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Activity of the immediate early gene c-fos was compared across
hemispheres in rats with unilateral fornix lesions. To engage Fos
production, rats first performed a radial arm maze task that is
severely disrupted by bilateral fornix lesions. Using immunohis-
tochemical techniques, Fos-positive cells were visualized and
counted in 39 sites in both hemispheres. Fornix lesions led to a
significant reduction in Fos in all ipsilateral hippocampal sub-
fields, as well as the entorhinal cortex and most of the subicular
complex. Other sites that showed reduced activity included the
ipsilateral retrosplenial, anterior cingulate, and postrhinal corti-
ces. Subcortical regions showing significant Fos decreases in-
cluded the anterior thalamic nuclei, supramammillary nucleus,
diagonal band of Broca, and lateral septum. Thus, the effects of
fornix lesions extended beyond the hippocampal formation and
included sites not directly innervated by the tract. These changes
were nevertheless selective, as shown by the lack of hemispheric

difference in any of the preselected control sites, the perirhinal
cortex, or nucleus accumbens. Furthermore, there were no hemi-
spheric differences in an additional group of animals with unilat-
eral fornix lesions that were killed directly from the home cage.
The location of Fos changes closely corresponded to those brain
regions that when lesioned disrupt spatial working memory.
Moreover, there was a correspondence between those brain
regions that show increased Fos production in normal animals
performing the radial arm maze task and those affected by fornix
lesions. These results show that fornix transection has wide-
spread, but selective, effects on a network of structures normally
activated by spatial memory processes, with these effects ex-
tending beyond the hippocampal formation.
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The fornix is one of the principal fiber tracts in the brain and
provides one of the major afferent and efferent systems for the
hippocampus, connecting it with the diencephalon, striatum, basal
forebrain, and prefrontal cortex. Consistent with its anatomical
position, bilateral fornix lesions in animals often produce impair-
ments similar to those seen after hippocampal lesions. These in-
clude severe deficits on tests of spatial working memory (Olton et
al., 1979; Sutherland and Rodriguez, 1989; Aggleton et al., 1992;
Ennaceur et al., 1996; Cassel et al., 1998). Interest in the role of the
fornix has intensified after reports linking cases of anterograde
amnesia in humans with damage to this tract (Heilman and Sypert,
1977, Gaffan and Gaffan, 1991; Hodges and Carpenter, 1991;
D’Esposito et al., 1995; McMackin et al., 1995; Aggleton et al.,
2000). In view of the evidence that the integrity of this fiber tract
is important for normal memory, the present study sought to
identify those brain regions that are adversely affected when the
fornix is cut and, hence, might cause mnemonic deficits. This was
achieved by using the expression of the immediate early gene c-fos,
a marker of neuronal activation (Sagar et al., 1988; Dragunow and
Faull, 1989; Herrera and Robertson, 1996).

Using immunohistochemical visualization of Fos, the product of
c-fos, multiple brain sites can be simultaneously compared to iden-
tify regions likely to contribute to learning processes (Herdegen
and Leah, 1998; Tischmeyer and Grimm, 1999). This technique has
already been applied to normal rats engaged in spatial working
memory tasks (Vann et al., 2000a,b). It was found that performance
of the standard radial arm maze task leads to increased Fos in a
network of sites including the hippocampus, subicular complex,
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entorhinal cortex, postrhinal cortex, prelimbic cortex, retrosplenial
cortex, and anterior thalamic nuclei (Vann et al., 2000a,b). A
common feature of these regions is the links with the hippocampus,
and many have connections via the fornix.

Having identified an array of sites that are activated in normal
animals, we have now used a similar procedure to measure the
effects of fornix lesions on performance of the standard radial arm
maze task (Vann et al., 2000a,b). This task was chosen because rats
with bilateral fornix lesions are consistently impaired (Olton et al.,
1978, 1979; Neave et al., 1997; Cassel et al., 1998), but this also
means that their abnormal sequence of arm choices could not be
matched by a control group. To circumvent this problem, we have
used animals with unilateral fornix lesions and compared levels of
Fos production across hemispheres, thereby providing the closest
behavioral control and eliminating problems of variation in Fos
levels between animals.

MATERIALS AND METHODS

Subjects. Subjects were 10 male pigmented rats (DA strain; Harlan Olac,
Bicester, UK) weighing from 210 to 250 gm and ~14-weeks-old at the time
of surgery. Ten days after surgery, animals were food-deprived to 85% of
their free-feeding body weight and maintained at this level throughout the
experiment. Water was available ad libitum. Animals were caged in pairs
and before the study were thoroughly habituated to handling. All experi-
ments were performed in accordance with the UK Animals (Scientific
Procedures) Act (1986) and associated guidelines.

Apparatus. Testing was performed in an eight-arm radial maze. The
maze consisted of an octagonal central platform (34-cm-diameter) and
eight equally spaced radial arms (87 cm long, 10 cm wide). The base of the
central platform and the arms were made of wood, whereas panels of clear
Perspex (24 cm high) formed the walls of the arms. At the end of each arm
was a food well (2 cm in diameter and 0.5 cm deep). At the start of each
arm was a clear Perspex guillotine door (12 cm high) that controlled access
in and out of the central platform. Each door was attached to a pulley
system enabling the experimenter to control access to the arms. All
animals were tested in the same rectangular room (295 X 295 X 260 cm)
that contained salient visual cues such as geometric shapes and high-
contrast stimuli on the walls.

