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Background: Limbic System 

1728 M. Catani et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 1724–1737

Fig. 7. One of the first PET studies looking at the functional anatomy of the ‘default networks’ (Shulman et al., 1997). Area 1 corresponds to the posterior cingulate
cortex/precuneus and area 9 to the anterior cingulate/medial frontal cortex. Theses two areas are interconnected through the dorsal fibres of the cingulum.

Wakana et al., 2007). Notwithstanding this, the volume of the
cingulum is bilateral and symmetrical in most subjects (Thiebaut
de Schotten et al., 2011b).

2.5. Uncinate

The uncinate fasciculus connects the anterior part of the tempo-
ral lobe with the orbital and polar frontal cortex (Fig. 8). The fibres
of the uncinate fasciculus originate from the temporal pole, uncus,
parahippocampal gyrus, and amygdala, then after a U-turn, enter
the floor of the extreme capsule. Between the insula and the puta-
men, the uncinate fasciculus runs inferior to the fronto-occipital

fasciculus before entering the orbital region of the frontal lobe.
Here, the uncinate splits into a ventro-lateral branch, which termi-
nates in the anterior insula and lateral orbitofrontal cortex, and an
antero-medial branch that continues towards the cingulate gyrus
and the frontal pole (Crosby et al., 1962; Dejerine, 1895; Klingler
and Gloor, 1960). Whether the uncinate fasciculus is a lateralised
bundle is still debated. An asymmetry of the volume and density of
fibres of this fasciculus has been reported in a human post-mortem
neurohistological study in which the uncinate fasciculus was found
to be asymmetric in 80% of subjects, containing on average 30%
more fibres in the right hemisphere compared to the left (Highley
et al., 2002). However, diffusion measurements have shown higher

Fig. 8. Diagrammatic representation of the limbic system and tractography reconstruction of its main pathways. The colours in both figures correspond to the tracts in the
legend. Interconnected cortical and subcortical regions that link visceral states 

and emotion to cognition and behavior. 

Catani et al. 2013 
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Background: The Fornix 
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Fig. 7. One of the first PET studies looking at the functional anatomy of the ‘default networks’ (Shulman et al., 1997). Area 1 corresponds to the posterior cingulate
cortex/precuneus and area 9 to the anterior cingulate/medial frontal cortex. Theses two areas are interconnected through the dorsal fibres of the cingulum.

Wakana et al., 2007). Notwithstanding this, the volume of the
cingulum is bilateral and symmetrical in most subjects (Thiebaut
de Schotten et al., 2011b).

2.5. Uncinate

The uncinate fasciculus connects the anterior part of the tempo-
ral lobe with the orbital and polar frontal cortex (Fig. 8). The fibres
of the uncinate fasciculus originate from the temporal pole, uncus,
parahippocampal gyrus, and amygdala, then after a U-turn, enter
the floor of the extreme capsule. Between the insula and the puta-
men, the uncinate fasciculus runs inferior to the fronto-occipital

fasciculus before entering the orbital region of the frontal lobe.
Here, the uncinate splits into a ventro-lateral branch, which termi-
nates in the anterior insula and lateral orbitofrontal cortex, and an
antero-medial branch that continues towards the cingulate gyrus
and the frontal pole (Crosby et al., 1962; Dejerine, 1895; Klingler
and Gloor, 1960). Whether the uncinate fasciculus is a lateralised
bundle is still debated. An asymmetry of the volume and density of
fibres of this fasciculus has been reported in a human post-mortem
neurohistological study in which the uncinate fasciculus was found
to be asymmetric in 80% of subjects, containing on average 30%
more fibres in the right hemisphere compared to the left (Highley
et al., 2002). However, diffusion measurements have shown higher

Fig. 8. Diagrammatic representation of the limbic system and tractography reconstruction of its main pathways. The colours in both figures correspond to the tracts in the
legend.
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Background: Another limbic bundle --
Stria Terminalis 
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Fig. 7. One of the first PET studies looking at the functional anatomy of the ‘default networks’ (Shulman et al., 1997). Area 1 corresponds to the posterior cingulate
cortex/precuneus and area 9 to the anterior cingulate/medial frontal cortex. Theses two areas are interconnected through the dorsal fibres of the cingulum.

Wakana et al., 2007). Notwithstanding this, the volume of the
cingulum is bilateral and symmetrical in most subjects (Thiebaut
de Schotten et al., 2011b).

2.5. Uncinate

The uncinate fasciculus connects the anterior part of the tempo-
ral lobe with the orbital and polar frontal cortex (Fig. 8). The fibres
of the uncinate fasciculus originate from the temporal pole, uncus,
parahippocampal gyrus, and amygdala, then after a U-turn, enter
the floor of the extreme capsule. Between the insula and the puta-
men, the uncinate fasciculus runs inferior to the fronto-occipital

fasciculus before entering the orbital region of the frontal lobe.
Here, the uncinate splits into a ventro-lateral branch, which termi-
nates in the anterior insula and lateral orbitofrontal cortex, and an
antero-medial branch that continues towards the cingulate gyrus
and the frontal pole (Crosby et al., 1962; Dejerine, 1895; Klingler
and Gloor, 1960). Whether the uncinate fasciculus is a lateralised
bundle is still debated. An asymmetry of the volume and density of
fibres of this fasciculus has been reported in a human post-mortem
neurohistological study in which the uncinate fasciculus was found
to be asymmetric in 80% of subjects, containing on average 30%
more fibres in the right hemisphere compared to the left (Highley
et al., 2002). However, diffusion measurements have shown higher

Fig. 8. Diagrammatic representation of the limbic system and tractography reconstruction of its main pathways. The colours in both figures correspond to the tracts in the
legend.
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Fornix: Afferents/Efferents 
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Fornix: Afferents/Topography 

