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Patients with severe Wernicke–Korsakoff syn-
drome (WKS) associated with vitamin B1 (thiamine)
deficiency (TD) show enduring impairment of mem-
ory formation. The mechanisms of memory impair-
ment induced by TD remain unknown. Here, we
show that hippocampal degeneration is a potential
microendophenotype (an endophenotype of brain
disease at the cellular and synaptic levels) of WKS
in pyrithiamine-induced thiamine deficiency (PTD)
mice, a rodent model of WKS. PTD mice show
deficits in the hippocampus-dependent memory
formation, although they show normal hippocam-
pus-independent memory. Similarly with WKS,
impairments in memory formation did not recover
even at 6 months after treatment with PTD. Impor-
tantly, PTD mice exhibit a decrease in neurons in
the CA1, CA3, and dentate gyrus (DG) regions of
the hippocampus and reduced density of wide den-
dritic spines in the DG. Our findings suggest that
TD induces hippocampal degeneration, including
the loss of neurons and spines, thereby leading to
enduring impairment of hippocampus-dependent
memory formation.
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Thiamine (vitamin B1), a water-soluble vitamin, was
identified initially as oryzanin from rice bran.1) Thiamine
is highly concentrated in the brain, skeletal muscle, heart,
liver, and kidney.2) Thiamine pyrophosphate, which is
the active form of vitamin B1, functions as a coenzyme
for enzymes involved in glucose and amino acid metabo-
lism.3,4) Thiamine is known to play important roles in
the central nervous system. In humans, thiamine
deficiency (TD) is associated with Wernicke–Korsakoff
syndrome (WKS), a neurodegenerative disease that is

characterized by neuropathological impairments, neuro-
logical deficits including ataxia and oculomotor distur-
bance, and cognitive dysfunction such as memory
impairments.5–7)

Importantly, severe WKS cases have enduring mem-
ory impairment, although treatment with thiamine at
the early stage of symptomatic TD largely reverses the
classical neurological signs such as ophthalmoplegia,
nystagmus, and gait ataxia.8–14) Neuropathological
changes have been identified in the thalamus and mam-
millary nuclei of the hypothalamus, periaqueductal gray
matter, brainstem nuclei, particularly the superior and
inferior colliculi, and anterior cerebellar vermis of
WKS cases.9,10,15,16) However, the mechanisms under-
lying the severe memory deficits observed in WKS
cases remain unclear.
The rodent model of WKS is induced by feeding a

thiamine-deficient diet combined with daily injections
of pyrithiamine, a thiamine antagonist (pyrithiamine-
induced thiamine deficiency; PTD).17,18) Similar to
WKS cases, PTD rodents exhibit neurologic signs such
as ataxia, loss of the righting reflex, and seizures, neu-
ropathologic changes in several brain regions including
the thalamus, mammillary bodies, and brainstem nuclei,
and memory impairment.15,19–22)

Short-term memory (STM) is labile and converted
into stable long-term memory (LTM) through a process
known as memory consolidation.23–25) The consolida-
tion of episodic memory depends on the function of
the hippocampus.26) There is abundant evidence that
damage to the hippocampus causes severe anterograde
amnesia in which new memories cannot be
formed.27,28) Importantly, a few studies have reported
that PTD rats show impairment in spatial and
avoidance memories, both of which are formed in a
hippocampus-dependent manner, in Morris water maze
and inhibitory avoidance tasks, respectively.29–31)

Nevertheless, the impact of PTD on the hippocampus
has not been examined in detail.
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Microendophenotypes are phenotypes of brain
disorders at the level of molecular dynamics, neurons
and synapses, and neural circuits.32) In this study, we
tried to identify the microendophenotypes of the mem-
ory deficits observed in PTD mice, a mouse model of
WKS. We first performed hippocampus-dependent and
-independent memory tasks and found that PTD mice
show deficits in the formation of hippocampus-
dependent LTM. We next examined damage to the hip-
pocampus caused by PTD at the cellular and spine
levels and found that PTD mice show decreased num-
bers of neurons and wide dendritic spines in the hip-
pocampus, suggesting that neurodegeneration of the
hippocampus at the cellular and synaptic levels is a
possible microendophenotype of the memory impair-
ment caused by PTD.

