
ware. Figure production was made using WCIF ImageJ
(NIH, Bethesda, MD) software and general contrast en-
hancements and color level adjustments were carried out.
As requested by the editor, Adobe Photoshop was used to
convert red-green fluorescence in Figures 2 and 12 to
magenta-green.

RESULTS

Specificity of the anti-IMPACT antibodies

The specificity of the affinity-purified antibodies against
IMPACT, raised in rabbits, employed throughout this
work, was analyzed by Western blots and inhibition as-
says. As shown in Figure 1A, the anti-IMPACT serum and
purified antibodies recognize mainly one specific band in
extracts prepared from total mouse brains. For marmo-
sets, the purified antibodies also recognize a specific band
(Fig. 1B). We further verified the specificity of the purified
antibodies by immunohistochemistry of mouse brain
slices. The signal obtained with these antibodies is clear
and the addition of purified IMPACT protein to the solu-
tion containing the primary antibody, prior to adding to
the brain slices, completely abolished the signal (Fig.
1C,D). The specificity of the purified antibodies for immu-
nohistochemistry analysis of rats and marmosets was also
determined by inhibition assays (Fig. 1E–H).

General distribution of IMPACT in the
mouse brain

IMPACT immunoreactive cells, visualized under light
microscopy of serial slices, were widely distributed in the
brain and found in almost all areas, from the olfactory
bulbs to the spinal cord. IMPACT was expressed essen-
tially by neurons, given that double labeling immunoflu-
orescence for IMPACT and GFAP (glial fibrillary acidic
protein) did not show any colocalization (Fig. 2). IMPACT-
positive cells ranged from strongly labeled cell bodies to
weakly labeled cells (Fig. 3). In most neurons, IMPACT
was confined to the cytoplasm and the proximal portions
of neuronal processes. However, labeling of fibers and of
varicosities was noticed throughout the brain. No nuclear
labeling was detected, as expected based on the functional
role of this protein in controlling a cytoplasmic protein.

IMPACT expression in specific brain areas

We present below a detailed analysis of the distribution
of IMPACT in the mouse, rat, and marmoset brains. Over-
all the findings for IMPACT-immunoreactive cells were
similar across the three species. Similar to the distribu-
tion found in mouse, IMPACT was widely distributed, but
not homogeneously expressed, in the rat CNS. IMPACT-
immunoreactive cell bodies in the rat had a slightly
weaker staining as compared to mouse, probably due to
the specificity of the antibodies employed, directed against
the mouse protein. The same neuronal populations were
immunoreactive in mice and rats. In an attempt to provide
a broader functional meaning to our descriptions, we also
evaluated the expression of IMPACT in a nonhuman pri-
mate, the common marmoset. Immunoblot analysis indi-
cated that in the marmoset the differential expression of
IMPACT in the brain relative to other organs is less pro-
nounced than in rodents (Fig. 1B). The strong expression
in the hypothalamus, observed previously in mice, is evi-
dent also in the marmoset. The pattern of IMPACT stain-

ing in the marmoset was somewhat different from that of
rodents, but these differences were rather limited. In-
tensely labeled IMPACT-positive neurons, similar to those
seen in rodents, were also found in the marmoset. It
should be emphasized here that to detect these signals a
less diluted antibody solution (1:20 for marmosets) was
employed as compared to rodents (1:200 for rodents), prob-
ably due to the specificity of the antibody. Here we de-
scribe the results that are valid for all of the three species
without making special reference to any of these whenever
the results were the same. Only in the instances where we
found differences across the tested species are these ex-
plicitly described.

Forebrain

Olfactory bulb (Fig. 4). The mitral cells and periglo-
merular neurons formed the principal neuronal popula-
tion of the main olfactory bulbs moderately and strongly
labeled for IMPACT, respectively, in rodents. In the gran-
ule layer of the olfactory bulb rare cells likely correspond-
ing to inhibitory cells due to their morphological features
were also labeled. There were no IMPACT-positive cells in
the internal plexiform layer of the olfactory bulb and in
the anterior olfactory nucleus, except those cells men-
tioned above. Given that we did not manage to dissect and
stain the olfactory bulb in the marmosets, we did not
evaluate it for IMPACT staining.