1. Precommissural fornix – 
septal area, basal and 
medial forebrain, 
hypothalamic areas 

2. Postcommissural fornix – 
mammillary bodies; 
anterior and midline 
thalamus; bed nucleus of 
the stria terminalis 

Nieuwenhuys 2007 



Fornix: Afferents/Topography 

1.  Septo-hippocampal 
(precommissural 
fornix) - ventricular 

2.  Commissural 
projections (dentate 
gyrus/CA3 efferents) 
– ventral 
hippocampal 
commissure (VHC)/
pial surface 

3.  Entorhinal cortex 
(crossed) - 
ventricular 

492 

Fig. 8a, b Schematic drawing of fiber tracts in the fornix and the 
ventral hippocampal commissure (VHC). a Snyopsis of fiber tracts 
in a coronal section of the fornix and the VHC; b synopsis of fiber 
tracts in a horizontal section of the fornix and the VHC (septo-hip- 
pocampal fibers black, commissural fibers green, crossed entorhi- 
nal fibers red). Bar 250 gm in a, 280 gm in b 

fiber bundles  within the f imbria  and the hippocampal  
commissures .  
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Fornix: Neurophysiology/Neurochemistry 
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Fornix: Neurophysiology/Neurochemistry 
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Fig. 2a,b Ultrastructure of 
synapses in the fimbria, a Elec- 
tron micrograph of the dorsal 
fimbria. Several axon terminals 
form synapses with a dendrite 
(D) of an unidentified target 
neuron. The arrows point to the 
synaptic clefts, b Electron mi- 
crograph of the caudal (posteri- 
or) fimbria. Numerous axon 
terminals form synapses with 
dendrites. The bold arrows in- 
dicate the synaptic clefts. One 
terminal contains dense core 
vesicles (open arrows), 
Bar 2 gm in a, 1 gm in b 

Adelmann et al. 1996 



Fornix: Behavioral Correlates 
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Figure 5. Mean number of errors in the first 8 choices during acqui- 
sition of win-shift radial maze behavior. 

effect. There was a significant overall main effect oflesion [F(2,63) 
= 93.02, p < 0.011. In addition, a significant main effect of trial 
[F(3,63) = 5.2, p < 0.011 revealed that all groups improved over 
trials. Tukey’s post hoc tests revealed that fimbria-fornix lesions 
produced a statistically reliable deficit in choice accuracy (as 
measured by the number of errors in the first 8 choices of each 
trial) compared with control rats (Q = 6.38, p < 0.05). Caudate 
animals were not significantly different from controls in choice 
accuracy (Q = 1.09, n.s.). 

Response distribution analyses similar to those computed in 
experiment 1 were also computed on all 4 acquisition trials in 
the present experiment. Animals producing 100% win-shift be- 
havior would visit each of the 8 arms once (12.5% of total visits), 
within a trial. As shown in Figure 6, control and caudate rats 
distributed their choices equally among the 8 arms, indicating 
a high degree of win-shift behavior. In contrast, fimbria-fomix 
rats made several visits to arms in which reinforcement had 
previously occurred, suggesting a tendency to win-stay. A 1 -way 
ANOVA computed on the slopes of the frequency distribution 
for each group revealed that the slope of the fimbria-fomix 
animals was significantly greater than that ofcaudate and control 
rats [F(2,23) = 7.02, p < 0.011. 

Discussion of experiment 2 
These results are in agreement with previous studies that have 
demonstrated deficits in win-shift radial maze performance fol- 
lowing fornix/hippocampal lesions (Olton, 1978; Becker et al., 
1980). In contrast, lesions of the caudate nucleus had no effect 
on win-shift radial maze performance. This finding is also in 
agreement with some previous reports (Becker et al., 1980; Cook 
and Kesner, 1984; Volpe et al., 1986). 

The results of the response distribution analysis raise an in- 
teresting point concerning the nature of the mnemonic deficit 
underlying the poor win-shift performance ofthe rats with fomix 
lesions. It has been suggested that these animals are deficient 
because their “working memory” (Olton and Papas, 1979)- 
their capacity to remember which arms of the maze they have 
already visited within a trial-is impaired. In the absence of 
working memory, fomix animals should choose randomly among 
the 8 arms on every choice of a given trial. Therefore, errors 
(revisits) should be distributed randomly, and the frequency 
distribution curve should be flat. Our results (Fig. 6) although 
computed on a relatively small number of trials, suggest that 
the errors made by fomix animals may not be randomly dis- 
tributed. Instead, individual fomix rats displayed preferences 
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Figure 6. Response distribution analyses for the win-shift radial maze 
task. The analyses provide a measure of the degree of shift and stay 
behavior displayed by each group during acquisition. 

for particular maze arms. Although a loss of working memory 
may explain the inability of fomix rats to win-shift accurately, 
the development of such preferences suggests that in the absence 
of a functional hippocampal/fornix system, behavior is increas- 
ingly controlled by a learning system that favors win-stay be- 
havior. This is the prediction that would be made on the as- 
sumption that the behavior of these animals is controlled in 
part by the caudate nucleus, which mediates win-stay radial 
maze performance (experiment 1). 

Two studies have reported a slight disruptive effect of caudate 
lesions on radial maze choice accuracy (Winocur, 1980; Masuda 
and Iwasaki, 1984), although the magnitude of the deficit was 
not as severe as that seen following hippocampal damage in the 
same studies. It has been suggested that an impairment in win- 
shift radial maze performance following caudate damage may 
appear in environments that are relatively devoid of extramaze 
cues (Masuda and Iwasaki, 1984). However, in the present study, 
an impoverished extramaze environment did not impair the 
choice accuracy of caudate animals relative to controls. Fur- 
thermore, given the large lesions made in the present study, the 
inability of caudate damage to impair win-shift radial maze 
behavior appears to be a reliable effect. 

In summary, the results ofexperiment 2 confirm that an intact 
hippocampal system is necessary for accurate win-shift behavior 
in the radial maze, a task that requires memory for the presence 
or absence of food in multiple spatial locations. In contrast, 
lesions of the caudate nucleus, which impaired the acquisition 
of win-stay radial maze behavior (experiment l), had no effect 
on win-shift performance. 

General Discussion 
Taken together, the results of experiments 1 and 2 demonstrate 
a double dissociation of learning and memory systems involving 
the hippocampus and caudate nucleus. These findings suggest 
that there may be at least 2 such systems operating in the normal 
brain. 