Materials and methods
Mice. All experiments were conducted according

to the Guide for the Care and Use of Laboratory Ani-
mals, Japan Neuroscience Society and Tokyo Univer-
sity of Agriculture. All animal experiments performed
in this study were approved by the Animal Care and
Use Committee of Tokyo University of Agriculture.
Male C57BL/6N mice were obtained from Charles
River (Yokohama, Japan). Heterozygous Thy1-EGFP
line M mice were maintained by crossing with C57BL/
6N mice.33) The mice were housed in cages of 5 or 6,
maintained on a 12 h light/dark cycle, and allowed
ad libitum access to pellet food and water. The mice
were at least 8 weeks of age at the start of the experi-
ments, and all behavioral procedures were conducted
during the light phase of the cycle. All experiments
were conducted blind to the treatment condition of the
mice.

PTD treatment. PTD was induced by dietary thi-
amine deprivation and treatment with a thiamine antag-
onist, as described previously.17,34) The mice were
divided randomly into PTD and control groups. To
habituate the animals to a powdered diet, both groups
were given a powdered thiamine-containing diet (con-
trol diet; Oriental Yeast Co., Ltd., Tokyo, Japan;
Table 1) ad libitum for 1 week. The PTD group
received a powdered TD diet (Oriental Yeast Co., Ltd.;
Table 1) ad libitum during the PTD treatment period

(days 0−11) and daily intraperitoneal (i.p.) injections of
the thiamine antagonist pyrithiamine hydrobromide
(5 μg in 0.1 mL of saline/10 g body weight; Sigma,
MO, USA) at days 1−10. At the end of PTD treatment
(day 11), when the last sign (seizures) of TD was
observed in the PTD group, the PTD mice received a
single i.p. thiamine injection (1 mg in 0.1 mL of saline/
10 g body weight; Sigma) and the control diet was
resumed. The control group received the control diet
ad libitum and daily i.p. saline injections (0.1 mL/10 g
body weight) at days 1−10.

Rotarod test. The rotarod test was performed as
described previously.35) The mice were placed on a
rotating drum (3 cm in diameter; O’Hara & Co., Ltd.,
Tokyo, Japan). The drum was initially rotated at a
speed of 4 rpm after which it was accelerated gradually
to 40 rpm over the course of 5 min. The amount of
time that a mouse remained on the accelerating rod
(latency to fall) was recorded as an indicator of their
motor coordination.

Contextual fear conditioning task. The mice were
trained and tested in conditioning chambers
(17.5 × 17.5 × 15 cm) that had a stainless steel grid floor
through which a footshock could be delivered.36–38)

Training consisted of placing the mice in the chamber
and delivering an unsignaled footshock (2 s duration,
0.4 mA) 148 s later, and the mice were returned to their
home cage at 30 s after the footshock (training). Memory
was assessed at 30 min and 24 h later by calculating the
percentage of time spent freezing during 5 min when
re-placed in the training context (test). Freezing behavior
(defined as a complete lack of movement, except for
respiration) was measured automatically as described
previously (O’Hara & Co., Ltd.).39)

Morris water maze task. The Morris water maze
task was performed as described previously.40–42) The
mice were trained with 2 trials per day at an interval of
1 min for 4 days. The mice were trained at approxi-
mately the same time every day. In the probe test at
24 h after the last training session on day 4, the plat-
form was removed and the mice were allowed to swim
for 1 min. We measured the time that the mice spent in
each quadrant (opposite [OP], adjacent right [AR],
target quadrant [TQ], and adjacent left [AL]).

Social recognition task. The social recognition
task was performed as described previously.40,42–44)

Adult mice were placed into individual plastic cages,
identical to those in which they were normally housed
(30 × 17 × 12 cm), in the experimental room. After a
period of 60 min, a juvenile mouse was placed into a
cage with an adult mouse for 3 min (training). The
duration of the adult’s social investigation behavior was
quantified using a stopwatch. Social investigation was
defined as described previously.45) Memory was
assessed 24 h later by recording the length of social
investigation time exhibited by the subject to the same
juvenile (test) for the same duration as training (3 min).

Table 1. Composition of control and TD diets.

Ingredients
Control diet
(g/kg diet)

TD diet
(g/kg diet)

Cornstarch 399.986 399.986
Alpha-cornstarch 132 132
Casein (Vitamin free) 200 200
Sucrose 100 100
Soybean oil 70 70
Fiber (Cellulose) 50 50
Mineral mix (AIN-93G-MX) 35 35
Vitamin mix (AIN-93-VM) 10 0
Vitamin mix (AIN-93-VM, Thiamine free) 0 10
L-Cystin 3 3
Tert-butylhydroquinone 0.014 0.014
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A recognition index was calculated as the ratio of the
social investigation times during the test and training
sessions.

