
Abstract. Using only their vibrissae, rats and mice are able to recognize and

differentiate surfaces not distinguishable by primates using their fingertips. It

has been shown that sensory stimulation elicits the expression of

immediate-early genes (IEG), e.g., c-fos and zif268, in the sensory cortex of

rats and mice. Though most of these findings come from visual system, mice

and rats rely more on their vibrissal system which also offers many advantages

for designing precise and precisely controlled experiments. In this review, new

models for the selective and simple stimulation of vibrissae are presented and

discussed. The data demonstrating IEG expression in the vibrissal system is

also reviewed.
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OF WHISKERS AND GENES

In rats and mice, the vibrissae are critical sensory or-

gans, playing a key role in balance, orientation, spatial

learning, movement, distinguishing objects, depth per-

ception, roughness discrimination, swimming, acquiring

food, as well as aggressive, predatory and copulatory be-

haviors (Vincent 1912, Schiffman et al. 1970, Bugbee

and Eichelman 1972, Gustafson and Felbain-Keramidas

1977, Ahl 1986, Guic-Robles et al. 1989, Carvell and

Simons 1990, Bia³y and Beck 1993). In spite of the ob-

servations that the tactile cues are prepotent over visual

ones (Schiffman et al. 1970), the vast majority of data

concerning the effects of sensory deprivation and stimu-

lation on immediate-early genes (IEG) expression in cor-

tex was obtained from investigating mammalian visual

cortex (Kaczmarek and Chaudhuri 1997). There is only a

few observations concerning barrel cortex, the cortical

representation of vibrissae. In this review I would like to

tie together our recent findings concerning c-Fos expres-

sion in rat barrel cortex following tactile experience, pre-

sented at the Satellite to ISN/ESN Berlin’99 Meeting in

Rydzyna (Filipkowski et al. 2000), with those of other

investigators of the field.

The barrel cortex is a part of rodent primary

somatosensory cortex representing mechanoreceptors

connected to vibrissae. It is a remarkable model system

to study the relation between anatomy and function and

the effects of sensory stimulation on cortical activity.

The sensory signal caused by the movement of vibrissae

is sent from whisker follicles through the brainstem and

the thalamus, mainly to the fourth layer of somatosensory

cortex. This layer contains cylinder-shaped anatomical

structures called barrels made of densely packed neurons

(Fig. 1). The barrels, present only in layer IV, are a part of

functional cortical columns extending throughout the

thickness of the cortex and spanning all its layers. There is

a one-to-one correspondence between each vibrissa and

each barrel structure. The representation is contralateral,

i.e. the barrel cortex on one side of the brain represents the

vibrissae on the other side of the snout (Kossut 1992b).

Even “subtle” treatment of animals, such as sensory

stimulation, evokes changes in gene expression. Since

these genes encode transcription factors, and possibly

influence the expression of many genes, they might lead

to permanent alternations in structure and function of

cells. It is also likely that these changes play a key role in

plasticity of the nervous system.
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Fig. 1. Barrels of rat somatosensory cortex. Distribution of vibrissae on the snout (A) corresponds with the distribution of barrels

in layer IV of the cortex, in horizontal plane (B) with the relation: 1 vibrissa – 1 barrel; (C) histological staining showing layers of

the cortex and position of two barrels.



Zif268 and c-Fos proteins are widely used to map

functional activity of the brain (Sagar et al. 1988,

Dragunow and Faull 1989, Smeyne et al. 1992,

Chaudhuri and Cynader 1993, Sharp et al. 1993, Smeyne

et al. 1993, Hughes and Dragunow 1995, Chaudhuri et

al. 1997, Savonenko et al. 1999). Genes encoding these

proteins belong to the group of immediate-early genes

(IEG). Activation of transcription of these genes in the

brain takes place rapidly, minutes after stimulation, and

does not require protein synthesis (Morgan and Curran

1991). Though the increase of the level of expression of

some IEG was observed after many stimuli, such as addi-

tion of hormones, neurotrophins, and neurotransmitters,

it has to be stressed that IEG expression does not merely

reflect neuronal metabolic activity. Such an activity,

measured by 2-deoxyglucose, is not always accompa-

nied by changes in IEG content (Dragunow and Faull

1989, Sharp et al. 1993) whose expression is rather lim-

ited to certain regions and types of cells (Kimpo and

Doupe 1997). Also, the patterns of expression of differ-

ent IEG can vary (Hope et al. 1994a,b, Kaminska et al.