Surgery. Animals were deeply anesthetized by intraperitoneal injection
(60 mg/kg) of pentobarbitone sodium. Each animal was then placed in a
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stereotaxic headholder (David Kopf Instruments, Tujunga, CA), and the
scalp was cut and retracted to expose the skull. The lesions were made by
radiofrequency using a Radionics TCZ (Radionics, Burlington, VT) elec-
trode (0.3 mm tip length, 0.25 mm diameter). This was lowered vertically
into the fornix, and the tip temperature was raised to 75°C for 60 sec using
an RFG4-A Lesion Maker (Radionics, Burlington). Two lesions were
made in only one hemisphere. The stereotaxic coordinates of the lesion
relative to ear-bar zero were: anteroposterior (AP) +5.3, dorsoventral
(DV) +7.1, lateral (L) =0.7, and AP +5.3, DV +7.0, and L £1.7. At the
completion of all surgeries, the skin was sutured, an antibiotic powder
(Acramide; Dales Pharmaceuticals, Skipton, UK) was applied, and animals
received a 5 ml injection of glucose saline and analgesia (Temgesic;
Reckett and Colman). Approximately equal numbers of animals received
lesions to the left or right hemisphere.

Behavioral training. Training began 2 weeks after surgery. Animals were
trained to run in the maze using a standard working memory procedure
(Olton et al., 1978). Thus, at the start of a trial all eight arms were baited
with a single food pellet (45 mg; Noyes purified rodent diet). When the rat
returned to the central platform, all doors were closed for ~5 sec before
they were again opened, permitting the animal to make a choice. This
continued until all eight arms had been visited. Retrieving all eight pellets
constituted a single trial, composed of a minimum of eight arm runs.
Training continued until the animals could reliably retrieve all eight pellets
without making an error (i.e., not visit an arm that had already been
entered on that trial). This typically required between seven and nine
sessions. The only noteworthy aspect of the training was that each session
consisted of multiple trials in the radial arm maze, one after the other, so
that each session lasted for 30 min to prolong exposure to task demands.
Therefore, after entering all eight arms the animals were removed from the
maze while it was rebaited and then returned to the maze to perform a new
trial. This was repeated for 30 min. The delay between each trial (2 min)
was the time it took to rebait all of the arms, and during this period the
animals were placed in a traveling box which had an aluminum top, base,
and sides (10 X 10 X 26 cm).

Final session: the final session was the same as those in training, i.e., 30
min of radial arm maze testing (approximately seven radial arm maze
trials). After completion of testing each animal was placed in a soundproof
box in a dark, quiet room for 90 min. The animals had been habituated to
this post-training procedure after all preceding sessions.

Home cage controls. Four additional male rats (DA strain; Harlan;
240-280 gm; 16-weeks-old) with unilateral fornix lesions were killed 3
weeks after surgery, directly from the home cage without previous behav-
ioral testing. The surgical procedures and the postoperative recovery were
identical to the animals in the main experimental group. Food and water
were available ad libitum, and the animals were housed in pairs. The time
of day of killing was the same for the experimental animals and the home
cage controls. These animals provided controls to test whether fornix
lesions alone alter baseline levels of Fos expression.

Immunocytochemistry. Ninety minutes after completing the final radial
arm maze session (or at the same time of day for the controls), the animals
were deeply anesthetized with pentobarbitone sodium (1 mg/kg) and
perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde
in 0.1 m PBS. The brains were removed and post-fixed in 4% paraformal-
dehyde for 4 hr and then transferred to 30% sucrose overnight at 4°C.
Coronal sections were cut at 30 um on a freezing microtome, and a 1 in 2
series was collected in 0.1 M PBS containing 0.2% Triton X-100 (PBST). A
peroxidase block was then performed where the sections were transferred
to 0.3% hydrogen peroxide in PBST for 10 min to inhibit endogenous
peroxidase and then washed several times with PBST. Sections were
incubated in PBST containing Fos rabbit polyclonal antibody (1:5000;
Ab-5, Oncogene Science) for 48 hr at 4°C with periodic rotation. Sections
were then washed with PBST and incubated in biotinylated goat anti-rabbit
secondary antibody (diluted 1:200 in PBST; Vectastain, Vector Laborato-
ries, Burlingame, CA) and 1.5% normal goat serum for 2 hr at room
temperature on a rotator. Sections were then washed and processed with
avidin-biotinylated horseradish peroxidase complex in PBST (Elite kit;
Vector Laboratories) for 1 hr at room temperature, again with constant
rotation. Sections were washed again in PBST and then in 0.05 M Tris
buffer. The reaction was then visualized using diaminobenzidine (DAB
Substrate kit; Vector Laboratories). The reaction was stopped by washing
in cold PBS, and then sections were mounted on gelatin-coated slides,
dehydrated through a graded series of alcohols, and coverslipped. A
separate one in four series of sections was mounted directly onto slides and
stained using cresyl violet, a Nissl stain, for histological identification of
specific brain regions.

