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Disruption of Dentate Gyrus Blocks Effect of Visual Input on

Spatial Firing of CA1 Neurons
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The role of dentate gyrus in hippocampal mnemonic processing is uncertain. One proposed role of dentate gyrus is binding
internally generated spatial representation with sensory information on external landmarks. To test this hypothesis, we compared
effects of visual input on spatial firing of CA1 neurons in Bax knock-out mice in which dentate gyrus neural circuitry is selectively
disrupted. Whereas spatial selectivity of CA1 neuronal firing was significantly higher under normal illumination than complete
darkness in wild-type mice, it was similarly low in both illumination conditions in Bax knock-out mice. Also, whereas the spatial
location of neuronal firing was more stably maintained in the light than in the dark condition in wild-type mice, it was similarly
unstable in both illumination conditions in Bax knock-out mice. These results show that visual input allows selective and stable
spatial firing of CA1 neurons in normal animals, but this effect is lost if dentate gyrus neural circuitry is disrupted. Our results
provide empirical support for the proposed role of dentate gyrus in aligning internally generated spatial representation to external

landmarks in building a unified representation of external space.

Introduction

Dentate gyrus (DG) receives massive unidirectional projections
from the entorhinal cortex (EC) and sends its output projections
to CA3 area via mossy fibers. Despite a large body of behavioral,
physiological, and theoretical studies, specific roles played by the
DG in mnemonic operations of the hippocampus are still unclear
(Kesner, 2007; Treves et al., 2008). One proposed function of the
DG is binding together spatial and nonspatial information in
encoding episodic memories. Characteristics of grid cells found
in the medial EC (Hafting et al., 2005; Sargolini et al., 2006)
suggest representation of internally generated (i.e., dead
reckoning-based) spatial maps in this brain structure that can
drive place-specific firing of hippocampal neurons (Leutgeb et
al., 2005; O’Keefe and Burgess, 2005; Fuhs and Touretzky, 2006;
McNaughton et al., 2006; Witter and Moser, 2006; Gorchetch-
nikov and Grossberg, 2007; Molter and Yamaguchi, 2008). By
contrast, neurons in the lateral EC show little spatially selective
firing (Hargreaves et al., 2005), suggesting the segregation of spa-
tial and nonspatial information processing in the medial and
lateral EC, respectively (Redish, 1999; Knierim et al., 2006;
Fichenbaum et al., 2007; Kerr et al., 2007). Because medial and
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lateral EC inputs converge in the DG and CA3, but not in CA1, it
has been proposed that internally generated spatial maps are as-
sociated with the information on the external landmarks in the
DG-CA3 network, forming a distinct spatial context for each
environment (Redish and Touretzky, 1997; Hafting et al., 2005;
O’Keefe and Burgess, 2005; Knierim et al., 2006; Witter and
Moser, 2006; Gorchetchnikov and Grossberg, 2007; Leutgeb and
Leutgeb, 2007). Currently, however, empirical evidence for or
against this hypothesis is scant.

We set out the current study to test the proposed role of DG in
aligning internally generated spatial representation to external
landmarks. Humans and animals can keep track of spatial posi-
tion based on idiothetic as well as allothetic cues (O’Keefe and
Nadel, 1978; Gallistel, 1990; Redish, 1999). Spatial navigation
solely based on idiothetic cues (dead reckoning) is prone to cu-
mulative error that can be corrected in reference to allothetic cues
when they are available (landmark-based navigation) (Gallistel,
1990). Thus, in normal animals, a difference is expected in the
stability of hippocampal spatial firing according to the availabil-
ity of allothetic cues; spatial firing is expected to undergo gradual
drift when allothetic cues are unavailable, but to be stable when
they are available. In DG-lesioned animals, however, spatial fir-
ing is expected to undergo gradual drift regardless of the presence
of allothetic cues, if the DG indeed plays a critical role in aligning
internally generated spatial representation to external landmarks.
To test these predictions, we examined stability of spatial firing of
CALI neurons recorded from wild-type (WT) and Bax knock-out
(Bax-KO) mice, in which DG neural circuitry is selectively disrupted
(Sun et al., 2004; Kim et al., 2009; Lee et al., 2009), across light and
dark conditions. The results were consistent with both predictions,
providing empirical evidence for the role of the DG in aligning in-
ternally generated spatial maps to external landmarks.
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Figure 1.  Recording procedure. Single units were recorded in a circular chamber (made of a
transparent wall that was surrounded by a black circular curtain containing two visual cues) in
the following sequence: light on for 10 min (session 1; S1), light off for 30 min (session 2; S2),
intersession interval with light off (30 min), light off for 10 min (session 3; S3), and light on for
30 min (session 4; S4).

