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Using genetically-defined rodent strains for the identification of hippocampal traits relevant for two-way
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Summary. Genetically-defined rodent strains permit the identification of hippocampal traits which are of functional
relevance for the performance of two-way avoidance behavior. This is exemplified here by analyzing the relationship
between infrapyramidal mossy fibers (a tiny projection terminating upon the basal dendrites of hippocampal pyra-
midal neurons) and two-way avoidance learning in about 800 animals. The necessary steps include 1) identification
of structural traits sensitive to selective breeding for extremes in two-way avoidance, 2) testing the robustness of the
associations found by studying individual and genetical correlations between hippocampal traits and behavior, 3)
establishing causal relationships by Mendelian crossing of strains with extreme structural traits and studying the
behavioral consequences of such structural ‘randomization’, 4) confirming causal relationships by manipulating the
structural variable in inbred (isogenic) strains, thereby eliminating the possibility of genetic linkage, and 5) ruling out
the possibility of spurious associations by studying the correlations between the hippocampal trait and other
behaviors known to depend on hippocampal functioning.

In comparison with the classical lesion approach for identifying relationships between brain and behavior, the present
procedure appears to be superior in two aspects: it is non-invasive, and it focuses automatically on those brain traits
which are used by natural selection to shape behaviorally-defined animal populations, i.e., it reveals the natural
regulators of behavior.

Key words. Mouse; rat; genetic variation; selective breeding; inbred strains; hippocampus; two-way avoidance;
learning; neuroanatomy; morphometry; development; hyperthyroidism.
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Introduction

Historical notes

In any mammalian species, no brain is like the other, and
every individual behaves differently. But is there a link
between the variability of the brain and individual talents
and propensities? We believe so, sharing the view that
had been introduced almost 200 years ago by the phreno-
logical approach of Franz Josef Gall (1743-1826). Per-
haps surprising to modern neuroscientists, phrenology,
the first psychobiological theory, was based on the com-
bination of three concepts: comparative ethology, modu-
larity of the brain, and connectionism 3% *°. Behavioral
differences between species were attributed to the pres-
ence or absence of specific brain modules and their differ-
ential connections. Individual differences among the
members of a species, however, were thought to arise
from the differential development of specific brain parts
and their mode of interaction. The phrenological vision
was that the overall function of the brain, and of its
portions, might be deciphered non-invasively and non-
destructively, by means of patient and careful observa-
tions of behavioral variation and cerebral covariation.
We do not intend to re-establish phrenology, but believe
that the underlying concepts and principles, including a
reluctance to mutilate animals brains, can still serve as a
useful guideline for the analysis of brain and behavior.
We shall show here that such an approach is heuristically
equivalent and, in some aspects, even superior to the
classical invasive techniques. Thus, ‘microphrenology’ as
presented here is nothing new, but ‘the’ classical ap-
proach in neurobiology. Yet, it would have been impossi-
ble without the modern methodology of behavior genet-
ics which has been brought to brain research notably by
Bignami® Bovet®, Broadhurst®, Collins®®, Mec-
Clearn’®, Oliverio®®, Roderick?®, van Abeelen!'3,
Wahlsten *1°, the Wimers 12° 7122, and their co-workers.

Simple brain factors and behavior

The realization of an experimental approach based on
the study of covariation between brain structures and
behavior requires a concept of how simple factors can
specifically influence mental processes. Such factors may
be of genetic or epigenetic origin. A model emphasizing
evolutionary aspects of the relations between genes,
brain and behavior has been presented elsewhere®®.
Thus, only a brief summary will be presented here.
Studies in behavior genetics in mammals (particularly in
mice) demonstrate strong genetic effects on behavior in a
variety of behavioral situations37-1%4~198 The inheri-
tance of such traits seemingly follows the schemes of
Mendelian inheritance only rarely!®7°:°° but many
studies of selective breeding for behavioral divergence
show a rapid response !4 29 32:53. 37,76, 112, 114 Thjg jg
no indication for monogenic inheritance, but it clearly
shows that there must be some simple factors through
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which a differential set of alleles can reliably bias behav-
toral traits, without crude effects on biological fitness.
The preferred brain targets for such genetic influences
must be the coordination systems of the brain, i.e., neu-
ronal populations which modulate and coordinate other
brain systems. By definition, modulatory systems are hi-
erarchically superimposed on brain systems executing the
main sensory and motor procedures. One must expect
that allelic variation affecting modulatory systems can
exist without destructive side effects, since the mam-
malian brain has a series of buffering procedures com-
pensating for, and/or masking interventions, be they
genetic or non-genetic in origin. These procedures in-
clude developmental reorganization, system homeosta-
sis, adult structural plasticity, and learning capac-
ities 34:95:6%:66_Ip terms of evolutionary theory, these
systems serve as reservoirs of genetic variation, permit-
ting rapid genetic adaptation of behavior to specific se-
lective pressure, a process eventually followed by mor-
phological adaptations of the body.

This phenomenon can also be exploited for the investiga-
tion of the relations between brain and behavior. By
concentrating on the variability of these topranking sys-
tem levels, one may detect genetic variation in brain traits
with a rather direct impact on the control of behavior.
These influences must be probabilistic, since variations of
a modulatory system can only bias probabilities of cer-
tain behavioral actions. In addition, they probably will
never encode a specific behavior per se, because modula-
tory systems can operate only by influencing processes
executed by subordinated systems. These are certainly
different across species, but may differ also within a spe-
cies. In other words, the effect of such coordination sys-
tems are context-specific. Thus, one must look for varia-
tion in top-ranking systems and for covariation of
behavioral measures reflecting choices and decisions, or
which demand a high degree of coordination and modu-
lation. But which ones?

The choice of brain structures and behavior

One of the toughest problems in behavioral brain re-
search is to decide which brain variables and which be-
havioral trait should be investigated. There are countless
brain structures, and there are many ways to measure
behavior. Matching the correct variables is, therefore,
largely a matter of educated guesses or tuck. The ideas
Jjust outlined provide no solution, but they narrow the
choices.

