp in the frontal cortex and septum and Glu in

the pyriform cortex), but the trend of increase was obvious
in these cases. These types of changes were seen mostly in
Asp turnover. It is most likely that these changes were due to
direct or nonspecific effect of shock itself and/or interaction
of food presentation and nonspecific effects of shock. It has
been shown that the presentation of stimulus which was
previously coupled with response-independent shock sup-
pressed operant responding (conditioned suppression)
(15,30). Therefore, one might speculate that, although the
yoked-shock group was not trained for operant responding in
this study, response-independent shock and punishment
could cause similar neurochemical changes. Although the
possibility cannot be ruled out, it seems unlikely since shock
intensity (0.4 mA) and duration (100 msec) were consid-
erably less than those used in the conditioned suppression
(1-2 mA, 500 msec), and extreme emotional responses usu-
ally seen in the conditioned suppression such as bracing or
freezing were not observed in the yoked-shock rats. Frequent
approach to the food cup in the test box was observed in
these rats throughout the session even just after receiving the
shock.

(C) Different magnitude of increase in the turnover rates by
the punishment and the yoked-shock. These types of changes
were seen mostly in Glu turnover. The difference between
the punishment and yoked-shock might have been due to
specific up- or down-regulation [most (16/19) of the changes
were up-regulation] of shock effect by the punishment.
However, it is also possible that the differences resulted from
the response dependency of the reinforcement, response
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FIG. 4. Turnover rates of GABA in 14 brain areas of punished (clear bars), unpunished (stippled bars) and
yoked-shock (dark bars) groups. Data represent mean and S.D. calculated from 8 rats. *Significant
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group.

rates and/or interaction of these factors with shock. There-
fore, more data are needed to determine whether the
punishment specific effects were involved in this type of
change.

Effects That can be Attributed Specifically to Punishment

(D) Significant increase in the turnover rates by the
punishment but no effect by the yoked-shock. This type of
change is most likely to result from specific effect of the
punishment. These were: increases in turnover rates of Asp
in the thalamus, Glu in the hypothalamus and GABA in the
cingulate cortex, entorhinal-subicular cortex, dentate gyrus
and hypothalamus. To be noted, the punishment specific
changes were observed 1) only in the limbic structures form-
ing Papez’s circuit (hippocampal formation — hypothalamus
— anterior thalamus — cingulate cortex — entorhinal cortex
— hippocampal formation) (27) and 2) predominantly in
GABA turnover. Since GABA neurons in these structures
are mostly intrinsic interneurons which mediate feedback or
feed forward inhibition [reviewed by Haefely and Polc (19)],
the increase in GABA turnover suggests that the punishment
specifically activated the limbic systems including Papez’s
circuit. Therefore, in addition to the punishment specific in-
crease in Asp and Glu in the thalamus and hypothalamus,
respectively, larger increase in Asp and Glu in the rest of the
areas of Papez’s circuit in the punished rats than in the
yoked-shock rats may also be a specific enhancement of the
shock effect by punishment. The specific activation of the

neuronal activity in the limbic system by punishment may be
related to the emotional states induced by the punishment,
possibly anxiety and/or conflict.

GABAergic Systems and Punishment

It has been shown that the antipunishment action of ben-
zodiazepines was potentiated and mimicked by the intraven-
tricular or intracerebral injection of the GABA receptor
agonist muscimol (7,37), while it was inhibited by drugs
which reduce the responsiveness of GABA receptors
(bicuculline, a GABA receptor antagonist and picrotoxin, a
chloride channel inhibitor) (5, 37, 41, 45). On the other hand,
inhibitors of GABA function (benzodiazepine receptor
inverse agonists, GABA synthesis inhibitor, GABA
antagonist, chloride channel inhibitor) have been reported to
enhance the punishment-induced behavioral inhibition (9,
35, 42). These pharmacological data suggest that central
GABAergic systems are inhibitory on the behavioral sup-
pressing effect of punishment. This study showed that
GABA turnover was selectively increased by the punish-
ment and the turnover rates of excitatory Asp and Glu were
elevated by the punishment much higher than by the yoked-
shock. These results suggest that the inhibitory GABAergic
interneurons were activated as a result of the pronounced
excitation of the neurons in the limbic systems by punish-
ment. The antipunishment effect of benzodiazepines may be
a result of a further enhancement of the compensatory
GABA-mediated inhibitory process. Alternately, it is also
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TABLE 3
RELATIONSHIPS BETWEEN PUNISHMENT OR YOKED-SHOCK AND THE TURNOVER OF AMINO ACIDS
Asp Turnover Glu Turnover GABA Turnover
Cate- Cate- Cate-

