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SYNOPSIS. AS brains do not fossilize, most proposed phylogenetic sequences for central
nervous system characters must be based on the patterns of variation of those characters
in living organisms. Similarly, hypotheses regarding how brains change through time, and
the evolutionary processes that produce these changes, are ultimately based on the char-
acter patterns recognized. It is critical in these analyses to distinguish between homologous
and homoplasous characters if errors in the reconstruction and interpretation of phylog-
enies are to be minimized. Definitions of homology and homoplasy are reviewed, as are
the concepts that bear on their application. Cladistic definitions are adopted, and criteria
for distinguishing homologous from homoplasous characters are discussed. Analysis of a
number of CNS characters that are usually assumed to be homologous reveals that homo-
plasous characters appear among them. As in other organ systems, homoplasous characters
are actually common. A number of previous hypotheses regarding CNS evolution are
reviewed in the context of new data on neural connections and their cladistic analysis.
Some of these hypotheses may be falsified by a cladistic treatment of CNS characters,
whereas sufficient data do not exist to evaluate others.

INTRODUCTION

The ability to describe phylogenetic
changes in any character {i.e., any definable
attribute of an organism) is based on the
pattern of character variation observed
among different taxa. Equally important,
elucidation of evolutionary mechanisms or
processes is based on the kinds of character
patterns that can be recognized. In both
of these analyses, it is critical to distinguish
a character and its subsequent phyloge-
netic transformations (homologous char-
acters) from other characters that may
appear similar but have different evolu-
tionary histories (homoplasous characters)
if errors in interpretation are to be mini-
mized.

In this paper, I review several definitions
of homology and homoplasy, discuss con-
cepts necessarily inherent to any useful set
of definitions, and adopt definitions to
which the remainder of the paper will
adhere. I then review criteria for distin-
guishing homologous characters from
homoplasous characters and analyze a

' From the Symposium on Evolution of Neural Sys-
tems in the Vertebrates: Functional-Anatomical Approaches
presented at the Annual Meeting of the American
Society of Zoologists, 27-30 December 1982, at
Louisville, Kentucky.

number of central nervous system (CNS)
characters in the context of these defini-
tions and criteria. Finally, I evaluate sev-
eral published hypotheses regarding CNS
evolution, using data from the literature
as well as data presented herein, and con-
clude that previous hypotheses are pri-
marily descriptions of patterns of character
variation, not hypotheses outlining evolu-
tionary processes.

CONCEPTS OF CHARACTER COMPARISON

Although there is an extensive literature
defining the concepts of homology and
homoplasy (cf, Owen, 1843; Lankester,
1870; Osborn, 1902; Haas and Simpson,
1946; Simpson, 1961; Smith, 1967; Bock,
1969; Mayr, 1969; Campbell and Hodos,
1970; Ghiselin, 1976; Hailman, 1976;
Wiley, 1981; Patterson, 1982), there is lit-
tle agreement in formal definitions. Most
discussions do, however, focus on charac-
ter similarity and common ancestry. Owen
(1843, p. 379) defined homologue as "The
same organ in different animals under every
variety of form and function." Owen's def-
inition is clearly pre-evolutionary, and—
following the rapid spread of Darwin's the-
ory of evolution—many morphologists saw
the need to base the concept of homology
on a phylogenetic foundation. Thus
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702 R. GLENN NORTHCUTT

(A)
CLADISTIC COMPARISON

(B)
CLADISTIC HOMOLOGY

PATRISTIC .
COMPARISON \

PATRISTIC.
HOMOLOGY\

(C)
PARALLEL HOMOPLASY

(D)
CONVERGENT HOMOPLASY

PATRISTIC ,
HOMOLOGY1

PATRISTIC
HOMOLOGY^

A

FIG. 1. Diagrammatic representation of homology, homoplasy due to parallelism, and homoplasy due to
convergence. Symbols denote characters and letters denote taxa. Sibling or cladistic comparisons are enclosed
by a horizontal bracket and patristic comparisons by a vertical bracket.

Lankester (1870) proposed to call "struc-
tures which are genetically related, in so
far as they have a single representative in
a common ancestor" homogenous, and the
relation between such structures homog-
eny.

The advent of evolutionary theory com-
plicated morphological comparisons in a
number of ways. Previously, comparisons
were conceived among living sibling or cla-
distic taxa, as they are now termed (taxa B
and C in Fig. 1A). However, the concept
of evolving species suggested a second type
of comparison, that of patristic species (taxa
A to B, or A to C, in Fig. 1A). Thus any
definition of homology should include
statements involving both cladistic and
patristic comparisons (Smith, 1967) which
should not be contradictory.

The use of character similarity as a cri-
terion for defining homology is also prob-
lematical. Many workers have interpreted
Owen's "same organ in different animals"
to mean resemblance between organs in
different animals. Thus Simpson (1961, p.
78) defined homology as "resemblance due
to inheritance from a common ancestry."
Simpson's definition, taken literally, would
exclude characters that do not resemble
each other, such as those in Figure IB, the

relationship that probably includes most of
the structures cited as examples of homo-
logues in comparative anatomy texts. More
importantly, his definition could also
include cases that he himself defined as
parallelism (Fig. 1C) and included under
the category of nonhomology (homoplasy).
Mayr's definition (1969, p. 85), "Homol-
ogous features (or states of features) in two
or more organisms are those that can be
traced back to the same feature (or state)
in the common ancestor of these organ-
isms," avoids the criterion of similarity but
does not exclude parallelism which Mayr,
like Simpson, lists as a subcategory under
nonhomology (which Mayr calls analogy).
In short, although both Simpson and Mayr
stated that parallelism is a type of non-
homology (see also Haas and Simpson,
1946), neither's definition of homology
specifically excludes many cases of paral-
lelism. Thus, based on Simpson's and
Mayr's definitions, many misinterpreta-
tions of homology and parallelism have
become part of the literature.