If there is no a priori reason to investigate a given behav-
ior, the most straightforward approach is to select a
behavioral trait for which successful selective breeding
has been reported. This implies a) that there must be
genetic variation in the brain traits causing divergent
behavior, b) that these divergences are not associated
with overt malfunctioning, and c) that the genetic archi-
tecture for the behavioral divergence cannot be too com-
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plex, since selective breeding programs are usually aban-
doned if no rapid responses to selection are observed.
The choice of brain systems is more arbitrary. From
the theory above, top-ranking coordination systems are
preferable. Fortunately, they are not difficult to identify,
be this for genes or for neuroscientists, because they ordi-
narily do not develop and mature in advance of the sys-
tems they modulate — a neuroanatomical principle
known as Flechsig’s rule®*3* Thus, system level
specificity does not require biochemical but temporal
encoding — late-acting genes must necessarily influence
the maturation of behavioral coordination systems. This
fact greatly facilitates the search for neuronal systems to
be examined for genetic variation. It must be noted, how-
ever, that developmental time-tables for brain structures
preferentially deal with neuronogenesis and less with the
more subtle aspects of functional maturation. Neverthe-
less, the maturational gradients of the mammalian brain
currently point to the prefrontal cortex >°, the fascia den-
tata*: -3, the olfactory bulbs’’ and, perhaps, the cere-
bellum 6% 192 as the most promising targets for a neu-
roanatomical and/or neurochemical investigation aimed
at behaviorally relevant genetic variation. Concentration
on genetic variability is not a matter of ideology but of
practicality: a genetic difference is, by definition, resis-
tant to masking influences due to plasticity or environ-
mental factors, and, thereby, more convenient to work
with.

Methodology

The series of studies reported in this section were initiat-
ed in order to investigate possible causes underlying the
extreme genetic differences in avoidance acquisition, ob-
served in behavioral genetic studies using mouse
strains 19, The decision to investigate avoidance learn-
ing was reinforced by the availability of rat lines selec-
tively bred for this task ® 2%, and the brain variables of
interest were the terminal fields of hippocampal mossy
fibers, for which considerable genetic variation had been
reported *.

The neuroanatomical variables (figs 1 and 2)

The rodent hippocampus is characterized by a laminar
architecture typical for the archicortex of most mam-
mals. Pyramidal neurons form monolayer sheets, while
their dendritic trees are covered with boutons of afferent
axons originating within, and outside of, the hippocam-
pus. They terminate at well-defined levels termed synap-
tic fields. The resulting lamination is visualized with par-
ticular clarity by Timm’s procedure *®*'!  which stains
synaptic boutons according to their content of zinc or
other heavy metals*’. In particular, the distribution of
the giant boutons of the granule cell axons, or mossy
fibers?, is reliably revealed under a variety of staining
protocols'!-23:46 In mice and rats, these mossy fiber
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Figure 1. Diagram of the Timm-stainable hippocampal fields in CA3/
CA4 as revealed on hippocampal cross-section. Black areas: terminal
fields of the mossy fiber projections; stippled areas: terminal fields of the
intrinsic associational projections (Schaffer collaterals and commissural
projections); hatched area: terminal field of entorhinal projection to
CA3. Abbreviations: CA1; regio superior; CA3, regio inferior; CA4,
hilus of the fascia dentata; FD, fascia dentata (dentate gyrus); FI, fimbria
hippocampi; GC, granule cell layer; IIP, intra- and infrapyramidal mossy
fiber projection; LM, stratum lacunosum-moleculare; ML, medial
molecular layers in fascia dentata; OL, outer molecular layer; OR, stra-
tum oriens; RD, stratum pyramidale; RD, stratum radiatum; SG, supra-
granular dentate layer; SP, suprapyramidal mossy fiber projection. Re-
produced from Lipp and Schwegler ’°, with permission of the publisher.

Figure 2. Genetically determined extremes of the infrapyramidal mossy
fiber projection (arrow) as seen in the strains DBA/2 and C3H. For
details of structures, see fig. 1 Bar: 0.5 mm. Timm’s stain, horizontal
sections from the midseptotemporal level. Reproduced from Lipp and
Schwegler 7°, with permission of the publisher.
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boutons terminate preferentially in a layer immediately
above the pyramidal cells in the regio inferior (CA3).
They are designated as suprapyramidal mossy fibers. A
smaller portion of the terminal fields extends within and
below the pyramidal cells, making contact with basal
dendrites, the intra/infrapyramidal mossy fiber projection
(IIP-MF)*. Another terminal field of mossy fibers is the
hilus of the fascia dentata (CA4), where mossy boutons
densely cover dendrites as well as cell bodies (‘mossy’
cells ®). The other fields stained reliably by Timm’s proce-
dure are stratum oriens, formed by basal dendrites, and
stratum radiatum, formed by apical dendrites above the
suprapyramidal mossy fiber layer. Both strata are cov-
ered with boutons from intrinsic associational systems,
the ipsilateral (Schaffer) and commissural axon collater-
als of the pyramidal neurons in CA3. Stratum lacuno-
sum-moleculare, finally, is generally poorly stained. It is
contiguous with the molecular layers of the fascia den-
tata, and contains the synapses of axons originating in
the entorhinal cortex.

The morphometrical methods used to assess the areas or
volumes of these hippocampal terminal fields have been
described in detail elsewhere ’* . Measurements were
always done on 5—-10 horizontal sections corresponding
to a standard mid-septotemporal level from the longitu-
dinal axis of the hippocampus. Planimetry on this sample
of sections was done either manually with the aid of a
graphic tablet, or by means of digital analysis of video
images. The reader should note that assessing the distri-
bution of mossy fibers gives reliable results for a given
technique. However, changes of the morphometrical
techniques (for example using differential point lattices,
or differential section thickness) can yield different abso-
lute values. A comparison of computer-assisted and
manual analysis (by means of drawings and graphic tab-
let) showed that the manual methods consistently overes-
timated the IIP-MF projection, whereas computer-assist-
ed analysis gave consistently lower values, probably
because of neglecting the distribution of single clusters of
Timm-stainable boutons. Therefore, we prefer to give no
absolute values for the areas covered by mossy fibers, but
use percentages (extent of IIP-MF as percentage of the
entire regio inferior, or of the suprapyramidal layer).
While the mossy fiber distribution is assessed only from
a portion of the hippocampus, comparable strain differ-
ence of the [IP-MF projection have been found at septal
(rostral) levels of the hippocampus ®°.

