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Abstract

Cell proliferation occurs in the brain of fish throughout life. This mitotic activity contributes new neurons to some brain subdivisions,

suggesting potential for plasticity in neural development. Recently we found that the telencephalon in salmonids (salmon, trout) is

significantly reduced in fish reared in hatcheries compared to wild fish, and that these differences resulted in part from rearing conditions.

Here, we describe localized areas of cell proliferation in the telencephalon of juvenile coho salmon (Oncorhynchus kisutch) and begin to

explore whether mitotic activity in these areas is sensitive to environmental conditions. Using the 5-bromo-2V-deoxyuridine (BrdU) cell birth-
dating technique, we localized proliferating cells in the telencephalon to three distinct zones (proliferation zones 1a, 1b, and 2). We measured

the volumes of these zones and showed that they grew at different rates relative to body size. We also found that variation in environmental

rearing conditions altered the density of BrdU-labeled cells in proliferation zone 2, but not in zones 1a or 1b. However, this change in mitotic

activity did not generate a difference in telencephalon size. These results suggest that environmental conditions, and associated changes in

swimming activity or social structure, may influence rates of cell proliferation in the fish forebrain.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Brain structure and function can be dramatically affected

by the environmental conditions that an animal experiences

during development (for reviews, see Mohammed et al.,

2002; van Praag et al., 2000). For instance, in rats, differences

in the laboratory housing environment can induce significant

changes in the dimensions of the cerebrum (Walsh et al.,

1971, 1973), as well as changes in brain weight (Bennett et

al., 1969; Rosenzweig and Bennett, 1969). More recently,

enrichment of the rearing environment has also been linked to

changes in the rate of cell proliferation and neuron survival in
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the brain of adult mice rodents (Kempermann et al., 1997; van

Praag et al., 1999, 2000).

While most work has focused on laboratory rodents, the

generation of new cells in the fish brain far exceeds that of

the mammalian systems that have been studied (Zupanc,

2001a). For example, in adult weakly electric fish Apter-

onotus leptorhynchus, it has been estimated that, on

average, 0.2% of the cells in the brain are in S-phase during

any 2 h period (Zupanc, 2001b). Areas of cell proliferation

have also been identified in several brain regions in adult

stickleback (Gasterosteus aculeatus; Ekström et al., 2001)

and sea bream (Sparus aurata; Zikopoulos et al., 2000).

Some of these newly divided cells have been shown to

differentiate into neurons in the olfactory bulb and

cerebellum (Byrd and Brunjes, 2001; Zupanc, 2001b), and

new neurons recruited from these proliferation zones may

contribute to the regenerative ability documented in the

central nervous system of fishes (Stuermer et al., 1992;
ogy, Part A 141 (2005) 327 – 335
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Sullivan et al., 1997). Such elevated levels of proliferative

activity may thus mediate life-long brain growth in fish

(e.g., Birse et al., 1980; Mueller and Wullimann, 2002), as

well as provide for plasticity in how fish brains develop and

respond to environmental variability.

Recent evidence from captively propagated salmonids

(trout, salmon) suggests that environmental influences may

alter brain phenotype in fish reared in hatcheries (Marchetti

and Nevitt, 2003; Kihslinger et al., 2003). Initial studies in

rainbow trout (Oncorhynchus mykiss) showed that the

telencephalon and other brain regions are significantly

reduced in fish reared in hatcheries compared to those

reared in the wild (Marchetti and Nevitt, 2003). It is not

known, however, whether such differences in gross brain

morphology result from artificial selection in hatcheries or

can develop in an individual’s lifetime. In subsequent

studies with genetically similar strains of Chinook salmon

(Oncorhynchus tshawytscha) reared both in hatcheries and

in the wild, we have shown that differences in the volume of

the olfactory bulb and telencephalon can develop within one

year (Kihslinger et al., 2003). These findings suggest that

the conditions that salmonids experience during develop-

ment can have profound effects on neural phenotype.