I believe that any definition of homology
should satisfy certain requirements: 1) allow
both patristic and cladistic comparisons
with no internal inconsistency; 2) not be
restricted to characters that exhibit simi-
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CNS EVOLUTION 703

larity; and 3) include characters that share
common ancestry while excluding cases of
the phenomenon commonly defined as
homoplasy. Wiley's definition of homology
(1981, pp. 121-122) appears to satisfy these
criteria and is adopted in the subsequent
discussion: "A character of two or more
taxa is homologous if this character is found
in the common ancestor of these taxa, or,
two characters (or a linear sequence of
characters) are homologous if one is directly
(or sequentially) derived from the other(s)."

Given any three taxa with one the com-
mon ancestor (taxon A in Fig. 1A) of two
descendent taxa (B and C), there are only
two character patterns in which both cla-
distic and patristic homology exist. The first
pattern is one in which a character in the
ancestral taxon is retained in both descen-
dent taxa, and the second pattern (Fig. IB)
is one in which a character (character "cir-
cle") in the ancestral taxon is retained in
one descendent taxon but is transformed
(into character "triangle") in the other
descendent taxon. An important conse-
quence of Wiley's definition is that two dif-
ferent characters in two taxa can be cla-
distically homologous if one of the
characters is retained from the last com-
mon ancestor, a condition met by most cla-
distic homologies commonly recognized in
the comparative anatomical literature.

Considerable confusion in the literature
has resulted from analysis of the phyletic
case (Fig. 1C) in which character "circle,"
found in the ancestral taxon, indepen-
dently transforms into character "trian-
gle" in the descendent taxa. All current
definitions of homology would require that
a patristic homology be recognized between
character "circle" and the characters "tri-
angle." However, Wiley's definition would
not allow recognition of a cladistic homol-
ogy between the characters "triangle,"
whereas both Mayr's and Simpson's defi-
nitions would. Further, the cladistic com-
parison in Figure 1C would be described
as parallel homoplasy by Simpson (1961)
or parallel analogy by Mayr (1969).
Lankester (1870) coined the term homo-
plasy to deal with this specific kind of cla-
distic comparison, but he did not clearly
distinguish whether it should be included

within the category of homologous or non-
homologous comparisons. Haas and Simp-
son (1946, p. 325) state that homoplasy
". . . may be defined to comprise all evo-
lutionary processes bringing about similar-
ities between organisms or their parts,
organs or structures, which are not due to
common ancestry, but to independent
acquisition of similar characters." Simi-
larly, Haas and Simpson (1946, p. 328) state
that, "In our opinion, however, homology
should be recognized only where there is
clear observational evidence of a common
origin of the similar characters; wherever
new characters are independently acquired
in different lineages, no assumption of some
inherited latent or potential predisposition
to similar changes should be deemed suf-
ficient to consider those characters homol-
ogous instead of merely homoplastic."

Thus Haas and Simpson clearly divided
character similarities into two mutually
exclusive categories: homology versus
homoplasy. Certainly, cladistic compari-
sons that involve character similarities due
to parallelism should not be interpreted as
homology, as this results in errors in the
recognition of characters and the recon-
struction and interpretation of phyloge-
nies. Simpson (1961, p. 78) defined homo-
plasy as "resemblance not due to
inheritance from a common ancestry," and
he recognized five different conditions that
might result in homoplasy: parallelism,
convergence, analogy, mimicry, and chance
similarity. Mayr (1969, pp. 85, 202) came
to a similar conclusion but termed the cat-
egory "analogy." Both Simpson and Mayr
restricted their respective categories of
homoplasy and analogy to characters that
resemble each other. If homoplasy is to
constitute a category mutually exclusive
from that of homology, both should include
characters that are not similar as well as
not homologous. Wiley's definition of
homoplasy (1981, p. 122)—"A character
found in two or more species is homopla-
sous (non-homologous) if the common
ancestor of these species did not have the
character in question, or if one character
was not the precursor of the other"—sat-
isfies this requirement.

Few workers (Haas and Simpson, 1946;

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ic
b
/a

rtic
le

/2
4
/3

/7
0
1
/1

7
9
4
8
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



704 R. GLENN NORTHCUTT

Simpson, 1961; Ghiselin, 1976; Hailman,
1976) have dealt with the conditions that
result in homoplasy or its specific subcate-
gories. Although Simpson (1961) recog-
nized five conditions that might result in
homoplasous characters, Mayr (1969) listed
only parallelism and convergence, and Pat-
terson (1982) has suggested that analogy,
mimicry, and chance similarity should be
included under the term convergence. In
this paper, 1 will confine considerations of
homoplasy to parallelism and conver-
gence, but further attention should be
directed toward the conditions that result
in homoplasous characters and the predic-
tive value of recognizing such characters.