Two-way avoidance

The behavioral apparatuses used were standard, two-
chambered shuttleboxes using light as the conditioning
stimulus *% 28 After the presentation of a warning stimu-
lus, the animals had to cross through a door to the dark
side of the shuttlebox in order to avoid an electrical
shock. Between trials, the animals could move with im-
punity between the compartments. The rats were always
tested for the number of trials needed in order to attain
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a criterion of 4 consecutive correct avoidance responses.
This criterion had served for the selection of genetically
superior or inferior avoidance learners?®. Mice were al-
ways tested over a period of 5 days (about 80 trials per
day), since performance at the end of training had been
the variable studied in previous behavior genetical exper-
iments.

Statistical analysis

In this review, statistical results are presented mainly as
bivariate correlations and scatterplots. The original re-
sults are based on multiple regression analysis and other
multivariate methods, usually including all other
hippocampal subfields of CA3 as well. Scatterplots are
usually presented with standardized variables, in which
the mean is given as zero, and the individual data points
are scaled in units of one standard deviation from the
mean 31, 127.

Hippocampal mossy fibers and two-way avoidance

Selective breeding for two-way avoidance and its effects
upon hippocampal morphology

The most extensively investigated rat strains, selectively
bred for differential two-way avoidance acquisition, are
the Roman High- and Low avoidance rats (RHA and
RLA). Initially developed by Bignami and Bovet at the
Istituto Superiore di Sanita in Rome®, these two strains
have been maintained since in several laboratories. The
animals used by us were the Swiss sublines, RHA/Verh
and RLA/Verh 27 2% In the original investigation, a sam-
pling of these animals from the 45" generation was used
to test whether such selective breeding might have en-
tailed any differentiation of the hippocampal terminal
fields as visualized by Timm’s stain. The results showed
that the hippocampi of the two lines were different in
several aspects. The regio inferior of RHA/Verh rats had
proportionately larger stratum lacunosum-moleculare
and stratum oriens while, in RLA/Verh rats, the three
mossy fiber fields appeared to be enlarged °% °°. Thus,
the morphology of regio inferior showed genetic varia-
tion which was sensitive to selective breeding.

The presence of differences in a given brain system of
psychogenetically selected animals must not necessarily
be taken as support for a hypothesis that this brain sys-
tem is involved in the modulation of the behavior select-
ed for. Due to the relatively small number of animals in
selective breeding studies, a corollary selection of traits is
quite likely. The most important single factor is genetic
drift, that is, unwanted homozygosity 1% 12®. This can
develop if the majority of the mated animals at a given
stage of selection carries, by chance, the same allele, e.g.
albinism. Once white has become the dominating coat
color, that line will remain white irrespective of the be-
havioral selection procedure?*. Other forms of correla-
tive selection (linkage disequilibrium) may also play a
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Figure 3. Morphological differentiation of the relative sizes of hippo-
campal mossy fiber fields as a result of selective breeding for good and
poor two-way avoidance acquisition in rats. Note that low-avoidance rats
have a significantly larger mossy fiber field in the hilus of the fascia
dentata, as well as a larger intra/infrapyramidal mossy fiber projection.
Other synaptic terminal fields in CA3/CA4 were different also (see text).
Abbreviations: CA4, hilus of the fascia dentata; IIP-MF, infra- and
intrapyramidal mossy fiber projection; SUPRA-MF, suprapyramidal
mossy fiber projection.
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role. The practical conclusion is that some of the ob-
served differences between such selectively-bred lines
are irrelevant for behavior. Thus, the manifold differ-
ences that have been observed between the Roman
lines 17-22:25:28.40.41,43 cartainly reflect a diversity of
genetically variable factors affecting two-way avoidance
learning, but it is difficult to distinguish between behav-
iorally relevant and irrelevant differences. This requires
either replication of selective breeding (which is impracti-
cal), or further delineation of important variables.

Testing the robustness of identified associations

a) Genetic correlations using inbred strains. The most
convenient way of verifying an association of a brain
trait with behavioral performance is the investigation of
inbred mouse strains. There is a fairly large body of
documented genetic differences in brain or behav-
ior194-198 " and many strains are offered commer-
cially. While strain differences cannot always be replicat-
ed across laboratories, presumably due to technical vari-
ations or, perhaps, subline differentiation, some mouse
strains are known for consistent behavioral peculiarities.
Hence, available strains can either be screened for their
behavioral performance, and differentially behaving
strains can then be further investigated for brain traits, or
vice versa.

Two-way avoidance performance had been established *°
for five widely used mouse strains (DBA/2, C3H/He,
BALB/c, C57BL/6, and NMRI, the latter partially in-
bred). The mean performance of the strains ICR and
SM/J, the latter being known for large [IP-MF projec-
tions*, was assessed as well. Afterwards, strain means
and variances were established for every subfield in CA3,
and correlations were calculated between all hippocam-
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pal variables and avoidance performance at training day
5. This revealed a strong and negative correlation be-
tween the extent of the IIP-MF projection and two-
way avoidance (r = — 0.97, fig. 4a). None of the other
hippocampal subfields showed a significant correla-
tion °°. Therefore, the only variable which showed a cor-
relation in both rats and mice was the extent of the
[IP-MF projection which, thereafter, moved into our fo-
cus of attention.