An anatomical dissociation of mammalian learning systems 
similar to the one suggested by the present data has been re- 
vealed in studies using nonhuman primates and human am- 
nesics. In monkeys, the acquisition of a long-term visual dis- 
crimination task (in which reinforcement is paired with the same 
stimuli across all trials) is impaired by lesions of the caudate 

Memory 

Packard et al. 1989 

Fornix appears to be necessary for memory (acquisition and retention). 
(Sutherland and Rodriguez 1989, Galani 2002, Cassel 1998, Nilsson 1987) 



Fornix: Behavioral Correlates 

Fear Conditioning 
5312 Phillips and LeDoux * Entorhinal Cortex, Fornix, and Contextual Fear 
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Figure 5. Serial frontal sections illustrating a typical lesion of the 
fornix (Fx). Sections are from rostra1 to caudal (a-e), with stippling 
indicating the lesion site. 

nections with the amygdala (Burwell and Amaral, 1993; Ro- 
manski and LeDoux, 1993) which is also required for contextual 
conditioning (Phillips and LeDoux, 1992). The combined EntPr 
lesions had no effect. Another major source of input and output 
connections of the hippocampus is the fornix (Swanson and 
Cowan, 1977; Amaral, 1987). In contrast to the Ent and EntPr 
lesions, fornix lesions interfered with conditioning to context but 
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Figure 6. Effects of lesions of the fornix (Fx) on the acquisition of 
conditioned freezing to the conditioned stimulus (CS, a tone) and to the 
background context. Error bars represent SE above and below the mean; 
*, p < 0.01 (Fx, IZ = 8; control, n = 6). 

not to an explicit CS. Since the fornix fibers link the hippocam- 
pus with subcortical structures, these results suggest that the con- 
ditioning of fear reactions to background or contextual stimuli 
may depend more on the transmission of information between 
subcortical areas and the hippocampus. 

Rhinal cortex lesions (including lesions of the entorhinal, peri- 
rhinal, or parahippocampal regions) disrupt performance of a 
variety of hippocampal-dependent tasks (Olton et al., 1978; 
Staubli et al., 1986; Murray et al., 1989; Zola-Morgan et al., 
1989; Meunier et al., 1990; Otto et al., 1991; Bunsey and Ei- 
chenbaum, 1993; Mumby and Pinel, 1994; Nagahara et al., 
1995). Furthermore, recent studies suggest that lesions of this 
area are more effective than, or at least as effective as lesions 
of the hippocampus in producing amnestic effects on delayed- 
nonmatch-to-sample, or delayed-match-to-sample tasks, in both 
rats and monkeys (Zola-Morgan and Squire, 1985; Gaffan and 
Murray, 1992; Mumby and Pinel, 1994). Excitotoxic lesions of 
entorhinal cortex impair retention on tasks learned 2-3 weeks 
prior to surgery, but leave animals relatively unimpaired on tasks 
learned 4-6 weeks prior to surgery (Cho et al., 1993). Also, 
infusion of CNQX, AP5, or muscimol into the entorhinal cortex 
impairs performance on passive avoidance tasks (Ferreira et al., 
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not to an explicit CS. Since the fornix fibers link the hippocam- 
pus with subcortical structures, these results suggest that the con- 
ditioning of fear reactions to background or contextual stimuli 
may depend more on the transmission of information between 
subcortical areas and the hippocampus. 

Rhinal cortex lesions (including lesions of the entorhinal, peri- 
rhinal, or parahippocampal regions) disrupt performance of a 
variety of hippocampal-dependent tasks (Olton et al., 1978; 
Staubli et al., 1986; Murray et al., 1989; Zola-Morgan et al., 
1989; Meunier et al., 1990; Otto et al., 1991; Bunsey and Ei- 
chenbaum, 1993; Mumby and Pinel, 1994; Nagahara et al., 
1995). Furthermore, recent studies suggest that lesions of this 
area are more effective than, or at least as effective as lesions 
of the hippocampus in producing amnestic effects on delayed- 
nonmatch-to-sample, or delayed-match-to-sample tasks, in both 
rats and monkeys (Zola-Morgan and Squire, 1985; Gaffan and 
Murray, 1992; Mumby and Pinel, 1994). Excitotoxic lesions of 
entorhinal cortex impair retention on tasks learned 2-3 weeks 
prior to surgery, but leave animals relatively unimpaired on tasks 
learned 4-6 weeks prior to surgery (Cho et al., 1993). Also, 
infusion of CNQX, AP5, or muscimol into the entorhinal cortex 
impairs performance on passive avoidance tasks (Ferreira et al., 
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Fornix: Physiological Correlates 
Corticosterone (Neuroendocrine) Response to  

Operant Conditioning 

234 OSBORNE, SIVAKUMARAN, AND BLACK 

An analysis of variance of these data yielded a significant effect of treat- 
ment (F = 20.7, p < 0.001) and a significant treatment by lesion interac- 
tion (F = 4.95, p < 0.005). Both groups were responsive to experimental 
manipulations, but the response profiles of control and lesioned animals 
differed. 

In order to specify more precisely the nature of the differences in 
profile, within group comparisons for individual treatments were made 
using Newman-Keuls comparisons (p < 0.05); these are summarized at 
the top of the figure. Starting from the nondeprived condition (B) which 
represents the nonstressed diurnal baseline level, control rats responded 
to each additional stimulus with a significant increase in corticosterone. 
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FIG. 3. Mean plasma corticosterone as a function of conditions for Experiments I (a) 

and II (b). Significance levels for individual comparisons are shown at the right. Bars 
indicate standard error of the mean. B, Basal nondeprived; D, deprived; DT, deprived, 
handling, transport, and weighing; DTE, deprived, handling, transport, weighing, and ex- 
tinction; DTA, deprived, handling, transport, weighing, and acquisition; DC, deprived, 
home cage eating. 
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Fornix: Physiological Correlates 

•  Stimulation in humans with involuntary movement 
problems (Doi et al. 1968) 
–  ~2 degree decrease in body temperature 
–  Flushing/perspiration 
–  Dilated pupils 

•  Stimulation of dorsal fornix in rabbits (Cragg and Hamlyn 
1959) 
–  Decreased blood pressure 
–  Increased respiration 



Fornix: Physiological Correlates 

Fornix transection made 
rats resistant to high 
glucocorticoid feedback 
signal (Sapolsky et al. 
1989)  



Fornix: Clinical Pathologies 
Temporal Lobe Epilespy 

fibers were counted at each site within a photographic area

measuring 52 lm2. The nerve fibers touching the lower
horizontal and right vertical borders of the photographs

were excluded from the counts. Finally, from the nerve

fiber densities and cross-sectional areas, nerve-fiber counts
of the fornices of epileptic and non-epileptic cases were

calculated.

Statistical analysis was by use of the Mann–Whitney U
test.

