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Abstract

The specific mitochondrial benzodiazepine receptor (MBR) agonist, FGIN 1±27, and antagonist, PK 11195, were used to investigate

whether this receptor was involved in passive avoidance memory formation in the day-old chick. PK 11195 at a concentration of 1±10 mM

was found to be amnesic when injected directly into the lobus parolfactorius (LPO) 5 h after training ( P < .01). Unilateral injections of PK

11195 further showed that memory was only disrupted with injections into the right hemisphere ( P < .01). Since the MBR is considered to be

involved in the production of a neurosteroid that modulates GABAergic transmission, we injected bicuculline and muscimol, specific

inhibitor and agonist, respectively, of the GABAA receptor, to see if either disrupted memory formation. The results of bilateral injections into

the LPO at 5 h post-training indicated that enhanced GABAergic transmission was involved in memory formation since the inhibitor,

bicuculline, caused amnesia ( P < .01) and unilateral injections also showed that this effect was confined to the right hemisphere ( P < .05).

Since memory for passive avoidance learning is thought to involve both cytosolic and mitochondrial protein synthesis at this 5-h time point

[Freeman FM, Young IG. Chloramphenicol-induced amnesia for passive avoidance training in the day-old chick. Neurobiol Learn Mem

1999;71:80±93.], we studied the effect of unilateral injections of chloramphenicol (CAP) and anisomycin (ANI) during this second wave of

protein synthesis and found that CAP only disrupted memory when injected into the right LPO 5 h post-training ( P < .05). This lateralization

to the right hemisphere was also seen when ANI was injected 4 h post-training ( P < .05) but at 5 h, only bilateral injections of ANI could

disrupt memory ( P < .05). The results suggest a role for mitochondria and the GABAergic system in the retention of passive avoidance

learning in the day-old chick. D 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Benzodiazepine (BZD) acts directly at the GABAA

receptor to modulate chloride gating by the neurotransmitter

GABA [11]. Indirectly, BZDs can also regulate neurotrans-

mitter release via modulation of neurosteroid synthesis in

the mitochondria [33]. The mitochondrial benzodiazepine

receptor (MBR) is located in the outer mitochondrial mem-

brane [1]. Steroidogenesis begins with the conversion of

cholesterol to pregnenolone, which occurs in the inner

mitochondrial membrane. Pregnenolone then leaves the

mitochondrion to undergo enzymatic transformation in the

endoplasmic reticulum. In some tissues, pregnenolone is

metabolized to steroid intermediates that return to the

mitochondria for the last step in the synthetic pathway,

ultimately leading to the production of mineralocorticoids

and glucocorticoids. The diazepam-binding inhibitor (DBI)

is an endogenous polypeptide that has the ability to displace

diazepam from the BZD binding site on the GABAA

receptor and the MBR [27]. Stimulation of the MBR by

DBI causes the translocation of cholesterol from the outer to

the inner mitochondrial membrane, where it is converted to

pregnenolone by the enzyme cytochrome P450ssc [32].

Some pregnenolone derivatives positively modulate and

others negatively modulate GABA action at the GABAA

receptor [33,37].

In the present work, we have investigated the role of the

MBR in long-term memory formation in the chick. One-trial

passive avoidance training in the day-old chick is an

attractive model to study long-term memory formation. This

paradigm exploits the precocity of newly hatched chicks
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which explore their environment by pecking and rapidly

learn to distinguish between edible and distasteful objects.

