
Understanding the nature of memory is largely based

on the data from studies on memory impairment. In par-

ticular, animal models of pharmacologically induced

memory impairment enabled elucidation of the critical

role of gene expression and of new proteins’ synthesis in

the brain for long-term memory formation [1, 2]. The

process, mediated by this synthesis, was designated as

synaptic or molecular memory consolidation [3, 4]. It has

been traditionally thought that administration of protein

synthesis inhibitors during training leads to irreversible

amnesia [5]. However, alongside with this point of view,

there are experimental data, indicative of the possibility

to restore the impaired memory using various “reminder”

procedures [6, 7]. Therefore, at present, there are at least

two alternative hypotheses about the nature of amnesia,

experimentally caused by protein synthesis disruption.

According to the first one, there is no molecular memory

consolidation during protein synthesis blockade, and,

consequently, the observed amnesia reflects absence of

the “memory trace”, the engram [8]. The second hypoth-

esis suggests that in case of such amnesia the engram by

itself remains intact but is not manifested in behavior due
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Abstract—Impairment of protein synthesis in the brain during learning prevents memory consolidation and results in amne-

sia, which until recently has been regarded irreversible. However, in some cases impaired memory could be restored by var-

ious “reminder” stimuli. The present study is based on the hypothesis that even in behaviorally profound amnesia, some dis-

integrated fragments of the engram are preserved in the brain and could be re-integrated into the whole system by specific

types of stimuli. The aim of the present study was to test this hypothesis in an experimental model of pharmacologically

induced memory impairment in young chicks and to reveal the brain areas involved in this process by mapping of reminder-

induced expression of transcriptional factors c-Fos and Egr-1. We show that reminder treatment results in the recovery of

memory impaired by protein synthesis inhibition during learning and induces c-Fos and Egr-1 expression in the brain

regions involved in learning in this behavioral model. The patterns of c-Fos and Egr-1 induced expression in animals with

impaired memory differed from the patterns of animals with unimpaired memory and as well as naпve animals with no

memory. Thus, analysis of activity-induced c-Fos and Egr-1 expression revealed the brain regions that were specifically acti-

vated by the reminder treatment. At the behavioral level, this treatment led to memory recovery. Altogether, these results

suggest that the reminder-induced transcriptional activity in the brain of amnestic animals occurs in regions maintaining the

engram fragments that reintegrate to recover the impaired memory.
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to impaired access to it and/or impaired retrieval [9]. The

facts of restoration of the impaired memory are consid-

ered as an argument in favor of this hypothesis, although

there are objections to this point of view [10].

The present study relies on the third hypothesis sug-

gesting that the brain with impaired memory still contains

fragments of the engram, dissociated by impairment,

which are unable to be actualized in their current form as

an integral memory and to manifest itself in behavior.

However, these fragments can be reintegrated into a com-

plete system and the memory can be restored if the rein-

tegration process is initiated by certain stimulation of the

remaining engram fragments [11].

Our previous studies of memory impairment in pas-

sive avoidance training in chicks and in fear conditioning

in mice have shown that memory, disrupted by the block-

ade of various molecular consolidation mechanisms dur-

ing training, can indeed be restored by a behavioral

reminder. The whole recovery process takes at least 6 h

and is protein synthesis-dependent [7, 11]. Based on

these data, we suggested that the reminder should induce

a reintegrative process, accompanied by gene expression

activation in the brain areas maintaining the preserved

engram fragments. The aim of this study was to test this

hypothesis and to identify such areas in the chick brain by

investigation of the reminder-induced expression of the

c-Fos and Egr-1 transcription factors (zif268, NGFI-A,

ZENK), known for their role in memory consolidation

[12, 13].

MATERIALS AND METHODS

Behavior and injections. One-day-old chicks (Gallus

gallus domesticus) were trained in a standard one-trial

passive avoidance model, based on the innate propensity

of chicks to peck new objects within their field of view

during the first days of life and to remember their charac-

teristics [13]. Training consisted of presenting twice a

neutral (dry) bead to the animals, and then – of a bead of

different color, moistened with a substance, aversive for

birds, methyl anthranilate (MA; Sigma, USA). After

chicks peck an aversive bead, they demonstrate a species-

specific aversive behavior (head shaking, eyes closed,

wiping the beak). As a result of training, chicks remember

the properties of the bead and avoid it upon subsequent

presentations [13].

Injections of a protein synthesis inhibitor to chicks.

Injections were performed with a micro-syringe, using a

head-fixing holder, which directs injections into the

region of lateral cerebral ventricles, in a volume of 5 µl

per hemisphere [14]. The protein synthesis inhibitor ani-

somycin (ANI; Sigma) was administered 5 min prior to

training in a dose of 80 µg (ANI group). Control animals

received physiological saline (PS) (Control group). The

reminder procedure was carried out 24 h after training.