Brain Area P* Yt P/Y% gory$ pP* Y* P/Y# gory$ P* Y7 p/Y: gory§
Frontal cortex —— — B I 1 — B 1 1 — B
Pyriform cortex T — — B T — — B 1 1 — B
Motor-somatosensory 1 1 1 C 1 1 1 C 1 1 4 C

cortex
Cingulate cortex i i 1 C 1 1 1 C 1 — 7
Etorhinal-subicular 1 1 — B T 1 1 C 1 — T D

cortex
Nucleus accumbens 1 1 — B 1 1 1 C 1 C
Septum — — B 1 1 — B 1 1 } C
Caudate-putamen T — B ) J — B R — — A
Preoptic-diagonal 1 1 C T 1 1 C — — — A

band
Amygdala T 1 — B 1 T i c 1 1 T C
Hippocampus I 1 C 1 1 T C 1 1 — B
Dentate gyrus 1 1 — B 1 1 i C i — i D
Hypothalamus 1 1 () C i) — 1 D 1 — 1 D
Thalamus I 1 D ) 1 1 C 1 1 v C

*Punished versus unpunished groups.
tYoked-shock versus unpunished groups.
$Punished versus yoked-shock groups.

§Categories of relationships: A, no effect of the behavioral procedures; B, nonspecific effects of shock; C, nonspecific effects of shock
or specific up- or down-regulation of shock effects by the punishment (see the Discussion section for details); D, specific effects of the

punishment.
1 =Increased turnover; | =decreased turnover; —=no change.

possible that the increased GABA turnover was a response
to impaired GABAergic transmission at the receptor site. It
has been shown that GABA and benzodiazepine receptor
agonists reduced GABA turnover rate, whereas GABA
antagonists and benzodiazepine inverse agonists produced
opposite effects (2, 3, 29) presumably via autoreceptors. On
the other hand, the presence of endogenous peptides which
share with B-carboline-like benzodiazepine receptor inverse
agonists receptor binding properties and electrophysiological
and behavioral effects has been reported (6, 10, 18). Thus, it
can be speculated that punishment released endogenous
substances which bind to benzodiazepine-8-carboline bind-
ing sites and inhibited GABAergic transmission at GABA
receptor level, which in turn activated presynaptic GABA
neuronal activity. Reduced GABAergic transmission was

thereby lead to hyperexcitation of the neurons in these areas.
The selective increases in GABA turnover by the punish-
ment in the limbic areas could be explained by this hypothesis.

In conclusion, the results suggest that a hyperexcitation
of the amino acidergic neurons in the limbic system, particu-
larly those in Papez’s circuit, is a specific effect of punish-
ment. Although the present results do not address the mech-
anisms responsible for these changes, it is possible that this
effect is mediated by endogenous ligands for benzo-
diazepine-B-carboline binding sites.

ACKNOWLEDGEMENT
This research was supported in part by USPHS Grant DA 01999.

REFERENCES

1. Albert, L. H.; Emett-Oglesby, M.; Seiden, L. S. Effects of
schedules of reinforcement on brain catecholoamine metabo-
lism in the rat. Pharmacol. Biochem. Behav. 6:481-486; 1977.

2. Bernasconi, R.; Bittiger, H.; Schmutz, M.; Martin, P.; Klein,
M. Is the estimation of GABA turnover in vivo a tool to differ-
entiate between various types of drugs interfering with
the GABA/benzodiazepine/ionophore receptor complex?
Neuropharmacology 23:815-816; 1984.

3. Bernasconi, R.; Maitre, L.; Martin, P.; Raschdorf, F. The use of
inhibitors of GABA-transaminase for the determination of
GABA turnover in mouse brain regions: an evaluation of
aminooxyacetic acid and gabacurine. J. Neurochem. 38:57-66;
1982.

4. Bertilsson, L.; Mao, C. C.; Costa, E. Application of principles
of steady-state kinetics to the estimation of y-aminobutyric acid
turnover rate in nuclei of rat brain. J. Pharmacol. Exp. Ther.
200:277-284; 1977.

S. Billingsley, M. L.; Kubena, R. K. The effects of naloxone and
picrotoxin on the sedative and anticonflict effects of ben-
zodiazepines. Life Sci. 22:897-906; 1978.

6. Borman, J.; Ferrero, P.; Guidotti, A.; Costa, E. Neuropeptide
modulation of GABA receptor chloride channels. Regul. Pept. 4
(Suppl.):33-38; 1985.