If a chick is presented with a bead coated in the bitter-

tasting substance, methylanthranilate (MeA), it will peck

once, show a characteristic disgust response, and subse-

quently avoid a similar, but dry, bead presented later

[9,23]. This paradigm has the advantage that, since it

requires only a single brief training trial, the exact time

of memory inception is known and hence, the sequence of

events that occur during memory consolidation. Using this

paradigm, Freeman et al. [21] have shown the existence of

two distinct waves of protein synthesis. The first occurs

up to 90 min post-training and the other between 4 and 5

h after training. Apart from protein synthesis, two phases

of neuronal activity following training have also been

demonstrated in the chick [57]. Electrophysiological stu-

dies have shown a dramatic increase of spontaneous high-

frequency neuronal bursting [40]. Initially, this bursting

activity is distributed between left and right intermediate

medial hyperstriatum ventrale (IMHV), but within 4±7 h

shifts to the right IMHV and to the lobus parolfactorius

(LPO) Ð a mammalian basal ganglion homologue

[24,25]. A series of lesion studies [26,44,45] has shown

that the IMHVs are involved in the acquisition of memory

but not its retention, whereas the LPOs are involved in

retention and recall but not the acquisition of memory for

the passive avoidance training. Studies using c-Fos and c-

Jun as markers of neuronal activity have also demon-

strated a biphasic pattern of activity, where the IMHV is

first activated followed by the LPO [20,53]. These find-

ings support the concept of two phases of neuronal

activity with information being processed in one area of

the brain (e.g. IMHV) before being redistributed to other

brain regions (e.g. LPO).

FGIN 1±27 has been used to study the MBR since it

binds selectively to this receptor and not to the GABAA

receptor or any other neurotransmitter receptors. It has

also been shown to potently stimulate steroid biosynthesis

in isolated glial cells and in brain mitochondrial prepara-

tions [50,51]. FGIN 1±27 stimulates pregnenolone synth-

esis in the rat brain and this is blocked by the selective

MBR antagonist, PK 11195 [2,32,47]. Fear of novelty in

rats is reduced by FGIN 1±27 and this fear was prevented

by PK 11195 [51]. De Cunha et al. [15] have shown that

memory for a stepdown inhibitory avoidance task involves

the MBR and GABAA receptors. The endogenous ligand

of the MBR, DBI, has been shown to impair performance

in a working memory task [29]. In addition, the level of

DBI has been found to be decreased in patients with

Alzheimer's disease [19]. To study the role of the MBR in

memory formation in the chick, we have used FGIN 1±27

and PK 11195.

Autoradiographical and biochemical studies have indi-

cated the presence of GABA receptors in the chick brain,

with particularly high receptor density in the IMHV and

LPO [58,59]. Martijena and Arce [38] demonstrated a

transient increase in the number of GABAA receptors in

the chick forebrain just after passive avoidance training.

Behavioural pharmacology has shown that pre-training

injections of BZD impair imprinting in chicks [61].

Stimulation of the GABA receptor by muscimol disrupts

passive avoidance memory formation, whereas inhibition

of the receptor by bicuculline facilitates memory for this

task when injected prior to training [10]. Mineralo- and

glucocorticosteroids have also been shown to affect pas-

sive avoidance learning in the chick [54]. Since the DBI

has also been shown to be present in chicken [8], it

seems likely that the MBR will also be involved in

regulating neurosteroidogenesis in chick brain mitochon-

dria. In this paper, we have investigated whether the

MBR and GABAA receptors are involved in passive

avoidance memory formation during the second wave of

neuronal activity in the LPO. Since both cytosolic and

mitochondrial protein syntheses are thought to be in-

volved in events at this 5-h time point [22], we have

studied the effects of unilateral injections of inhibitors of

both types of protein synthesis to try and learn more of

the processes involved in memory formation and particu-

larly of the role of mitochondria.

2. Methods

2.1. Preparation and injection of drugs

FGIN 1±27 and PK 11195 were both purchased from

Sigma and initially dissolved in a minimal amount of

DMSO plus a few drops of Tween-20 and then made up

to their final concentrations with saline (0.9% NaCl) Ð

the final concentration of DMSO was less than 0.5%.