Image analysis. Sections were scanned using a Leitz Diaplan microscope
equipped with a Dage MTI CCD72S camera interfaced to a Power
Macintosh computer (8500/150) by a Scion LG-3 frame grabber board.
After image processing, counts of the stained nuclei were performed using
the public domain NIH Image program. Cortical areas were assessed using
counts of nuclei labeled above threshold. The threshold was set at the same
level for both hemispheres of each section sampled. Counts were made in
a standard frame sample area (0.78 X 0.55 mm) using a 10X objective, and
the camera was positioned so that the counts were taken across all cortical
layers. For dorsal and ventral hippocampal counts, hippocampal subfield
(dentate gyrus, CA3 and CA1) counts, and some of the smaller thalamic
nuclei, the entire extent of the target region within the selected coronal
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sections was assessed (Fig. 1). For all brain areas analyzed, counts were
taken from at least four consecutive sections from each hemisphere, and
these counts were averaged to produce a mean. The counts were then
normalized across the two hemispheres by dividing the scores from one
hemisphere by the sum from both hemispheres and the result expressed as
a percentage. Thus, all pairs of normalized scores sum to 100. These
normalized data were then used for the statistical analyses, unless other-
wise stated. The separate groups of regions were analyzed in overall
ANOVA with two factors: hemisphere and brain region. When appropri-
ate, the simple effects for each brain region were analyzed as recom-
mended by Winer (1971).

The NIH Image Program was also used to quantify the size of the fornix
lesion. The entire fornix was outlined on the control side and the extent of
that portion of the fornix remaining on the lesioned side was traced. After
allowing for the appropriate scale and pixel aspect ratio factors at a total
magnification of 25 on the microscope (to allow measurements in square
micrometers), the areas of the fornix in both hemispheres were measured
and compared.

Regions of interest. Cytoarchitectonic subfields were identified from
coronal sections, using the nomenclature of Swanson (1992). Diagrams
showing regions sampled are shown in Figure 1. All of the sites from which
it was decided a priori to count Fos-positive cells are presented. None is
excluded on the basis of subsequent Fos counts.

Counts were taken from a number of “control” cortical and subcortical
regions for purposes of comparison in order to determine the specificity of
any findings. Counts were taken across all layers of cortical regions. These
regions were selected on the criteria that they were not connected with
the fornix and were not known to have a specific role in spatial memory.
The cortical areas were the visual cortex [primary visual area (VISp)], the
somatosensory cortex [primary somatosensory area (SSp)], and the motor
cortex [primary motor area (MOp)]. The subcortical areas were the medial
geniculate nucleus (MG), the periaqueductal gray (PAG), and the pontine
gray (PG).

Cytoarchitectonic subfields within the hippocampal formation consisted
of the dentate gyrus (DG), CA3, and CA1l (Fig. 1). The “dorsal” and
“ventral” hippocampal counts were taken from the same coronal slices and
corresponded to AP level —5.0 mm relative to bregma in Swanson (1992).
The border between these two regions (Fig. 1) corresponded to DV level
—5.0 mm from bregma (Moser et al., 1995). The dorsal and ventral
hippocampal counts involved just the DG and fields CA1 and CA3, i.e., not
the subiculum complex. At this level the dentate gyrus is present in both
the dorsal and ventral hippocampus. Counts were also taken from the
dorsal, ventral, and caudal subiculum, and the presubiculum, parasubicu-
lum, and postsubiculum. As previous studies have shown that fornix
damage does not produce retrograde cell death in the hippocampus (Daitz
and Powell, 1954), the counts were compared directly.

We counted Fos-reactive cells in limbic cortices, including the parahip-
pocampal region (Witter et al., 1989; Burwell et al., 1995). The perirhinal
counts involved both areas 35 and 36 (Burwell et al., 1995), whereas the
postrhinal cortex only involved cortex posterior to the perirhinal cortex
and dorsal to the rhinal sulcus (Burwell and Amaral, 1998; corresponding
to the ectorhinal area in Swanson, 1992). The lateral and medial entorhinal
cortices were considered separately in light of their different connection
patterns (Witter et al., 1989; Naber et al., 1997). Counts were also taken
from the prelimbic area, rostral and caudal levels of the anterior cingulate
cortex, rostral and caudal levels of the retrosplenial cortex, and the parietal
cortex (Fig. 1).

Finally, a number of subcortical sites were examined. These included
various thalamic nuclei implicated in mnemonic processes such as the
anterodorsal, anteroventral, anteromedial, laterodorsal, and mediodorsal
thalamic nuclei. Counts were also made in nucleus reuniens, the rostral
reticular nucleus, lateral and medial septum, diagonal band of Broca,
nucleus accumbens, and supramammillary nuclei. Evidence that fornix
lesions can lead to cell loss in the medial septum (Gage et al., 1986) means
that Fos counts in this region might underestimate activity. Finally, pre-
vious studies had revealed that neither the medial or lateral mammillary
bodies express c-fos, and so they were not included (Vann et al., 2000a).