Simpson (1961, p. 78) distinguished par-
allelism from convergence based on pre-
sumed differences in the genetic bases of
the characters. Thus he assumed that con-
vergent characters were similar characters
based on different genes, whereas parallel
characters were similar characters based
on the same genes. In most cases, we do
not know the genetic bases of the charac-
ters being examined. Biologists have usu-
ally concluded that observed similarities
occurring independently in widely sepa-
rated taxa are due to convergence; if sim-
ilarities occur in closely related taxa, they
are due to parallelism. This "rule of
thumb" is clearly an artificial and arbitrary
distinction that lends itself to extreme frag-
mentation. Wiley (1981, p. 12) has rede-
fined convergence and parallelism, based
on phenotypic criteria which appear to be
more satisfactory, and his definitions are
adopted here: Convergence (Fig. ID) is
"the development of similar characters
from different pre-existing characters,"
and parallelism is "the independent devel-
opment of similar characters from the same
plesiomorphic [primitive] character." It
should be noted that parallelism and con-
vergence usually characterize only cladistic
relationships, and that two characters in
different taxa may be cladistically homo-
plasous (due either to parallelism or con-
vergence) and patristically homologous
(Fig. 1C, D). Furthermore, in the case of
convergence illustrated in Figure ID, char-
acter "circle" in the one taxon might be
cladistically homologous or homoplasous

to character "square" in the second taxon,
depending on whether or not these taxa
share an immediate common ancestor and
what the nature of the character is in that
ancestor.

CRITERIA FOR RECOGNITION OF

HOMOLOGOUS AND HOMOPLASOUS

CHARACTERS

Since Darwin, homology has been
defined one way but tested in another way.
Definitions of homology have been based
on common ancestry, but criteria for rec-
ognizing homologues have generally rested
on phenetic similarity (Remane, 1956;
Simpson, 1961; Mayr, 1969; Bock, 1977).
Remane (1956) suggested that suspected
homologues should exhibit similarity in
topographical position, exhibit a high
degree of resemblance (i.e., level of resem-
blance should not be superficial; characters
should be similar in detail), and exhibit
continuance of similarity throughout
intermediate species. These criteria are suf-
ficient to distinguish homology (Fig. IB)
from homoplasy due to convergence (Fig.
ID), as the degree of similarity between
convergent characters is only superficial,
and convergent characters rarely, if ever,
occur among intermediate species. How-
ever, criteria based on phenetic similarity
cannot, by themselves, distinguish between
homology (Fig. IB) and homoplasy due to
parallelism (Fig. 1C). Hypotheses regard-
ing these relationships can only be tested
by examining the groups' phyletic rela-
tionships (Hennig, 1966; Eldredge and
Cracraft, 1980; Wiley, 1981; Patterson,
1982). Patterson (1982) correctly claimed
that homologous features are those which
characterize monophyletic groups. Shared
derived characters (synapomorphies) char-
acterize a monophyletic group. Thus syn-
apomorphies are sibling homologies, and
every hypothesis of homology is actually a
hypothesis regarding a monophyletic
group. Conversely, independently derived
characters cannot characterize sibling taxa
and cannot be homologous. This view does
not exclude primitive characters (plesio-
morphies) nor shared primitive characters
(symplesiomorphies) from consideration as
possible homologues, as such characters can
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CNS EVOLUTION 705

be viewed as those whose level of synapo-
morphy has not been resolved. As more
groups of organisms are included in an
analysis, characters initially viewed as sym-
plesiomorphies become synapomorphies
defining a monophyletic set of organisms
at a higher level. A critical test of a partic-
ular hypothesis of homology is possible by
testing the congruence of this hypothesis,
expressed as a synapomorphy, with other
hypotheses of synapomorphy. It is gener-
ally assumed that the hypothesis of mono-
phyly that exhibits the largest number of
synapomorphies is the most probable (par-
simonious) hypothesis. Other hypotheses
are said to be falsified, and their "synapo-
morphies" are assumed to be due to homo-
plasy.

In order to recognize shared derived
characters, it is necessary to determine the
direction of change or polarity (i.e., prim-
itive versus derived condition) of the char-
acters that are suspected to be homologous
on the basis of phenetic similarity. Three
phylogenetic criteria are frequently given
by cladists to determine the polarity of
characters: 1) out-group rule, 2) ontoge-
netic character precedence (von Baer's
theorem), and 3) geological character pre-
cedence. The last criterion is of limited
value in the study of CNS characters, as
little information regarding these charac-
ters can be gleaned from the fossil record.

The out-group rule, initially proposed
by Hennig (1966), states that given two
characters that are homologues and found
within a monophyletic group, the charac-
ter that is also found in the sister group is
the primitive (plesiomorphic) character,
whereas the character found only within
the monophyletic group is the derived
(apomorphic) character. As an example of
the out-group rule applied to CNS char-
acters, let us consider the distribution of
the corpus callosum in mammals. Marsu-
pial and placental mammals are considered
sister groups; marsupials do not possess a
corpus callosum, whereas placentals do. Is
the absence of a corpus callosum a primi-
tive character? Or has this character been
lost in marsupials which would, therefore,
represent the derived condition? Mono-
treme mammals are considered the sister

group to other mammals, and they do not
possess a corpus callosum. Thus the absence
of this structure would be considered the
primitive condition for mammals, and the
corpus callosum would be considered a
derived character for placental mammals.

The theory of ontogenetic character
precedence (von Baer's theorem) estab-
lishes character polarity based on compar-
ison of developmental patterns rather than
distribution of characters among adults in
closely related taxa. Von Baer's theorem
states that members of two or more closely
related taxa will follow the same course of
development to the stage of their diver-
gence. Thus characters observed to be
more general are assumed to be primitive,
whereas those that are less general are
assumed to be derived. A neurological
example of ontogenetic character prece-
dence can be seen by comparing the devel-
opment of the telencephalon in amphibi-
ans and reptiles. The telencephalon of
reptiles differs from that of amphibians by
possessing a dorsal ventricular ridge. Is the
absence of this ridge in amphibians a prim-
itive or a derived condition? Examination
of the embryology of the telencephalon in
amphibians and reptiles, as well as many
other anamniotes, reveals that the early
development of this structure is almost
identical among amphibians and reptiles.
However, neuronal development of the
lateral wall of the telencephalon in
amphibians is characterized by differentia-
tion of the neuroblasts in situ; in reptiles a
portion of the neuroblasts migrates later-
ally to form a lateral cortical plate that is
the target of the lateral olfactory tract,
whereas the remaining matrix zone con-
tinues to undergo cellular division in situ,
resulting in the dorsal ventricular ridge.
Thus, absence of the ridge appears to be
the primitive condition in tetrapods, and
the presence of a dorsal ventricular ridge
is the derived condition.