Here we begin to explore the mechanisms by which

environmental conditions alter brain size by localizing zones

of cell proliferation in the salmon telencephalon. Our aim

was to identify areas of proliferation that may be responsive

to environmental conditions. Given that differences in

telencephalon size were noted in previous studies compar-

ing hatchery and wild-reared fish (Marchetti and Nevitt,

2003; Kihslinger et al., 2003), the telencephalon seemed an

obvious place to look for areas of proliferation that might be

sensitive to environment. This approach is similar to that

applied in mammalian systems, where numerous studies

have explored how environmental enrichment affects the

rate of neurogenesis in the dentate gyrus of the hippocampus

(i.e., Kempermann et al., 1997; van Praag et al., 2000). In

this preliminary study, we used the established 5-bromo-2V-
deoxyuridine (BrdU) immunocytochemical cell birth-dating

technique to localize zones of mitotic activity in the salmon

telencephalon. We then asked how the size of these

proliferation zones changes with growth of the fish. Lastly,

we measured the density of BrdU-labeled cells in these

zones and quantified the volume of the telencephalon to ask

whether differences in rearing environment may be linked to

differences in rates of proliferation or to changes in

telencephalon size.
2. Materials and methods

2.1. Animals

Fertilized coho salmon (Oncorhynchus kisutch) eggs

were obtained from the Iron Gate Fish Hatchery located on

the Klamath River, California, USA. Eggs hatched in
standard flow-through rearing trays in January 2000, and

juvenile salmon parr were reared at the Center for

Aquaculture and Aquatic Biology facility of the University

of California, Davis. Once the yolk sac was absorbed, fry

were moved to circular rearing tanks (1.2 m diameter, 380 L

capacity). On March 20th, 2000, fish were transferred to

rearing treatment tanks and maintained there until sacrifice

on July 25th, 2000. Fish were exposed to ambient photo-

period both prior and during the experiment. All procedures

were approved by the Animal Care and Use Committee

(Protocol # 8482) of the University of California, Davis.

2.2. Rearing treatment tanks

Salmon parr were reared in two treatments that differed

in habitat structure. The Fsimple_ (control) treatment lacked

physical structure but had greater spatial variation in water

flow velocity, while the Fstructurally complex_ (experimen-

tal) treatment was augmented with physical structures (i.e.,

cinder blocks, gravel), but had a more uniform hydro-

dynamic environment. For both treatments, salmon parr (40

fish per tank) were reared in 1.2 m diameter, circular flow-

through tanks. Water was provided from an on-site aquifer,

chilled to 11T1 -C, and entered the tanks at 15T1 L/min.

Fish in both treatments were fed ad libitum.

For the Fsimple_ treatment, water entered through a spray

bar (21.6 cm long, 1.27 cm diameter), circled the tank, and

exited through a central drain. Spatial variation in the

hydrodynamic environment was quantified by measuring

water velocity with a flow meter (Flo-Matei Model 2000,

Marsh-McBirney Inc., Federick, MD) at 2 /3 water depth

(¨10 cm from the bottom) in the center of fourteen 30 cm

squares that comprised a grid over the bottom of the tank.

Mean water velocity for the simple treatment tanks was 0.08

m/s with a variance of 0.002 (m/s)2. The average water

depth was 30 cm.

For the structurally complex treatment, the bottom of each

tank was covered with gravel, and concrete cinder blocks (1

small, 19.1�19.1�19.1 cm cinder block, and 5 large,

39.4�19.1�19.1 cm cinder blocks in each tank in the same

positions) were added for structure. Water entered the tanks

through an elongated spray bar (41.9 cm long�1.27 cm

diameter) directed toward the center of each tank. Water thus

flowed across the tank, eventually exiting through a large

drainpipe (71.1 cm long�5.08 cm diameter) parallel but on

the opposite side of the tank as the spray bar. Mean water

velocity for the structurally complex tanks was only 0.01 m/s

with a variance of 0.0001 (m/s)2. Average water depth was

¨58 cm due to the added structure.

2.3. BrdU immunocytochemistry

Salmon parr (approximately 6 months after hatching)

were anesthetized (MS-222 immersion, 1 :1000, Crescent

Research Chemicals), weighed and measured, and given a

single intraperitoneal injection of BrdU (40 AL/g body wt of
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a 10 mg BrdU/1 mL 0.9% NaCl solution; Sigma). BrdU is

incorporated into replicating DNA, and the systemic

application of BrdU is a well-established technique for

labeling mitotically active cells in a variety of taxa including

fish (e.g., Zupanc and Horschke, 1995; Ekström et al., 2001;

Lema and Nevitt, 2004a). Injected fish were fin-clipped for

individual identification, and maintained together in a

chilled (¨11 -C), aerated tank until sacrifice. After a

survival time of 13–14 h (no difference between treatments,

t test, df =5, t =0.244, P=0.8172), BrdU-injected fish were

again deeply anesthetized (MS-222) and perfused by intra-

cardial injection of chilled heparinized phosphate-buffered

saline (PBS, 0.1 M) followed by Bouin’s fixative. Brains

were then dissected and postfixed in Bouin’s for 12 h.

