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proteins bound hypophosphorylated isoforms, they Visualizing Genetic Influences
were not efficient at stimulating ubiquitination. Thus, on Human Brain Functionsphosphorylation may play additional roles following
substrate binding. Furthermore, binding of phosphory-
lated Sic1 may be more complex and additional posi-
tively charged residues distributed on the surface of Egan and colleagues (2003), in this issue of Cell, inte-
Cdc4 might serve as additional phosphoacceptors. The grate genetics and functional brain imaging by show-
situation might be even more complex in vivo because ing that variation in the human brain-derived neuro-
homologs of Cdc4 have been found to form oligomers trophic factor (BDNF) gene is associated with variation
(Kominami et al., 1998; Wolf et al., 1999). Nonetheless, by in episodic memory ability and in hippocampal neuro-
perturbing the CDP-Cdc4 interface, the authors strongly chemistry and function.
support the idea that the single CPD binding site is
critical for setting the hexameric phosphorylation Over the last decade, two of the most exciting frontiers
threshold for Sic1 binding. Thus, they illustrate the the- of human biology have been genetics and functional
ory that binding of a polyvalent ligand to a single recep- brain imaging. Genes that influence human behavior
tor site can create cooperative binding and an ultrasen- must logically do so through their effects in the brain at
sitive transition. the level of neuronal functioning. The bridges from gene

The CPD-Cdc4 structure will certainly allow more de- to brain to mind have, however, been studied by indirect
tailed tests of how Cdc4 counts phosphorylation sites inferences, such as twin studies that compare similari-
and may provide clues to the binding specificity of other ties in brain structures and mental abilities between un-
WD40 containing F box proteins, including the highly related people, dizygotic twins, and monozygotic twins
studied �TrCP. Even so, the remaining questions of how (e.g., Thompson et al., 2001). These interesting studies,
substrates, once bound, are presented to the SCF ubi- however, are limited by much-debated assumptions
quitin ligase, the potential role of oligomerization, and about heritability estimates and by an absence of speci-
the mechanism of ubiquitin chain assembly will keep us fication of genetic and molecular mechanisms.
busy for more time to come! In a pioneering study that integrates genetics and

functional imaging of the human brain, Egan et al. (2003)
have linked genetic variation in humans to variation inPeter K. Jackson
both memory ability and hippocampal function. The hip-Programs in Chemical Biology and Cancer Biology
pocampus, located bilaterally in the medial temporaland Department of Pathology
lobes, is essential for the formation of long-term memoryStanford University School of Medicine
in animals (Squire, 1992) and humans (Gabrieli, 1998).300 Pasteur Drive
In humans, damage to the hippocampus and adjacentStanford, California 94305
structures results in global amnesia, the inability to form

Selected Reading new memories for events (episodic memory) and facts
(semantic memory) despite otherwise intact mental abil-

Deshaies, R.J., and Ferrell, J.E., Jr. (2001). Cell 107, 819–822. ities. The neural mechanisms underlying hippocampal
Feldman, R.M., Correll, C.C., Kaplan, K.B., and Deshaies, R.J. (1997). plasticity have been investigated in detail, and long-
Cell 91, 221–230.

term potentiation (LTP) has arisen as the predominant
Jackson, P.K., Eldridge, A.G., Freed, E., Furstenthal, L., Hsu, J.Y.,

model of hippocampal learning mechanisms. In vivo andKaiser, B.K., and Reimann, J.D. (2000). Trends Cell Biol. 10, 429–439.
in vitro animal studies have shown that the BDNF protein

Kominami, K., Ochotorena, I., and Toda, T. (1998). Genes Cells 3,
plays an important role in hippocampal LTP, and this721–735.
suggests that genetic variation associated with BDNFNash, P., Tang, X., Orlicky, S., Chen, Q., Gertler, F.B., Mendenhall,
may affect hippocampal LTP and, thus, memory function.M.D., Sicheri, F., Pawson, T., and Tyers, M. (2001). Nature 414,

Egan et al. (2003) divided subjects on the basis of a514–521.
common, single nucleotide polymorphism that alters theOrlicky, S., Tang, X., Willems, A., Tyers, M., and Sicheri, F. (2003).

Cell 112, this issue, 243–256. amino acid sequence in the pro-region of the human
BDNF gene. Subjects were divided into three BDNF al-Schulman, B.A., Carrano, A.C., Jeffrey, P.D., Bowen, Z., Kinnucan,

E.R., Finnin, M.S., Elledge, S.J., Harper, J.W., Pagano, M., and Pav- leles varying by a valine (val) to methionine (met) substi-
letich, N.P. (2000). Nature 408, 381–386. tution. The met/met group demonstrated inferior perfor-
Skowyra, D., Craig, K.L., Tyers, M., Elledge, S.J., and Harper, J.W. mance on a test of episodic memory for short stories
(1997). Cell 91, 209–219. compared to the other two groups (val/val and val/met).
Wolf, D.A., McKeon, F., and Jackson, P.K. (1999). Curr. Biol. 9, Two in vivo imaging measures of the hippocampus were
373–376.

utilized to further compare differences between individ-
Zheng, N., Schulman, B.A., Song, L., Miller, J.J., Jeffrey, P.D., Wang, uals with the val/met and met/met alleles. One measure
P., Chu, C., Koepp, D.M., Elledge, S.J., Pagano, M., and Pavletich,

involved proton magnetic resonance spectroscopic im-N. (2002). Nature 416, 703–709.
aging (MRSI), which provides a measure of intracellular
neurochemical integrity. MRSI revealed that val/met het-
erozygotes had lower levels of hippocampal NAA, an
intracellular marker of neuronal function, than did val/
val homozygotes.