RESULTS
Fornix lesions

The extent of the 10 unilateral fornix lesions is shown in Figure 2,
and a photomicrograph of a typical lesion is shown in Figure 3. The
lesions included both the fornix and the fimbria. None of the
lesions encroached on the intact hemisphere, and there was no
damage to any of the CA fields or the dentate gyrus. All lesions
spared the cingulum bundle, although in one animal there was
slight damage to the corpus callosum and in another the lesion
extended into the very caudal part of the lateral septum. The
ventral hippocampal commissure was lesioned in all cases, although
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Figure 1. Diagrams of coronal sections indicating areas sampled. The
numbers indicate the distance (in millimeters) of the sections from bregma
(Swanson, 1992). See Table 1 for list of abbreviations.

the dorsal hippocampal commissure remained intact. The lesions
were complete in 8 of 10 cases, the only sparing occurring in the
most medial part of the fornix in the two cases. The percentage of
the fimbria/fornix that was removed ranged from 79 to 100%
(mean, 93%). Even though both the fimbria and fornix are included
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Table 1. Abbreviations of brain regions used in figures and tables

Abbreviation

Brain region

Control regions

MOp Primary motor area
SSp Primary somatosensory area
VISp Primary visual area
MG Medial geniculate nucleus
PG Pontine gray
PAG Periaqueductal gray
Hippocampus
dHPC Dorsal hippocampus
vHPC Ventral hipposcampus
DG Dentate gyrus
CA3 CA3
CAl CA1l
Subicular cortices
Subd Dorsal subiculum
Subv Ventral subiculum
Subc Caudal subiculum
Post Postsubiculum
Pre Presubiculum
Par Parasubiculum

Limbic cortices
PL

Prelimbic cortex

rACA Rostral anterior cingulate cortex
cACA Caudal anterior cingulate cortex
rRSP Rostral retrosplenial cortex
cRSP Caudal retrosplenial cortex
PTLp Parietal cortex

ENTI Lateral entorhinal cortex
ENTm Medial entorhinal cortex

Porh Postrhinal cortex

Peri Perirhinal cortex

Thalamic nuclei

AD Anterodorsal thalamic nucleus
AV Anteroventral thalamic nucleus
AM Anteromedial thalamic nucleus
MD Mediodorsal thalamic nucleus
LD Laterodorsal thalamic nucleus
RE Nucleus reuniens

RT Reticular thalamic nucleus

Subcortical regions
SuM

Supramammillary nucleus

LS Lateral septum

MS Medial septum

ACB Nucleus accumbens

NDB Nucleus of diagonal band of broca

in the lesions, the surgeries are referred to as unilateral “fornix”
lesions.

Behavioral results

On the final test day, the animals performed the standard version of
the eight-arm radial maze. Testing took place over a 30 min
session, and animals typically ran a total of seven trials (each trial
comprises the retrieval of all eight pellets) in this session. The
mean number of errors per trial across all trials within this session
(=SEM values in parentheses) was 0.9 (0.1). The mean number of
correct responses in the first eight choices, across all trials in the
final session, was 7.3 (0.1). These performance levels are compa-
rable to those of normal rats that were trained and tested in exactly
the same way (Vann et al., 2000a,b)
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Figure 2. Coronal sections illustrating the extent of the largest ( gray) and
smallest (black) fornix lesions. The numbers indicate the distance (in
millimeters) of the sections from bregma (Paxinos and Watson, 1997).

Fos counts
Home cage control animals

Counts were taken from the intact and fornix-lesioned hemispheres
in 39 brain sites in animals that had been killed directly from the
home cage without previously performing the radial arm maze
task. There were no significant differences between the two hemi-
spheres in any of the areas examined, as demonstrated by a lack of
effect of condition in the hippocampal formation (F < 1), subicular
complex (F < 1), limbic cortices (F < 1), thalamic nuclei (F < 1),
subcortical regions (F < 1), and the six control regions (F < 1). It
should be noted that the raw counts for these animals were often
very low (Table 2), consistent with the fact that they reflect basal
levels (Curran, 1988; Hughes et al., 1992).

Spatial working memory animals

Because there were no differential effects of lesion in the right or
left fornix on Fos counts in any of the regions (all F < 1), the side
of the fornix lesion is not considered further.

Control regions. The cortical and subcortical control regions exam-
ined were the MOp, SSp, VISp, MG, PG, and PAG (Fig. 1). There
was no difference in Fos counts across the two hemispheres, as
shown by a lack of effect of hemisphere (F; ;5 = 1.1; p > 0.1), and
subsequent analyses showed that this pattern was the same across
all regions examined (MG, F, 197, = 3.3, p > 0.05; all other control
regions, F < 1) (Fig. 4).