VARIATION IN SOME CNS CHARACTERS

For the most part, statements of possible
homology between CNS characters have
been based solely on phenetic similarity.
As pointed out above, this is sufficient to
discriminate homology from convergent
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706 R. GLENN NORTHCUTT

homoplasy, but phenetic criteria are inad-
equate to discriminate homology from par-
allel homoplasy. Such discrimination can
best be accomplished by out-group com-
parisons and acceptance of an hypothesis
that requires the fewest number of trans-
formations. This requires that the distri-
bution and variation of the characters being
considered be sampled in a large number
of groups. Not many CNS characters have
been so thoroughly sampled, but there are
a few whose distribution and variation are
relatively well documented: the lateral line
system, ascending spinal projections, and
long efferent pathways from the telenceph-
alon. These characters will now be reviewed
and examples of both homology and
homoplasy suggested for each.

LATERAL LINE SYSTEM

In most anamniotes, mechanoreceptive
neuromasts are distributed over the head
and body and are innervated by branches
of the anterior and posterior lateral line
nerves, respectively (Bullock et al., 1982;
McCormick, 1982). In all anamniotes that
have been examined experimentally, the
lateral line nerve fibers that innervate the
mechanoreceptors enter the medulla and
terminate in a nucleus that is alar-derived,
occupies the same topographical position
in the medulla, and is termed the medial
octavolateralis nucleus. This nucleus (Fig.
2) occurs in all anamniotic vertebrates
(except most adult anurans) and is absent,
as are lateral line nerves, in other chor-
dates, all of which suggests that the medial
octavolateralis nucleus is homologous
among anamniotic vertebrates and prob-
ably arose at the time of the origin of ver-
tebrates.

In many anamniotic vertebrates, a sec-
ond class of receptors (electroreceptors)
comprises part of the lateral line system.
The electroreceptive system exhibits sev-
eral patterns of organization in terms of
receptor morphology, peripheral inner-
vation, and central projections within the
medulla. Lampreys, cartilaginous fishes,
chondrosteans, cladistians, actinistians,
lungfishes, apodans, and salamanders are
believed to possess ampullary receptors
with kinocilia and cathodal excitation (Bul-

Fic. 2. A branching diagram (cladogram) showing
the relationships among major groups of vertebrates.
Various CNS characters are indicated by a bar at the
appropriate level: medial octavolateralis nucleus (stip-
pling), dorsal octavolateralis nucleus (random dashes),
recurrent ramus of the anterior lateral line nerve
(hatching), medullary electroreceptive nuclear pro-
jection to the optic tectum (solid bar), suspected dis-
tribution of this projection (open bar).

lock et al., 1982, 1983). Halecomorphs and
ginglymodes, however, do not possess elec-
troreceptors; only a few teleost taxa (Fig.
3) possess electroreceptors, and their mor-
phology and excitatory properties differ
from those in the other anamniotes.

The electroreceptors of anamniotes
other than teleosts are innervated only by
the anterior lateral line nerve, and these
electroreceptive fibers enter the medulla
by a separate dorsal root and terminate in
a dorsal octavolateralis nucleus (Boord and
Campbell, 1977; Bodznick and Northcutt,
1980, 1981; Fritzsch, 1981; New, 1981;
Miinz et al., 1982; Bullock et al., 1983;
Northcutt, 1983). Electroreceptors in
teleosts (Fig. 3) may be innervated by either
or both the anterior and posterior lateral
line nerves, and the electroreceptive fibers
enter the brain stem and terminate in the
electroreceptive lateral line lobe (ELLL),
a nucleus that does not occupy the same
topological position in the medulla as the
dorsal octavolateralis nucleus in other
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CNS EVOLUTION 707

FIG. 3. A cladogram showing the relationships among
teleost fishes. Various CNS characters are indicated
by a bar at the appropriate level: electroreceptive
lateral line lobe (stippling), recurrent ramus of the
anterior lateral line nerve (hatching).

anamniotes (Bullock et ai, 1982, 1983;
McCormick, 1982).

An out-group analysis of the distribution
of a dorsal octavolateralis nucleus (Fig. 2)
and parsimony suggest that this nucleus is
homologous among anamniotes, and that
it probably arose in the common ancestor
of lampreys and gnathostomes. The
absence of electroreceptors and a dorsal
octavolateralis nucleus in ginglymodes and
halecomorphs suggests that the dorsal
octavolateralis nucleus is not homologous
to the electroreceptive lateral line lobe of
teleosts but that the two structures repre-
sent a case of homoplasy. Similarly, the dis-
tribution of an ELLL among teleosts (Fig.
3) suggests that the ELLL of osteoglosso-
morphs is homoplasous to the ELLL of
ostariophysines. There are insufficient data
to resolve the homologous or homoplasous
relationships of the ELLL in mormyrids
and notopterids, or in gymnotoids and silu-
roids.