Chloramphenicol (CAP) was dissolved in a minimum

volume of ethanol and the solution adjusted to a final

concentration of 7.4 mM (2.4 mg/ml) with saline. A 30

mM (8 mg/ml) solution of anisomycin (ANI) was prepared

by dissolving the solid in a minimal quantity of 3 M HCl,

after which the pH was adjusted to 7 by the addition of 3

M NaOH and the concentration of ANI was then adjusted

to 30 mM by the addition of saline. Muscimol and

bicuculline were obtained from Sigma. Bicuculline was

initially dissolved in ethanol before being adjusted to

working concentrations with saline. Muscimol was dis-

solved directly in saline. The vehicle control in each case

was a saline solution of the same composition as the

solution used to dissolve the drug. For simplicity, it is

referred to as saline in the figures. Only freshly prepared

solutions were used. Intracranial injections of 10 ml per

hemisphere were made directly into the LPO. The site and

depth of delivery were controlled by the use of a specially

designed stereotaxic headholder and sleeved Hamilton

syringe [18]. The accuracy of the injection apparatus

was verified by injection of dye and subsequent micro-

scopic analysis of tissue.
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2.2. Animals and training procedures

White leghorn±black Australorp chicks (Gallus domes-

ticus) of both sexes were obtained on the day of hatching.

The day-old chicks were placed in pairs into 20� 25� 25

cm3 aluminium pens, each illuminated with a 25-W red

light left undisturbed for 2 h at 28±30°C before being

trained on the one-trial passive avoidance paradigm de-

scribed by LoÈssner and Rose [36]. Briefly, birds were pre-

trained with three 10-s presentations of a small (2.5 mm

diameter) white bead. Chicks which pecked at least twice

out of the three pre-training trials (at least 80%) were then

trained by a 10-s presentation of a chrome bead (4 mm

diameter) dipped in MeA. Drugs or vehicle control were

injected at 5 h post-training. The chicks were then left

overnight with food and water ad libitum until 24 h post-

training when they were tested for recall by a 20-s

presentation of a dry chrome bead and scored as Peck or

Avoid. Each experiment was repeated on different days

and the data pooled to remove batch-specific effects. Each

bird was trained and tested only once. After testing with

the chrome bead, birds were presented with a white bead

similar to that used for pretraining to test the birds' ability

to discriminate between aversive (chrome bead) and non-

aversive (white bead) stimuli. The numbers of chicks

which avoided the subsequent presentation of the white

bead were insignificant for either drug- or vehicle-injected

birds, verifying the validity of the avoidance data.

In the first experiment, chicks received bilateral intra-

cranial injections of 10 ml at 5 h post-training of the MBR

receptor antagonist, PK 11195, at concentrations of 500,

100, 10, and 1 mM or vehicle (n = 10, 11, 22, 23, and 22,

respectively). The MBR receptor agonist, FGIN 1±27, was

injected at concentrations of 600, 300, 100, 10, and 1 mM

with vehicle as control (n = 16±18) and recall was tested

for after 24 h. To see if the effect due to PK 11195 was

lateralized, PK 11195 was injected 5 h post-training at 10

mM directly into either the left or right LPO, with the

contralateral LPO receiving vehicle. For comparison, ani-

mals received either PK 11195 or vehicle into both hemi-

spheres (n = 22±24) and recall was tested after 24 h.

Since stimulation of the MBR is thought to increase the

production of neurosteroids that act as neuromodulators

[43] of especially the GABAA receptor, we used the

specific agonist and inhibitor of the GABAA receptor,

muscimol and bicuculline, respectively, to determine if

this receptor was involved in long-term memory formation

at 5 h post-training. Bilateral intracranial injections of

bicuculline were made into the LPO 5 h post-training

using concentrations of 100, 50, 25, 10, and 5 mM with

vehicle as a control (n = 31, 15, 15, 20, 17, and 31,

respectively). Muscimol was also similarly injected at

concentrations of 50, 25, and 5 mM with a vehicle control

(n = 10). Recall was tested at 24 h. To test whether the

effect due to bicuculline was lateralized, direct unilateral

intracranial injections of bicuculline (100 mM) were made

into the right or left LPO at 5 h post-training, with the

contralateral LPO receiving vehicle. For comparison, birds

received either bicuculline or vehicle in both LPOs

(n = 17±18) and recall was tested at 24 h.