Cued fear conditioning task. A similar procedure
was used for cued fear conditioning as described previ-
ously.46) The mice were placed in the training context,
and 2 min later, a 30 s tone (70 dB) co-terminated with
a 2 s footshock (0.4 mA), and then the mice were
returned to their home cage at 30 s after the footshock
(training). After 24 h, the mice were placed in a differ-
ent chamber, and 2 min later, the tone was replayed for
3 min (test). Cued fear memory was assessed as the
percentage of time the mice spent freezing during the
3 min tone.

Conditioned taste aversion task. The conditioned
taste aversion task was performed as described previ-
ously.43) After moving to individual cages, the mice
were given access to water from 2 bottles for 60 min,
and then returned to their home cages. On day 2, the
mice were given access to water for 45 min. On days 3
and 4, water access was limited to 30 min. On day 5
(the day of conditioning), the mice were given access
to 2 bottles containing a 0.1% saccharin solution for
15 min. After 40 min, the mice were injected (2% of
body weight) with saline or 0.1 M LiCl, and then
returned to their cages. To prevent dehydration, the
mice were given access to water for 15 min at 2 h after
injection. On day 6 (the test day), the mice were pre-
sented with the saccharin solution and water in separate
bottles (bottle positions counterbalanced across cages).
To determine consumption, the bottles were weighed
before and after testing. An aversion index was calcu-
lated as follows: saccharin solution consumed/(saccha-
rin solution consumed + water consumed).

Open field test. The open field test was performed
as described previously.35,36) The mice were placed into
the center of a square open field chamber
(50 × 50 × 40 cm) that was surrounded by white walls.
The total length of the path traveled (total distance)
and the time spent in the center square (30 × 30 cm; %
center) were measured over the course of 5 min using
an automatic monitoring system (O’Hara & Co., Ltd.).

Immunohistochemistry. Immunohistochemistry was
performed as described previously.40,47) After anestheti-
zation, mice were perfused with 4% paraformaldehyde.
The brains were then removed, fixed overnight, trans-
ferred to 30% sucrose, and stored at −80 °C. Coronal
sections (30 μm) were generated using a cryostat. Free
floating sections were treated with 1% H2O2 and then
incubated overnight with a mouse monoclonal anti-
NeuN primary antibody (1:500; Millipore, MA, USA)
in a blocking solution (TBS buffer plus 10% goat
serum albumin). Subsequently, the sections were
washed with PBS and then incubated with horseradish
peroxidase-conjugated donkey anti-rabbit IgG (1:500;

Jackson ImmunoResearch, PA, USA). NeuN signals
were amplified with TSA-FCM (Invitrogen, CA, USA).
The sections were mounted on slides and coverslipped
using mounting medium (Merck, Darmstadt, Germany).
Fluorescence images were acquired using a confocal
microscope (TCS SP8; Leica, Wetzlar, Germany) and
LAS AF software (Leica) using a 40× (for the hip-
pocampus) or 20× (for the medial prefrontal cortex
[mPFC] and amygdala) objective. Confocal 2 μm
z-stack images were obtained. Equal cut-off thresholds
were applied to all slices. Structures were defined
anatomically according to the atlas of Paxinos and
Franklin.48) Quantification of NeuN-immunoreactive
(IR) cells in sections of the dorsal hippocampus
(50 × 50 μm/sub region; bregma between −1.46 and
−1.82 mm), amygdala (100 × 100 μm/sub region;
bregma between −1.22 and −1.34 mm), and mPFC
(100 × 100 μm/sub region; bregma between +2.10 and
+1.98 mm) was performed using an analog counter (for
the hippocampus) and a computerized image analysis
system (for the amygdala and mPFC; WinROOF ver-
sion 5.6 software; Mitani Corporation, Fukui, Japan).
NeuN-IR cells were counted bilaterally with a fixed
sample window across at least 3 sections by an experi-
menter blind to the treatment condition.