Some fishes possess electroreceptors that

are located on the trunk but innervated by
rami of the anterior lateral line nerves (Figs.
2, 3). Lampreys (Ronan and Northcutt,
1982), lungfishes (Northcutt, 1983) and
gymnotoids (Maler et ai, 1974) each pos-
sess such recurrent rami, but the number
of these rami and their central termina-
tions differ. An out-group analysis and par-
simony suggest that the presence of a
recurrent trunk ramus of the anterior lat-
eral line nerve in these taxa is a case of
homoplasy.

Congruence should exist among homol-
ogous characters that characterize natural
groups, whereas homoplasous characters
are not congruent. The dorsal nucleus in
cartilaginous fishes (Boord and Northcutt,
1982), chondrosteans (R. G. Northcutt and
J. G. New, unpublished observations), and
cladistians (Northcutt, unpublished obser-
vations) projects directly to the optic tec-
tum and to a deeper midbrain nucleus. The
ELLL of mormyrids (Bell et ai, 1981),
notopterids (Braford, 1982), gymnotids
(Maler et al., 1982) and siluroids (T. E. Fin-
ger, personal communication) projects to
a deeper midbrain nucleus but does not
project to the optic tectum. Again, an out-
group analysis of a medullary electrore-
ceptive nuclear projection to the optic tec-
tum (Fig. 2) suggests that this pathway is
homologous in cartilaginous fishes and
primitive bony fishes. Furthermore, the
distribution of this pathway supports the
hypothesis that the dorsal nucleus is homo-
plasous to the ELLL of teleosts, and it also
allows us to predict that the pathway will
be present in all anamniotes that possess a
dorsal octavolateralis nucleus.

ASCENDING SPINAL PATHWAYS

Ascending spinal pathways have been
determined experimentally in hagfishes
(Ronan, 1983), lampreys (Northcutt and
Ebbesson, 1980; Ronan, 1983), cartilagi-
nous fishes (Hayle, 1973; Ebbesson and
Hodde, 1981), ray-finned fishes (Hayle,
1973; Northcutt, unpublished observa-
tions), lungfishes (R. G. Northcutt and M.
C. Ronan, unpublished observations), sal-
amanders (Nieuwenhuys and Cornelisz,
1971), anurans (Ebbesson, 1976; Nearyand
Wilczynski, 1977), reptiles (Ebbesson 1967,
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708 R. GLENN NORTHCUTT

1969, 1978; Pedersen, 1973; Pritz and
Northcutt, 1980; Ebbesson and Goodman,
1981; Hoogland, 1981; Kunzle and Wood-
son, 1982), birds (Karten, 1963) and mam-
mals (see Willis and Coggeshall, 1978, for
a recent review). The distribution of
ascending pathways, combined with out-
group comparison, allows us to reach a
number of conclusions.

Spinoreticular pathways occur in all ver-
tebrate species examined and likely rep-
resent a shared primitive character that
arose with the origin of vertebrates. Spi-
nocerebellar pathways occur in all jawed
vertebrates and represent a shared primi-
tive character for gnathostomes. It is not
clear whether or not hagfishes and lam-
preys possess spinocerebellar pathways, as
it is not certain that they possess a cere-
bellum. Spinotectal pathways occur among
most vertebrate radiations but do not
appear to exist in lampreys, ray-finned
fishes, or anuran amphibians. Given the
distribution of spinotectal projections as
presently known, it seems most likely that
lampreys, ray-finned fishes, and anurans
have independently lost such projections.
However, additional details regarding the
cells of origin for spinotectal projections,
their transmitters, and their termination
within the tectum are needed to strengthen
this hypothesis. Spinothalamic projections
have been reported only for an advanced
shark (Ebbesson and Hodde, 1981) and for
amniotic vertebrates. Given this distribu-
tion, it is most likely that spinothalamic
pathways in sharks are homoplasous to
those of amniotes. Again, additional details
are needed to substantiate the probable
homology of spinothalamic pathways
among amniotic vertebrates.

Telencephalic efferents

Information on long descending projec-
tions from the telencephalon of various
vertebrates has accumulated from studies
using ablation or injection of tracers into
telencephalic areas or other brain parts.
Data presently exist for hagfishes and lam-
preys (Ronan, 1983; Ronan, unpublished
observations), cartilaginous fishes (Ebbes-
son, 1972; Smeets and Timerick, 1981),
ray-finned fishes (Echteler and Saidel, 1981;

Northcutt, 1981; Kimmel et al., 1982;
Murakami et al., 1983), lungfishes (Ronan
and Northcutt, 1983), salamanders (Koko-
ros and Northcutt, 1977), anurans (North-
cutt and Kicliter, 1980; ten Donkelaar et
al., 1981; ten Donkelaar, 1982; Wilczynski
and Northcutt, 1983), reptiles (Butler,
1980; Halpern, 1980; Wolters etal, 1982;
Woodson and Kunzle, 1982; L. Bruce, per-
sonal communication), birds (see Benowitz,
1980, for a recent review), and mammals
(see Kuypers and Martin, 1982, for a recent
review).