Tissue was dehydrated in a graded ethanol series, cleared in

toluene, and embedded in paraffin.

After serial sectioning (16 Am) and mounting, tissue

sections were deparaffinized and rehydrated. Chromatin was

precipitated with 2N HCl (30 min), followed by quenching

endogenous peroxidase activity with 3% H2O2 (15 min).

Tissue was rinsed between each step with PBS-D (PBS

containing 1% dimethylsulfoxide; Sigma). After a 2 h

blocking reaction with normal horse serum, sections were

incubated overnight at 4 -C with primary anti-BrdU antibody

solution (1 :100 PBS-D dilution; Sigma). Antibody binding

was visualized by incubation with a biotinylated horse anti-

mouse IgG, avidin–biotin–peroxidase complex (mouse IgG

ABC Kit; Vector Laboratories), and diaminobenzidine

(DAB) with nickel enhancement. Sections were then rinsed

twice in PBS, counterstained with cresyl violet, dehydrated in

a graded ethanol series, and cleared in xylene before being

coverslipped with Cytoseal 60 (Stephens Scientific). Staining

controls where primary antibody was preincubated in BrdU

prevented all immunohistochemical staining.

2.4. Quantification of BrdU-ir cell density and telencepha-

lon volume

BrdU-ir cell counts and telencephalon volumes were

determined using computer-aided analysis (AxioVision soft-

ware, Zeiss, Oberkochen, Germany) of images captured via

digital camera (Axiocam, Zeiss) attached to an Axioskop

microscope (Zeiss). To quantify numbers of proliferating

cells, we counted all BrdU-labeled cells in alternate sections

every 32 Am throughout the telencephalon. We also

quantified the size of the proliferation zones. The volume

of these zones was calculated by integrating the cross-

sectional area of the proliferation zones across the distance

between sections (basic estimator of morphometric volume;

Rosen and Harry, 1990; Uylings et al., 1986), and boundaries

of proliferation zones were delineated by the extent of BrdU-

labeled cells.

For each fish, we determined the volume of the tele-

ncephalon by tracing the cross-sectional area of the tele-

ncephalon in alternate sections every 32 Am. We defined the

telencephalon as extending from the terminus of the internal
cellular layer (ICL) of the olfactory bulb caudally to the end

of the area dorsalis telencephali. The entopeduncular nucleus

(but not the preoptic area) was included in our measurement

of telencephalon volume. Telencephalon volume was calcu-

lated by integrating the cross-sectional area of the tele-

ncephalon across the distance between sections (Rosen and

Harry, 1990; Uylings et al., 1986). Our description of

telencephalic neuroanatomy follows the nomenclature

described by Northcutt and Davis (1983).

2.5. Statistical analyses

Growth rate of each of the three proliferation zones was

examined using the regression of proliferation zone volume

against body mass. As we found no differences between

treatments in the volume of proliferation zones 1a, 1b or 2, we

combined treatments for this analysis. To determine whether

the slopes of proliferation zone volume regressed against

body mass differed among the zones, we used an analysis of

covariance (ANCOVA) followed by Tukey tests for multiple

pairwise comparisons among slopes (Zar, 1996). We then

examined how rearing environment affected cell proliferation

by using ANCOVA models, first with proliferation zone

volume as a covariate and then with body mass as covariate,

to compare the density of BrdU-labeled cells in each of the

proliferation zones (1a, 1b, and 2).