For this, a part of chicks from the the ANI group was pre-

sented with a bead of a different color, also moistened

with MA, and allowed to peck it (ANI + Reminder

group). The remaining part of animals from the ANI

group and animals of the Control group received no

reminder. All animals were tested 48 h after training by

presenting to them an “aversive” bead and then a neutral

bead for 10 s each. During testing, both beads were dry. If

the chick did not peck a bead for 10 s, its behavior was

classified as avoidance; only those animals that did not

avoid the neutral bead, were included in subsequent

analysis. Selective avoidance of the “aversive” bead was

regarded as presence of long-term memory. Proportions

of animals in each group that avoided the “aversive” bead

during testing, were compared; differences between the

groups were statistically assessed with χ2 test.

Expression of c-Fos and Egr-1 transcription factors.

Transcriptional activity in the brain after reminder proce-

dure was assessed in a separate experiment. Animals were

divided into following groups (6 animals per group): 1)

passive control; 2) normal memory reactivation

(reminder treatment after training on the background of

PS administration); 3) impaired memory reactivation

(reminder treatment after training on the background of

ANI administration); 4) new memory formation

(“reminder treatment” without prior experience, i.e.

training with a new aversive object, a bead of another

color, moistened with MA). Animals of experimental

groups were decapitated 90 min after the reminder proce-

dure (groups 2, 3, 4); animals of the passive control group

(1) were taken from home cages, without any preliminary

exposures. Immunohistochemical detection of c-Fos and

Egr-1 proteins was carried out on brain cryostat sections

(20 µm) with rabbit primary antibodies (Santa Cruz,

USA) and horse secondary anti-rabbit antibodies

(ImmPress KIT; Vector Labs, USA). Visualization was

carried out with diaminobenzidine (Sigma), sections were

digitized using Olympus BX50 microscope and

TurboScan system (Objective Imaging Ltd, UK). Areas of

interest were determined in accordance with the stereo-

taxic atlas of chick brain [15].

Quantitative analysis of c-Fos and Egr-1 expression

was performed using the Image Pro Plus 3.0 program

(Media Cybernetics, USA). The density of c-Fos and

Egr-1 expression was calculated as a ratio of the number

of diaminobenzidine-labeled cells in the selected region

to the region area (in mm2). Data were statistically

processed using Statistica 6.0 program (Kruskal–Wallis

and Mann–Whitney tests).

RESULTS

Memory testing in chicks. In the test 48 h after train-

ing, avoidance level in the ANI group, trained on the

background of protein synthesis blockade, was signifi-
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cantly lower than in the control group, trained on the

background of PS administration (Fig. 1). In the group

receiving reminder treatment 24 h after training (ANI +

Reminder group), avoidance level during testing was sig-

nificantly higher than in the ANI group and did not differ

from that in the control group. Thus, the reminder proce-

dure restored the memory, impaired by protein synthesis

blockade during training. This result is in line with the

previously obtained data [7, 8, 11, 12] and supports the

hypothesis of residual memory trace preservation in the

brain upon amnesia.

Expression of transcription factors c-Fos and Egr-1.

Expression of c-Fos and Egr-1 was analyzed in the brain

regions, involved in memory formation in passive avoid-

ance training: intermediate medial mesopallium (IMM),

medial striatum (MSt), intermediate arcopallium (AI),

hippocampus (Hpc) and densocellular hyperpallium

(HD) – the highest structure of the thalamofugal visual

projection [13, 16-20]. Brain structures and regions, used

for quantitative expression analysis, are shown in Fig. 2.

Patterns of transcriptional activity induced by the

reminder procedure in the brain of animals with the nor-

mal memory (Group 2) differed from those in animals

with the impaired memory (Group 3). So, in the HD,

MSt, Hpc, and AI regions, the minimum expression level

was observed in the passive control group (Group 1;

Figs. 3-6). Reactivation of the normal memory (Group 2)

caused a significant induction of both transcription fac-

tors in these regions compared to the basal expression

level in Group 1 (Figs. 3-6). At the same time, reactiva-

tion of the impaired memory did not increase significant-

ly the c-Fos expression in HD and MSt compared to the

basal level (Group 3; Figs. 3a and 4a) as well as the Egr-1

expression in MSt (Group 3; Fig. 4b). In the hippocam-

pus, the induction of the Egr-1 expression was also

detected in case of reactivation of normal but not

impaired memory (Groups 2 and 3; Fig. 5). Induction of

the c-Fos in this structure was not observed in any of the

groups (data not shown).