This particular study underlined the convenience of using
inbred strains for verifying correlations. Technically, this
type of correlation corresponds grosso modo to a genetic
correlation, since it was computed between the strain
means. In ideal cases, intrastrain variability is small, with
the strain means barely overlapping, and the within-
strain correlations (environmental correlations) show the
same sign as the between-strain correlation. Such a result
has been observed in a replication of the strain study in
which the performance of the mice was individually as-
sessed prior to morphometry ’° (fig. 4b). The use of in-
bred strains for computing genetic correlations calls for
some statistical caveats, however °°. In most cases, genet-
ic correlations are based on relatively small samples of
strains. Without further evidence, the observed presence
or absence of correlations must be interpreted cautiously.
The other problem is biased (non-randomly drawn) sam-
ples. The choice of strains is often restricted by practical
considerations such as availability, and known behav-
ioral and neuroanatomical peculiarities of some strains
may lead to their unwarranted exclusion from, or inclu-
sion in, a study.

b) Individual correlations observed in a random-bred
stock. In randomly bred stocks, genetic heterogeneity is
maintained by means of controlled outbreeding sched-
ules with fairly large numbers of animals. In such stocks,
one may expect considerable individual variability of
traits known to be genetically dependent. The important
aspect is that the genetical variability of brain traits be
randomized across animals, except for cases of strong
linkage disequilibrium. It is thus possible to test the ro-
bustness of an observed correlation, because the random
distribution of brain traits potentially affecting the same
behavior is likely to produce more behavioral ‘noise™>.
For example, individual and genetically caused differ-
ences in the content of hypothalamic octopamine may
affect two-way avoidance performance 2 as well as vari-
ations of the mossy fiber projection. Yet, if these two
genetic factors are not tightly linked, a sample of ran-
dom-bred animals will contain animals with large IIP-
MF projections and differential octopamine levels. This
may introduce behavioral variation in animals with sim-
ilar mossy fiber fields. In statistical terms, this means
more error and, hence, weaker correlations. If the corre-
lations disappear completely, one may assume that the
correlation tested is not robust and can be masked by
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Figure 4. Standardized regression plots of the extent of the IIP-MF and
performance of avoidance learning in several samples of mice. Note that
the scaling cannot be compared between samples, since it is based on the
means and standard deviations of each sample. ¢ Negative correlation
shown by the mean values of several mouse strains; b Negative correla-
tion shown by individual mice from 6 different mouse strains (not the
same animals as in 4a); ¢ Negative correlation between the individual
values of ITP-MF and avoidance learning in outbred mice (Fullinsdorf
Albino); d Genetically randomized [IP-MF projection (by means of an
F,-cross) and negative correlation with adult avoidance learning; ¢ Ge-

netically varied IIP-MF projection (by means of a 5 x 5 diallel-cross) and
adult avoidance learning; /' Developmentally induced variation of the
IIP-MF in isogenic animals (DBA/2 mice) and adult avoidance learning
after postnatal injections of corticosterone and saline. This is the only
positive correlation observed thus far, and it shows that the influence of
mossy fibers on two-way avoidance is not unconditionally negative but
context-specific. Perhaps due to the postnatal corticosterone injections,
the overall performance of all these DBA/2 mice was fairly poor. For
further explanations, see text.
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unknown factors. If it persists, the brain variable must be
robust and have considerable functional strength.

Twenty mice from an outbred stock, Albino Fullinsdorf,
were tested for the robustness of the association between
the ITP-MF projection and two-way avoidance %101, As
shown by figure 4c, a strong negative correlation was
again observed (r = 0.82). This implied a surprising ro-
bustness and possibly a causal role for a brain factor
intimately related to the extent of the IIP-MF projection.

Other correlative studies

The association between a large IIP-MF projection and
poor avoidance learning has been corroborated by cor-
relative findings in other rat lines and mouse strains.

a) Rats selectively bred for self-stimulation. Lieblich had
established 4 rat lines selectively bred for their propensi-
ty, or not, to self-stimulate the lateral hypothalamus by
means of implanted electrodes ®*. In order to test whether
selective breeding for self-stimulation would alter
hippocampal morphology, the hippocampi of 8 rats per
line were analyzed morphometrically 2. Since a genetic
correlation between the propensity for self-stimulation
and avoidance learning had already been observed ®4, the
animals in question were tested for acquisition of two-
way avoidance, as well. The [IP-MF projection did not
show a response to selective breeding for self-stimula-
tion, the stratum oriens was enlarged in both the LC1-HI
and the LC2-HI lines and both LC-2 lines had much
larger ITP-MF projections than the two 1.C-1 lines, prob-
ably because of pronounced differences in the mossy fi-
ber projections of the parental stocks 52, The difference in
the mossy fiber projection was reflected in the level of
two-way avoidance acquisition, with the LC2-lines per-
forming more poorly. Taken together, the results implied
first, a difference in avoidance behavior associated with
IIP-MF differences between the progenitor stocks, and
second, a selection-dependent difference associated with
differential self-stimulation, the strong self-stimulators
showing superior-performance.

b) Effects of selective breeding for differential neuromus-
cular thresholds and differential avoidance behavior. Dimi-
trieva et al.?® investigated the hippocampi of four rat
lines, two lines being selectively bred for differential two-
way avoidance behavior, and two lines for differential
thresholds of leg muscle contraction following peripheral
electrical stimulation. High- and low-avoidance rats
showed a mossy fiber distribution similar to the one ob-
served in the RHA/Verh and RLA/Verh rats, with poor
avoiders having larger IIP-MF projections. Rats with
high and low neuromuscular excitability differed in two-
way avoidance, sensitive rats being superior, but no dif-
ferentiation of hippocampal mossy fibers was observed.
These findings corroborate the notion that two-way
avoidance has multiple determinants, some of which
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must reside in the peripheral nervous system. On the
other hand, selective breeding for neuromuscular ex-
citability (a peripheral trait) apparently leaves the mor-
phology of the mossy fibers unaltered. This is a strong
argument in favor of site-specific effects of selective
breeding. However, it must be noticed that both high-
and low-excitable rats had fairly large infrapyramidal
mossy fiber fields. Hence, extended IIP-MF projections
may be compatible with superior avoidance learning ca-
pacities rooted in sensorimotor differences.

¢) Mossy fiber projections in mice with differential avoid-
ance learning capabilities. Gozzo and Ammassari-
Teule*? have described differences in the lamination of
infrapyramidal mossy fibers in two inbred strains of
mice. SEC mice had a fairly short and well-laminated
[IP-MF projection which, in C57BL/6 mice, was more
extended, frequently invading in its distal parts the pyra-
midal cell layer. The authors hypothesized that the be-
havioral difference between the strains (among other
things a superior avoidance performance of the SEC
mice *®) might be a function of the orderliness of lamina-
tion. While this proposal has never been explicitly tested,
it is somewhat contradicted by the relatively good avoid-
ance performance shown by our BALB/c mice, a strain
with a clear lamination defect of the hippocampal mossy
fiber projection ®°.