Cortex (Figs. 5, 6). The distribution of IMPACT in
the cortex is detailed in Table 1. In rodents, IMPACT-
positive neurons were observed across all cortical layers
and presented a consistent pattern of distribution
throughout the rostrocaudal axis (Fig. 5A,F,G). In con-
trast, for the marmoset only cortical layer V showed
IMPACT-positive neurons with their long dendritic pro-
cesses moderately labeled (Fig. 5H,I). In the rodent pri-
mary and secondary motor cortex, cingulate cortex, and
retrosplenial cortex, the most intense IMPACT expression
was seen in cortical layer VIb (Fig. 5C).

Neurons located in the primary and secondary somato-
sensory cortex (associated to the following body areas: jaw,
upper lip, forelimb, hindlimb, and vibrissae/barrel field),
cortical layers II–III had more IMPACT expression than

Fig. 1. Specificity of the antibodies against IMPACT. A: Immuno-
blot of mouse total brain extract (10 �g) using rabbit anti-IMPACT
serum (a) and affinity-purified anti-IMPACT antibodies (b); after re-
moval of the first antibodies the same membranes were incubated
with anti-�-actin antibodies for normalization. B: Immunoblot of ex-
tracts (10 �g) of the indicated marmoset brain parts and other organs
using anti-IMPACT-purified antibodies; the same filter, after strip-
ping the antibodies, was employed for incubation with anti-�-actin
antibodies for normalization. C: Immunohistochemistry of the mouse
cortex employing anti-IMPACT purified antibodies. D: Immunohisto-
chemistry of the mouse cortex with purified anti-IMPACT antibodies
previously incubated with purified recombinant IMPACT protein (5
�g). E: Immunohistochemistry of the rat hippocampus using affinity-
purified anti-IMPACT antibodies. F: Immunohistochemistry of the
rat hippocampus using affinity-purified anti-IMPACT antibodies pre-
incubated with purified recombinant IMPACT protein (5 �g). G: Im-
munohistochemistry of marmoset hypothalamus using purified anti-
IMPACT antibodies. H: Immunohistochemistry of marmoset
hypothalamus using purified anti-IMPACT antibodies previously in-
cubated with purified recombinant IMPACT protein (5 �g). H, hilus;
Gr, granule cell layer. Scale bars � 300 �m for C,D,E,F; 100 �m for
G,H.
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neurons in the motor cortex (Fig. 5B,D). Few, scattered,
and intensely labeled cells, likely corresponding to Cajal
Retzius cells, were detected in layer I in rodents only (Fig.
5D,E). The piriform cortex contained positive neurons that
were mainly concentrated in the pyramidal and poly-
morph layers (Fig. 6). The anterior piriform cortex showed
weakly labeled IMPACT-positive neurons in the pyrami-
dal layer layers, whereas in more caudal slices moderate
to strongly labeled neurons could be seen. Many weakly or
strongly labeled neurons were observed in the polymorph
layer.

Striatum (Fig. 7). As shown in Figure 7A, the stria-
tum (caudate putamen) presented few IMPACT-positive
neurons, but the great majority of those labeled neurons
had an intense expression of the IMPACT protein. The
globus pallidus and nucleus accumbens had considerably
more IMPACT-positive neurons that were intensely la-
beled (Fig. 7A,B). For the marmoset, these areas pre-
sented very few IMPACT-stained neurons (Fig. 7C,D).

Basal forebrain. The basal forebrain was richly sup-
plied with IMPACT-positive neurons. However, strong dif-
ferences of labeling were observed, as detailed in Table 1.
Thus, while the nucleus of the vertical limb of the diagonal
band is rich in IMPACT-positive neurons, the septohip-
pocampal nucleus did not exhibit any distinctly labeled
neurons. For the marmoset brain the anteromedial septal
and diagonal fasciculus nuclei showed moderately labeled
neurons and the nucleus dorsal septal did not exhibit
labeled neurons.

The subfornical region displayed a dense concentration
of IMPACT neuronal bodies with a strong immunohisto-
chemical staining (Fig. 7E,F).

Amygdala. The amygdala, as a whole, exhibited less
IMPACT-positive neurons than other labeled structures
in the forebrain. The distribution of IMPACT in this re-
gion is detailed in Table 1.