7. Cananzi, A. R.; Costa, E.; Guidotti, A. Potentiation by intra-
ventricular muscimol of the anticonflict effect of ben-
zodiazepines. Brain Res. 196:447-453; 1980.



AMINO ACID NEUROCHEMISTRY OF PUNISHMENT

8.

10.

11.

12.

13.

14.

15.

16.

19.

20.

21.
22

23.

24,

25.

26.

27.

Co, C.; Smith, J. E.; Lane, J. D. Use of a single compartment
LCED cell in the determination of biogenic amine content and
turnover. Pharmacol. Biochem. Behav. 16:641-646; 1982.

. Corda, M. G.; Costa, E.; Guidotti, A. Involvement of GABA in

the facilitation of punishment suppressed behavior induced by
B-carbolines in rat. In: Biggio, G.; Costa, E., eds. Ben-
zodiazepine recognition site ligands: Biochemistry and phar-
macology. New York: Raven Press; 1983:121-127.

Corda. M. G.; Ferrari, M.; Guidotti, A.; Konkel, D.; Costa, E.
Isolation, purification and partial sequence of a neuropeptide
(diazepam-binding inhibitor) precursor of an anxiogenic puta-
tive ligand for benzodiazepine recognition site. Neurosci. Lett.
47:319-324; 1984.

Cremer, J. E. Amino acid metabolism in rat brain studied with
4C labelled glucose. J. Neurochem. 11:165-185; 1964.
DeBelleroche, J. S.; Bradford, H. F. On the site of origin of
transmitter amino acids released by depolarization of nerve
terminals in vitro. J. Neurochem. 29:335-343; 1977.
Emett-Oglesby, M. W.; Lewy, A. J.; Albert, L. H.; Seiden, L.
S. Role of lever responding and water presentation in altering
rat brain catecholamine metabolism. J. Pharmacol. Exp. Ther.
204:406-415; 1978.

Enna, S. J. Role of y-aminobutyric acid
Psychopathology 17(Suppl. 1):15-24; 1984.
Estes, W. K.; Skinner, B. F. Some quantitative aspects of anx-
iety. J. Exp. Psychol. 29:390-400; 1941.

Ferster, C. B.; Skinner, B. F. Schedules of reinforcement. New
York: Appleton Century Crofts; 1957.

in anxiety.

. Gellar, 1.; Seifter, J. The effects of meprobamate, barbiturates,

d-amphetamine and promazine on experimentally induced con-
flict in the rats. Psychopharmacologia 1:482-492; 1960.

. Guidotti, A.; Forchetti, M. C.; Corda, M. G.; Konkel, D.; Ben-

nett, C. D.; Costa, E. Isolation, characterization and purifica-
tion to homogeneity of an endogenous polypeptide with agonis-
tic action on benzodiazepine receptors. Proc. Natl. Acad. Sci.
USA 80:3531-3533; 1983.

Haefely, W.; Polc, P. Electrophysiological studies on the in-
teraction of anxiolytic drugs with GABAergic mechanisms. In:
Malick, J.; Enna, S.; Yamamura, H., eds. Anxiolytics: Neuro-
chemical, behavioral and clinical perspectives. New York:
Raven Press; 1983:113-145.

Heffner, T. G.; Vosmer, G.; Seiden, L. S. Increased transport of
3,4-dihydroxyphenylacetic acid from brain during performance
of operant behavior in the rat. Brain Res. 293:85-91; 1984.
Iversen, S. D. 5-HT and anxiolytics. Neuropharmacology
23:1553-1560; 1984.

Jones, B. N.; Gilligan, J. o-Phthalaldehyde precolumn deriviti-
zation and reversed-phase high-performance liquid chromatog-
raphy of polypeptide hydrolysate and physiological fluids. J.
Chromatogr. 266:471-482; 1983.

Lane, J. D.; Co, C.; Smith, J. E. Determination of simultaneous
turnover of serotonin, dopamine and norepinephrine in the
telencephalon of unrestrained rats. Life Sci. 21:1101-1108; 1977.
Lane, J. D.; Sands, M. P.; Co, C.; Cherek, D. R.; Smith, J. E.
Biogenic monoamine turnover in discrete brain regions is corre-
lated with conditioned emotional response and its conditioning
history. Brain Res. 240:95-108; 1982.

Lane, J. D.; Sands, M. P.; Freeman, M. E.; Cherek, D. R.;
Smith, J. E. Amino acid neurotransmitter utilization in discrete
brain regions is correlated with conditioned emotional response.
Pharmacol. Biochem. Behav. 16:329-340; 1982.

Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J.
Protein measurement with the Folin phenol reagent. J. Biol.
Chem. 193:265-275; 1951.

McCleary, R. A.; Moore, R. Y. Subcortical mechanisms of be-
havior. New York: Basic Books; 1965.

28.

29.

30.

31.

32.

33,

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

531

McMillan, D. E. Determinants of drug effects on punished re-
sponding. Fed. Proc. 34:1870-1879; 1975.

Mao, C. C.; Marco, E.; Revuelta, A.; Bertilsson, L.; Costa, E.
The turnover rate of y-aminobutyric acid in the nuclei of telen-
cephalon: implications in the pharmacology of antipsychotics
and of a minor tranquilizer. Biol. Psychiatry 12:1255-1263;
1980.

Millenson, J. R.; Leslie, J. The conditioned emotional response
(CER) as a baseline for the study of anti-anxiety drugs.
Neuropharmacology 13:1-9; 1979.

Minchin, M. C. W. The release of amino acids synthesized from
various compartmented precursors in rat spinal cord slices.
Exp. Brain Res. 29:515-526; 1977.

Nakamura, K.; Hayashi, T.; Nakamura, K. Effects of
bromazepam on cerebral neuronal activity in male Wistar rats
with immobilization stress. Folia Pharmacol. Japon 83:401-412;
1984.

Neff, N. H.; Spano, P. F.; Groppetti, A.; Wong, C.; Copsta, E. A.
simple procedure for calculating the synthesis rate of norepi-
nephrine, dopamine and serotonin in rat brain. J. Pharmacol.
Exp. Ther. 176:701-710; 1971.

Paxinos, G.; Watson, C. The rat brain in stereotaxic coordi-
nates. New York: Academic; 1982.

Petersen, E. N.; Jensen, L. H. Proconflict effect of ben-
zodiazepine receptor inverse agonists and other inhibitors of
GABA function. Eur. J. Pharmacol. 103:91-97; 1984.

Sanger, D. J. GABA and behavioral effects of anxiolytic drugs.
Life Sci. 36:1503-1513; 1985.

Scheel-Kriiger, J.; Petersen, E. N. Anticonflict of the ben-
zodiazepines mediated by a GABAergic mechanism in the amyg-
dala. Eur. J. Pharmacol. 82:115-116; 1982.

Sepinwall, J. Behavioral studies related to the neurochemical
mechanisms of action of anxiolytics. In: Malick, J. B.; Enna, S.
J.; Yamamura, H. L., eds. Anxiolytics: Neurochemical, behav-
ioral and clinical perspectives. New York: Raven; 1983:147—
171.

Smith, J. E.; Co, C.; Freeman, M.; Lane, J. D. Brain neuro-
transmitter turnover correlated with morphine-seeking behavior
of rats. Pharmacol. Biochem. Behav. 16:509-519; 1982.

Smith, J. E.; Co, C.; Freeman, M. E.; Sands, M. P.; Lane, J. D.
Neurotransmitter turnover in rat striatum is correlated with
morphine self-administration. Nature 287:152-154; 1980.

Stein, L.; Belluzzi, J. D.; Wise, C. D. Benzodiazepines: Behav-
ioral and neurochemical mechanisms. Am. J. Psychiatry
134:665-669; 1977.

Stutzmann, J-M.; Béhme, G. A.; Roux, M.; Blanchard, J-C.
Proconflict and electrocorticographic effects of drugs modulat-
ing GABAergic neurotransmission. Psychopharmacology (Ber-
lin) 91:74-79; 1987.

Van den Berg, C. J.; Krzalic, L.; Mela, P.; Waelsch, H. Com-
partmentation of glutamate metabolism in brain. Evidence for the
existence of two different tricarboxylic acid cycles in brain.
Biochem. J. 113:281-290; 1969.

Voaden, M. J.; Morjaria, B. The synthesis of neuroactive amino
acids from radioactive ghicose and glutamine in the rat retina:
Effects of light stimulation. J. Neurochem. 35:95-99; 1980.
Zakusov, V. V.; Ostrovskaya, R. U.; Kozhechkin, S. N.,; Mar-
kovich, V. V.; Molodavkin, G. M.; Voronina, T. A. Further
evidence for GABAergic mechanisms in the action of ben-
zodiazepines. Arch. Int. Pharmacodyn. Ther. 229:313-326;
1977.

Zivin, J. A.; Bartko, J. J. Statistics for the disinterested scien-
tist. Life Sci. 18:15-26; 1976.