Dendritic spine analysis. After anesthetization,
mice were perfused with 4% paraformaldehyde. The
brains were then removed, fixed overnight, transferred
to 30% sucrose, and stored at −80 °C. Coronal sec-
tions (30 μm) were generated using a cryostat. Fluo-
rescence images were acquired using a confocal
microscope (TCS SP8; Leica) and LAS AF software
(Leica). Equal cut-off thresholds were applied to all
slices. Segments were imaged under a 63×/1.4 N.A.
oil-immersion objective and 15× zoom. All confocal
stacks were acquired at 512 × 512 pixel resolution
with a z-step of 0.5 μm. The settings for pinhole size
and gain were optimized initially and remained con-
stant throughout imaging to ensure the images were
digitized under consistent illumination. These parame-
ters resulted in dendritic segments of 12.3 μm in
length. Spine density was calculated as the number of
spines divided by dendritic segment length. Spine
head width was defined as the maximum diameter of
the spine head. Data were additionally segregated into
narrow and wide spines using a median split based on
head width.49)

Data analysis. One-way or two-way factorial or
repeated analysis of variance (ANOVA) followed by
Newman–Keuls post hoc comparison were used to ana-
lyze the effects of PTD, time, and drugs. A paired t-test
was used to analyze differences in the time spent in the
TQ compared with the other quadrants in the Morris
water maze task and to analyze differences in social
investigation times within each group between training
and test in the social recognition task. All values in the
text and figure legends represent the mean ± standard
error of the mean (SEM).
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Results
Body weight loss and ataxia induced by PTD

treatment and recovery from PTD
PTD treatment induces acute physical deficits in mice

including body weight loss, ataxia, and seizures.17) We
first examined the effects of PTD and recovery from
PTD on body weight and motor coordination. The mice
were fed the TD diet (Table 1) with daily systemic
injections of pyrithiamine for 10 days (days 1–10; PTD;
Fig. 1(A)) and then received a single systemic injection
of thiamine at day 11, followed by refeeding the control
diet for more than 3 weeks (recovery treatment;
Fig. 1(A)). Two-way repeated measures ANOVA com-
paring body weight gain revealed a significant PTD
(control vs. PTD mice) × time (days 0–32) interaction
(PTD, F[1, 17] = 0.01, p > 0.05; time, F[14, 238]
= 85.00, p < 0.05; PTD × time, F[14, 238] = 6.92,
p < 0.05; Fig. 1(B)). Newman–Keuls post hoc test
revealed that PTD mice showed significantly less
weight gain than control mice at day 11 (p < 0.05;
Fig. 1(B)), although PTD mice had shown normal body
weight gain compared to the control group from day 18
(p > 0.05; Fig. 1(B)). Two-way repeated measures
ANOVA comparing latency to fall revealed a significant
PTD × time (days 11 and 32) interaction (PTD, F[1,
16] = 5.58, p < 0.05; time, F[1, 16] = 15.64, p < 0.05;
PTD × time, F[1, 16] = 3.79, p < 0.05; Fig. 1(C)). PTD
mice showed a significantly shorter latency to fall than
control mice at day 11 (p < 0.05; Fig. 1(C)), although
they showed normal latency to fall at day 32 (p > 0.05;
Fig. 1(C)). It is important to note that seizures were
observed in the PTD mice at day 11, but they disap-
peared immediately after thiamine injection (data not
shown). These results indicated that PTD treatment
induced significant body weight loss and abnormal
motor coordination, but these deficits were ameliorated

by the recovery treatment for less than 3 weeks,
suggesting that severe and acute physical deficits are
induced by PTD, but are improved by the recovery
treatment. According to these observations, the follow-
ing behavioral analyses were performed using PTD
mice that had recovered for more than 3 weeks after
PTD.

PTD mice display impairment of hippocampus-
dependent LTM formation
PTD rats have shown impaired memory performance

in the Morris water maze and passive avoidance
tasks,29–31) both of which are hippocampus-
dependent.50,51) Therefore, we examined whether PTD
mice that had recovered from PTD for more than
3 weeks had impaired hippocampus-dependent learning
and memory.
We first performed the contextual fear conditioning

task. In this task, the mice learn an association between
context (conditioned stimulus; CS) and electrical foot-
shock-induced fear (unconditioned stimulus; US) and
form a hippocampus-dependent aversive memory.52)