Hippocampal formation (Fig. 8). Several scattered
cells with intensely labeled soma and dendrites were ob-
served in the stratum oriens, radiatum, and lucidum, in
different fields of Ammon’s horn (CA1, CA2, and CA3)
(Fig. 8A,D,G). In the CA1, CA2, and CA3 pyramidal cells
we observed a diffuse background staining in cell bodies,
which we did not consider IMPACT-positive (Fig. 8B,E,H).

In the hilus of the dentate gyrus moderately and intensely
labeled IMPACT-positive neurons were found in greater
density than in any other area of the hippocampal forma-
tion. The granular cells of the dentate gyrus were com-
pletely devoid of IMPACT (Fig. 8C,F,I; see also Fig. 3). In
general, the intensely stained cells observed throughout
the hippocampus seem to be interneurons. Marmosets
showed fewer positive neurons scattered in the hilus, most
of them very weakly labeled.

Thalamus (Fig. 9). The distribution of IMPACT
among thalamic nuclei is very heterogeneous and highly
delimited, as shown in Table 1 and Figure 9. Most tha-
lamic neurons were negative for IMPACT. However, sev-
eral nuclei are rich in neurons expressing high levels of
IMPACT. This was maintained in the three species ana-
lyzed, except that in marmosets the nucleus reuniens is
devoid of IMPACT, and the zona incerta, where the label-
ing was much weaker than in rodents (Fig. 9).

Hypothalamus (Fig. 10). One of the most densely
stained brain areas was the hypothalamus. The labeling
in the lateral hypothalamic nuclei was in general less
intense. The notable exception to the hypothalamic strong
expression of IMPACT was the ventromedial (dorsomedial
and ventrolateral parts) hypothalamic nucleus, with com-
paratively very little IMPACT immunoreactivity (Fig.
10A,C). The suprachiasmatic nucleus was the area with
the highest abundance of neurons with strong IMPACT
labeling.

In the nucleus of the optic tract and lateral terminal
nucleus of the accessory optic tract, despite the few la-
beled neurons, the majority of these were intensely la-
beled.

In the median eminence only a few cells were IMPACT-
positive. The lateral mammillary nucleus was the only
mammillary nucleus that expressed dense and strong
neuronal staining. The medial and lateral mammillary
nuclei in the marmoset brain presented a moderate den-
sity and intensity of IMPACT labeled neurons.

Midbrain/hindbrain

The distribution of IMPACT in mice is detailed in
Table 1.

Fig. 2. Double labeling for IMPACT and GFAP in the hilus of hippocampal dentate gyrus of mouse.
A,B: immunofluorescence labeling with rabbit anti-IMPACT-purified antibodies (green) and with mouse
anti-glial fibrillary acidic protein (GFAP) antibodies (red). C: Merged image. H, hilus; Gr, granule cell
layer. Scale bar � 20 �m.
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Cerebellum (Fig. 11). In the cerebellar cortex the me-
dial (fastigial) cerebellar nucleus, vestibulocerebellar nu-
cleus, magnocellular parts of the medial vestibular nucleus,
anterior part of the interposed cerebellar nucleus, lateral
vestibular nucleus as well as the Purkinje cell layer (soma
and dendrites) were moderately labeled. Remarkably, in the
marmoset all the Purkinje cells were strongly labeled. For
mice not all Purkinje cells were stained, with random clus-
ters of 3–21 Purkinje cells not stained in a row. For the
cerebellum of rats these cell clusters were comprised of 3–6
Purkinje cells (Fig. 11C,E). In addition, isolated cells often

located in the granular layer, likely corresponding to
GABAergic interneurons due to their morphological fea-
tures, were very strongly labeled and more frequently seen
in rodents (Fig. 11A,D,E, arrowhead). Some were in close
contact with the Purkinje cells. In mice, and considerably
less often in rats, a number of scattered cell bodies were very
weak to moderately labeled in the molecular layer of the
cerebellum. For the marmoset the molecular layer did not
present any labeled cell but showed clearly labeled dendritic
processes (Fig. 11G) as compared to rodents, which showed
very thin and weakly labeled dendritic processes.