In a third set of experiments that were designed to

determine if the effect on memory due to inhibition of

mitochondrial protein synthesis is lateralized at this 5-h

time point, the inhibitor of mitochondrial protein synthesis,

CAP, was injected 5 h post-training at 7.4 mM directly into

either left or right LPO, with the contralateral LPO receiving

Fig. 1. Effect of bilateral intracranial injections (10 ml per hemisphere), directly into the LPO, at 5 h after passive avoidance training of (A) the MBR agonist,

FGIN 1 ± 27, or (B) the antagonist, PK 11195, at the indicated concentrations or vehicle. Numbers as described in Section 2. Retention was tested at 24 h.

* * P < .01.
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vehicle. For comparison, animals received either CAP or

vehicle in both hemispheres (n = 22±24). Similarly, ANI (30

mM), a cytosolic protein synthesis inhibitor, was injected at

4 or 5 h post-training directly into either the left or right

LPO, with the contralateral LPO receiving vehicle. For

comparison, animals received either ANI or vehicle in both

hemispheres (n = 22±26) and recall was tested at 24 h. The

concentrations of CAP and ANI used were based on our

previous study [22].

2.3. Analysis of data

Chicks that avoided the bead on test were regarded as

remembering the avoidance response, while those that

pecked were regarded as showing amnesia. Results were

expressed as the percentage of birds that exhibited recall (%

avoidance) for the training task when tested at 24 h.

Comparisons of retention between drug- and vehicle-in-

jected birds were made using c2.

3. Results

None of the drugs tested produced any effect on the

ability of chicks to discriminate between aversive (chrome

bead) and non-aversive (white bead) stimuli, indicating no

non-specific effects of these agents on normal neuronal

functioning (results not shown).

3.1. Effect of FGIN 1±27 and PK 11195 on

memory formation

The involvement of the MBR in long-term memory

formation in the day-old chick was tested using the specific

agonist, FGIN 1±27, and the specific antagonist, PK 11195,

of this receptor. While FGIN 1±27 did not disrupt memory

(Fig. 1A), PK 11195 caused amnesia when it was injected

bilaterally into the LPO at concentrations of 1 and 10 mM

( P < .01) and retention was tested at 24 h (Fig. 1B).

Unilateral injections revealed that susceptibility to PK

Fig. 2. Effect of unilateral intracranial injections directly into the LPO of 10

mM PK 11195 (10 ml per hemisphere) 5 h post-training. Numbers as

described in Section 2. Retention was tested at 24 h. * * P < .01.

Fig. 3. Effect of bilateral intracranial injections, directly into the LPO (10 ml per hemisphere), 5 h after passive avoidance training of bicuculline or muscimol,

GABAA receptor antagonist and agonist, respectively. Numbers as described in Section 2. Retention was tested at 24 h. * * P < .01.
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11195 at this 5-h time point was confined to the right

hemisphere, which includes the right LPO ( P < .01) (Fig.

2). At the doses employed, neither PK 11195 nor FGIN

1±27 produced any detectable motor or behavioural

abnormalities. To look for such abnormalities, we routi-

nely observed the drug-injected chicks to verify that they

had normal interest and ability to explore their environ-

ment by pecking, were not excessively sleepy, and did

not emit distress calls.