The distribution of descending spinal
pathways (Fig. 5), combined with out-group
comparisons, allows us to reach a number
of conclusions. Telencephalic projections
to the diencephalon and midbrain tegmen-
tum characterize all vertebrate species and
likely represent a shared primitive char-
acter that arose with vertebrates. Striospi-
nal pathways have been reported in anuran
amphibians (ten Donkelaar et al, 1981) and
lizards (L. Bruce, personal communica-
tion). If a similar pathway occurs in sala-
manders, it is probable that striospinal
pathways characterize tetrapods and have
been lost independently in birds and mam-
mals. A striomedullar or spinal pathway
may exist in cartilaginous fishes, as Ebbes-
son (1972) described a long descending
pathway to the caudal medulla in nurse
sharks (a group of advanced sharks) follow-
ing extensive ablations of the telencepha-
lon. The telencephalic cells that give rise
to this pathway, however, might be located
within the pallium, in which case these
sharks would possess a palliomedullar path-
way. Smeets and Timerick (1981) did not
report telencephalic projections to the
medulla of Raja and Scyliorhinus, generally
considered to be primitive. Thus, whether
a striomedullar or palliomedullar pathway
exists in nurse sharks, such a pathway would
be considered an independently derived
character and homoplasous to long
descending pathways in tetrapods. Simi-
larly, their distribution would indicate that
the pathways that arise in the telencepha-
ion and project to the optic tectum are
homoplasous. Elasmobranch fishes have
tectal projections the cells of origin of which
are in the central nucleus, a dorsal pallial

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ic
b
/a

rtic
le

/2
4
/3

/7
0
1
/1

7
9
4
8
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



CNS EVOLUTION 709

division of the telencephalon. Teleost fishes
possess a similar pathway, but the cells of
origin are located in the central zone of
area dorsalis which has been homologized
to part of the striatum of amniotes (North-
cutt and Braford, 1980). A similar pathway
also exists in amphibians, but the cells of
origin are in the anterior entopeduncular
nucleus, a suspected homologue of part of
the striatum of amniotes. Telencephalic
neurons that give rise to tectal projections
in amniotes that possess such projections
(birds, turtles, and mammals) are located
within homologues of the dorsal pallium.
Thus it is difficult to reach conclusions
regarding the homologous/homoplasous
relationships of telencephalotectal projec-
tions among vertebrates. Their known dis-
tribution would suggest that striotectal
projections arose in tetrapods and were
subsequently lost in theropsid vertebrates.
The palliotectal pathways in cartilaginous
fishes and theropsids would then be inter-
preted as independently evolved pathways.
Alternatively, "striatal" cells that project
to the optic tectum in anurans and teleosts
could be viewed as displaced pallial cells
that migrated into the striatum. To sup-
port this hypothesis, one would have to
demonstrate that such migration actually
occurs ontogenetically and account for why
it did not occur in cartilaginous fishes.

Palliospinal pathways occur in mammals
(corticospinal tracts) and birds (projections
of the hyperstriatum accessorium and
"archistriatum"). However, similar path-
ways apparently do not exist in reptiles or
other sarcopterygians. Given this distri-
bution, the palliospinal pathways in birds
and mammals must be viewed as indepen-
dently evolved and homoplasous. If sub-
sequent studies reveal that the long telen-
cephalic effererftsiS&sharks arise within the
pallium, their occurrence would constitute
an additional case of homoplasy.

HYPOTHESES OF CNS EVOLUTION

Phylogenetic sequences, particularly for
soft tissues that do not fossilize, are for-
mulated on the pattern of observed vari-
ation for homologous characters in living
organisms. Similarly, hypotheses regard-
ing how brains have changed through time,

and the evolutionary mechanisms that pro-
duced these changes, are ultimately based
on the character patterns recognized. Four
major hypotheses have been proposed in
comparative neurobiology to establish
phylogenetic sequences and/or explain
how these sequences occurred. These
hypotheses can now be evaluated in the
context of substantially increased data on
neural connections and advances in the
theory and methodology of systematics
generated over the last few years.

Encephalization hypothesis

Encephalization is a vague and ambigu-
ous, albeit frequently used, term. The orig-
inal concept appears to have arisen with
studies of relative brain size (Lartet, 1868;
Marsh, 1874; Dubois, 1897), where the
term was used to describe a supposed pro-
cess by which brain volume relative to body
volume increases through geological time.
Subsequently, the term encephalization has
also been used to describe the increase in
some forebrain areas (cortex and thala-
mus), and their functions, in more "pro-
gressive" species, and the shift of "higher"
functions to more rostral brain areas in a
linear sequence of evolution from "fish to
amphibians to reptiles to mammals"
(Romer, 1970; MacLean, 1978; Sarnat and
Netsky, 1981). Thus the term has been used
to refer to at least three phenomena and
has also become enmeshed in a tangled,
finalistic view of evolution with connota-
tions of Scala naturae.

The data on brain-body allometry sup-
port the concept of increased brain size (as
well as forebrain size) relative to body size
through time(Jerison, 1973; Ebbesson and
Northcutt, 1976; Bauchot, 1978; North-
cutt, 1978, 1981). However, the distribu-
tion of large brain size relative to body size
suggests that this phenomenon has
occurred in some advanced members of
each vertebrate radiation, and that
encephalization—as a neural character—
has occurred independently and must
therefore be viewed as a homoplasous
character. It is likely that corticalization in
mammals (Hofman, 1982) is also homopla-
sous, and that cortical volumes have
increased in many mammalian lineages
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710 R. GLENN NORTHCUTT

independently. Furthermore, it is not clear
what selective pressures and adaptive value
are associated with increased brain size
and/or relative increases in cortices (Arm-
strong, 1983) and whether they are the
same in each case. Similarly, there are few,
if any, data that support the concept of a
more rostral shift of so-called higher func-
tions (Macphail, 1982).