Fig. 3. IMPACT labeling in representative neurons. A: Immunohistochemistry of the mouse dentate
gyrus showing strongly, moderately, and weakly labeled cells, magnified in B–D, respectively, and cells
with no detectable expression (asterisk). Scale bars � 100 �m in A; 25 �m in B–D.
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Pons, medulla. IMPACT-positive neurons were
present in a number of pontine and medullary nuclei, as
detailed in Table 1.

Spinal cord

Within its gray matter the spinal cord also contained
numerous moderately or intensely labeled IMPACT neu-
rons scattered throughout its anterior–posterior extent.
These were both very large, likely corresponding to motor
neurons, and small, likely corresponding to sensory neu-
rons. We did not evaluate the spinal cord of the marmoset
for IMPACT staining, given that we did not manage to
dissect this region.

Distribution of GCN1 and GCN2 in the
mouse brain

IMPACT regulates GCN2 activity probably by compet-
ing with GCN2 for GCN1 binding. GCN2 seems to be
ubiquitously expressed in the brain of mice, as determined
by immunohistochemistry (Costa-Mattioli et al., 2005). A

more quantitative view of the distribution of GCN2 was
obtained by immunoblot analysis of brain parts using anti-
bodies raised against a recombinant GST-GCN2588–1024

fusion protein (Fig. 12A, left panels). The specificity of
these antibodies was determined by immunoblots of ex-
tracts of cells obtained from Gcn2�/� mice (Fig. 12A, right
panels). GCN2 thus seems to be similarly expressed in the
brain regions analyzed. In addition, we determined that
GCN1 is also expressed in all brain regions, with no strong
preference (Fig. 12A, left panels). Using actin for normal-
ization, the hippocampus seemed to present a slightly
lower amount of GCN2 and GCN1 when compared to the
other brain regions analyzed here, an observation that
also holds for the levels of IMPACT expression. To provide
a more detailed picture of the distribution GCN1 in the
mouse brain, we performed immunohistochemistry anal-
ysis using affinity-purified anti-GCN1 antibodies. The pu-
rified anti-GCN1 antibodies are highly specific as deter-
mined by immunoblot, where a clean signal is detected
corresponding to a protein of the predicted molecular mass

Fig. 4. Sections at the level of the olfactory bulb. A (and inset
magnified in B): Immunohistochemistry of mouse brain showing mi-
tral cells (arrow), periglomerular cells, and cells in the granule layer
(arrowheads) moderately to intensely labeled for IMPACT. C (and

inset magnified in D): Immunohistochemistry of the rat brain, equiv-
alent to the same region pointed in A and B. EPl, external plexiform
layer; Gl, glomerular layer; GrO, granular cell layer; Mi, mitral cells.
Scale bars � 300 �m in A; 100 �m in B–D.
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Fig. 5. Immunoreactivity for IMPACT in the mouse (A–E), rat
(F,G), and marmoset (H,I) neocortex. B: IMPACT-positive neurons in
the motor cortex (layers II–III) where weak to moderately labeled
cells can be seen. C,D: IMPACT-positive neurons moderately to
strongly labeled in the somatosensory cortex sensorial cortex. E:

higher magnification of inset shown in D, with intensely labeled cell
likely corresponding to Cajal Retzius cells. G,I: Higher magnification
of insets shown in F,G. Scale bars � 300 �m in A,H; 50 �m in B–D; 25
�m in E; 100 �m in F,G,I.
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of GCN1 (293 kDa) (Fig. 12B). GNC1-positive neurons
were found distributed throughout the brain, as exempli-
fied in Figure 12C. The specificity of these antibodies for

immunohistochemistry was ascertained by the inhibition
of the signal when the antibody solution was preincubated
with the purified recombinant His6-GCN12204–2651 pro-

Fig. 6. Sections at the level of the piriform cortex showing the molecular (I), pyramidal (II), and
polymorph (III) layers in mouse (A), rat (C), and marmoset (E) brains, with insets shown at higher
magnification in B,D,F, respectively. Scale bars � 100 �m.