Thus, in animals with amnesia, in contrast to animals

with normal memory, the reminder procedure did not

induce transcriptional activity in a number of brain

regions, which seems to reflect the absence of a memory

trace, to which the reminder was addressed. On the other

hand, patterns of the reminder treatment-induced tran-

scriptional activity in amnestic animals differed from

those in naive (not trained previously) animals, which

formed a new memory as a result of this procedure (Group

4). Thus, the level of the induced c-Fos expression in HD

and MSt as well as Egr-1 expression in MSt and hip-

pocampus in naive animals was significantly elevated

compared to baseline and did not differ from that in ani-

mals with normal memory (Group 4; Figs. 3a, 4 and 5).

Fig. 1. Effects of anisomycin and reminder procedure on the

avoidance level 48 h after training. The Control group (n = 32)

was trained on the background of intracranial saline injections

and did not receive reminder treatment; the ANI group (n = 31)

was trained after anisomycin administration and did not receive

reminder treatment; the ANI + Reminder group (n = 33) was

trained after anisomycin administration and received reminder

treatment 24 h after the training; *p < 0.05, **p < 0.01, compared

to the ANI group.
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Fig. 2. a) Brain areas for quantitative analysis of c-Fos and Egr-1

expression (levels A10.6 and A7.6 are defined by the chicken

brain atlas [15]); b) microphotographs illustrating c-Fos expres-

sion (white arrows designate the labelled cells). Scale, 0.25 mm.

HD, densocellular hyperpallium; MSt, medial striatum; Hpc,

hippocampus; IMM, intermediate medial mesopallium; AI,

intermediate arcopallium.
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In regions HD and AI, the Egr-1 expression in all the

three groups (Groups 2-4) significantly exceeded the

basal level (Figs. 3b and 6). In these regions, the reactiva-

tion of both normal and impaired memory caused an

increase in the Egr-1 expression. The Egr-1 level in

Group 4, lacking any prior experience, was also signifi-

cantly higher than baseline and did not differ from the

expression level in the groups with reactivation of normal

or impaired memory (Figs. 3b and 6). These data, indica-

tive of involvement of HD and AI in reactivation of the

impaired memory in animals with amnesia, suggest that

these regions can support long-term plastic changes asso-

ciated with previous training.

In IMM region, a high basal expression of both tran-

scription factors was observed (Group 1; Fig. 7). The

reminder treatment in the group with normal memory

(Group 2) as well as training of naпve chicks (Group 4)

did not alter the c-Fos expression level (Fig. 7a) and

decreased the Egr-1 expression (Fig. 7b). At the same

time, in amnestic animals, the induction of the c-Fos

expression was observed in this area, but the Egr-1

expression was not changed (Figs. 7a and 7b).

DISCUSSION

We demonstrated that administration of the protein

synthesis inhibitor anisomycin prior to passive avoidance

training disrupts long-term memory formation in chicks,

which agrees with the existing data [13]. Previously, it has

Fig. 3. Effect of reminder treatment on the c-Fos (a) and Egr-1 (b) expression in the densocellular hyperpallium (HD). Density of c-Fos- and

Egr-1-positive cells/mm2 is shown as mean ± SE. Group 1, passive control; Group 2, normal memory reactivation; Group 3, impaired memo-

ry reactivation; Group 4, new memory formation (6 animals in each group); *p < 0.05 compared to Group 1; #p < 0.05 compared to Group 2.

Fig. 4. Effect of reminder treatment on the c-Fos (a) and Egr-1 (b) expression in the medial striatum (MSt). Density of c-Fos- and Egr-1-pos-

itive cells/mm2 is shown as mean ± SE. Group 1, passive control; Group 2, normal memory reactivation; Group 3, impaired memory reacti-

vation; Group 4, new memory formation (6 animals in each group); *p < 0.05 compared to Group 1; #p < 0.05 compared to Group 2.
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been shown that the memory disrupted by anisomycin

can be restored by a reminder treatment [7, 11].

Anisomycin not only inhibits protein synthesis but also

affects other processes in neural cells, for example, by

altering neurotransmitter release [21] and by suppressing

neuronal activity [22]. However, using passive avoidance

training in chicks it was demonstrated that in the case of

intracranial anisomycin administration, memory impair-

ment is manifested only 40-60 min after the training or

the reminder procedure, while the short-term protein-

independent memory is not impaired [13]. But, if ani-

somycin caused amnesia through the altered neurotrans-

mitter release or the neuronal activity suppression, the

short-term memory would inevitably be disrupted. In

addition, other protein synthesis inhibitors cause disrup-

tion of the long-term but not short-term memory that is

identical to the anisomycin-induced amnesia, without the

described side effects [13]. Collectively, these data sup-

port the assumption that it is the protein synthesis block-

ade that causes the anisomycin-induced amnesia.