Results

Light-microscopic sections of the hippocampus from four

right temporal lobe epilepsy autopsies showed clear evi-

dence of cell loss in the dentate gyrus of the right
hippocampus (Fig. 2a) whereas non-epileptic autopsies

showed a regular hippocampal appearance in all sectors of

the hippocampus, on both sides (Fig. 2b).

The total number of fornix fibers was always greater on

the right side and the mean total number of fibers was higher
on the right than the left side, in both epileptic (p = 0.029)

and non-epileptic (p = 0.021) autopsies (Table 1). The total

mean number of fornix fibers was significantly lower in
epileptic cases, compared with non-epileptics, for both right

(p = 0.043) and left sides (p = 0.043).

The electron-microscopic sections showed that myelin-
ated axons outnumbered unmyelinated axons in both

epileptic and non-epileptic autopsies (Fig. 2c, d). A
decrease in the number of myelinated and unmyelinated

fibers was observed in the epileptic autopsies for both

fornices. However, the reduction was statistically signifi-
cant for the unmyelinated fibers of the right fornix only

(p = 0.021). Although the reduction in the number of

myelinated fibers was not statistically significant, electron
microscopic evaluations showed myelin degeneration of

myelinated fibers in the right fornix in right temporal lobe

epilepsy autopsies (Fig. 2d).

Fig. 2 a Light-microscopic
section of the hippocampus,
from the right temporal lobe of
an epilepsy patient, stained with
cresyl violet. The area in the
ellipse shows cell loss in the
dentate gyrus of the
hippocampus. 9200. b Light-
microscopic section of the
sectors of the hippocampus in a
normal autopsy. CA1
cornu ammonis 1, CA2 cornu
ammonis 2, CA3,
cornu ammonis 3, CA4 cornu
ammonis 4, Dg Dentate gyrus.
940. c Electron-microscopic
appearance of the myelinated
and unmyelinated fibers of the
fornix in a normal autopsy.
Myelinated fiber (thick arrow),
unmyelinated fiber (thin arrow).
Bar, 500 nm. d Electron-
microscopic appearance of the
myelinated and unmyelinated
fibers of the fornix in a right
temporal lobe epileptic autopsy.
Myelin degeneration (thick
arrow). Bar, 500 nm
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fibers were counted at each site within a photographic area

measuring 52 lm2. The nerve fibers touching the lower
horizontal and right vertical borders of the photographs

were excluded from the counts. Finally, from the nerve
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the hippocampus, on both sides (Fig. 2b).
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the right side and the mean total number of fibers was higher
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and non-epileptic (p = 0.021) autopsies (Table 1). The total

mean number of fornix fibers was significantly lower in
epileptic cases, compared with non-epileptics, for both right

(p = 0.043) and left sides (p = 0.043).

The electron-microscopic sections showed that myelin-
ated axons outnumbered unmyelinated axons in both

epileptic and non-epileptic autopsies (Fig. 2c, d). A
decrease in the number of myelinated and unmyelinated

fibers was observed in the epileptic autopsies for both

fornices. However, the reduction was statistically signifi-
cant for the unmyelinated fibers of the right fornix only

(p = 0.021). Although the reduction in the number of

myelinated fibers was not statistically significant, electron
microscopic evaluations showed myelin degeneration of

myelinated fibers in the right fornix in right temporal lobe

epilepsy autopsies (Fig. 2d).

Fig. 2 a Light-microscopic
section of the hippocampus,
from the right temporal lobe of
an epilepsy patient, stained with
cresyl violet. The area in the
ellipse shows cell loss in the
dentate gyrus of the
hippocampus. 9200. b Light-
microscopic section of the
sectors of the hippocampus in a
normal autopsy. CA1
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fibers were counted at each site within a photographic area

measuring 52 lm2. The nerve fibers touching the lower
horizontal and right vertical borders of the photographs

were excluded from the counts. Finally, from the nerve

fiber densities and cross-sectional areas, nerve-fiber counts
of the fornices of epileptic and non-epileptic cases were

calculated.

Statistical analysis was by use of the Mann–Whitney U
test.
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Light-microscopic sections of the hippocampus from four

right temporal lobe epilepsy autopsies showed clear evi-
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showed a regular hippocampal appearance in all sectors of

the hippocampus, on both sides (Fig. 2b).
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(p = 0.043) and left sides (p = 0.043).
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myelin sheaths show irregularities in their profiles in TLE!uMTS
patients such as separation of myelin layers. Both groups showed
an almost complete absence of nonmyelinated axons.

Quantitative blinded analysis of the microphotographs (Table
2) revealed that the extra-axonal fraction best differentiated be-
tween the two TLE groups, with TLE!uMTS patients having
larger extra-axonal fraction ( p " 0.004 [pcorr " 0.01]). The my-
elin fraction, on the other hand, was significantly different be-
tween the two TLE groups, with TLE!uMTS patients showing
reduced myelin fraction ( p " 0.012 [pcorr " 0.03]), whereas
mean myelin thickness did not differ. The cumulative axonal mem-
brane circumference tended to be lower in the TLE!uMTS patients
( p " 0.035 [pcorr " 0.10]), as well as the number of axons per field,
and thus axonal density ( p " 0.054 [pcorr " 0.15]), but there was no
difference in axonal diameters.

Histological features derived from electron microscopy of a
small specimen of the fimbria-fornix showed significant correla-
tions with FA from the entire ipsilateral crus of the tractography-
derived virtual fimbria-fornix in the combined group of 11 TLE
patients (Table 3). Fractional anisotropy (Fig. 4) showed a strong
positive correlation with the cumulative axonal membrane cir-
cumference (r " 0.71, p " 0.007 [pcorr " 0.02]). Fractional an-
isotropy also demonstrated trends toward a positive correlation
with axonal density (r " 0.52, p " 0.0495 [pcorr " 0.13]), and a

negative correlation with myelin thick-
ness (r " #0.56, p " 0.04 [pcorr " 0.11]).
Mean, parallel and perpendicular diffu-
sivities did not show any significant corre-
lations when corrected for repeated
measures with any of the histological fea-
tures ( p $ 0.1) (Table 3), although a
trend was observed for a negative correla-
tion between perpendicular diffusivity
and cumulative axonal membrane cir-
cumference (r " #0.61, p " 0.02 [pcorr "
0.11]) (Fig. 5).