The mice were trained with a single footshock
(0.4 mA), and behavioral freezing was assessed at
30 min (test 1) and 24 h (test 2) after training. Two-
way repeated measures ANOVA revealed a significant
PTD × time (test 1 and test 2) interaction (PTD, F[1,
22 = 6.48, p < 0.05; time, F[1, 22] = 0.02, p > 0.05;
PTD × time, F[1, 22] = 7.27, p < 0.05; Fig. 2(A)).
Newman–Keuls post hoc test revealed that PTD mice
showed significantly less freezing than the control
group during test 2, but showed normal freezing during
test 1. These results indicated that PTD mice showed
an impairment of 24 h LTM (p < 0.05; Fig. 2(A)), but
showed normal 2 h STM (p > 0.05; Fig. 2(A)), suggest-

Fig. 1. Body weight loss and ataxia by PTD treatment and its rescue by recovery treatment.
Notes: (A) Experimental procedure for the present study. (B) Weight gain during the PTD and recovery treatment periods (control [Ctrl], n = 10;

PTD, n = 9). *p < 0.05, compared with PTD mice at day 11. (C) Rotarod test at days 11 and 32 (Ctrl, n = 7; PTD, n = 11). *p < 0.05, compared
with PTD mice at day 11. Error bars indicate SEM.
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ing that PTD mice show impairment in the consolida-
tion of contextual fear memory without affecting STM.

We next performed the Morris water maze task. In
this task, the animals learn to escape to a hidden plat-
form in a swimming pool using spatial cues located
around the pool and form a hippocampus-dependent
spatial memory. The mice were trained with 2 trials per
day for 4 days (at 1 min intervals). Two-way repeated
measures ANOVA revealed significant effects of PTD
and time (days 1–4) (PTD, F[1, 36] = 8.76, p < 0.05;
time, F[3, 108] = 14.59, p < 0.05; PTD × time, F[3,
108] = 2.38, p > 0.05; Fig. 2(B)). Newman–Keuls post
hoc test revealed that PTD mice showed significantly
longer escape latency than control mice at days 2–4
(p < 0.05; Fig. 2(B)). These results indicated that PTD
mice show impairment of memory performance. To
measure the formation of spatial memory, the mice
were given a probe trial in which the platform was
removed from the pool at 24 h after the last training
session on day 4. A paired t test revealed that control
mice searched selectively in the TQ compared with the
other quadrants (TQ vs. OP, AR, and AL, p < 0.05;

Fig. 2(C)), while PTD mice failed to do so (p > 0.05;
Fig. 2(C)). Importantly, PTD mice showed significantly
lower time spent in the TQ than control mice
(Newman–Keuls post hoc test following one-way
ANOVA, F[1, 36] = 5.56, p < 0.05; Fig. 2(C)). Consis-
tent with the results shown in Fig. 2(B), these results
indicated that PTD mice failed to form spatial memory.
Collectively, these observations indicated that PTD
mice show impaired spatial memory formation.
We finally performed the social recognition task. In

this task, the mice form a hippocampus-dependent non-
aversive social memory.42,53) This task measures the
difference in time taken to investigate a juvenile male
mouse by comparing between the first and second
exposures for 3 min. The second exposure was
performed at 2 (STM) or 24 h (LTM) after the first
exposure. We assessed the recognition index (the ratio
of the second investigation time relative to the first
investigation time). One-way ANOVA revealed a sig-
nificant effect of PTD when memory was tested at 24 h
(F[1, 24] = 20.12, p < 0.05; Fig. 2(E)), but not at 2 h
(F[1, 23] = 0.49, p > 0.05; Fig. 2(D)), after training.

Fig. 2. Impaired hippocampus-dependent LTM formation in PTD mice.
Notes: (A) Contextual fear conditioning task at 3 weeks after PTD (Ctrl, n = 13; PTD, n = 11). *p < 0.05, compared with PTD mice at test 2. (B,