Body mass and length were compared between treatments

using Student’s t tests. Telencephalon volume was compared

between treatments using an ANCOVAwith body mass as a

covariate. Statistical analyses were calculated using JMP

4.0.2 software (SAS Institute, Inc.), and all statistical tests

that we performed were two-tailed.
3. Results

3.1. Location of BrdU-labeled cells in the salmon forebrain

BrdU-labeled cells were easily identified by a black

precipitate indicative of the diaminobenzidine reaction

product with nickel enhancement (Fig. 1). In general,

BrdU-labeled cells were localized to three distinct regions

of the telencephalon. These regions correspond to the three

telencephalic proliferation zones (1a, 1b, and 2) located in or

beside ventricular ependyma. These three zones have been

described previously in other fishes using autoradiographic

detection of 3H-thymidine and immunocytochemistry to

proliferating cell nuclear antigen (PCNA) and BrdU

(Ekström et al., 2001; Zikopoulos et al., 2000; Zupanc and

Horschke, 1995; for review, see Zupanc, 2001b). As shown in

Fig. 1, proliferation zone 1a (PZ 1a) comprises a thin zone of

about one cell layer thickness that runs along the dorsal edge

of the dorsal telencephalon. Proliferating cells that labeled

positive for BrdU in zone 1a were scattered along the

ventricular edge of the dorsal telencephalon. Proliferation

zone 1b (PZ 1b) begins at the posterior boundary of the
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internal cellular layer (ICL) of the olfactory bulb and

continues caudally through the area ventralis telencephali

(V). Proliferation zone 2 (PZ 2) begins at the rostral edge of

the dorsal nucleus of the area ventralis telencephali and

continues caudally to the anterior commissure (ac).

Proliferation zone volume showed a significant positive

relationship with body mass for zone 1a (r2=0.7747,

F1, 5=17.2000, P=0.0089) and zone 1b (r2=0.8768,

F1, 5=35.5872, P=0.0019), but not for proliferation zone

2 (r2=0.4975, F1, 5=4.9505, P=0.0766). Comparing the

allometric changes in the volume of each zone indicates a

difference in rate of growth among the three proliferation

zones (Fig. 2; F2, 15=48.8558, P <0.0001). Further analy-

sis by multiple pairwise comparisons showed that each of
the three proliferation zones grew at different rates (Tukey

tests; zone 1a vs. zone 1b, q =12.3658, P <0.001; zone 1a

vs. zone 2, q =10.2983, P�0.001; zone 1b vs. zone 2,

q =5.1157, 0.005<P <0.01).

3.2. Density of BrdU-labeled cells was influenced by rearing

conditions

The location of these telencephalon proliferation zones

was similar among individuals from the simple and complex

rearing treatments. However, the number of BrdU-labeled

cells in proliferation zone 2 was higher in fish from the simple

environment (N =4) than from the structurally complex

treatment (N =3) (Fig. 3; ANCOVA, treatment effect,
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F 1 , 3 = 15.4208, P = 0.0294; PZ 2 volume effect,

F1, 3=60.5140, P=0.0044; interaction b/w treatment and

PZ 2 volume, F1, 3=1.1053, P=0.3703). This difference

represented an increase in the density of BrdU-labeled cells

since there was no difference in PZ 2 volume among

treatments when considering variation in body size (treatment

effect, F 1, 3 = 3.7405, P = 0.1486; body wt effect,

F1, 3=1.5358, P=0.3034; interaction b/w treatment and body

wt, F1, 3=0.2488, P=0.6522). Additionally, this effect of

rearing environment remained significant when the density of

BrdU-labeled cells in PZ 2 was corrected for body weight

instead of zone volume (treatment effect, F1, 3=15.0190,

P=0.0304; body wt effect, F1, 3=1.7208, P=0.2809; inter-

action b/w treatment and body wt, F1, 3=0.2655, P=0.6419).

We found no difference between the simple and structur-

ally complex rearing treatments in the number of proliferating

cells in either PZ 1a (Fig. 3; treatment effect, F1, 3=1.4653,

P=0.3128; PZ 1a volume effect, F1, 3=13.2173, P=0.0359;

interaction b/w treatment and PZ 1a volume, F1, 3=1.6544,

P=0.2886) or in PZ 1b (treatment effect, F1, 3=1.1660,

P=0.3593; PZ 1a volume effect, F1, 3=38.8805, P=0.0083;

interaction b/w treatment and PZ 1a volume, F1, 3=0.8844,

P=0.4164). Similarly, the volume of proliferation zones 1a

(treatment effect, F1, 3=3.1839, P=0.1724; body wt effect,

F1, 3=7.1006, P=0.0760; interaction b/w treatment and body

wt, F1, 3=0.0537, P=0.8316) and zone 1b (treatment effect,

F1, 3=0.0517, P=0.8348; body wt effect, F1, 3=15.3641,

P = 0.0295; interaction b/w treatment and body wt,

F1, 3=1.5180, P=0.3057) did not differ between treatments.