Testing for causality

While causality is rarely approached in an explicit fash-
ion in biological experiments, criteria are available ac-
cording to which ‘correlational’ studies (as those de-
scribed above) may be differentiated from ‘causative’
studies. One criterion, manipulability, is psychological,
and reflects an almost irresistible penchant of establish-
ing causal relationships through personal interference.
Experimentally, this criterion leads to the somewhat illu-
sionary claim of controlling the biological systems under
study: a brain variable is said to be under the direct
control of the experimenter (usually through physical
interference), whereas the other variables are thought to
be held constant, or being controlled otherwise (neglect-
ed by necessity is perhaps a more appropriate term).
While such a conceptual view is clearly mechanistic, it
ironically relies, for confirmation, upon statistical tech-
niques. Yet, numerical analysis is purely correlational,
and the underlying approach probabilistic. This para-
dox, however, is rarely perceived by proponents of, in
their terminology, causal approaches. They precisely use
the same correlational tools but prefer to overlook their
conceptual implications. The only valid criterion for dis-
tinguishing between biological causality and correlation
is statistical: the difference between regression and corre-
lation. In the case of a regression, the interactions be-
tween the two variables are not bidirectional, there being
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an independent, and a dependent, variable. In correla-
tions, the variables may interact equivalently.

In analyzing brain-behavior relationships, it is possible
to distinguish quite clearly between independent and de-
pendent variables. In many cases, a brain trait is the
independent, and behavior the dependent, variable. If a
brain trait differentiates long before behavioral actions
are possible, it cannot be a feedback function of behav-
ior, and if a brain trait is genetically-dependent, it must
have some non-plastic properties which make it recogniz-
able as a genetic variation. This is the case for the topo-
graphical distribution of mossy fibers in the rodent regio
inferior. During their development, but not afterwards,
they show a sensitive period during which their distribu-
tion can be substantially altered by physical, or hormon-
al, interference 1%°%:83-119 Glow changes during adult-
hood may occur** %, but the simple fact of strain-
typical mossy fiber distribution at various ages!®®
shows that late changes are, at the most, limited. It
should be noted, however, that the recurrent mossy fiber
projection to the dentate gyrus is quite a different mat-
ter 11,36,65,94,110, 118.

In testing for a causal role for infrapyramidal mossy
fibers, we intend to show only that a brain variable which
is intimately and spatially associated with the IIP-MF
must be of functional relevance, and not some remote
system outside of the hippocampus. This hypothesis of a
spurious correlation has two main counter-arguments
which must be approached experimentally, those being
that: 1) the observed relationship between IIP-MF and
two-way avoidance may be based on some strange form
of linkage disequilibrium, i.e. tightly linked genetic fac-
tors, and 2) there is an epigenetic linkage, i.e. the differ-
ential expression of infrapyramidal mossy fibers uncon-
ditionally produces a change somewhere else in the brain
which is ultimately responsible for the observed behav-
ioral variations. Satisfactorily explaining this requires the
following experimental steps:

Meiotic randomization of hippocampal morphology

The inbred mouse strains DBA/2 and C3H/He show
extreme differences of the ITP-MF projection (fig. 2) and,
correspondingly, in two-way avoidance behavior, al-
though there appears to be considerable subline varia-
tion'* %2, The poor avoidance behavior of C3H mice
may be partly duec to retinal degeneration®* ' al-
though this strain also behaves poorly with acoustic con-
ditioning stimuli. Yet, if variations of hippocampal cir-
cuitry were an important determinant of two-way
avoidance performance, in our set-up used for behavior-
genetical studies, then individual differences of the I1P-
MF projection observed in F2-generations of Mendelian
crosses between these strains should correlate with adult
avoidance performance. In formal terms, the extent of
the ITP-MF projection is randomized by means of chro-
mosomal recombination during meiosis. The morpho-

Reviews

logical trait then serves as an independent variable onto
which behavioral differences observed in adulthood are
regressed. Thus, the approach fulfills the operational
criteria of a causal relationship as described above, as in
regression analysis the independent variable must not be
under direct control of the experimentator. Such a regres-
sion is called a regression of type 11, and differs from a
regression of type I (parametric control of the indepen-
dent variable) only slightly, in some assumptions about
the underlying model 27,

In order to test the prediction, 51 animals from a Mende-
lian cross between the strains DBA/2 and C3H were
tested for their avoidance performance at day 5°*. Mor-
phometry of the mossy fiber distribution in the adult
mice revealed a strong and negative correlation with two-
way avoidance (fig. 4d). Yet there was no indication of a
monogenic inheritance of the IIP-MF distribution. Thus,
a factor strongly associated with the ITP-MF distribution
must play a causal role in the modulation of avoidance
performance.

The power of this simple experiment was that a simple
manipulation, cross-breeding, resulted in individual vari-
ations of the IIP-MF distribution without having to
damage the brain. We are not aware of any other manip-
ulative procedure which operates under so completely
physiological conditions. Moreover, the effects of other
genetically variable factors influencing two-way avoid-
ance have been randomized. Statistically, this is an al-
most ideal situation. Yet, it must be kept in mind that the
DBA/2 and C3H strains both share a common ances-
try 82. This does not argue against a causal relationship
but, if both strains are genetically fairly similar, random-
ization is restricted to the few remaining genetic differ-
ences. This may lead to an overestimation of the func-
tional impact of mossy fiber variations.