Materials and Methods

Animals. Bax-KO mice were maintained on a C57BL/6 background. Ho-
mozygous Bax-deficient (Bax-KO) and WT littermate mice were gener-
ated from matings between heterozygous males and females. Sibling
animals were collected individually and genotyped by PCR (Knudson et
al,, 1995). All animals were food-deprived to 80% of their free-feeding
body weights and allowed access to water ad libitum. They were main-
tained on a 12 h light—dark cycle and all experiments were conducted
during the light phase of the cycle. The experimental protocol was ap-
proved by the Institutional Animal Care and Use Committee of the Ajou
University School of Medicine.

Unit recording. Four tetrodes were chronically implanted in the left or
right dorsal hippocampus (1.7 mm posterior and 1.5 mm lateral to
bregma) of 10 mice (six WT littermates and four Bax-KO mice, 6—8
months old) under deep anesthesia with sodium pentobarbital (50 mg/
kg, i.p.). Unit signals were recorded from the dorsal CA1 region while the
animals were chasing and consuming 20 mg sucrose pellets that were
dropped from a dispenser mounted on the ceiling (one pellet every 60 s).
The recording chamber was a transparent cylinder (diameter, 30 cm;
height, 30 cm) that was placed on a table (height, 80 cm) and surrounded
by ablack circular curtain (diameter, 100 cm; height, 280 cm) containing
two white cue cards (20 X 40 cm) at 3 and 10 o’clock. White noise was
provided through a speaker placed under the recording chamber
throughout the entire recording sessions. Same unit signals were re-
corded under normal illumination (the recording chamber and cue cards
were illuminated by two LED lamps mounted on the ceiling; 460 lux) and
complete darkness (all lights were off; 0 lux as measured by a light meter;
TM 204, Tenmars Electronics) alternatively in the following order: ses-
sion 1 (10 min, light condition), session 2 (30 min, dark condition),
intersession interval (30 min, dark condition), session 3 (10 min, dark
condition), and session 4 (30 min, light condition) (Fig. 1). Unit signals
were also recorded for 10 min while the animals sat quietly on a pedestal
outside the circular arena before and after the main recording sessions to
ensure the stability of recorded unit signals. The animals rested in a cage
during the intersession interval, and fresh paper was placed on the floor
before sessions 1 and 3. Unit signals were amplified 10,000, filtered
between 600 and 6000 Hz, digitized at 32 kHz, and stored on a personal
computer using a Cheetah data acquisition system (Bozemann). The
animal’s head position was also monitored by tracking an infrared LED
mounted on the headstage at 60 Hz. When recordings were completed,
small marking lesions were made and recording locations were verified
histologically as previously described (Song et al., 2005).

Analysis. Single units were isolated by manually clustering various
spike waveform parameters (MClust, A. D. Redish, University of Minne-
sota, Minneapolis, MN). Recorded units were classified into complex
spike cells (mean firing rate <5 Hz, spike width >250 us, and occasional
bursts) and theta cells (the rest) (Lee etal., 2009), and only complex spike
cells were included in the analysis. Spatial firing rate maps were con-
structed by dividing the 67 X 50 cm rectangle containing the circular
arena into 80 X 60 pixels and calculating firing rate for each pixel using
adaptive binning as described previously (Jung et al., 1994). A place field
was defined as a group of 10 or more adjoining pixels with the average
firing rate of each pixel exceeding 3 SDs above the mean firing rate (Song
et al,, 2005). Spatial selectivity of unit firing was assessed by calculating
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Figure2.  Selectivity of spatial firing. A, Mean running speed of WT and Bax-K0 mice across

sessions 1—4. B, Mean firing rates of units recorded from WT and Bax-KO mice. C, Spatial
information content per spike. D, In-field/out-field firing ratio. Error bars denote SEM. *Signif-
icant difference, p << 0.05.