Discussion
As predicted by in vivo DTI (Concha et al.,
2009), the present study shows direct evi-
dence that TLE!uMTS and TLE#MTS
patients have distinctly different histolog-
ical characteristics of the fimbria-fornix.
The most intuitive explanation for histo-
logical findings seen in the fimbria-fornix
of TLE!uMTS patients is that they reflect
downstream degeneration of the output
fibers from the mesial temporal region. It
must be noted, however, that the fimbria-
fornix is a bidirectional pathway, includ-

ing afferents to the mesial temporal region from a variety of
structures including the septum and that other sources of axonal
degeneration are also possible. Our previous DTI tractography
studies showed bilateral water diffusion abnormalities of the
fimbria-fornix in TLE!uMTS patients (Concha et al., 2005b,
2009), in excellent agreement with a recent postmortem study
confirming decreased axonal density of the fimbria-fornix bi-
laterally in four TLE!uMTS patients (Ozdogmus et al., 2009) As
ipsilateral but not contralateral fimbria-fornix abnormalities
would be expected if the reduced fimbria-fornix integrity was
solely secondary to degeneration of mesial temporal efferent fi-
bers, the bilateral findings suggest that degeneration of efferent
fibers may not be the only mechanism responsible for the ob-
served changes. Ozdogmus et al. reported that myelinated axons
greatly outnumbered unmyelinated axons in the fimbria-
fornix of both TLE patients and normal controls (Ozdogmus
et al., 2009), while we found a near complete absence of unmy-
elinated axons in TLE!uMTS and TLE#MTS patients. Given
the obvious challenges in acquiring fresh specimens of the
fimbria-fornix of control subjects for analysis it is not possible to
compare our results to normal controls; however, these results
suggest the intriguing possibility that a specific subset of pro-
jection fibers may be lost in TLE.

Diffusion tensor imaging has been used to study a large variety
of neurological and psychiatric conditions based on the assump-
tion that in vivo DTI abnormalities reflect underlying changes in
white matter micro-structure. Animal studies have demonstrated
that the axonal membranes are primarily responsible for the
anisotropic water diffusion observed in peripheral nerves and
CNS white matter (for review, see (Beaulieu, 2002). Diffusion
MRI studies of giant axons have shown the need of intact mem-
branes for the generation of diffusion anisotropy (Beaulieu and
Allen, 1994b; Takahashi et al., 2002). Myelin is not a prerequisite
for the presence of diffusion anisotropy (Beaulieu and Allen,
1994a), although myelin sheaths can modulate anisotropy
(Gulani et al., 2001; Song et al., 2002, 2003; Harsan et al., 2006;
Tyszka et al., 2006; Mac Donald et al., 2007). We demonstrated a

A B C
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Figure 3. Electron microscopy and tractography of the fimbria-fornix. Histological fields of the fimbria-fornix resected during
epilepsy surgery from two representative patients with TLE are shown with their corresponding axial FA maps (A, D, with the left
fimbria-fornix marked as green) and tractography of the fimbria-fornix (B, E). The patient with mesial temporal sclerosis (Patient
5) shows lower diffusion anisotropy of the fimbria-fornix (B) than the TLE#MTS (Patient 8) (E). This corresponds to lower axonal
density and higher extra-axonal fraction (C) than in the subject with TLE#MTS (F ).

Table 2. Group differences in quantitative histology

TLE!uMTS TLE#MTS p pcorr

Axonal density (axons/!m 2) 0.38 (0.04) 0.44 (0.13) 0.054 0.15
Inner axonal diameter (din , !m) 0.67 (0.07) 0.72 (0.13) 0.4 0.76
Outer axonal diameter (dout , !m) 1.04 (0.05) 1.11 (0.14) 0.27 0.59
Myelin thickness (nm) 186 (13) 194 (25) 0.53 0.88
Cumulative axon membrane

circumference (!m)
164 (13) 205 (39) 0.035 0.1

Myelin fraction 0.12 (0.01) 0.15 (0.02) 0.012 0.03
Extra-axonal fraction 0.79 (0.02) 0.72 (0.03) 0.004 0.01
Intra-axonal fraction 0.09 (0.02) 0.13 (0.03) 0.07 0.19

Mean electron microscopy blinded measurements per group are taken from the average features over 10 stereology
frames per subject. Numbers in parentheses represent SEM.

Concha et al. • DTI and Histology in Temporal Lobe Epilepsy J. Neurosci., January 20, 2010 • 30(3):996 –1002 • 999Temporal Lobe Epilespy/Mesial Temporal Sclerosis 
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Fornix: Clinical Pathologies 
Cognitive Deficits: Alzheimer Disease 

lobes, and critically the columns of the fornix may result in
devastating behavioral alteration with features of abulia (pov-
erty of speech and emotional apathy), severe anterograde
amnesia and, particularly in the case of cingulate involvement,
hypersexuality and agitation20 (Fig. 13). DWI is clearly critical
in stroke evaluation, allowing for detection of infarction within
minutes of onset and providing reasonable estimation of age of
infarct in patients with delayed presentation.21

Transient Global Amnesia
This distinct, short-lived amnestic syndrome remains of
unknown etiology, although occasionally, DWI-hyperintense
lesions are encountered in the hippocampus (Fig. 14), leading
many to conclude a probable vascular etiology.22

Subacute
Subacute presentations should prompt consideration of
inflammatory or infectious causes. The infection that
appears to show a particular tropism for the limbic system
is herpes simplex (types 1 and 2). The typical presentation
is with fever, confusion, and seizures. CT may show low
density in the temporal lobes, but MRI is the most
sensitive way of detecting subtle or early changes. There
is T2 and FLAIR cortical or gray matter hyperintensity in
the amygdala and hippocampus (often bilaterally)
(Fig. 15). Detecting involvement of the insula and anterior
cingulate cortex is helpful in unilateral cases to help
suggest infection rather than tumor. Lesions may often
be hemorrhagic and show contrast enhancement. DWI
is sensitive at showing regions of involvement before
T2-FLAIR signal alteration develops.23

A more prolonged presentation tends to occur with auto-
immune limbic encephalitis. This may be idiopathic but is
frequently associated with an underlying systemic malignancy.
The antibodies detectedmay help in directing the search for an
underlying lesion: anti-Hu antibodies are associated with small
cell lung cancer,24 anti-N-methyl-D-aspartate receptor anti-
bodies with ovarian teratomas, and anti-Ma2 antibodies with
testicular germ cell tumors. Anti–voltage-gated potassium
channel antibodies are associatedwith thymic tumors. Imaging
findings in limbic encephalitis may overlap with herpetic
infection with bilateral T2-FLAIR-hyperintense swelling of the
hippocampi and amygdala (Fig. 16). A more symmetrical
pattern of involvement and lack of meningeal enhancement,
along with clinical features, may act as a clue to autoimmune
rather than infectious etiology.25