The Journal of Comparative Neurology

1820 S. BITTENCOURT ET AL.



tein against which the serum was raised (Fig. 12D,E). By
double-labeling immunofluorescence analysis, employing
guinea pig anti-IMPACT purified antibodies and rabbit
anti-GCN1 purified antibodies, we determined that all
IMPACT-positive neurons in the hippocampus were also
GCN1-positive (Fig. 12F–H). The specificity of the guinea
pig anti-IMPACT antibodies can be deduced from the com-
plete lack of staining of the granule cell layer, as observed
with the rabbit anti-IMPACT antibodies.

DISCUSSION

In this study we systematically examined the distribu-
tion of the IMPACT protein in the adult mouse, rat, and
marmoset brains. Our findings are consistent with a spe-
cific neuronal distribution of IMPACT that is largely
maintained in the three species. The marmosets, however,
display a less pronounced prevalence of IMPACT expres-
sion in the brain relative to other organs when compared
to rodents (Pereira et al., 2005), except for the hypothal-
amus, which, as in rodents, is highly enriched in this
protein. This may reflect the described lower expression
levels of the Impact gene in primates (Okamura et al.,
2000, 2005). For the detailed immunohistochemistry anal-
ysis of the distribution of IMPACT-expressing neurons,
the specificity of the antibodies was clearly evaluated.
Given that the protein used to produce the antibodies was
derived from the mouse sequence, the intensity of the

signal obtained in the three species is likely to be differ-
ent. However, IMPACT is highly conserved, with the
mouse protein sharing 87% identity with the rat IMPACT
and �80% identity with the primate protein (human or
chimpanzee). In our comparative analysis between ro-
dents and marmoset we were careful to only point out the
most obvious regional differences that were found when
analyzing brain slices that, except for the indicated neu-
ronal groups, had similar labeling between the three spe-
cies.

The biochemical effect of IMPACT in inhibiting GCN2
activation is only detectable by its overexpression, to the
levels that are apparently those found in the hypothala-
mus as a whole on immunoblots (Pereira et al., 2005).
These levels are also found in many individual neurons in
several areas. Given that GCN2 and GCN1 seem to be
ubiquitously expressed in the brain, as shown in this
work, we can suggest then that in neurons expressing
high levels of IMPACT, GCN2 and its downstream signal-
ing, such as expression of ATF4, are inhibited under es-
sential amino acid starvation conditions or under other
conditions that may activate this kinase, such as LTP or
proteasome inhibition (Jiang and Wek, 2005). On the
other side of the spectrum, the absence of labeling ob-
served for example in the granule cells of the hippocampus
dentate gyrus and other neurons seems to suggest that
GCN2 activation, and therefore the induction of the down-
stream response in this population, can take place under

TABLE 1. Distribution of IMPACT-Positive Neurons in Selected Areas of the Mouse Brain1

Region IMPACT Region IMPACT Region IMPACT

Cortical regions
agranular insular cortex, layers II-III
agranular insular cortex, layers IV-V
agranular insular cortex, layer VIb
anterior cortical amygdaloid nucleus
auditory cortex
cingulate/ retrosplenial cortex
dorsal peduncular cortex
ectorhinal cortex
frontal/temporal/parietal association cortex
granular/dysgranular insular cortex
entorhinal cortex
medial and ventral orbital cortex
perirhinal cortex
piriform cortex, molecular layer (Pir I)
piriform cortex, pyramidal layer (Pir II)
piriform cortex, polymorph layer (Pir III)
prelimbic/infralimbic cortex
motor cortex, layers II-VIb
somatosensory cortex, layers II-III
somatosensory cortex, layers IV-V
visual cortex

Basal forebrain
anteroventral periventricular nucleus
claustrum
Dorsal/ventral endopiriform nucleus
indusium griseum
posterior limb of the anterior commissure
islands of Calleja
lateral septal nucleus, dorsal/intermediate parts
lateral septal nucleus, ventral part
magnocellular nucleus of the posterior commissure
medial septal nucleus
median eminence
nucleus of the horizontal limb of the diagonal band
nucleus of the vertical limb of the diagonal band
nucleus of the stria medullaris
ventral pallidum

�
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��

-
�

��
��

���
��
��
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�

���
��
��
��
�

���
��

���
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�
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�

��
�

��
���

�
��
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�

��

Amygdaloid complex
basolateral amygdaloid nucleus
basomedial amygdaloid nucleus
central amygdaloid nucleus, capsular/lateral parts
central amygdaloid nucleus, medial division
intercalated amygdaloid nucleus
lateral amygdaloid nucleus
medial amygdaloid nucleus
cortical amygdaloid nucleus

Thalamus
anteromedial thalamic nucleus
anteroventral thalamic nucleus
central medial thalamic nucleus
dorsal lateral geniculate nucleus
interanterodorsal thalamic nucleus
intermediodorsal thalamic nucleus
lateral posterior thalamic nuclei
mediodorsal thalamic nucleus
parafascicular thalamic nucleus
paratenial thalamic nucleus
paraventricular thalamic nucleus
posterior intralaminar thalamic nucleus
posterior thalamic nuclear group/triangular part
reticular thalamic nucleus
reuniens thalamic nucleus
rhomboid thalamic nucleus
ventral anterior thalamic nucleus
ventral posterior thalamic nuclei
ventrolateral thalamic nuclei
xiphoid thalamic nucleus
zona incerta
medial geniculate nucleus
ventral lateral geniculate nucleus
habenular nucleus
intergeniculate leaf
intramedullary thalamic area

Midbrain
deep mesencephalic nucleus
Edinger-Westphal nucleus
interfascicular nucleus
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Midbrain (cont’d)
interpeduncular nucleus
medial accessory oculomotor nucleus
nucleus of Darkschewitsch
nucleus of the posterior commissure
paranigral nucleus
peripeduncular nucleus
red nucleus, magnocellular/parvicellular parts
magnocellular nucleus of the posterior commissure
subgeniculate nucleus
periaqueductal gray
pretectal nucleus
zonal layer of the superior colliculus
central nucleus of the inferior colliculus
dorsal cortex of the inferior colliculus
external cortex of the inferior colliculus
nucleus of the brachium of the inferior colliculus

Pons/medullary areas
caudal periolivary nucleus
external cuneate nucleus
facial nucleus
gigantocellular reticular nucleus
gracile nucleus
hypoglossal nucleus
intermediate reticular nucleus
lateral reticular nucleus
lateral paragigantocellular nucleus
medullary reticular nucleus
nucleus of the trapezoid body
oculomotor nucleus
paracochlear glial substance
parapyramidal nucleus
pontine reticular nucleus, caudal part
pontine reticular nucleus, oral part
prepositus nucleus
solitary nucleus
principal sensory trigeminal nuclei
spinal trigeminal nucleus, caudal part
spinal trigeminal nucleus, oral part
ventral cochlear nucleus, anterior part
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��
��
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1The relative density was evaluated on the basis of neurons showing moderate or intense IMPACT labeling in an area of 10,000 �m2: - � 0 cells;
� � 0-5 cells; �� � 6-19 cells; ��� � � 20 cells.
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Fig. 7. Sections of the caudate putamen and subfornical organ.
A,C: IMPACT immunoreactivity in mouse and marmoset brains, re-
spectively, with insets shown at higher magnification in B (mouse)
and D (marmoset). E,F: IMPACT immunoreactivity of the subfornical

organ in the mouse and rat brains, respectively. CPu, caudate puta-
men; GP, globus pallidus; SFO, subfornical organ. Scale bars � 300
�m in A,C; 100 �m in B,D–F.
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stress conditions. It should be noticed that the inhibition
of GCN2 is the only so far known function of IMPACT. The
ability of its yeast ortholog, YIH1, to associate with
�-actin suggests a cytoskeleton-related function for IM-
PACT (Sattlegger et al., 2004). However, this property of
YIH1 was proposed to be linked to a localized control of
GCN2 activation. This would be especially relevant to
neurons.

Therefore, in order to provide physiological relevance
for the presence or absence of IMPACT in any given neu-
ronal population we must take into account the informa-
tion available for GCN2 and its downstream signaling
events. GCN2 and its activator GCN1 are apparently ex-
pressed to the same extent in all brain regions, as we
showed here. On the other hand, IMPACT, a negative
regulator of this pathway, shows marked neuronal pref-
erential expression. In the following discussion we then
bring attention to specific neuronal populations that

showed a drastic difference in IMPACT expression levels
relative to the neighboring areas, and correlate these ob-
servations with the known functions of GCN2 in regulat-
ing metabolism and synaptic plasticity.