Meiotic control of the IIP-MF distribution

Ina 5 x 5 diallel cross, five inbred strains were crossed so
as to produce 25 offspring populations in which each
carried a different, yet controlled, proportion of the ge-
netic variation found in the parental strains. This breed-
ing design is commonly used to analyze hereditary and
environmental contributions to the phenotypic expres-
sion of a particular trait. Based on the strong differences
of the ITP-MF distribution in the parental strains, one
would expect considerable mossy fiber differences among
the 25 hybrid samples. Differences between the hybrid
means can be attributed to genetic factors, while the
within-sample variability provides a measure of environ-
mental influences on mossy fiber variations. From a
practical point of view, this cross-breeding scheme per-
mits a reproducible animal sample in which the extent of
the ITP-MF distribution is, at least to some degree, under
the control of the experimenter, and in which the poten-
tial interference from other genetic factors is repro-
ducibly balanced. Furthermore, this approach permits
the application of sophisticated statistical models 8.
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Crusio and Schwegler have tested the relationship be-
tween [IP-MF distribution and open-field behavior in a
5x5 diallel cross involving the strains BA, DBA/2,
BALB/c, C57BL/6, and C57BR '8 The same animals
have been tested for two-way avoidance as well (unpub-
lished data). Variations in the extent of the IIP-MF pro-
jection in this sample of mice were still negatively corre-
lated with two-way avoidance performance, albeit much
weaker (fig. 4e). Thus, the predictions of causality were
confirmed again. The weaker correlations indicated a
comparatively stronger influence of ‘non-mossy-fiber
factors’ on two-way avoidance. These may have had ge-
netic origins, perhaps reflecting a masking influence of
hybrid vigor, or heterosis. For example, strong locomo-
tor activity in the shuttle-box is a factor facilitating two-
way avoidance. Most inbred strains are not particularly
active in this situation, but many hybrids are, and this
may induce an additional behavioral variation unrelated
to the mossy fiber distribution.

Another surprising finding in this study was that the
genetical correlations between IIP-MF and avoidance
(using the mean values of the samples) were significant in
the early phases of conditioning, but not afterwards.
Correlations based on variability within samples (envi-
ronmental correlations) were not evident at the begin of
conditioning but were significant (about the same coeffi-
cient) at day 5. In other words, the genetic architecture of
the IIP-MF explained the behavior of the mice in the
early phases of conditioning, while the variability of
mossy fibers within a given sample appeared to predict
the relative changes in behavior during later condition-
ing, with mice having relatively more IIP-MF being more
likely to show poor avoidance performance at the end.

‘Chimeric mixing’ of the mossy fiber distribution

Mouse chimeras can be produced by merging blastocysts
from strains with different behavioral and neuroanatom-
ical traits®>. Thus, individual variations found in such
animal samples are based on a special form of somatic,
instead of genetic, randomization of traits. The relation
between ITP-MF distribution and two-way avoidance be-
havior in 35 chimeric mice (C57BL/6 and BALB/C) has
been studied by Bér (unpublished results). She found,
once again, a negative correlation. It was, however,
weak, and significant only for the second day of training
(perhaps due also to a temporary technical problem with
the shuttle-boxes). As no study with F2-animals from
Mendelian crosses between the two strains has been
made, it is not clear whether the weak correlation is a
result of chimerism itself, or whether crosses between the
strains would yield identical results. Further studies may
clarify this point.

Thyroxine-induced variability of the IIP-MF and adult
two-way avoidance

The distribution of infrapyramidal mossy fibers is sensi-
tive to developmental interference. Lauder and Mug-
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naini >® have shown that a transient postnatal hyperthy-
roidism expands the infrapyramidal mossy fiber field,
and possibly the recurrent collaterals to the fascia den-
tata as well®*. Thus, developmental expansion of the
infrapyramidal mossy fiber projection in strains showing
good avoidance acquisition and few ITP-MF should lead
to a reduction in avoidance, depending upon the increase
in mossy fiber terminals.

In an initial study, 51 RHA/Verh rats were injected with
varying doses of thyroxine during the first three postna-
tal weeks”®. 21 control animals received injections of
saline. The animals were then tested at the age of 90 days
for acquisition of two-way avoidance. Somewhat surpris-
ingly, the treated animals showed only a slightly impaired
avoidance learning as compared to the controls. Within
the control animals, however, some animals had strain-
atypical poor avoidance scores. This riddle was solved by
morphometry. The variability of the avoidance scores,
i.e., the deviations from the strain-typical superior avoid-
ance performance, was strongly related to the extent of
the IIP-MF projection: the larger it was, the more trials
the rats took to reach a criterion of 4 correct responses.
This was not only the case in the thyroxine-treated ani-
mals but, unexpectedly, also in the saline controls: the
poor avoiders in this group had the largest IIP-MF pro-
jections 74.

The study was replicated using mouse strains’*. 18
BALB/c mice served as pilot animals, and a total of 75
DBA/2 mice were investigated in the main study. Both
strains are known for scanty I[IP-MF distribution and
superior avoidance performance. In this experiment, we
tried to evaluate the influence of different dosages of
thyroxine more precisely than in the rats. The results
largely confirmed the findings of the rat study. In both
the BALB/c mice and the thyroxine-treated DBA/2 mice,
a negative correlation was found between the extent of
the [IP-MF projection and avoidance performance on
day 5 (DBA/2: r = —0.75, p < 0.001, n = 75; BALB/c:
r=—0.77,p<0.01, n=18).

An analysis of the dosage effects showed that differential
doses of thyroxine had not much influence on the adult
distribution of the mossy fibers, although high doses had
a tendency to yield larger projections. The prominent
effect was a net increase of the IIP-MF, but there was
considerable individual variability in response to the
treatment. This was probably not due to technical prob-
lems involving the subcutaneous injections, as brain
weight showed a clear-cut dose-dependency, with higher
doses leading to smaller brains. In terms of correlations,
higher doses of postnatal thyroxine led to progressively
poorer correlations: the best within-dosage correlation
was —0.90 in the group receiving the lowest doses, while
the correlation in the highest dosage group dropped to a
coefficient of —0.58 (fig. 5). Interestingly, the within-
group variability of the untreated mice was also negative-
ly correlated with two-way avoidance, albeit non-signifi-
cantly. A surprisingly strong correlation (r = — 0.95)
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Figure 5. Thyroxine- and saline-induced variability of the IIP-MF pro-
jection (by means of postnatal injections) and adult two-way avoidance
performance of DBA/2 mice. The standardized plot with all mice gives
the scaling for the remaining subsamples in which the position of the mice

was found in the mice treated with saline alone (fig. 5).
In this experiment, postnatal thyroxine levels did not
precisely determine the extent of the IIP-MF projection.
Rather, the treatment resulted in a predictable random-
ization of the IIP-MF projection: given a constant
dosage, there was always considerable individual varia-
tion. In contrast to the crossbreeding studies, however,
this randomization occurred in a constant genotype, the
structural and behavioral covariations being produced
only by the non-specific effects of thyroxine. Since the
treated mouse strains were inbred, the mossy fibers were
varied while the genetic architecture remained unaltered.
In physiological terms, this corresponds to a ceteris
paribus situation, which permits recognition of even the

from the various treatment groups has been extracted. These subsamples
thus show the within-treatment variability with respect to the entire sam-
ple.