Hippocampus. The dorsal and ventral counts were taken from the
same coronal sections and consisted of the dentate gyrus, CA3, and
CALl. The separate subfields were counted near the septal pole of
the hippocampus where only the dorsal hippocampus is present.
There were much higher levels of Fos counts in the intact hemi-
sphere, as compared to the lesioned hemisphere, which was shown
by a main effect of condition for the hippocampus (F; 5, = 46.2;
p < 0.0001). Subsequent analyses revealed that this difference
was significant for every region examined (dorsal hippocampus,
Fi 87 = 4.1, p < 0.05; ventral hippocampus, F(, g7y = 11.0, p <
0.001; dentate gyrus, F(; 57, = 28.4, p < 0.001; CA3, F(, 57y = 16.4,
p < 0.001; CAl, F(, 4, = 8.6, p < 0.001) (Fig. 4).

Subicular cortices. This group of structures includes the dorsal
subiculum, ventral subiculum, caudal subiculum, postsubiculum,
presubiculum, and parasubiculum (Fig. 1). Performing the radial
arm maze task resulted in increased numbers of Fos-positive nuclei
in the intact hemisphere compared to the lesioned hemisphere.
This was shown by a main effect of condition (F(; 15, = 179.0; p <
0.0001). Further analyses also showed significant differences in the
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Figure 3. Photomicrograph of a Nissl-stained coronal section showing a
unilateral fornix lesion. The lesion in the right hemisphere is ~96%
complete. FF, Fimbria/fornix. Scale bar, 500 um.

ventral subiculum, postsubiculum, presubiculum, and parasubicu-
lum (ventral subiculum, F(; ;o) = 53.3, p < 0.001; postsubiculum,
F(1 102y = 22.6, p < 0.001; presubiculum, F; ;4,) = 22.3, p < 0.001;
parasubiculum, F; 1o, = 20.6, p < 0.001) but not in the dorsal
subiculum (F; 192y = 0.6, p > 0.1) or caudal subiculum (F; ;o) =
1.1, p > 0.1) (Fig. 4).

Limbic cortices. Counts were made in prelimbic cortex, rostral
and caudal levels of the anterior cingulate area, rostral and caudal
levels of the retrosplenial cortex, the parietal cortex, medial and
lateral entorhinal cortex, postrhinal cortex, and perirhinal cortex
(Fig. 1). Performing the radial arm maze task resulted in higher
numbers of Fos-positive neurons in the intact hemisphere, as
shown by a main effect of hemisphere (F; 5, = 90.1; p < 0.0001)
as well as a group-region interaction (Fg 160, = 12.2; p < 0.0001).
Subsequent analyses revealed that this hemispheric difference was
significant for each region examined except for the perirhinal
cortex and the parietal cortex (prelimbic cortex, Fy j59) = 12.7,p <
0.001; rostral anterior cingulate area, F(; 159, = 7.6, p < 0.01;
caudal anterior cingulate area, F(; 150y = 20.4, p < 0.001; rostral
retrosplenial cortex, F(; 159, = 17.2, p < 0.001; caudal retrosplenial
cortex, Fy y59) = 24.1, p < 0.001; parietal cortex, F < 1; medial
entorhinal cortex, F(; 150y = 79.1, p < 0.001; lateral entorhinal
cortex, Fy 159y = 20.3, p < 0.001; postrhinal cortex, F(; 159y = 7.1,
p < 0.01; perirhinal cortex, F < 1) (Fig. 5). All regions reaching
significance showed higher Fos counts in the intact hemisphere,
except the prelimbic cortex where the lesioned hemisphere showed
higher c-fos expression.

Thalamic nuclei. For the seven thalamic nuclei examined there
was a main effect of hemisphere (F(,,s, = 35.7; p < 0.0001).
Subsequent analyses showed that the difference between the le-
sioned and intact hemispheres was significant for all three anterior
thalamic nuclei (anterodorsal, F(; 156, = 15.6, p < 0.001; antero-
ventral, Fy 56, = 17.0, p < 0.001; anteromedial, F; ;56 = 29.9,p <
0.001). In all of these nuclei, there were more Fos-positive cells in
the intact hemisphere. The remaining thalamic nuclei did not show
a significant difference (mediodorsal, F < 1; laterodorsal, F < 1,
reuniens, F' ; 124, = 2.3, p > 0.1; reticular, F (; 126, = 3.2, p > 0.05)
(Fig. 6).

Subcortical regions. These comprised the lateral septum, the
medial septum, the supramammillary nuclei, the diagonal band of
Broca, and nucleus accumbens (Fig. 1). There was a significant
main effect of hemisphere for these regions (F; 5y = 14.9; p =
0.0011). Subsequent analyses showed that this difference was only
significant for the supramammillary nuclei, the lateral septum, and
the diagonal band of Broca (supramammillary nuclei, F' (; o9y = 5.8,
p < 0.05; lateral septum, F (; o9y = 9.7, p < 0.01; medial septum,
F < 1; nucleus accumbens, F' < 1; diagonal band of Broca, F; oy =
8.8, p < 0.01) (Fig. 6).