spatial information content per spike (Skaggs et al., 1993) as well as
in-field/out-field firing ratio (the ratio between mean firing rate within a
place field and that outside of it). To assess the stability of spatial firing
during sessions 2 and 4 (30 min each), pixel-by-pixel correlations be-
tween the firing rate map of the first 10 min period and that of the final 10
min period were calculated and then transformed to Fisher’s z for nor-
malization as previously described (Song et al., 2005). Only those session
sets in which the animals visited >95% of all arena pixels during all four
sessions were included in the analysis (mean occupancy rate, light con-
dition, WT, 99.7 = 0.1; Bax-KO, 99.6 = 0.1; dark condition, WT, 99.8 =
0.0, Bax-KO, 99.7 = 0.1%).

Statistical tests. Two-way ANOVA (within- or between-subjects where
appropriate) and Bonferroni post hoc tests were used for statistical com-
parisons. A p value <0.05 was used as the criterion for a significant
statistical difference. All data are expressed as mean * SEM.

Results

Selectivity of spatial firing

Total 44 and 40 complex spike cells recorded from WT and Bax-KO
mice, respectively, with mean firing rate >0.1 Hz in at least one of
four recording sessions, were subjected to analysis. Basic character-
istics of CA1 spatial firing in WT and Bax-KO mice have been re-
ported previously (Lee et al., 2009). In the present study, we focused
on the selectivity and stability of CA1 spatial firing. Mean running
speed was slightly higher in Bax-KO mice, as previously reported
(Lee et al., 2009), and it decreased somewhat in session 4 (main
effect of genotype, F, 5,y = 6.405, p = 0.016; main effect of ses-
sion, F3 96y = 25.573; p < 0.001; genotype X session interaction,
F3.96) = 2.439, p = 0.069; significant difference between sessions
land 4, p <0.001,2and 4, p <0.001,and 3 and 4, p < 0.001; Fig.
2A). There was no significant difference in mean firing rate
between the two genotypes, although it significantly varied
across sessions (main effect of genotype, F; g,y = 3.49, p =
0.066; main effect of session, F(;54¢) = 3.09; p = 0.028; effect
of genotypeXsession interaction, F; 5, = 1.87, p = 0.905; no
significant difference in post hoc pairwise comparisons; Fig.
2 B). The differences in mean running speed and mean firing
rate did not affect the subsequent analysis results. Similar re-
sults were obtained after matching these variables across the
genotypes and sessions (data not shown).
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p = 0.001; main effect of session, F(, ; 49y =

Stability of spatial firing. A, Examples of spatial firing over 30 min of recording in the light or dark (sessions 2 and 4,
respectively) for units recorded from WT or Bax-KO mice. Each spatial firing rate map was constructed based on neural activity
during a 10 min time window that was advanced in 1 min steps (from left to right, top to bottom). The first rate map is for 010
min, the second one for 1-11 min, and so on. Red indicates the maximum firing rate that is different for each set of genotype/

Light:g\g(_m 9..214tp = O.QO3; effect of genotype X ses-
Da’k:E\g-Ko sion interaction, F(; 149 = 8.441, p =
0.004; significant difference between ge-
notypes in session 4, p < 0.001; significant
difference between illumination condi-

tions in WT animals, p < 0.001; Fig. 3).
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We examined effects of visual input on
I wT spatial firing of CAl neurons using
* Il KO Bax-KO mice. Both selectivity and stabil-
* ity of spatial firing were dependent on the
genotype as well as the illumination con-
dition. They were significantly higher in
the light than dark in WT animals. By
contrast, in Bax-KO mice, they were sim-
Light (54) Dark (S2) ilarly low in both illumination conditions.

These results indicate that visual input al-
lows spatial firing of CA1 neurons to be
selective and stable, and that disruption of
DG circuitry blocks these effects of visual
input on spatial firing of CA1 neurons.

illumination condition (indicated by numbers) and dark blue indicates no firing. B, Time course of correlation (z-transformed)

between the spatial firing rate map during the first 10 min period and that during a 10 min time window advanced in 1 min steps
for each set of genotype/illumination condition. €, Mean correlation between the spatial firing rate map during the first 10 min and
that during the last 10 min time period for each set of genotype/illumination condition. Error bars denote SEM. *Significant

difference, p < 0.05.