most subtle behavioral effects of a brain trait, a concept
proposed by Wahlsten 16117,

These results totally eliminate the hypothesis of a linkage
disequilibrium underlying a spurious correlation between
mossy fiber variations and behavior. They do not elimi-
nate the hypothesis of an ‘epigenetical balance’, but they
weaken it considerably: the data showed that the varia-
tions in mossy fibers were strongly correlated with be-
havior irrespective of the procedure which caused the
variations. Thus, the hypothetical system in balance with
the mossy fibers must either share the same developmen-
tal timing properties and biochemical sensitivities, or be
a perfect covariate. If this were not the case, it would be
impossible to observe quasi-linear relationships, for a
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marker system cannot yield better correlations than the
true system. Also, there is not the slightest evidence for
an extrahippocampal system being a perfect covariate of
individual differences in mossy fiber distribution.

Effects of postnatal corticosterone treatment

Whereas postnatal corticosterone treatment did not pro-
duce visible differences in the IIP-MF projection of
DBA/2 mice, it yielded considerable variability and bilat-
eral asymmetries of the mossy fiber distribution, suggest-
ing a developmental disturbance of the hippocampus
which might be related to changes in the hippocampal
distribution of corticosterone receptors. In any case, a
surprising result was that a positive correlation of the
[IP-MF with two-way avoidance performance on the
second day of training was seen (fig. 4f), and variation of
the suprapyramidal mossy fiber projection was positively
correlated with avoidance performance at five days of
training *25.

Correlations with other hippocampus-dependent behaviors

IIP-MF, open-field behavior and exploratory activities
In mice, selective breeding for differential open-field be-
havior entails a differentiation of the IIP-MF projection.
This has been observed in lines selectively-bred for rear-
ing2°, and in the Boulder lines selectively bred for high
and low locomotor activity?* %% Also, Crusio and
Schwegler found a weak covariation between habitua-
tion and the extent of the IIP-MF projection usinga 5 x 5
diallel cross design'®. In contrast, the Naples rat lines,
bred for differential activity in a Lat maze (essentially a
square alley)®®, did not show consistent differences in
their IIP-MTF projections 73, The relations between I1P-
MF and various open-field measures will be evaluated in
a forthcoming review by Crusio et al.

IIP-MF and radial maze performance

Radial maze performance is severely hampered by
hippocampal lesions %> 21 =23 although it is quite sensi-
tive to the destruction of other brain systems, as
well #4123 By studying a sample of mouse strains known
for differential IIP-MF distributions, Crusio et al. found
a strong and megative genetic correlation with a simple
measure of performance errors (number of re-entries into
an arm previously visited *1).

IIP-MF and swimming navigation

A recently-developed task for assessing hippocampal
functions is swimming navigation, as introduced by Mor-
ris 8981 Thus far, at least two studies have revealed pos-
itive correlations between the IIP-MF and behavioral
measures of swimming navigation in mice 7> **4. Anoth-
er study, using a conventional water maze and factor
analytical procedures, found that the IIP-MF projection
of mice correlated negatively with swimming time, the
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mice with a large IIP-MF projection requiring more time
to escape from the water °”. The size of the IIP-MF pro-
jection, however, also showed a second loading on the
number of errors at turning points, the animals making
less errors having more I1P-MF.

ITP-MF and ‘non-hippocampal’ tasks

According to theories envisioning the hippocampus as a
structure which encodes spatial relationships, there
ought to be behaviors for whose execution the hippocam-
pus is not crucial 87, One of these behaviors is discrimina-
tion learning, reportedly insensitive to hippocampal le-
sions. However, by testing mice in which the distribution
of mossy fibers was varied by means of systematic cross-
breeding (‘meiotic randomization’), we found strong pos-
itive correlations with the individual capacity for (aver-
sively-motivated) discrimination learning in a Y-maze 2.
Here, the extent of the IIP-MF covaried positively with
a non-spatial strategy. Yet, in another study we found a
positive genetic correlation between side-perserverance
and ITP-MF 3379 a covariation with a spatial strategy.
To complicate matters, a possible correlation between
I1IP-MF and cerebral lateralization has been found as
well. Mice selectively bred for strong or weak paw prefer-
ence '* 15 in a food retrieval task show clear differences
in their ITP-MF distribution *°. Whether this behavior is
a true measure of hemispheric specialization is not yet
clear. It is, however, neither learned nor does it require
spatial processing.

HP-MF and two-way avoidance behavior: discussion

These studies demonstrate that the extent of infrapyrami-
dal mossy fibers in the rodent hippocampus, or of a
strongly associated intrahippocampal variable (structur-
al and/or biochemical), must influence processes impor-
tant for the acquisition and performance of two-way,
active avoidance. The correlation is expressed most
strongly when the influence of other genetic factors is
removed, as was the case in crosses between genetically
similar strains (e.g., the F2-generation from DBA/
2 x C3H), or in the studies based on within-strain varia-
tions. Nevertheless, a negative influence of the ITP-MF
factor on two-way avoidance performance has been ob-
served in a variety of other studies as well. Hence, it must
have appreciable functional strength, as the number of
factors known to influence two-way avoidance behavior
is large ®°.