C) Morris water maze task at 3 weeks after PTD (Ctrl, n = 19; PTD, n = 19). (B) Training. *p < 0.05, compared with Ctrl mice at training days 2,
3, and 4. (C) Probe test (O, OP; R, AR; T, TQ; L, AL). *p < 0.05, compared with the other 3 quadrants; #p < 0.05. (D–G) Social recognition task.
Recognition index (left panel). *p < 0.05, compared with Ctrl mice. Investigation time (right panel). *p < 0.05, compared with training. (D) STM
formed at 3 weeks after PTD (Ctrl, n = 11; PTD, n = 14). (E) LTM formed at 3 weeks after PTD (Ctrl, n = 13; PTD, n = 13). (F) LTM formed at
3 months after PTD (Ctrl, n = 10; PTD, n = 12). (G) LTM formed at 6 months after PTD (Ctrl, n = 12; PTD, n = 10). Error bars indicate SEM.
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Newman–Keuls post hoc test revealed that PTD mice
showed a significantly worse LTM recognition index
(p < 0.05; Fig. 2(E)) but normal STM recognition index
(p > 0.05; Fig. 2(D)) compared to control mice. Consis-
tently, PTD mice failed to reduce investigation time
during test compared to training when tested at 24 h
(p > 0.05; Fig. 2(E)), but not at 2 h (p < 0.05;
Fig. 2(D)), after training, although the control group
did reduce this significantly at both time points
(p < 0.05; Fig. 2(D) and (E)). These results indicated
that PTD mice display impaired LTM, but showed nor-
mal STM, of social recognition, suggesting that PTD
mice show impairment in the consolidation of social
recognition memory.

WKS patients show no recovery from amnesia even
when they have recovered from TD. Therefore, we
examined if the impaired memory performance
observed in PTD mice recovered at 3–6 months after
PTD treatment. The mice were trained and tested at 3
and 6 months after PTD. PTD mice still showed signif-
icantly worse recognition indices of 24 h LTM than
control mice at 3 and 6 months (Newman–Keuls post
hoc test following one-way ANOVA, 3 months, F[1,
20] = 14.69, p < 0.05; 6 months, F[1, 20] = 6.27,
p < 0.05; Fig. 2(F) and (G)). Consistently, PTD mice
failed to reduce investigation time when trained and
tested at 3 and 6 months, although PTD mice formed
weak LTM at 6 months after PTD (3 months, p > 0.05;
6 months, p < 0.05; Fig. 2(F) and (G)), whereas control
mice did reduce investigation time (p < 0.05; Fig. 2(F),
(G)). These results indicated that PTD mice showed
chronic impairment of memory formation even at
3–6 months after PTD.

Collectively, our observations suggest that PTD mice
show deficits in the consolidation of hippocampus-
dependent memory (contextual, spatial, and social recog-
nition memories). Importantly, our observation that PTD
mice showed impaired memory formation even at
6 months after PTD suggests that PTD mice display
memory deficits similar to those of WKS patients.

PTD mice display normal amygdala-dependent LTM
formation

We examined the effects of PTD on memory forma-
tion that is independent of hippocampal function. To
do this, we first performed the amygdala-dependent
cued (tone) fear conditioning task.52) In this task, a
tone was paired with a footshock (0.4 mA), and the
mice learn the association of tone (CS) and fear (US).
The tone was replayed in a different chamber at 24 h
after training and freezing was assessed. One-way
ANOVA revealed no significant effect of PTD (F[1,
44] = 0.17, p > 0.05; Fig. 3(A)). This result indicated
that PTD mice showed normal LTM of cued fear.

We next performed the conditioned taste
aversion task that is amygdala- and insular cortex-
dependent.54,55) This task examines the formation of
associative memory between saccharin (CS) and a
malaise-inducing agent (i.p. injection of LiCl; US). The
mice were given access to the saccharin solution and
40 min later, they were injected with saline or 0.1 M
LiCl. At 24 h after conditioning, the mice were pre-
sented with the saccharin solution and water in separate

bottles and the aversion index (the ratio of saccharin
solution consumption relative to total solution con-
sumption) was assessed. Two-way ANOVA revealed a
significant effect of drug (saline and LiCl) (PTD, F[1,
36] = 0.10, p > 0.05; drug, F[1, 36] = 216.44, p < 0.05;
PTD × drug, F[1, 36] = 0.33, p > 0.05; Fig. 3(B)).
Newman–Keuls post hoc test revealed that both LiCl-
injected control and PTD mice showed a significantly
lower aversion index than saline-injected groups at
24 h after conditioning (p < 0.05; Fig. 3(B)) and com-
parable aversion indices (one-way ANOVA, F[1, 18]
= 0.07, p > 0.05; Fig. 3(B)). These results indicated
that PTD mice showed normal LTM of conditioned
taste aversion.
Taken together, these observations suggested that