Raw counts of nuclei

To show the actual numbers of stained nuclei observed in each
brain region examined, the means and SEM values for raw scores
are presented in Table 2, and examples of staining levels are shown
in Figure 7. ANOVAs performed using the raw scores of nuclei
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Table 2. Raw counts of nuclei

Home cage- Home
RAM—Intact RAM—Lesion Significance intact cage-lesion
Region n =10 n =10 of difference n=4 n=4
Control regions
MOp 70.4 = 10.8 69.5 = 10.7 — 32+14 27*1.1
SSp 62.1 124 61.8 £11.9 — 1.5+03 1.5+04
VISp 99.1 £ 129 972 =119 — 11.3 0.8 9.8*+15
MG 1.3+0.2 1.4 +0.2 — 0.6 = 0.6 04=+02
PG 69.7 = 13.8 69.7 £ 134 — 15.6 3.0 17.0 = 34
PAG 315 x40 31.3+3.7 — 10.5 =25 10.6 = 3.7
Hippocampus
dHPC 18.8 3.2 14.0 = 2.6 o 25*+08 3508
vHPC 523 +17.7 33.2+45 * 6.1*1.6 5614
DG 77*+1.1 39+1.0 o 0.5=*0.1 0.5*0.1
CA3 3305 2.8 +0.8 — 0.1=*0.1 0.1=*0.1
CAl 37+07 2.6 =05 — 0.1=0.1 0.1=*0.1
Subicular cortices
Subd 9.8 +25 93=*x22 — 0.0 =0.0 0.0 =0.0
Subv 36,535 192 +2.38 ek 1.9+04 1.6 = 0.1
Subc 33164 30.8 5.6 — 05=x02 05=*02
Post 118.6 = 20.1 83.1 £19.5 o 17.7 3.7 17.7 £ 3.8
Pre 523 +11.0 36.0 = 8.8 o 56=*25 57+19
Par 29.8 £55 20.7 = 4.1 o 34+19 3116
Limbic cortices
PL 70.4 £ 7.8 92.7 +=11.7 * 25*+1.1 30*+13
rACA 39.6 £8.2 37.0 = 10.1 — 0.7*+03 0.8 +0.1
cACA 744 127 551 =108 * 0.6 =03 0.6 =03
rRSP 206.8 * 18.0 160.2 + 18.7 ek 41*+19 39+19
cRSP 117.8 = 16.1 84.7 114 o 24+1.0 21*1.1
PTLp 643 £93 63.1£79 — 3812 37*+13
ENTI 26.1 £ 4.1 19.8 3.5 * 3.6 0.7 3.6*+09
ENTm 60.7 £ 7.9 35357 o 2.6+ 1.1 32+19
Porh 26.5*+49 21.5+38 * 34+08 38+12
Peri 34.0 £ 4.2 355*+39 — 38+18 35+15
Thalamic nuclei
AD 38+ 15 1.5+04 — 0.1=x0.1 03=*03
AV 74+18 55*+1.6 o 03*+03 02=*02
AM 244 71 103 = 3.1 * 0.0 =0.0 0.0 =0.0
MD 11.8 =39 114 = 3.8 — 03=*03 03=*+03
LD 37+1.1 39+13 — 0.1=*0.1 02=*02
RE 17.1 3.1 13.7 2.0 — 33+1.1 3111
RT 52+08 41=*0.6 — 1.0+ 1.0 0.8 0.8
Subcortical regions
SuM 37.7 £ 114 33.6 = 10.1 — 6.7 =38 6.8 =39
LS 489 = 6.3 415+ 6.0 * 1.3+05 1.5+0.7
MS 34352 32.0 = 4.6 — 7159 79 = 6.4
ACB 377172 372 *+6.1 — 1.8 +04 22+08
NDB 40=*1.1 34*1.0 — 14+08 1.5+1.0

The mean counts = SEM values of the number of Fos-positive nuclei for the given brain regions in the intact and fornix-lesioned hemispheres for animals performing the
radial-arm maze task (RAM) and the home cage controls. For all areas except the hippocampus, RE, AD, AV, AM, and RT, these numbers are taken from the standard frame
sample area, which is equivalent to 0.43 mm? (see Materials and Methods). For the remaining areas the counts are for the entire extent of the target region within the selected
coronal sections. Significance of differences in counts of nuclei: *p < 0.05, **p < 0.01, ***p < 0.001.

resulted in a very similar pattern of results to those found using the
normalized scores. Thus, of the 45 analyses reported in the previ-
ous section only six differ. In each case, a region that was previously
shown to have a significant difference across the two hemispheres
no longer reached the 0.05 level of significance (rostral anterior
cingulate cortex, anterodorsal thalamic nuclei, CA3, CAl, supra-
mammillary nuclei, diagonal band of Broca). Thus, a total of 17
regions show significant differences between the two hemispheres
irrespective of the scores used.

DISCUSSION

Using Fos as a marker, we compared levels of neuronal activation
across hemispheres in animals with unilateral fornix lesions per-
forming a test of spatial working memory. In normal rats, a number
of interlinked brain sites that have fornix connections show in-
creased c-fos activation during performance of the same test (Vann
et al., 2000a,b), suggesting a network of regions that support this
class of task. Furthermore, bilateral fornix lesions consistently
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impair performance of the same task (Olton et al., 1979; Aggleton
et al.,, 1992; Cassel et al., 1998). Thus, this study sought to identify
those regions altered by fornix lesions and to compare them with
regions thought to be normally involved in this task. Although the
unilateral lesions were complete and involved the ventral hip-
pocampal commissure, they had no overt effect on performance
levels. A possible limitation arises from crossed projections leaving
the fornix. One consequence is that the control “intact” hemi-
sphere may not be completely normal because it will have lost
connections via the contralateral fornix. Similarly, the “disconnect-
ed” hemisphere may still receive some inputs from the contralat-
eral hemisphere via other routes. Axonal sprouting has also been
shown to occur in animals with fornix lesions (Cassel et al., 1997),
and this may influence hippocampal activity. All of these effects
are, however, most likely to attenuate hemispheric differences and
are therefore of principal concern when no difference is observed
between the hemispheres.