3.3. Structural enrichment did not alter telencephalon

volume

Fish reared in the simple environment (N =6) were larger

with respect to both body weight (t test, df =11, t =�2.632,

P = 0.0233) and standard length (t =�2.361, df = 11,

P=0.0378) compared to fish reared in the structurally
complex environment (N =7). When body size was used as

a covariate, we found no difference in telencephalon volume

between treatments (Fig. 4; ANCOVA, treatment effect,

F 1, 9 = 2.0799, P = 0.1831; body wt effect, df = 1,

F1, 9=6.0237, P=0.0365; interaction b/w treatment and body

wt, F1, 9=0.2287, P=0.6439). Thus, growth of the tele-

ncephalon followed a similar trajectory in the two treatments,

even though fish reared in the simple environment had a
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larger telencephalon than fish reared in the structurally

complex environment when not corrected for body size (t

test, df =11, t=�3.221, P=0.0081).
4. Discussion

While proliferation zones have been identified in the

forebrain of other fishes (i.e., Ekström et al., 2001;

Zikopoulos et al., 2000; Zupanc and Horschke, 1995), this

is the first study to monitor both their growth rates and the

influence of environment on their mitotic activity. Our data

show that cell proliferation in the telencephalon of juvenile

salmon is localized to three distinct areas — proliferation

zones 1a, 1b, and 2. These zones correspond to areas of

proliferation previously described in the forebrain of three-

spined stickleback (G. aculeatus; Ekström et al., 2001). Our

results suggest that these zones grow at different rates, with

zone 1a growing most rapidly at 6.29�10�3 mm3 per g body

wt, followed by zone 1b at 3.50�10�3 mm3 per g body wt,

and zone 2 least rapidly at 1.34�10�3 mm3 per g body wt.

Our data further show an environmentally-induced

change in mitotic activity that is restricted to proliferation

zone 2, whereas proliferation rates in zones 1a and 1b were

not affected by rearing environment. This environmentally-

induced change in cell proliferation in zone 2 did not,

however, translate into a change in telencephalon volume

because the telencephalon in both treatments grew along the

same trajectory. Newly born, BrdU-positive cells in

proliferation zone 2 likely migrate from the ventricular

edge inward to sites within the forebrain. While we do not

know the phenotypic fate of cells produced by any of the

proliferation zones (i.e., what percentage will die or differ-

entiation into neuronal or glial cells), our results suggest that

mitotic activity in these three zones may be regulated in

different manners.
We found that salmon that experienced the simple

environment for ¨4 months showed a higher rate of mitotic

activity in proliferation zone 2 than fish in the structurally

complex environment. Why we saw an increase in

proliferation rate in fish from the simple treatment is not

clear, but may be related to differences in activity levels

among treatments. The average flow velocity was faster in

simple tanks, and spatial variation in flow velocity was also

about twenty times greater (see Methods). Moreover, simple

tanks had higher flow velocity around the tank edge with a

lower velocity space in the middle of the tank. By contrast,

structurally complex tanks had a more uniform, slower flow

environment that also offered structural refuges for fish.

Thus, altering structural complexity may have created a

treatment difference in swimming activity. In mice and rats,

increased physical activity associated with enrichment of the

housing environment (i.e., adding a running wheel) has been

shown to elevate neurogenesis in the hippocampus (van

Praag et al., 1999; Brown et al., 2003a; Rhodes et al., 2003).

It is thus possible that the difference in proliferation rate that

we observed here might be associated with differences in

swimming activity between treatments.