Cognitive Impairment
Given its role in memory formation, any disease that
affects the hippocampus may present with problems with
short-term memory in particular. Alzheimer disease
affects the hippocampi preferentially, and although dis-
proportionate hippocampal atrophy may be demon-
strated on standard structural imaging, these features
may not be apparent until late in the course of disease.
In addition to focal atrophy, functional studies such as
positron emission tomography perfusion scanning may
show temporal hypoperfusion (Fig. 17) and newer ligands
such as Pittsburgh Compound B allow detection of
abnormal amyloid deposition.26 A more readily available,

Figure 17 Alzheimer disease: (A) series of 18FDG-PET images showing bilateral temporal lobe hypoperfusion (arrows);
(B) axial T2-weighted image of the brain showing diffuse cortical atrophy; (C) coronal T1 image showing advanced bilateral
hippocampal atrophy (arrows); (D) arterial spin-labeling (ASL) perfusion imaging also shows the temporal lobe
hypoperfusion (arrows). 18FDG-PET, fludeoxyglucose-positron emission tomography.

The fornix and limbic system 469
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Stria Terminalis: Afferents/Efferents 

Amygdala (12-17): 
12 – Cortical 
13 – Anterior 
14 – Lateral 
15 – Central 
16 – Medial 
17 - Basal 
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Stria Terminalis: Afferents/Topography 

1. Precommissural/
supracommissural/dorsal 

2. Commissural 

3. Postcommissural/
preoptic/ventral 



Stria Terminalis: Afferents/Topography 

1.  Precommissural/supracommissural/dorsal – olfactory areas, nucleus 
accumbens, BNST, ventromedial hypothalamus 

2.  Commissural – contralateral BNST 
3.  Postcommissural/preoptic/ventral – ventromedial hypothalamus 

de Olmos and Ingram 1972 
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Fig. 34. Spatial organization of amygdalar projections through the stria terminalis to the BST. The rostrolateral region indicated in blue (B) tends to send
its fibers through relatively ventral regions of the stria terminalis (A) to the anterior BST division. Its major components are the central nucleus, and a
number of amygdalar regions closely associated with the main olfactory system. In contrast, the more caudomedial region indicated in red (B) tends to send
its fibers through relatively dorsal regions of the stria terminalis (A) to the posterior BST division and to the medial group of the anterior BST division (also
see Figs. 1, 3 and 33). Its major components are the amygdalar members of the accessory olfactory system, along with three regions of the amygdala
closely associated with the main olfactory system. (A) Three transverse cross sections through the left stria terminalis at atlas [100] levels 23, 26 and 30; to
show where bundles of labeled axons are found after PHAL injections in various regions of the amygdala (dashed outlines indicated by numbers). (B)
Rostrocaudally arranged atlas templates of the left rat amygdala, as in Fig. 1. For comparison, the projection path of the ventral subiculum (green) is shown
in A (number 14). Note that projections from the amygdala descend through the stria terminalis, whereas those from the adjacent hippocampal formation
descend through the fornix system (the alveus and then fimbria). Descending projections from the endopiriform nucleus tend to course through the ansa
peduncularis /medial forebrain bundle, whereas those from the dorsally adjacent temporal cortex course through the internal capsule (lateral forebrain
bundle).

238 H.-W. Dong et al. / Brain Research Reviews 38 (2001) 192 –246

Fig. 34. Spatial organization of amygdalar projections through the stria terminalis to the BST. The rostrolateral region indicated in blue (B) tends to send
its fibers through relatively ventral regions of the stria terminalis (A) to the anterior BST division. Its major components are the central nucleus, and a
number of amygdalar regions closely associated with the main olfactory system. In contrast, the more caudomedial region indicated in red (B) tends to send
its fibers through relatively dorsal regions of the stria terminalis (A) to the posterior BST division and to the medial group of the anterior BST division (also
see Figs. 1, 3 and 33). Its major components are the amygdalar members of the accessory olfactory system, along with three regions of the amygdala
closely associated with the main olfactory system. (A) Three transverse cross sections through the left stria terminalis at atlas [100] levels 23, 26 and 30; to
show where bundles of labeled axons are found after PHAL injections in various regions of the amygdala (dashed outlines indicated by numbers). (B)
Rostrocaudally arranged atlas templates of the left rat amygdala, as in Fig. 1. For comparison, the projection path of the ventral subiculum (green) is shown
in A (number 14). Note that projections from the amygdala descend through the stria terminalis, whereas those from the adjacent hippocampal formation
descend through the fornix system (the alveus and then fimbria). Descending projections from the endopiriform nucleus tend to course through the ansa
peduncularis /medial forebrain bundle, whereas those from the dorsally adjacent temporal cortex course through the internal capsule (lateral forebrain
bundle).