Nutritional sensing (anterior piriform
cortex and ventromedial hypothalamus)

Feeding behavior regarding low indispensable amino
acids is regulated by the anterior piriform cortex (APC),
where GCN2 controls the immediate sensing of imbal-
anced diets. Increased eIF2�(P) levels, mediated by GCN2
activation, are observed in pyramidal neurons of the APC
in animals fed diets lacking indispensable amino acid
(Gietzen et al., 2004). In the APC pyramidal layer the
highest IMPACT-expressing cells seem to be mostly inter-
neurons (based on morphology). Thus, low levels of IM-

Fig. 8. Sections at the level of the hippocampal formation. A–C:
IMPACT immunoreactivity in the mouse hippocampus, showing CA1,
CA3, and dentate gyrus, respectively. D–F: IMPACT immunoreactiv-
ity in rat, showing CA1, CA3, and dentate gyrus, respectively. G–I:
IMPACT immunoreactivity at the level of the hippocampal formation

of the marmoset, showing CA1, CA3, and dentate gyrus, respectively.
Py, pyramidal cell layer; Rad, stratum radiatum; LMol, lacunosum
molecular layers; Or, oriens layer; SLu, stratum lucidum; H, hilus; Gr,
granular layer; Mol, molecular layer. Scale bars � 100 �m in A–F; 200
�m in G–I.
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Fig. 9. Sections at the level of the thalamus of the rat and marmoset brains. A,C,E: IMPACT-
immunoreactive cells in the rat habenular (Hb), paraventricular (PV), central medial (CM), zona incerta
(ZI), and reticular (Rt) thalamic nuclei. B,D,F: The same neuronal groups in marmoset. Scale bars � 300
�m in A; 100 �m in all other sections.
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PACT in neurons that control sensing of indispensable
amino acids in the diet is consistent with GCN2 activation
in this area.

A relevant observation in this work was the low abun-
dance of IMPACT in the ventromedial hypothalamus
(VMH), in contrast to all other hypothalamic nuclei, which
showed the largest abundance of neurons with a high level
of IMPACT expression in the brain of the three species
analyzed. Our data seem to suggest that GCN2 activity
may be important in the VMH. The VMH regulates energy
homeostasis, and lesions in this area lead to obesity (King,
2006). Interestingly, although not obese, Gcn2�/� mice fed
diets lacking essential amino acids exhibit reduced lipid
mobilization when compared to the wild type animals
(Guo and Cavener, 2007). There is no indication of a role
for the VMH in amino acid-related metabolism. On the
other hand, the VMH is critically involved in glucose sens-
ing due to the large numbers of glucoresponsive neurons
that dynamically respond to hypoglycemia (Borg et al.,
1995; Levin et al., 2004; Kang et al., 2006). GCN2 can be
activated by glucose limitation in yeast (Yang et al., 2000).

There has not been a systematic analysis of GCN2 activa-
tion under glucose deprivation in mammalian cells, and
thus the possible requirement for GCN2 activity in glu-
cose sensing has not been ruled out. The Gcn2�/� animals
have not shown any obvious defect regarding glucose me-
tabolism. However, it is worth pointing out an interesting
paradox in the phenotypes of genetically modified mice.
While Perk�/� mice develop a severe form of type I diabe-
tes, mice homozygous for the Ser51Ala mutation in eIF2�,
which abolishes the ability of this protein to be phosphor-
ylated by its kinases, die immediately after birth of hypo-
glycemia due to defective gluconeogenesis (Harding et al.,
2001; Scheuner et al., 2001). Because Pkr�/� and Hri�/�

animals do not have any defect in glucose metabolism it
has been suggested that GCN2 may also participate in
glucose sensing pathways in parallel with PEK/PERK
(Scheuner et al., 2001). As a corollary, our results seem to
suggest that in the VMH, GCN2 activation may occur
when animals are subject to a challenge in glycemic ho-
meostasis.

Fig. 10. Sections at the level of the hypothalamus. A: Mouse and C: rat arcuate nucleus (Arc) and the
ventromedial region (VMH), with insets shown at higher magnification in B and D, respectively. Scale
bars � 300 �m in A,C; 100 �m in B,D.
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