1994, Kasof et al. 1995).

DEPRIVING AND STIMULATING
BARRELS (LOOKING FOR MODELS)

Deprivation of sensory signals coming to the barrel

cortex can be accomplished by clipping or removing the

vibrissae (Schiffman et al. 1970, Fox 1992, Kossut

1992a, Bia³y and Beck 1993, Steiner and Gerfen 1994,

Melzer and Steiner 1997, Fuchs and Salazar 1998,

Polley et al. 1999). It can also be done by removing the

whole or a part of skin pad from the snout (whiskerpad)

together with vibrissae and vibrissal follicles or by cut-

ting the infraorbital nerve (Jacquin et al. 1993). It is pos-

sible to achieve partial deprivation by removing only

some vibrissae, and sparing one side of (Steiner and

Gerfen 1994), one row of (Dunn-Meynell et al. 1992,

Levin and Dunn-Meynell 1993, Siuciñska and Kossut

1994) or just one vibrissa (Kossut et al. 1988, Levin and

Dunn-Meynell 1991, Melzer and Steiner 1997).

There are three main ways of stimulating barrels

which lead to IEG activation: (1) using pharmacological

agents; (2) using direct, mechanical stimulation; and (3)

allowing the animal to explore around novel environ-

ment.

Apomorphine, a dopamine receptor agonist, when in-

jected subcutaneously, increases the locomotor activity

of animals, especially causing whisking and sniffing be-

havior which ultimately results in increased vibrissae

stimulation (Szechtman et al. 1982, Beck et al. 1986).

Since many cells in the brain are under direct influence

of apomorphine, therefore in this model both sensory-re-

lated and non-sensory stimulation is observed (Steiner

and Gerfen 1994).

Direct, mechanical stimulation with various objects is

often used. This is usually done with a brush (Kossut

1992a, Mack and Mack 1992, Siuciñska and Kossut

1996, Filipkowski et al. 2000), hair clipper (Schwarting

et al. 1994) as well as with cable, stick or other kind of

probe (Barneoud et al. 1991, Hurwitz et al. 1991, Jacobs

and Juliano 1995). Usually all vibrissae on one side of

the snout are stimulated or some of them, e.g., one row

only (Jab³oñska et al. 1996, Siuciñska and Kossut 1996).

The problem with direct brushing is the high activity and

mobility of mice and rats. This can be eliminated by an-

esthetizing (Mack and Mack 1992) or restraining the an-

imals (Siuciñska and Kossut 1996). It needs to be

stressed, however that both the use of anesthesia and

stress might influence investigated gene expression and

are far different from physiological conditions. A partic-

ular example of direct vibrissae stimulation is the

Lausanne stimulator, an electromagnetic coil with

strong magnetic field bursts moving metal pieces glued

to whiskers (Welker 1964, Melzer et al. 1985, Welker et

al. 1989, 1992, Rocamora et al. 1996, Melzer and Steiner

1997). One might argue, however, that passive move-

ment of vibrissae, not associated with touching objects

or investigating the surroundings might not reflect the

physiological movement of whiskers.

Placing animals in a new environment as a means of

stimulating whiskers is rarely used (Welker et al. 1992,

Montero 1997, Filipkowski et al. 2000). This relies on a

natural tendency of rats to explore (Eilam and Golani

1989) in combination with a novelty element, known to

elicit IEG expression (Anokhin et al. 1991). Montero

(1997) placed rats in a complex environment with multi-

ple levels formed by boxes and platforms of different

sizes and textures (wood, cardboard, fabric, metal, glass,

brushes) scattered in all surface levels.