Invasion hypothesis

This hypothesis proposes that vertebrate
brains change through time by the addi-
tion of new pathways, which occurs when
axon collaterals of a neuronal population
form connections with other neuronal
populations not previously (in phylogeny)
innervated by the first population (Her-
rick, 1948; Bishop, 1959; Noback and
Shriver, 1969). Subsequently, the "older"
connections are said to be retained in some
intermediate species and then lost in the
most advanced species of a radiation. Thus,
lemniscal pathways might be compared in
rats, cats, and monkeys and these species
assumed to represent a linear series of
mammals approximating a phylogenetic
sequence. Perhaps the most popular appli-
cation of the invasion hypothesis has been
to the evolution of the telencephalon, and
a proposed phylogenetic sequence has
resulted: The telencephalon of fishes
received only olfactory input; fibers first
invaded the striatum in amphibians; tha-
lamic fibers subsequently invaded the pal-
lium of reptiles (Ariens Kappers et al.,
1936). Experimental neuroanatomical
studies in the last twenty years have refuted
many of the supposed phylogenetic
sequences based on presumed invasion of
new fiber systems (see Northcutt, 1981, for
a recent review). Many, if not most, neural
pathways appear to be very stable phylo-
genetically, and the majority of these path-
ways appear to have arisen with the origin
of vertebrates or, shortly after, with the
origin of jawed vertebrates. This is not sur-
prising, as such origin and stability are true
of most elements of other vertebrate body
systems.

Among vertebrate species, variation in
the termination of a given neural path-
way—the expected result of invasion—is

Fie. 4. A cladogram showing the relationships among
major groups of vertebrates. Various CNS pathways
are indicated by a bar at the appropriate level: spi-
noreticular (stippling); spinocerebellar (random
dashes); spinotectal (solid bars); uncertain spinotectal
(open bar); spinothalamic (hatching).

encountered so rarely that Ebbesson (1980)
argued that such a phenomenon does not
occur and that differences in neural con-
nections are brought about only by the
selective loss of connections. Clearly, sev-
eral of the projections cited as examples in
the preceding section are most parsimo-
niously interpreted as the result of invasion
of new areas. The known distribution of
spinothalamic pathways (Fig. 4) can be
explained by two independent invasions of
the thalamus, whereas five separate evo-
lutionary events would be required to
account for this distribution by loss of the
connections. Similarly, the evolution of
palliospinal pathways can be explained by
invasion of the spinal cord twice, three
times if sharks possess such a pathway,
whereas an explanation by loss requires
eight separate evolutionary events. The
available data on interspecific variation in
neural pathways are consistent with the fol-
lowing interpretation: New pathways can
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CNS EVOLUTION 711

FIG. 5. A cladogram showing the relationships among
major groups of vertebrates. Various CNS pathways
are indicated by a bar at the appropriate level: telen-
cephalo-diencephalic and tegmental (stippling); stri-
omedullar or spinal (hatching); palliotectal (solid bars);
uncertain palliotectal (open bar); palliospinal (random
dashes); question marks indicate telencephalic path-
ways but pallial or subpallial origin uncertain.

arise by the invasion of neural areas; that
this event has apparently occurred only
rarely does not preclude its being of major
importance in the evolution of CNS char-
acters.

Equivalent cell hypothesis

This hypothesis postulates that neuronal
populations, not necessarily defined nuclei,
are homologous when they are intercon-
nected in the same way or have the same
histochemical properties (Karten, 1969;
Nauta and Karten, 1970). This hypothesis
has been invoked to homologize divisions
of the avian dorsal ventricular ridge to
individual cellular laminae, or groups of
laminae, of mammalian isocortex (Karten,
1969) and the avian nucleus basalis of the
telencephalon to the mammalian ventral
posteromedial thalamic nucleus (Cohen and
Karten, 1974), on the basis that both nuclei
receive direct projections from the prin-
cipal trigeminal sensory nucleus. Although
the formulation of this hypothesis has had

a profound effect on comparative neuro-
biology, primarily by shifting attention to
cellular details rather than treating nuclei
as static units, it is underlaid by a number
of problematical assumptions. The hypoth-
esis assumes that the connections and his-
tochemistry of a given cell population are
more stable than the position of its cell
bodies, an assumption whose validity has
not been demonstrated. Secondly, the
hypothesis relies solely on phenetic simi-
larity to recognize homologues, without
determining the polarity of the similar
characters. Thus, although it is possible that
nucleus basalis of birds is homologous to
the ventral posteromedial nucleus of mam-
mals, it is also possible that direct trigem-
inal projections to nucleus basalis are a
derived character in thecodont verte-
brates, resulting from medullary trigemi-
nal fibers directly invading the telencepha-
lon. These hypothesized relationships, and
others, can be tested only by out-group
comparisons. Connectional and histo-
chemical information obviously must be
used in evaluating potential homologues,
but neural populations that do not occupy
the same topographical position should be
considered homologous only if compatible
with out-group analysis and the demon-
stration that one or more of the popula-
tions do migrate.

Parcellation hypothesis

This hypothesis proposes that brain con-
nections change through time by the dif-
ferential loss of connections and the sub-
sequent segregation (parcellation) of more
homogenous neural populations. Ebbesson
(1980, p. 185) bases this hypothesis on the
belief that experimental neuroanatomical
studies reveal that "projections vary pri-
marily in quantity and degrees of differ-
entiation, but are principally to the same
targets and never to an unusual target like
the hypothalamus, telencephalon or the
ventral geniculate nucleus." Ebbesson fur-
ther argues that there is no evidence that
new neural structures arise by genetic
mutation or by invasion of one system by
another. His hypothesis suggests that ver-
tebrate brain evolution proceeds from
brains that are diffuse and undifferentiated
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712 R. GLENN NORTHCUTT

to brains that possess more restricted con-
nections and larger numbers of discrete
cell groups.