With which of the possible psychological factors might
the IIP-MF be involved? Variations of the mossy fibers
are probably not related to a genuine learning capacity,
since the majority of the correlations were based on per-
formance variations in the later stages of conditioning.
The frequently observed correlations in other behavioral
paradigms show that the mossy fiber effect is not restrict-
ed to avoidance learning and its associated processes
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such as emotionality, sensitivity to shock and other fac-
tors associated with punishment. Furthermore, the corre-
lations are difficult to explain in terms of memory pro-
cesses. The explanatory constructs which would fit a
majority of the results are that the IIP-MF may correlate
with a) behavioral predictability, b) spatial processing, or
c) the capacity of solving conflicting or difficult tasks. In
each case there are data sets, however, which contradict
a unitary hypothesis ®7 7% 73,

Prospects and limitations of ‘microphrenology’

The aim of these studies was to demonstrate that the old
phrenological approach of correlating behavioral with
structural variation is still valid. Its modern form, ‘mi-
crophrenology’ is, at least in some aspects, superior to
crudely manipulative techniques. This superiority is evi-
dent on two points: the procedure is noninvasive, and it
identifies the natural regulators of behavior.

Most approaches in research on brain and behavior try
to link a structure or system with psychologically defined
processes such as memory, learning, emotionality, or
spatial behavior. In contrast, microphrenology is rather
empirical. Before going any further, it tries to identify a
portion of the brain in which a given behavior is biased
by variations of that structure. The nature of the behav-
ior and the location of the brain system are not relevant
at that stage. In the present case, they happened to be
two-way avoidance and the hippocampus, not for theo-
retical reasons, but simply because genetic variation has
been documented for both. Some luck was involved be-
cause the first structural variation studied, the infrapyra-
midal mossy fiber projection, proved to be rewarding. It
would appear that an economical approach to behavioral
brain research (and the one requiring a minimum of luck)
would be a systematic screening of the brain for systems
showing strong genetic variation. This would pinpoint
the loci and system components which are used by evolu-
tionary processes to ensure the behavioral variation ‘nec-
essary’ for natural selection. Replicated selective breed-
ing for any behavior of interest will eventually disclose
those systems whose variability is of prime importance
for that behavior.

By taking such a correlational approach, one can identify
the natural regulators of behavior, but the underlying
processes must be elucidated by other means. With re-
gard to two-way avoidance, we can only speculate as to
how mossy fiber variations are translated into behavior.
Nevertheless, there is now overwhelming evidence that
a fairly specific variation in this part of the rodent
hippocampus must have profound physiological conse-
quences: a target has been singled out for investigation.
Contemporary brain research has amassed an impressive
battery of analytical techniques, all purportedly devel-
oped for elucidating the workings of the brain. However,
there is no corresponding sophistication in formulating
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experimental questions for employing these tools for the
analysis of brain and behavior. Not surprisingly, the ulti-
mate function of the brain — the orchestration of behav-
ior —1s still poorly understood. The ‘microphrenological’
approach cannot solve the problem by itself, but it
should prove to be a most effective tool in selecting the
relevant variables to be considered for brain and behav-
ior research.
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Reflections on the ambivalent helix

J. W. Galloway

Director of Public Relations for the Cancer Research Campaign, 2 Carlton House Terrace, London SW1Y 54AR
( England)

Summary. The helix is nature’s favourite shape. Because of its elementary geometry and distinctive appearance it is
also the clearest instance of an enantiomorphic object — a helix and its mirror image are identical in all respects except
their screw sense. This is a distinction that can be ignored from the points of view of pure geometry and pure group
theory '® but any helical structure is actually available as either or both hands.

Whether in nature helices do occur as just one hand, or both, is one of the best — perhaps the best — puzzles of the
science of form. In this short review I look at a few examples of naturally occurring helices, some where only one
hand is found, some where both are commonly found, and perhaps the most interesting examples in biological terms
— those where both are found but one hand is very much rarer than the other. I review what mechanisms —

physico-chemical, genetic, evolutionary — underlie the different manifestations of left- and right-handedness.

Key words. Helix; handedness; enantiomer.

1t is no accident that (Alice) Through the Looking Glass
is filled with references to mirror reversals and asymmetric
objects. The helix itself is mentioned several times....

Martin Gardner (The Wasp in a Wig, 1977)33

A helix “goes the other way in a mirror” — to use Alice’s
own words. In theory at least then, any helix is one of a
pair of identical ‘twins’, identical that is except that one
is left-handed and the other right — they are enantiomers,
mutual mirror images that cannot be superposed.
Whether a helix possesses an actual twin (or even a coun-
terpart) is I believe one of the best questions of the sci-
ence of form — possibly its deepest (fig. 1.).

The potential for having a mirror-reversed twin is not,
it should hastily be added, peculiar to helices with
their screw symmetry. It is characteristic of any object
that possesses no inverse symmetry elements. Many
molecules exist as enantiomers. A few are helical. Most
are not. The most familiar instance of enantiomorphism
is that of a pair of hands, which is why ‘handedness’ (see
appendix 2) is attributed to mutual non-superposable
mirror images. However the helix is geometrically ele-
mentary and readily recognised. It should therefore, re-
veal most clearly the principles underlying the existence
(or not) of mutual mirror images. Conklin!3, for in-

stance, said in his paper Causes of Inverse Symmetry that
“inversion of symmetry [i.e. production of a mirror im-
age] in animals, with its profound implications for em-
bryology, is clearly seen in gastropods [which are roughly
helical] though doubtless taking place in other animals
where it is obscured”.

The helix: nature’s favourite shape

The helix turns out to be nature’s favourite shape — its
agreeable economy making it the preferred solution for
innumerable problems of growth, form and function in
living things. Because it is so common, found at every
anatomical level across about 9 orders of magnitude
(table 1), it is possible to disentangle to some extent the
mechanical or structural design principles behind the he-
lix from the large number of ways the design can be
realised. One reason for the popularity of the helix can be
found in Needham’s >” rather apt description of biology
as “largely the study of fibres”. Add to this the idea
articulated by Crane!® that “any structure which is
straight or rodlike [a category that includes fibres when
the length greatly exceeds the diameter] is probably a
structure having a repetition along a screw axis”, i.e. a
helix, and the crucial and central role played by the helix