The aforementioned experimental models of

vibrissae stimulation, that may be used to investigate

IEG expression, involve either immobilization and pain

(see also: Lukasiuk et al. 1999), anesthesia, or other arti-

ficial situations like the Lausanne stimulator or introduc-

tion of animals into a very elaborate environment. We

have developed simpler experimental systems to investi-

gate effects of tactile stimulation of vibrissae on the gene
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expression (Filipkowski et al. 2000). In the case of direct

brushing, we solved the "mobility problem” by placing

the rats on the top of a copper cylinder. The idea was

based on the observation that laboratory mice and rats

tend to refrain from jumping and sliding from an ele-

vated surface. Once the animals habituated to sitting on

the cylinder their vibrissae on one side of the snout were

brushed by hand. The expression of c-Fos in barrel cor-

tex corresponding to stimulated and to non-stimulated

vibrissae was compared.

As a new environment we used a metal, wired cage in

which rats brought up in a plexiglass cage were placed.

The expression of c-Fos in the barrel cortex of these ani-

mals was compared with its expression in naive rats. Our

previous experience shows that not just the presence of

new objects but also their nature (especially the presence

of holes between bars) elicit whisker-dependent c-Fos

expression (not published). This is in accordance with

the findings of Lipp and Van der Loos (1991) who ob-

served that mice appear to use their whiskers for detect-

ing openings rather then texture.

Several models have been described that use vibrissae

stimulation in learning. Some of them employ T- and

Y-shaped mazes in which an animal has to choose the

correct arm in order to receive a reward (e.g. food) using

as a cue the surface of the walls of the maze’s corridors

(Lipp and Van der Loos 1991) or direct stimulation by

the experimentator (Hurwitz et al. 1990, 1991, Jacobs

and Juliano 1995). Sometimes the choice between two

routes involves jumping to one of two or more platforms

that are positioned and marked in such a way that an ani-

mal can investigate them using the vibrissae only (Guic-

-Robles et al. 1989, Carvell and Simons 1990, Barneoud

et al. 1991, Guic-Robles et al. 1992). These models can

not be used for investigating IEG expression since the

time required to learn the basic task can be as long as 2

weeks whereas IEG expression is often sudden and tem-

porary, detected 1-2 h after sensory stimulation (Mack

and Mack 1992, Steiner and Gerfen 1994, Chaudhuri et

al. 1997). However, such paradigms can be redesigned

with added transfer training session (compare: Nikolaev

et al. 1992). For example, rats could be trained to dis-

criminate between platforms (learning the basic task),

then on the final day the platforms can have their sur-

faces (textures) modified to the extend that allows the

animal to learn the new vibrissae-dependent task in a few

hours. A different model was described by Siuciñska and

Kossut (1996) which combined electric shock (as US)

with brushing the vibrissae of an immobilized mouse.

This model is ideal for investigating IEG expression but

it involves restraining of animals.

EXPRESSION OF C-FOS AND ZIF268

IN BARREL CORTEX (LOOKING
FOR GENES)

In unstimulated barrel cortex, there is a very low level

of expression of c-fos in contrast to the high level of

zif268 expression (Mack and Mack 1992, Steiner and

Gerfen 1994, Melzer and Steiner 1997). After depriva-
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Fig. 2. c-Fos protein expression is

induced in the barrel cortex follow-

ing apomorphine injection, espe-

cially when the vibrissae are

present. Empty arrow shows the

barrel cortex corresponding to the

deprived vibrissae. Full arrow indi-

cates to the barrel cortex corre-

sponding to the stimulated (spared)

vibrissae. Asterisk, fiducial mark.



tion, i.e., clipping the vibrissae, no changes in c-fos ex-

pression are observed while the levels of zif268 ex-

pression drop (Steiner and Gerfen 1994, Melzer and

Steiner 1997, Filipkowski et al., unpublished results).