238 H.-W. Dong et al. / Brain Research Reviews 38 (2001) 192 –246

Fig. 34. Spatial organization of amygdalar projections through the stria terminalis to the BST. The rostrolateral region indicated in blue (B) tends to send
its fibers through relatively ventral regions of the stria terminalis (A) to the anterior BST division. Its major components are the central nucleus, and a
number of amygdalar regions closely associated with the main olfactory system. In contrast, the more caudomedial region indicated in red (B) tends to send
its fibers through relatively dorsal regions of the stria terminalis (A) to the posterior BST division and to the medial group of the anterior BST division (also
see Figs. 1, 3 and 33). Its major components are the amygdalar members of the accessory olfactory system, along with three regions of the amygdala
closely associated with the main olfactory system. (A) Three transverse cross sections through the left stria terminalis at atlas [100] levels 23, 26 and 30; to
show where bundles of labeled axons are found after PHAL injections in various regions of the amygdala (dashed outlines indicated by numbers). (B)
Rostrocaudally arranged atlas templates of the left rat amygdala, as in Fig. 1. For comparison, the projection path of the ventral subiculum (green) is shown
in A (number 14). Note that projections from the amygdala descend through the stria terminalis, whereas those from the adjacent hippocampal formation
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Stria Terminalis: Topography, Amygdala-to-BNST 
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Fig. 36. The BST viewed in the context of a standard cortico–striatopallidal projection system. (A) In a prototypical or minimal cortico–striatopallidal
projection (using the isocortex–dorsal striatum–globus pallidus as a model), layer 5 of cortex sends a glutamatergic projection to the motor system in the
brainstem and/or spinal cord, with a collateral to the striatum; the striatum sends a descending GABAergic projection to the brainstem motor system, with
a collateral to the pallidum; and the pallidum also sends a GABAergic projection to the brainstem motor system, and a collateral to thalamocortical
re-entrant loops (see [101]). As discussed in the text, most of the BST (except perhaps certain anterolateral regions) fit nicely into this connectional scheme,
as a rostral component of the pallidum. (B) There are a number of other connections arising within the cerebral hemispheres that supplement the basic
circuitry outlined in A. As discussed in the text, additional connections such as these are also found in other regions of the striatopallidum. Projections from
presumed cortical subplate regions of the amygdala to presumed striatal regions of the amygdala are discussed in Refs. [12,75,83]. In parts A and B,
projections shown in red are GABAergic, and presumably inhibitory (or disinhibitory in the case of pallidal structures); whereas projections shown in black
are glutamatergic and presumably excitatory.

sions of the central and medial nuclei of the amygdala examples where this possibility has been examined careful-
have corresponding subdivisions in the lateral and medial ly with the PHAL method it has not been confirmed. The
regions of the BST, respectively (e.g., [2,3,27]). However, first example involves the distinctive juxtacapsular nucleus
it is apparent from Fig. 3 that projections arising in in the far lateral BST. It projects heavily to the medial part
subdivisions of the central and medial nuclei do not have a of the central amygdalar nucleus [30] but receives no input
one-to-one correspondence with BST components. Instead, from any part of the central or medial nucleus of the
each subdivision of the central and medial nuclei sends amygdala (Fig. 3). The second example involves the
divergent inputs to multiple BST cell groups, and con- equally distinctive oval and fusiform nuclei, also in lateral
versely many individual BST cell groups receive inputs not regions of the BST. Both nuclei receive inputs from all
only from multiple subdivisions of one nucleus or the three parts of the central amygdalar nucleus (Fig. 3), but
other, but also from subdivisions of both nuclei. The latter each nucleus projects back selectively to the medial rather
overlap of projection fields from the medial and central than lateral part of the central nucleus [31]. Related
nuclei is extensive in the medial group of the anterior BST suggestions that corresponding parts of the central /medial
division (Fig. 3). amygdala and BST share similar inputs and outputs has not
It has also been suggested that reciprocal connections been subjected to detailed analysis, but there are obvious

characterize specific pairs of cell groups in the central / exceptions. For example, the central and medial nuclei
medial nuclei and BST (e.g., [2,3,27]). However, in two receive massive inputs from the lateral, anterior basolater-

Dong and Swanson 2001 



Stria Terminalis: Neurophysiology/Neurochemistry 

Neuropeptide-containing pathway: 
–  Enkephalin (Uhl 1978) 
–  Neuropeptide-Y (Allen 1984) 
–  Neutotensin (Uhl 1979) 
–  Sensitive to estrogen and testosterone (Takeo 1995, 

Kendrick 1979) 



Stria Terminalis: Behavioral Correlates 
Memory 

When memory is modulated experimentally (epinephrine, glucocorticoids, 
cholecystokinin, etc.) ST lesions block or facilitate those effects (Torras-Garcia 
1998, Packard 1996, Roozendaal 1996, Flood 1995) 

Flood 1995 



Stria Terminalis: Behavioral/Physiological 
Correlates 

Homeostatic functions 
•  Food intake 

–  Bilateral transections induce weight gain in female rats (King et 
al. 2003, Rollins 2006) 

•  Sexual activity  
–  Lordosis in females (Takeo 1995) 
–  Copulatory behavior in males (Lehman 1983, Tsutsui 1994)) 

•  Neuroendocrine function 
–  ST lesions completed inhibit adrenocortical responses to 

olfactory stimulation (Feldman and Conforti 1980) 



Stria Terminalis: Clinical Pathologies 

Fear-potentiated startle –  
Acoustic startle response 
enhanced in the presence of 
cues previously paired with 
shock – Conditioned Fear 

Light-enhanced startle –  
Acoustic startle response 
enhanced in the presence of 
bright light 
Unconditioned Fear 

BNST 

Amygdala 

Ballenger 1989 

Double Dissociation Studies 
Michael Davis  
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testing for fear-potentiated startle because of a lost head cap.
Also, a supplementary analysis was performed on a separate
group of animals (the delayed test procedure described below;
n ! 11). These placements are also shown in Figure 5. There was
no attrition from this group.

Light-enhanced startle
As indicated by a significant session type effect (F(1,22) ! 11.1; p "
0.05), illumination increased startle amplitude. There was also an
overall effect of treatment (F(1,22) ! 9.06; p " 0.05), indicating
that NBQX disrupted phase I to phase II increases (Fig. 6A).
There was not, however, a significant session type # treatment
interaction ( p $ 0.1). Thus, NBQX attenuated the phase I to
phase II increase irrespective of whether that increase occurred
on dark 3 dark or on dark 3 light sessions. In fact, startle

amplitude did show an atypically large increase from phase I to
phase II, even with dark 3 dark sessions.

If the phase I to phase II increase on dark3 dark sessions was
a meaningful and reproducible phenomena, similar in nature to
that seen with dark 3 light sessions (i.e., an unusually strong
unconditioned anxiety response to the incidental handling that
occurs between phases), then the similar effects of NBQX on both
session types would be consistent with a role for the bed nucleus
in anxiety. However, it is also possible that NBQX was exerting a
less specific influence on startle amplitude, which became more
pronounced as the session progressed (i.e., as the concentration
of NBQX increased at the relevant receptor areas), and which
was not, therefore, specific to the phase II increase. In other
words, NBQX may have had a delayed depressant effect on startle
amplitude, which simply subtracted from the phase I to phase II
increase but did not disrupt its underlying cause (e.g., anxiety).

To allow for a more confident attribution of the effects of
NBQX to anxiolytic influences, the above experiment was re-
peated in an additional group of animals. In this second group,
however, testing was delayed for 20 min such that phase I began
at the same time, with respect to infusion, as phase II had begun
for animals in the previous experiment. If NBQX was producing
a general decrease in startle amplitude that was not readily
apparent until at least 20 min after drug infusion, then the phase
I startle amplitude of NBQX-infused rats in this second experi-
ment should be significantly lower than the phase I startle ampli-
tude of PBS-infused rats.