Enriched rearing can also alter glucocorticoids and other

components of stress physiology in rats (Moncek et al.,

2004) and mice (Marashi et al., 2003). For example, in rats,

glucocorticoids have previously been shown to regulate

neurogenesis (Gould et al., 1992), although these effects are

dependent on the animal’s previous social experiences

(Mirescu et al., 2004). Such stress-induced changes in cell

proliferation and neurogenesis may be relevant to the

experiment presented here. Juvenile salmon in both treat-

ments likely established social hierarchies. Yet, subordinates

in simple tanks may have experienced greater social stress

than their counterparts in structurally complex tanks, since

hydrodynamic refuges (dead spaces) are not uniform and

offer preferred feeding locations that can be dominated by a

few individuals. On the other hand, structural features (i.e.,

cinder blocks) in the complex tanks may have created a

more uniform distribution of food as well as refuges to

escape aggression from dominants. In birds and mammals,

social conditions have been shown to alter levels of cell

proliferation in the brain (Fowler et al., 2002; Lipkind et al.,

2002), and, although we did not document behavioral

interactions as part of this preliminary study, it seems likely

that differences in social conditions could have contributed

to the treatment effects seen here. Further, variation in stress

physiology has been recorded between hatchery-reared and

wild-reared salmon (Poole et al., 2003), suggesting that such

differences may be pertinent to changes in brain structures

seen between fish from these environments (Marchetti and

Nevitt, 2003; Kihslinger et al., 2003).

Still, attributing changes in neural proliferation and brain

size to specific environmental (i.e., physical or social)

factors has been difficult even in rodents, and work is just

beginning to uncover the mechanisms by which environ-

ment can influence neurogenesis. Enriched rearing environ-
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ments have been shown to affect levels of neurotrophic

factors in the brain, which might in part contribute to plastic

changes in neurogenesis for animals reared in enriched

environments (Falkenberg et al., 1992; Ickes et al., 2000).

Variation in the complexity of the sensory environment has

also been shown to affect patterns of immediate early gene

expression throughout the brain (Pinaud, 2004). For

example, rats exposed to enriched environments upregulate

transcript and protein expression of nerve growth factor

induced-A in neural tissues (Pinaud et al., 2002; Wallace et

al., 1995). This elevation in immediate early gene expres-

sion suggests that animals living in enriched environments

may experience enhanced sensory processing in their more

complex environment, which might contribute to plastic

reorganization of neural structures.

Alterations in rearing conditions are known to lead to

changes in the behavior and life history of juvenile salmonids

(Berejikian et al., 1996, 2000; Brown et al., 2003b; Mesick,

1988; see also Brown and Day, 2002), but whether these

alterations are commonly associated with changes in neural

development and function remains unknown. For instance, in

a separate study that used the same two experimental

treatments that we examined here, Watters (2003) found that

these treatments influenced the timing of reproductive

maturation in coho salmon (see also Watters et al., 2003).

Yet clearly the rearing regimes used here were insufficient to

significantly alter gross brain size. Rather, a complex synergy

of environmental cues might be required to generate plastic

changes in telencephalon volume of the magnitude that we

have previously observed in juvenile salmon (Kihslinger et

al., 2003). The developmental timing of exposure to these

environmental cues may also be critical, as recent work

looking at enrichment during the alevin stage of early life has

shown that environment can alter brain size in steelhead trout

(O. mykiss) (Kihslinger and Nevitt, 2003). Nevertheless, our

results showing an environmentally-induced change in

mitotic activity thus provide preliminary evidence to encour-

age detailed examinations of these questions in the future.

The environmentally-induced changes in cell prolifer-

ation seen here and the changes in brain size that we

observed in other studies (Marchetti and Nevitt, 2003;

Kihslinger et al., 2003) suggest that the conditions that fish

experience as they develop in the wild could contribute to

variation in brain phenotype (see also Lema and Nevitt,

2004b). This question is analogous to asking how environ-

mental conditions affect behavioral and life history pheno-

types (i.e., Nevitt and Dittman, 2004; Watters et al., 2003).

In fish, variation in brain morphology in the wild is

frequently associated with ecological differences between

taxa (Eastman and Lannoo, 1995; Kotrschal et al., 1998;

Kotrschal and Palzenberger, 1992; Huber and Rylander,

1992). For instance, the size of sensory areas in the brain

(i.e., optic tectum, olfactory bulb) is associated with habitat

type and diet in African cichlids (Huber et al., 1997).

Similarly, a recent survey of brain size in deep sea fishes has

shown that the size of brain regions associated with
olfactory processing were larger in species found near the

benthos, while brain regions involved in vision were larger

in mesopelagic species (Wagner, 2002). Genetic differences

within a species contribute to variation in brain size

(Ishikawa et al., 1999), indicating that the size of brain

structures in fish has a genetic basis and can evolve. But

input from the environment may also interact with these

genetic programs to generate intraspecific variation in neural

growth and development. The extent and importance of

such environmental effects on brain phenotype have not

been formally addressed in fish. Our results suggest that the

captive propagation and rearing of fish may provide a

tractable model for studying how environmental conditions

influence the development of neural phenotypes.
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