The principal region of interest was the hippocampus because
there are many similarities between the behavioral effects of fornix
and hippocampal lesions (Olton et al., 1979; Sutherland and Rod-
riguez, 1989; Aggleton et al., 1992; Cassel et al., 1998). Decreased
Fos levels were found in all three hippocampal subfields (dentate
gyrus, CA3, and CAl) and in both the dorsal and ventral parts of
the hippocampus, as well as the ventral subiculum, presubiculum,
and parasubiculum. The lack of a significant difference in the dorsal
subiculum may reflect the sparing of interhemispheric inputs from

the entorhinal cortex via the dorsal hippocampal commissure
(Steward, 1976; Wyss et al., 1980).

These widespread hippocampal changes presumably reflect the
loss of fornical projections from the medial septum, diagonal band
of Broca, locus coeruleus, and raphe nuclei (Daitz and Powell,
1954; Swanson and Cowan, 1979; Amaral and Kurz, 1985; Cassel et
al., 1997). These disconnections are not, however, complete be-
cause ~45% of the cholinergic input from the septal region, 90% of
the noradrenergic input from locus coeruleus, and 70% of the
serotonergic input from the raphe nuclei to the hippocampus is via
nonfornical routes in the rat (Amaral and Kurz, 1985; Amaral and
Witter, 1995; Cassel et al., 1997). Nevertheless, widespread relative
hypoactivity was found, in marked contrast with the baseline con-
trol animals that showed no interhemispheric differences in any of
the sites measured, including the hippocampus. The counts in the
lesioned hemisphere of animals performing the spatial working
memory task were still consistently higher than those of the home
cage animals (Table 2). This shows that regions such as the hip-
pocampus are still being activated above normal resting levels and
may help to explain why fornix lesions do not mimic the full effects
of hippocampectomy (Whishaw and Jarrard, 1995; Warburton et
al., 1998).

The present findings support and extend a study examining the
effects of fornix lesions on hippocampal cCAMP response element-
binding protein (CREB), which is important for c-fos transcription
(Morgan and Curran, 1991). Bilateral fornix lesioned rats were
trained on an inhibitory avoidance task and showed both behav-
ioral deficits and reduced hippocampal CREB after training
(Taubenfeld et al., 1999). Thus, fornix lesions decrease hippocam-
pal protein production in biochemical pathways associated with
plastic processes after the performance of two very different learn-
ing tasks, inhibitory avoidance and spatial working memory. The
two studies point to a similar underlying deficit after fornix tran-
section because the Fos changes in the present study might be
secondary to CREB reduction.

In the present study, widespread changes were also found in
limbic cortices with significant Fos reduction in the entorhinal,
retrosplenial, and cingulate cortices. The prelimbic cortex proved
to be an exception. Although it is innervated by fornical projections
from both CAl and the ventral subiculum (Meibach and Siegel,
1977a; Swanson, 1981; Jay et al., 1989; Canteras and Swanson,
1992), significantly greater Fos levels were present in the lesioned
hemisphere. The cause of this is unclear because the direct hip-
pocampal inputs to the prelimbic cortex are thought to be gluta-
matergic and, hence, excitatory (Jay et al., 1996).

Of those examined, the only thalamic nuclei to show significant
Fos differences were the anterior thalamic nuclei. Consistent with
this, the anterior thalamic nuclei receive dense fornical inputs from
the subicular complex, as well as a further direct component via the
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Figure 7. Photomicrographs showing Fos-
positive nuclei in the lesioned (left column; a,
¢, e) and intact (right column; b, d, f) hemi-
spheres taken from the same coronal sections.
Brain regions shown are the primary somato-
sensory cortex (a, b), retrosplenial cortex (c,
d), and postsubiculum (e, f). The superficial
layers are toward the right, left, and bottom of
the photomicrographs for the somatosensory
cortex, retrosplenial cortex, and postsubicu-
lum, respectively. The figures to the left of the
photomicrographs show the regions sampled,
and the numbers indicate the distance (in
millimeters) of the sections from bregma
(Swanson, 1992). Scale bar, 500 pwm.

internal capsule (van Groen and Wyss, 1990b,c). The presubiculum,
parasubiculum, and postsubiculum also project via the fornix to the
laterodorsal thalamic nucleus (van Groen and Wyss, 1990b,c¢), but a
substantial proportion of these inputs use the internal capsule route
(Meibach and Siegel, 1977b). The greater importance of this sec-
ond pathway and the fact that there was no difference in this
structure in normal animals performing this task (Vann et al.,
2000a) may explain the lack of a Fos difference in the laterodorsal
nucleus. Although nucleus reuniens receives fornical inputs there
was no significant hemispheric difference. Nucleus reuniens is,
however, a midline nucleus with a large number of crossed projec-
tions (Wouterlood et al., 1990) that might lessen the difference seen
across the two hemispheres. Thus, this null result should be treated
cautiously.