3.2. Effect of muscimol and bicuculline on

memory formation

Since the MBR is believed to regulate the GABAA

receptor via its role in the control of steroid biosynthesis,

we were interested to modulate the activity of the

GABAA receptor directly and see if this had an effect

on passive avoidance learning. Stimulation of the GABAA

receptor by muscimol had no effect on retention of

memory when injected bilaterally into the LPO at 5 h

post-training. However, inhibition of the GABAA receptor

by the injection of bicuculline at a concentration of 100

mM blocked memory formation ( P < .01) (Fig. 3). Uni-

lateral injections of bicuculline (100 mM) showed that the

effect of bicuculline was confined to the right hemisphere

( P < .05) (Fig. 4). In agreement with the results of

Clements and Bourne [10], we found that 100 mM

bicuculline or muscimol did not produce any behavioural

abnormalities. These results indicate that the MBR could

be affecting memory formation through its effects on the

GABAA receptor.

Fig. 4. Effect of unilateral intracranial injections directly into the LPO (10

ml per hemisphere) of 100 mM bicuculline at 5 h post-training. Numbers as

described in Section 2. Retention was tested at 24 h. * P < .05.

Fig. 5. Effect of unilateral intracranial injections directly into the LPO (10 ml per hemisphere) of (A) CAP at 5 h, or (B) ANI at 4 h or (C) ANI at 5 h post-

training. Concentrations and numbers as described in text and Section 2. Retention was tested at 24 h. * P < .05.
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3.3. Effect of unilateral injections of ANI and CAP on

memory formation

As the antagonism of the MBR and the GABAA receptor

indicated that the memory-forming processes appeared to be

confined to the right LPO at 5 h after training, it was of

interest to determine if such effects were also observed with

two other inhibitors effective at this time point. These are

the protein synthesis inhibitors, CAP and ANI, which block

mitochondrial and cytosolic protein syntheses, respectively.

CAP was effective in blocking memory at 5 h post-training

when injected bilaterally ( P < .05) or into the right LPO

only ( P < .05) (Fig. 5A). Similarly, both bilateral ( P < .05)

and right LPO injections ( P < .05) of ANI disrupted mem-

ory at 4 h after training, but by 5 h, only bilateral injections

caused amnesia (Fig. 5B and C).

4. Discussion

The results show that stimulation of the MBR by FGIN

1±27 does not disrupt memory formation for passive

avoidance learning (Fig. 1A). However, when the receptor

is inhibited by PK 11195, memory formation is affected

(Fig. 1B). There is an inverse dose±response effect; high

concentrations of the antagonist do not disrupt memory,

but low concentrations do. There are two possible expla-

nations for this effect. PK 11195 is known to also be a

partial agonist [2,47] and at high concentrations, we may

be seeing this agonistic property. Alternatively, the re-

sponse may be a classical `U'-shaped dose±response curve

with the descending arm of the curve missing because we

have not employed a concentration of PK 1195 that is low

enough. `U'-shaped dose±response curves for the effects

of post-training drug injections on subsequent learning

have been reported for many agents although the precise

reasons for this property are as yet unclear [39,46]. Fig. 2

shows that the effect on memory due to PK 11195 is

confined to the right hemisphere.

There have been a number of studies of the mechanisms

that lead to MBR activation. It has been shown that FGIN

1±27 does not bind directly to other transmitter receptors,

including GABAA, GABAB, glycine, glutamate, dopamine,

serotonin, opiate, cholecystokinin, b-adrenergic, cannabi-

noid, or s-receptors but is a specific agonist for the MBR

[50,51]. FGIN 1±27 has been shown to antagonise the

performance deficits induced by inhibition of the NMDA

receptor in radial and water maze tests and in passive

avoidance learning tasks. Thus, the NMDA receptor is

implicated in the cascade of events that leads to MBR

activation. Further experiments showed that the effect of

FGIN 1±27 after passive avoidance training could be

reversed by PK 11195 and the neurosteroid, pregnenolone

sulphate [52]. Other studies have shown that morphine

treatment or NMDA receptor activation is important in the

regulation of DBI expression [31,41,52]. Little is known

about which receptors are involved in the second wave of

neuronal activity that occurs during passive avoidance

learning in the chick. Thus, which receptors, if any, are

involved with the regulation of the MBR via the DBI at 5 h

in the chick remains to be determined.