The second brain measure utilized functional mag-
netic resonance imaging (fMRI), which provides a mea-
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sure of regional brain activation underlying mental oper- the current study, the met/met group that had inferior
ations invoked by task performance. In this case, the scores on story recall did not have inferior scores on a
task was an “N-back” working memory test. In a 2-back test of memory for a list of words. Intriguingly, there is
version of the N-back test, subjects saw a stream of some convergent evidence from studies of patients with
individually presented digits and responded each time Alzheimer’s disease that the hippocampus may have a
the current digit was identical to that seen two trials greater role in recall for stories than in recall for word
previously (e.g., in the series 1, 3, 2, 2, 4, 1, 4, 3, 1, 2, lists (Wilson et al., 1996). More perplexing, however,
1, they would respond to the second appearance of is that the genetic variation that influenced episodic
the “4” and the last appearance of the “1”). This is a memory scores (which differentiated the met/met group)
challenging task because subjects must memorize each was different than that which influenced hippocampal
digit, compare it to the two prior trials in memory, and neurochemistry and function (which differentiated the
constantly update two trials in mind as each next digit val/met and val/val groups; there were too few met/
appears. Activation during this 2-back task was com- met individuals for the imaging study). Perhaps imaging
pared to a much easier condition in which subjects sim- tasks that more directly measure episodic memory will
ply identified the currently presented digit. This is not help align behavioral and brain findings in the future.
a classic task of long-term memory and hippocampal Finally, the authors thoughtfully note that the magni-
function and is usually used to examine working (current) tudes of the effects of the BDNF genotypes were small,
memory and frontal-lobe function. However, prior stud- which is not unexpected for complex mental and brain
ies from this group found an inverse relation between functions that are likely to have polygenic influences.
frontal and hippocampal activation for the more de- This study, however, opens up an exciting new horizon
manding task–as frontal activation increased, hippo- of research in which memory, brain function, and genes
campal activation decreased (Meyer-Lindenberg et al., may be related to one another with remarkable specific-
2001). This may reflect selective allocation of frontal- ity, and their relations visualized via imaging genomics.
lobe resources for this difficult task. In any case, these
findings indicate, counterintuitively, that reduced hippo-

John D.E. Gabrieli and Alison R. Preston
campal activation is optimal for this task. The fMRI mea-

Department of Psychologysure revealed, in two cohorts, that while the val/val ho-
Stanford Universitymozygotes had the expected reduction of hippocampal
Stanford, CA 94305activation during the 2-back task, the val/met individuals

showed an abnormal increase in hippocampal activation Selected Reading
for the more difficult condition. Together, these findings
suggest that genetic variation in BDNF (in particular met Egan, M.F., Goldberg, T.E., Kolachana, B.S., Callicott, J.H., Maz-

zanti, C.M., Straub, R.E., Goldman, D., and Weinberger, D.R. (2001).substitution) has consequences for human long-term
Proc. Natl. Acad. Sci. USA 98, 6917–6922.memory through its effects on hippocampal function.
Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana,Egan et al., in a remarkable example of integrative re-
B.S., Bertolino, A., Zaitsev, E., Gold, B., Goldman, D., Dean, M., etsearch, also demonstrated in vitro that that the val to
al. (2003). Cell 112, this issue, 257–269.met substitution results in differences in intracellular
Gabrieli, J.D.E. (1998). Annu. Rev. Psychol. 49, 87–115.distribution and activity-dependent secretion of BDNF.
Hariri, A.R., Mattay, V.S., Tessitore, A., Kolachana, B., Fera, F., Gold-These studies, in a single paper, pursue the neural basis
man, D., Egan, M.F., and Weinberger, D.R. (2002). Science 297,of human memory from molecule to mind.
400–403.

The direct link of genetic variation to memory perfor-
Meyer-Lindenberg, A., Poline, J.B., Kohn, P.D., Holt, J.L., Egan, M.F.,

mance, hippocampal neurochemistry, and hippocampal Weinberger, D.R., and Berman, K.F. (2001). Am. J. Psychiatry 158,
function is an exciting advance. Only two other papers, 1809–1817.
both from the same group, have made such direct links Squire, L.R. (1992). Psychol. Rev. 99, 195–231.
from genes to brain function. In one study, variation Thompson, P.M., Cannon, T.D., Narr, K.L., van Erp, T., Poutanen,
in one gene (COMT) influenced working memory and V.-P., Huttunen, M., Lonnqvist, J., Standertskjold-Nordenstam, C.G.,
prefrontal activation (Egan et al., 2001). In the other study Kaprio, J., Khaledy, M., et al. (2001). Nat. Neurosci. 4, 1253–1258.
(Hariri et al., 2002), variation in the serotonin transporter Wilson, R.S., Sullivan, M., deToledo-Morrell, L., Stebbins, G., Ben-
gene was correlated with differential response to fearful nett, D.A., and Morrell, F. (1996). Neuropsychology 10, 459–463.
facial expressions in the amygdala, which is known to
have a critical role in fear and anxiety. These two studies
demonstrate that functional brain imaging in humans is
unexpectedly sensitive for detecting genetic effects on
brain functions. Indeed, in two studies, functional brain
measures were more sensitive to genetic variation than
were behavioral measures.

Despite the importance of these studies, many as-
pects of these findings remain to be fully understood.
In the study of the serotonin transporter gene, there
were no behavioral differences between the groups with
different alleles, despite thorough and thoughtful behav-
ioral measurement. Thus, there were differences in ge-
netics and brain function, but no evidence as to how
either difference influences behavior or experience. In