The lateral septum receives dense hippocampal inputs via the
fornix (Meibach and Siegel, 1977a; Swanson and Cowan, 1977; van
Groen and Wyss, 1990a,b,c), and consistent with the hippocampal
hypoactivity, the lateral septum had lowered Fos levels. In contrast,
the medial septum, which has substantial fornical efferents but no
direct fornical afferents (Swanson and Cowan, 1979), showed no
interhemispheric Fos difference. This suggests that fornical inputs,

rather than outputs, are critical in determining the effect of a fornix
lesion on c-fos expression in the septal nuclei.

A number of regions showed indirect changes as they have few,
if any, direct fornical inputs. Examples include the postrhinal
cortex, which is innervated by the hippocampus, and the retrosple-
nial cortex, which is innervated by both the hippocampus and the
anterior thalamic nuclei (Wyss and van Groen, 1992; Shibata,
1993). The significant reduction in postrhinal cortex contrasted
with the perirhinal cortex, which also receives hippocampal inputs
yet was unaffected by the fornix lesion. This finding not only
provides further evidence for an involvement of the postrhinal
cortex in spatial memory processes (Burwell and Amaral, 1998;
Vann et al., 2000b), but also underlines the different role of the
perirhinal cortex (Zhu et al., 1995, 1996; Wan et al., 1999).

The converse result, that is fornical inputs but no hemispheric
change in Fos, was found in nucleus accumbens. Whereas this area
receives fornical inputs from the dorsal (Brog et al., 1993) and
ventral subiculum (Meibach and Siegel, 1977a; Canteras and Swan-
son, 1992), manipulations of nucleus accumbens typically have little
effect on radial arm maze task performance (Schacter et al., 1989;
Floresco et al., 1996). Furthermore, in normal animals there is no
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increase in accumbens Fos when performing the same task (Vann
et al., 2000a). These results highlight the task-specific nature of the
activity-related changes in nucleus accumbens (Bontempi and
Sharp, 1997).

Two overall patterns emerge from this study. First, those sites
known to impair radial arm maze performance or related tests of
spatial memory when lesioned bilaterally, consistently showed ab-
normal Fos levels after unilateral fornix lesions. This applies to the
hippocampus, entorhinal cortex, subiculum, retrosplenial cortex,
and anterior thalamic nuclei (Walker and Olton, 1979; Morris et
al., 1982; Olton, 1982; Sutherland et al., 1988; Taube et al., 1992;
Sutherland and Hoesing, 1993; Aggleton et al., 1996; Byatt and
Dalrymple-Alford, 1996; Kesner and Giles, 1998; Laxmi et al.,
1999). Whereas there are conflicting reports on the importance of
the medial prefrontal cortex for such tasks (Brito et al., 1982; Olton,
1982; Ragozzino et al., 1998; Delatour and Gisquet-Verrier, 2000),
lesion data do indicate a modulatory role for the prelimbic area
(Ragozzino et al., 1999; Delatour and Gisquet-Verrier, 2000), and
this region showed changed Fos levels in the present study. Simi-
larly, changes in supramammillary nucleus activity can disrupt
spatial memory tasks (Pan and McNaughton, 1997), and again Fos
changes were observed. A possible exception is the medial septum,
but this may reflect the fact that it is functionally upstream from the
fornix disconnection (Leranth et al., 1992; Kirk, 1998) and, hence,
less sensitive to this manipulation.

A second pattern reflects the considerable overlap between those
regions with a difference in Fos levels between the lesioned and
intact hemisphere, and those that show increased Fos levels in
normal animals performing the same radial arm maze task (Vann
et al., 2000a,b). Of 39 sites examined in both studies, 10 sites were
unresponsive to both manipulations, whereas 22 showed Fos level
changes in both studies. In all cases except one (prelimbic cortex),
an area that normally showed an increase in Fos after a spatial
memory task, showed a decrease in the same task after fornix
lesion. The few exceptions to this pattern included nucleus reuniens
and parts of the subiculum, where crossed fornical projections may
have affected the results. This association not only shows how
fornix lesions selectively disrupt the same regions that are activated
by task performance (Vann et al., 2000a,b), but also underlines how
the effects of fornix transection extend well beyond the hippocam-
pal formation. The discovery that fornix damage produces wide-
spread changes in a system of structures thought to support a
specific form of memory, allocentric spatial memory, shows how
tract lesions can have effects that are both task- and site-specific, yet
capable of affecting multiple regions. Such effects need to be taken
into consideration when trying to understand why fornix damage in
humans can result in anterograde amnesia (Heilman and Sypert,
1977; Gaffan and Gaffan, 1991; Hodges and Carpenter, 1991;
D’Esposito et al., 1995; McMackin et al., 1995; Aggleton et al.,
2000).
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