Spatial information content per spike was significantly higher
in the WT animals recorded in the light than the other sets of
genotype/illumination condition (WT/dark, Bax-KO/light, and
Bax-KO/dark; main effect of genotype, F(, 4,, = 9.855, p = 0.002;
main effect of session, F(;,,q = 18.472, p < 0.001; effect of ge-
notype X session interaction, F; 5,5, = 5.362, p = 0.001; signif-
icant difference between genotypes in sessions 1, p = 0.005, and 4,
p < 0.001; significant difference between sessions 1 and 2, p <
0.001, 1 and 3, p < 0.001, 2 and 4, p < 0.001, and 3 and 4, p <
0.001 in WT animals; Fig. 2C). Similarly, when we confined our
analysis to those units with place fields (WT, n = 32, 31, 33, and
30; Bax-KO, n = 32, 26, 32, and 29 in sessions 1—4, respectively),
in-field/out-field firing ratio was significantly higher in the WT
animals recorded in the light than the other sets of genotype/
illumination condition (main effect of genotype, F(, .3, =
12.520, p < 0.001; main effect of session, F; 53, = 9.599, p <
0.001; effect of genotype X session interaction, F; ,3,, = 5.618,
p = 0.001; significant difference between genotypes in sessions 1,
p = 0.009, and 4, p < 0.001; significant difference between ses-
sions 1 and 2, p = 0.005, 1 and 3, p < 0.001, 2 and 4, p < 0.001,
and 3 and 4, p < 0.001 in WT animals; Fig. 2 D).

Stability of spatial firing

We analyzed sessions 2 and 4 (30 min each) to examine stability
of spatial firing over time. Only those neurons with mean firing
rates >0.1 Hz were included in the analysis (WT mice, 43 and 36
units in the light and dark condition, respectively; Bax-KO mice,
36 ad 29 units in the light and dark condition, respectively). The
pattern of spatial firing changed over time in all recording ses-
sions. However, the amount of change was significantly smaller
for those units recorded from the WT animals in the light com-
pared with the other sets of genotype/illumination condition
(spatial firing rate map correlation between the first and last 10
min time periods, main effect of genotype, F(, 1,9, = 12.654,

Bax-KO mice as an animal model for
specific disruption of DG circuit

We used Bax-KO mice as a model for se-
lective disruption of DG circuit. Bax is a
protein mediating apoptotic cell death in
the nervous system (Oltvai et al., 1993;
Deckwerth et al., 1996). Because Bax function is essential for the
execution of cell elimination following adult neurogenesis in the
DG, Bax-KO mice exhibit age-dependent accumulation of extra
neurons in the DG (Sun et al., 2004). These extra DG neurons
appear to intercalate with normal DG connections, and adult
Bax-KO mice exhibit a selective disruption of synaptic transmis-
sion and synaptic plasticity in the DG (Kim et al., 2009; Lee et al.,
2009). By contrast, other hippocampal circuits that do not in-
clude addition/elimination of new neurons in the adult are virtu-
ally normal. Brain functions independent on the hippocampal
circuits, such as sensory and motor functions, are also intact
(Bussetal., 2006; Kim etal., 2009; Lee et al., 2009), suggesting that
the DG circuit is selectively impaired in adult Bax-KO mice.
Therefore, Bax-KO mice provide an opportunity to investigate
effects of circuit disruption specific to the DG.

Effect of visual input on the stability of spatial firing

Spatial navigation based on internal cues (dead reckoning) is
prone to cumulative error that can be corrected in reference to
external landmarks (landmark-based navigation). Animals tend
to rely on stable external landmarks over dead reckoning for
spatial navigation when there is a conflict between the two (Gal-
listel, 1990). At the neural level, consistent with these behavioral
findings, distal visual cues exert strong control over spatial firing
of hippocampal place cells; when distal visual cues are rotated,
place fields tend to rotate in reference to the visual cues (O’Keefe
and Conway, 1978; O’Keefe and Speakman, 1987; Muller and
Kubie, 1987; Knierim et al., 1995). One can expect from these
findings that hippocampal spatial firing will undergo gradual
drift in the absence of external sensory cues. Our results obtained
from WT animals are consistent with this prediction. Spatial fir-
ing of CAl neurons underwent significantly larger drifts in the
dark than the light condition. The selectivity of spatial firing was
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also lower in the dark. Stability and selectivity of spatial firing are
closely related measures. Less stable spatial firing will lead to less
selective spatial firing, although the converse is not necessarily
true. It is possible that less selective spatial firing in WT mice in
the dark is because of unstable spatial firing.