The results of this experiment are shown in Figure 6B.
Phase I startle amplitudes of NBQX- and PBS-infused rats
were comparable, suggesting that the effects of NBQX ob-
served in the previous experiment were not attributable to

Figure 4. Light-enhanced ( A) and fear-potentiated ( B) startle for ani-
mals with cannula placements in the central nucleus of the amygdala.
NBQX did not significantly influence light-enhanced startle, but abol-
ished fear-potentiated startle. The asterisk indicates significance ( p "
0.05, t test for independent samples) of NBQX versus PBS difference
score.

Figure 5. Cannula tip placements for the bed nucleus of the stria termi-
nalis group, as transcribed onto atlas plates adapted from Paxinos and
Watson (1986). The various nuclei and their subdivisions, along with the
distance from bregma, are identified to the right. AP, Distance from
bregma in millimeters; ac, anterior commisure; BSTL, bed nucleus of the
stria terminalis, lateral division; BSTM, bed nucleus of the stria termina-
lis, medial division; BSTV, bed nucleus of the stria terminalis, ventral
division; f, fornix; ic, internal capsule; MS, medial septum; st, stria
terminalis.

Walker and Davis • Conditioned versus Unconditioned Startle Increases J. Neurosci., December 1, 1997, 17(23):9375–9383 9379

nonspecific delayed influences on startle. Moreover, the in-
crease in startle amplitude previously observed during dark 3
dark sessions did not replicate, allowing for a more specific
attribution of the effects of NBQX to a disruption of light-
enhanced startle. There was a statistically significant session
type effect (F(1,10) ! 5.13; p " 0.050) and also a significant
session type # treatment interaction (F(1,10) ! 5.72; p " 0.05).
Thus, NBQX infusions into the bed nucleus of the stria ter-
minalis completely blocked light-enhanced startle and did so
independent of any general effects on baseline reactivity. For
both protocols, there was no apparent relation between can-
nula placement and the behavioral data.

Fear-potentiated startle
Animals that had previously received PBS or NBQX just before
testing for light-enhanced startle were subsequently trained and
tested for fear-potentiated startle. Consistent with previous find-
ings that neither electrolytic (Hitchcock and Davis, 1991) nor
chemical (Lee and Davis, 1997) lesions of the bed nucleus of the
stria terminalis block fear-potentiated startle, there was also no
effect with NBQX (see Fig. 6C). Thus, for both PBS- and NBQX-
infused rats, startle amplitude was significantly greater on light
than on startle stimulus-alone trials (t(9) ! 2.70; p " 0.05) and
(t(11) ! 2.94; p " 0.05), respectively, and difference scores for
both groups were comparable ( p $ 0.1).

Double dissociation
Results from the central nucleus of the amygdala and bed nucleus
of the stria terminalis groups suggested that these two structures
could be functionally dissociated. To confirm this statistically, we
compared the effect of NBQX on fear-potentiated versus light-
enhanced startle using standardized behavioral data from the
subset of animals that received NBQX during both procedures.

For central nucleus implants, fear-potentiated startle difference
scores of NBQX-infused animals were divided by the mean
difference score of the PBS-infused group to obtain a proportion-
of-control score for each NBQX-infused rat. The effect of NBQX
on light-enhanced startle was similarly calculated by dividing the
dark3 light difference scores of rats that received NBQX during
both procedures (thereby allowing for a within-subject compari-
son vis-á-vis fear-potentiated startle) by the mean dark 3 light
difference score for rats infused with PBS during both proce-
dures. These calculations were repeated for animals with implants
in the bed nucleus of the stria terminalis. These scores were then
entered into a single ANOVA, using placement as a between-
subject factor and paradigm as a within-subject factor.

The results of this analysis indicated a significant interaction
between placement and paradigm (F(1,17) ! 5.32; p " 0.05),
confirming a double dissociation between the central nucleus of
the amygdala and the bed nucleus of the stria terminalis with
respect to fear-potentiated and light-enhannced startle.

DISCUSSION
These findings indicate similarities as well as differences in the
neuroanatomical substrates of fear-potentiated and light-
enhanced startle. Both behaviors were disrupted by infusions of
NBQX into the basolateral amygdala. Fear-potentiated, but not
light-enhanced, startle was blocked by infusions into the central
nucleus of the amygdala. Light-enhanced, but not fear-
potentiated, startle was blocked by infusions into the bed nucleus
of the stria terminalis.

Given that the basolateral amygdala receives input from several
visual areas (Mascagni et al., 1993; McDonald and Mascagni,
1996; Shi and Cassell, 1997) and projects to both the central
nucleus of the amygdala and to the bed nucleus of the stria
terminalis (Alheid et al., 1995; Pitkänen et al., 1995; Savander et
al., 1995), it seems likely that the processing of visual stimuli with
fear-evoking properties proceeds serially, initially activating the
basolateral amygdala and subsequently activating the central nu-
cleus of the amygdala (e.g., for fear-potentiated startle), the bed
nucleus of the stria terminalis (e.g., for light-enhanced startle), or
both. Consistent with this serial organization, Lee and Davis
(1997) reported that the startle-enhancing effect of intracerebro-
ventricular CRH, which appeared to stimulate CRH receptors

Figure 6. Light-enhanced and fear-potentiated startle for animals with
cannula placements in the bed nucleus of the stria terminalis. The effect
of NBQX on light-enhanced startle is shown in A for animals tested
immediately after NBQX or PBS infusion, and in B for animals tested 20
min after NBQX or PBS infusion. Infusions of NBQX did not disrupt
fear-potentiated startle ( C). Asterisks indicate significance ( p " 0.05,
paired t tests) of NBQX versus PBS difference scores within a given
session type (dark 3 dark sessions shown on lef t; dark 3 light sessions
shown on right).
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Stria Terminalis: Clinical Pathologies 

Because BNST lesions abolish Light-Enhanced Startle, which is 
unconditioned, it is thought to be more relevant to Generalized 
Anxiety Disorders, whereas Amygdala (central and basolateral 
nuclei) may be more relevant to disorders like PTSD. 

Implicates Stria Terminalis in anxiety disorders 