Since upregulation of the MBR can indirectly affect the

GABAA receptor via the synthesis of neurosteroids [50,51],

we sought to investigate whether direct modulation of the

GABAA receptor had an effect on passive avoidance learn-

ing at 5 h post-training. Stimulation of the GABAA receptor

by muscimol had no effect on memory, but inhibition of the

receptor with bicuculline disrupted memory formation (Fig.

3). Unilateral injections of bicuculline demonstrated that this

effect is confined to the right hemisphere (Fig. 4). It,

therefore, is possible that the involvement of the MBR in

memory formation may be related, in part, to GABAA

receptor modulation.

The density of GABA receptors is relatively high in the

LPO [13,58±60]; the region of the brain where injections

were made in the present work, and GABAA receptors have

been shown to be upregulated in the LPO after learning

[38]. GABAergic transmission is important for the retention

of a number of different learning tasks in a variety of species

[4,5,7,63]. Most studies show that the GABAA antagonist,

bicuculline [14], enhances memory for avoidance tasks

when injected around the time of training [3,4,6,30] and

this is also true in the chick [10]. In the early stages of

memory formation, there appears to be some evidence of an

interaction of the GABAergic and the b-noradrenergic

system in the rat and mouse and perhaps the chick

[10,12,30].

Two other inhibitors which are effective at 5 h post-

training have been described. These are CAP, an inhibitor of

mitochondrial protein synthesis [22], and ANI, which

blocks cytosolic protein synthesis. We were interested to

see if the effect of these inhibitors on passive avoidance

memory formation showed the same specificity of action in

the right hemisphere and whether their action could plau-

sibly be related to the MBR. The protein synthesis inhibitor,

ANI, has been shown to disrupt memory when injected

between 4 and 5 h post-training [21]. Fig. 5B shows that

when ANI was injected at 4 h, this effect was confined to

the right hemisphere, but an hour later, only bilateral

injections disrupted memory formation (Fig. 5C), suggest-

ing that either hemisphere was capable of `̀ maintaining'' the

memory at 5 h post-training. A lack of effect with unilateral

injections at 5 h is not due to ANI diffusion to the other

hemisphere since there was lateralization to the right hemi-

sphere when ANI was injected at 4 h. The inhibitor of

mitochondrial protein synthesis, CAP, has been shown to

disrupt memory when injected at 5 h after training only [22].

Here we show that this inhibition is confined to the right

hemisphere (Fig. 5A).

While the major effect of CAP is to inhibit mitochondrial

protein synthesis [48], it has also been shown to inhibit the

activity of some members of cytochrome P450 family at
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extremely high concentrations (300 mg/kg) [28]. It may be

that CAP is not only inhibiting mitochondrial protein

synthesis in the present studies. but is also affecting

P450ssc activity. Loscertales et al. [35] have shown that

the inhibitor of corticosterone, aminoglutethimide, disrupts

passive avoidance memory when administered intraperito-

neally prior to training and recall is tested at 24 h. This

compound is also known to inhibit cytochrome P450

[42,62] including P450ssc [55]. Since this compound has

been shown to have a long half-life in most species

(approximately 24 h) [16,17,34], it is plausible that it is

exerting its effect 5 h post-training. Sandi and Rose [54]

showed that pre-training injections of corticosteroid receptor

inhibitors only started to exert their effect from 4 h onwards.

This raises the possibility that CAP could be inhibiting

neurosteroid synthesis via inhibition of cytochrome P450ssc

and thereby interfering with the role of the MBR. The effect

of ANI could also relate to the MBR. Protein synthesis

would be expected to be important for the production of

endogenous peptide ligands that activate the MBR. Inhibi-

tors of protein synthesis have been shown to block steroi-

dogenic stimulation by hormones [49,56].

A more detailed understanding of the processes of

memory formation occurring 5 h after training in the chick

awaits further studies, but the present work has given clear

evidence that these processes can be modulated by the MBR

and GABAA receptor.
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