Even a preliminary examination of CNS
organization reveals that vertebrate species
exhibit a profound range of variation in
the size of their brains, the number of dis-
crete cellular populations constituting most
brain divisions, and the connections of these
populations. Thus there can be no question
that differentiation must have occurred in
some brain areas of some species through
time. The real question is how that differ-
entiation occurs. Ebbesson (1980, p. 206)
claimed that loss of neuronal connections
is the only mechanism that underlies that
differentiation and that this hypothesis is
supported by the existing variation in CNS
characters. However, a given pattern of
variation can only be consistent with, or
refute, a phylogenetic hypothesis, and
models based on selective loss or invasion
could result in dendrograms exhibiting
similar character variation. Thus argu-
ments as to which process most likely
accounts for a given pattern are best based
on parsimony. The hypothesis that requires
the fewest number of evolutionary events
to account for the observed pattern is then
the one most likely to explain the evolu-
tionary processes that have occurred. As
noted above, many patterns of variation in
the CNS can be explained only by a large
number of independently occurring losses,
whereas the same pattern can be explained
by one or two independently occurring
events. In these cases, parsimony suggests
that invasion rather than loss of connec-
tions is more likely. Similarly, Ebbesson's
parcellation model predicts that a cell pop-
ulation in a species with a less differen-
tiated brain should exhibit connections to
more cell groups than the same population
in a species with a more differentiated
brain. Assuming that the brains of living
vertebrates do not exhibit a single grade
of organization, this prediction is not valid.

Finally, Ebbesson's model of parcellation
has a theoretical flaw similar to prefor-
mation theories of development. If con-
nections are only lost in phylogeny, result-
ing in an increase in parcellated cell groups,
then conversely, the brains of the first ver-

tebrates must have had fewer cell classes
than those of modern vertebrates (as
Ebbesson claimed), but modern verte-
brates could have no connections not
exhibited by the first vertebrates. Thus, at
some point in phylogeny, organisms might
only possess three cell classes, the minimal
number to form a network, but these three
cell classes must have had all of the con-
nections exhibited by the brains of modern
mammals. A less extreme prediction of the
hypothesis would be that the cerebellum
of early vertebrates consisted of one or two
cell classes that possessed all of the con-
nections of the eight cell classes that
develop from the matrix zone of the mam-
malian cerebellum. These would include
such diverse connections as those of the
pontine and inferior olivary nuclei. It seems
far more likely that brain evolution has
proceeded by the addition of new cell
classes, the collateralization of pathways,
and the loss of connections.

CONCLUSIONS

Hypotheses of phylogenetic sequences,
and the processes that produced them, are
formulated on the observed patterns of
variation of homologous characters in liv-
ing organisms. Recognition of homologous
CNS characters has usually been based on
the degree of phenetic similarity without
regard to out-group comparisons and the
polarity of the characters being consid-
ered. As noted, the degree of phenetic sim-
ilarity does not allow one to discriminate
between homology and homoplasy due to
parallelism. When many presumed CNS
homologues are re-examined in the con-
text of their polarity, numerous cases of
homoplasy, rather than homology, are
revealed.

Critical evaluation of current hypotheses
concerning CNS evolution reveals that
these hypotheses generally describe pat-
terns of character variation and rarely
address processes. Encephalization and
parcellation hypotheses hold that the brains
of earlier vertebrates were characterized
by fewer or smaller distinct cell groups with
more diffuse connections. Assuming that
the brains of living vertebrates reflect var-
ious levels of morphological complexity, it
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CNS EVOLUTION 713

is likely that the brains of the earliest ver-
tebrates were smaller and possessed fewer
cell groups than those of most of their
descendents. However, there is no evi-
dence that the neural pathways of earlier
vertebrates were more diffuse. If such a
stage occurred in vertebrate evolution, it
must have preceded the level of brain orga-
nization that characterizes hagfishes and
lampreys.

Both the equivalent cell and parcellation
hypotheses assume conservation of con-
nections, though in different respects. The
equivalent cell hypothesis assumes that
connections rarely, if ever, change but that
the cell bodies forming these connections
are free to migrate and change their posi-
tion. The parcellation theory, on the other
hand, assumes that axons never invade new
territories and that pathways are only lost.
Finally, the invasion hypothesis assumes
that connections change readily and that
new neural areas are constantly invaded in
the course of phylogeny.

Migration, invasion, and loss have all
undoubtedly occurred in CNS evolution,
but none of these phenomena is sufficient,
by itself, to explain CNS evolution, and
each can be discounted in specific cases.
The observed variation in the brains of
living vertebrates is, therefore, most con-
sistent with the following interpretation:
Some brain areas have increased by the
multiplication of existing neuronal classes
and/or the addition of new neuronal
classes; new levels of organization have
emerged by the loss of connections as well
as by invasion of new areas. These conclu-
sions, however, do not address the equally
important questions of what selective pres-
sures resulted in these phenomena and what
advantages were conferred by these
changes. Answers to these questions will
likely come only as we address very differ-
ent questions concerning CNS characters.
Additional data on interspecific neural
populations and their connections are
needed if we are to understand the full
range of CNS variation and determine the
polarity of many of the character com-
plexes already recognized. Equally impor-
tant, data on intraspecific variation are
critical if we hope to gain insights into the

way selection operates on CNS characters
in evolving populations. Similarly, infor-
mation on ontogenetic sequences of char-
acter development and the genetic speci-
fication of CNS characters is required if we
hope to understand how, and with what
facility, changes might occur. Finally, our
failure to recognize those CNS characters
that are derived, and thus characterize
monophyletic groups, has prevented us
from understanding those features of the
CNS associated with major adaptive
changes in vertebrate brain evolution.
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