Previous physiological studies in rats have yielded inconsis-
tent results on this matter. Quirk et al. (1990) reported similar
patterns of hippocampal spatial firing across light and dark con-
ditions during a random foraging task. Markus et al. (1994) re-
ported less specific and less reliable hippocampal spatial firing in
the dark on an eight-arm radial maze. Because light and dark
conditions alternated across trials in this study, the observed dif-
ferences in spatial firing were most likely due to the difference in
the availability of visual cues. However, Save et al. (2000) found
unstable hippocampal spatial firing only after removal of both
visual and olfactory cues during a random foraging task, demon-
strating an importance of olfactory cues in maintaining stability
of hippocampal spatial firing. Our experimental condition in the
dark (session 2) is similar to the visual cue-deprivation/intact
olfactory-cue condition in Save et al. (2000). In their study,
within-session spatial firing stability under the intact visual-cue
condition was similar to that under the visual cue-deprivation/
intact olfactory-cue condition. Thus, self-generated olfactory
cues might be more effective as a spatial reference for hippocam-
pal neuronal activity in rats than mice. There are a number of
differences in the experimental procedures that may have con-
tributed to different outcomes in our and previous studies, how-
ever. Additional studies are needed to clarify how hippocampal
spatial firing is affected by diverse sources of external sensory
information in different animal species.

Role of DG in aligning internal spatial representation to
external landmarks

Several different hypotheses have been advanced regarding func-
tional roles of the DG, such as pattern separation (for review, see
Morris et al., 2012; Schmidt et al., 2012). According to a relatively
recent hypothesis, the DG plays an important role in aligning
internally generated spatial representation to external landmarks
by binding together spatial and nonspatial information provided
by the medial and lateral EC, respectively (Redish and Touretzky,
1997; Hafting et al., 2005; O’Keefe and Burgess, 2005; Knierim et
al., 2006; Witter and Moser, 2006; Gorchetchnikov and Gross-
berg, 2007; Leutgeb and Leutgeb, 2007). In this regard, a phar-
macological study has shown that specific blockade of plasticity at
medial versus lateral perforant path synapses onto DG neurons
has dissociable effects on processing spatial versus nonspatial as-
pects of environmental change (Hunsaker et al., 2007). We also
have shown that Bax-KO mice are impaired in finding a target
location based on visual cues and spatial firing of their hippocam-
pal neurons tends to be maintained with respect to the recording
room rather than the recording chamber containing a visual cue
(Lee et al., 2009). These results provide rare empirical evidence
for the hypothesized role of the DG in aligning internally gener-
ated spatial representation to external landmarks. Nevertheless,
given the paucity of empirical studies on this matter, additional
studies testing key predictions of the hypothesis are needed to
prove or disprove the hypothesis.

In the present study, we sought to test a critical prediction of
the hypothesis. If the DG is indeed involved in aligning internally
generated spatial maps to external landmarks, the effect of visual
input on preventing time-dependent changes in hippocampal
spatial firing observed in WT animals would be lost in Bax-KO
mice. Our results confirmed this prediction. It is remarkable that
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the stability of spatial firing was similarly low in the light and dark
in Bax-KO mice. Therefore, the effect of visual input on spatial
firing stability was completely abolished in Bax-KO mice. It is
also remarkable that the stability of spatial firing in Bax-KO mice
was similar to that in WT animals under darkness. These are the
results that exactly match the predictions of the hypothesis. Our
results therefore provide another line of empirical evidence for
the hypothesis. Considering the convergence of medial and lat-
eral EC projections in the DG, which have been proposed to carry
spatial and nonspatial information, respectively (Redish, 1999;
Knierim et al., 2006; Eichenbaum et al., 2007; Kerr et al., 2007),
the DG might be the main stage where diverse elements of epi-
sodic (Tulving, 2002) or episodic-like (Clayton and Dickinson,
1998; Eacott and Norman, 2004; Babb and Crystal, 2006) mem-
ory (what, where, and when) are integrated. It remains to be
determined whether the DG is also involved in integration pro-
cesses other than associating internal spatial maps with the infor-
mation on external landmarks.
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