The main objective of this study was to investigate

expression of the c-Fos and Egr-1 transcription factors

(zif268, NGFI-A, ZENK), known for their role in the

experience-dependent plasticity in avian brain [12, 13,

23, 24], in the reminder-induced restoration of pharma-

cologically disrupted memory in chicks. In general, our

results show that presentation of a reminder stimulus

induces expression of transcription factors c-Fos and

Egr-1 in the brain of animals with impaired memory; at

that patterns of the expression differ from those in ani-

Fig. 5. Effect of reminder treatment on the Egr-1 expression in the

hippocampus (Hpc). Density of Egr-1-positive cells/mm2 is

shown as mean ± SE. Group 1, passive control; Group 2, normal

memory reactivation; Group 3, impaired memory reactivation;

Group 4, new memory formation (6 animals in each group); *p <

0.05 compared to Group 1; #p < 0.05 compared to Group 2.

Fig. 6. Effect of reminder on Egr-1 expression in the intermediate arco-

pallium (AI). Density of Egr-1-positive cells/mm2 is shown as mean ±

SE. Group 1, passive control; Group 2, normal memory reactivation;

Group 3, impaired memory reactivation; Group 4, new memory for-

mation (6 animals in each group); *p < 0.05, **p < 0.01 compared to

Group 1.

Fig. 7. Effect of the reminder procedure on the c-Fos (a) and Egr-1 (b) expression in the intermediate medial mesopallium (IMM). Density

of the c-Fos- and Egr-1-positive cells/mm2 is shown as mean ± SE. Group 1, passive control; Group 2, normal memory reactivation; Group

3, impaired memory reactivation; Group 4, new memory formation (6 animals in each group); *p < 0.05 compared to Group 1.
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mals with normal memory and in previously untrained

animals. The activation patterns of both transcription

factors in the studied brain regions coincided in animals

trained for the first time and in animals with normal

memory, which was reactivated by a reminder treatment.

Such a coincidence of patterns indicates that these brain

regions seem to participate both in long-term memory

formation and in its reactivation and/or reconsolidation.

The difference in the expression patterns between the

amnestic (Group 3) and previously untrained animals

(Group 4), on the other hand, is indicative of preserva-

tion in the animals with impaired memory of some long-

term, learning-induced changes in the brain, i.e. the frag-

ments of the incomplete engram. In particular, in the two

investigated regions, AI and HD, the level of the induced

Egr-1 expression was similarly high in all groups (Figs. 3b

and 6), which may reflect participation of these brain

areas in maintaining the fragments of the impaired mem-

ory engram.

Area AI (intermediate arcopallium) is a part of the

arcopallio-amygdaloid complex of avian forebrain and

belongs to its sensorimotor section [25]. AI sends

descending projections to the sensory, somatosensory and

motor regions of telencephalon, to the thalamus and

brain stem and performs premotor functions, thus form-

ing the motor response program [26]. Lesion of the com-

plex leads to incapability of passive avoidance learning

[27]. Involvement of arcopallium in this training is con-

firmed by morphological data, indicating that it can serve

as a relay area between IMM and MSt, the two key struc-

tures involved in learning and maintaining memory in

passive avoidance model [15, 16]. Totally, all these data

suggest that the residual engram fragments can be stored

in AI in amnesia.

HD (densocellular hyperpallium) is a part of the

visual Wulst – the highest projection of one of the two

parallel visual pathways in avian brain. HD receives

inputs from the thalamus nuclei and sends afferents to

other Wulst components and to dorso-caudal pallial

regions, including AI [17, 27]. Projections of HD to the

pyriform cortex, associated with smell sense, have been

shown in pigeons [28]. In chicks, HD has projections to

IMM and plays a key role in visual imprinting [29]. The

reminder-induced expression of transcription factor Egr-

1 in amnestic animals can be associated with reactivation

of the dissociated memory trace fragments. At the same

time, it cannot be ruled out that this induced expression,

similar in all groups, reflects activity of the systems asso-

ciated with perception of the reminder stimulus, its visu-

al, olfactory and other properties.

Thus, analysis of the c-Fos and Egr-1 expression in

the brain of animals with impaired memory revealed

areas, specifically activated upon the reminder treatment

(HD, AI, IMM). Applying to the animals in reminder

treatment the same aversive stimulus that was used during

primary training results in restoration of the impaired

memory at the behavioral level. The results obtained sug-

gest that the specific transcriptional activity upon

reminder procedure in amnestic animals occurs in brain

structures supporting the fragments of the dissociated

engram, which, as a result of the reminder procedure, are

reintegrated into the complete engram – a process which

provides memory recovery.
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