Treatment of rats with apomorphine results in the accu-

mulation of c-fos and zif268 mRNA in various brain re-

gions including somatosensory cortex (Steiner and

Gerfen 1994). This effect is input specific, since clipping

of the whiskers prevented the apomorphine-evoked in-

crease of IEG expression in the corresponding barrel cor-

tex. These observations were also confirmed on the

protein level (Fig. 2; Filipkowski et al., unpublished re-

sults). Furthermore, Melzer and Steiner (1997) showed

that the expression of both genes was largely restricted to

the radial columns across the barrels representing the

stimulated whiskers, with the magnitude of expression

being proportional to the intensity of stimulation. Previ-

ously, Mack and Mack (1992) achieved unilateral corti-

cal elevation of c-Fos and Zif268 protein expression by

selective mechanical stimulation of the whiskers on one

side of the snout under anesthesia. All these studies im-

ply that sensory input is critical for c-fos and zif268 acti-

vation in the barrel cortex, similar to the visual cortex

(see: Kaczmarek and Chaudhuri 1997). In the two new

paradigms (Filipkowski et al. 2000) there was an in-

crease in c-Fos expression in barrel cortex corresponding

to the brushed vibrissae and in barrel cortex of animals

introduced to a new cage. In both models, this effect was

most pronounced in layer IV and observed in layers II/III

and V/VI. No effect of the stimulation on c-Fos expres-

sion was observed in layer VIb. Layers II-VI process

sensory information (Waite and Tracey 1995) in contrast

to layer VIb. This layer was also shown to exhibit spe-

cific pattern of gene expression (Valverde et al. 1989,

Alcantara and Greenough 1993, Gaspar et al. 1995).

Finally, it is worth mentioning that sensory stimulation

also up-regulated the expression of brain-derived

neurotrophic factor (BDNF, Rocamora et al. 1996) and

zinc finger motif protein (NGFI-C, Mack et al. 1995) in

barrel cortex.

CELLS AND PLASTICITY

Many observations, analogous to those described

above regarding c-Fos and Zif268 expression patterns as

well as the fact that these proteins are transcription fac-

tors prompted many investigators to come up with the

hypothesis that the neurons with elevated expression of

these IEG undergo plastic changes (Kaczmarek and

Nikolajew 1990, Sheng and Greenberg 1990, Robertson

1992, Kaczmarek 1993a, b, Herdegen and Zimmermann

1995, Hughes and Dragunow 1995, Kaczmarek 1995).

According to this view the role of these IEG would be in-

formation integration as the gene regulatory regions may

act as coincidence detectors. However, the link between

IEG and plasticity is still not firm and IEG’ role may be

also that of maintenance and replenishment only (dis-

cussed in: Kaczmarek 1995, Kaczmarek and Chaudhuri

1997).

It was shown that the longer exposure (4-90 days) to a

novel environment causes a cascade of anatomical

changes in the cortex (Wallace et al. 1992, Rosenzweig

1996, Rosenzweig and Bennett 1996, Kolb and Whishaw

1998). It is plausible that changes in c-fos and zif268 gene

expression are required for and trigger these long-term

anatomical changes.

We observed only some cells in the barrel cortex that

show elevated c-Fos expression after stimulation. Simi-

lar findings have been presented by Melzer and Steiner

(1997). We have extended this observation to show that

the majority of c-Fos-expressing cells are probably not

inhibitory neurons, since they do not show parvalbumin

staining. However, cells containing both c-Fos and

parvalbumin were observed occasionally in all layers in-

vestigated. Parvalbumin, a calcium-binding protein, is a

marker of inhibitory interneurons (Celio 1986, Ren et al.

1992, Kubota and Jones 1993, Hiscock et al. 1996). Our

findings are in good agreement with the results obtained

by Chaudhuri et al. (1995) who showed that the informa-

tion-dependent expression of Zif268 in the cortex of

monkeys was restricted to excitatory neurons, lacking

parvalbumin. It remains to be clarified in further studies

why excitatory neocortical neurons display increased

c-Fos expression whereas the large, fast-spiking, non

spiny interneurons on layer IV do not.

The whisker-to-barrel system offers exquisite possi-

bilities for designing experiments investigating gene ex-

pression in the cortex evoked by sensory stimulation.

The anatomy of the barrel cortex offers advantages for

designing the experiments and use of imaging tech-

niques. The new methods of stimulating whiskers

should be helpful in these experiments.
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