PTD treatment does not affect the formation of
amygdala-dependent LTM and that PTD treatment
impairs hippocampus-dependent LTM.
It is important to note that PTD mice showed normal

locomotor activity and anxiety-related behavior (time
spent in the center of field) in the open field test
compared to the control group (one-way ANOVA, total
distance, F[1, 18] = 0.95, p > 0.05; % center, F[1,
18 = 0.47, p > 0.05; Fig. 3(C)). Furthermore, our
results (Fig. 2(D)–(G)) also indicated that PTD mice
displayed normal social investigation time during train-
ing in the social recognition task compared with control
mice, suggesting that PTD mice show normal social
behavior. Collectively, these observations strongly sug-
gest that the memory impairment observed in PTD
mice is not attributable to abnormal locomotor and/or
emotional behavior (social and anxiety-related
behavior).

PTD mice display neuronal loss in the hippocampus
Our findings that PTD mice show impairment of hip-

pocampus-dependent memory formation suggest that
PTD induces hippocampal dysfunction. To examine this
possibility, we first examined the effects of PTD on the
number of hippocampal neurons using immunohisto-
chemistry. We measured the number of NeuN, a neu-
ronal marker, -IR cells in the hippocampus, amygdala,
and mPFC just after (day 11) and at 3 weeks after (day
32) PTD treatment. One-way ANOVA at day 11
revealed significant effects of PTD in the CA1, CA3,
and dentate gyrus (DG) regions of the hippocampus
(CA1, F[1, 10] = 6.34, p < 0.05; CA3, F[1, 10] = 5.47,
p < 0.05; DG, F[1, 10] = 6.41, p < 0.05; Fig. 4(A)), but
not in the lateral (LA), basolateral (BLA), and central
(CeA) regions of the amygdala or prelimbic (PL) and
infralimbic (IL) regions of the mPFC (LA, F[1, 9]
= 1.83, p > 0.05; BLA, F[1, 9] = 1.74, p > 0.05; CeA,
F[1, 9] = 1.80, p > 0.05; PL, F[1, 8] = 0.01, p > 0.05;
IL, F[1, 8] = 0.14, p > 0.05; Fig. 4(B) and (C)). New-
man–Keuls post hoc test revealed that PTD mice
showed significantly less NeuN-IR cells in the CA1,
CA3, and DG regions of the hippocampus than control
mice (p < 0.05; Fig. 4(A)). These results indicated that
PTD treatment decreased the number of neurons in the
hippocampus without affecting the amygdala and
mPFC.
Importantly, PTD mice still displayed significantly

less NeuN-IR cells in the CA1, CA3, and DG regions
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of the hippocampus than control mice at day 32 (at
3 weeks after PTD treatment; Newman–Keuls post hoc
test following one-way ANOVA, CA1, F[1, 6] = 11.73,
p < 0.05; CA3, F[1, 6] = 18.60, p < 0.05; DG, F[1, 6]
= 6.50, p < 0.05; Fig. 4(D)). These results indicated
that the hippocampal neuron loss observed in PTD
mice did not recover even at 3 weeks after PTD. Col-
lectively, these observations indicate that PTD causes
chronic hippocampus-specific neuron loss.

PTD mice display decreased dendritic spine density
on hippocampal DG neurons

Dendritic spine morphology is important for memory
formation and storage.56–59) It is possible that PTD
causes abnormal dendritic spine morphology in hip-
pocampal neurons. To examine this, we analyzed the
density and morphology of dendritic spines in the hip-
pocampal and amygdala neurons of PTD mice using
Thy1-EGFP line M mice (Thy1-GFP mice) that express
EGFP in sparse neurons.33) Thy1-GFP mice were ana-
lyzed just after (day 11) and 3 weeks (day 32) after
PTD treatment. One-way ANOVA comparing spine
density at day 11 revealed a significant effect of PTD
only in hippocampal DG dendrites (total, F[1, 4]
= 20.02, p < 0.05; Fig. 5(A)), but not in hippocampal
CA1 and amygdala dendrites (CA1, total, F[1, 4]
= 0.13, p > 0.05; amygdala, total, F[1, 4] = 0.81,
p > 0.05; Fig. 5(A)). Newman–Keuls post hoc test
revealed that PTD mice showed a significant decrease
in spine density on DG dendrites compared with con-
trol mice (p < 0.05; Fig. 5(A)). Furthermore, analyses
of spine width revealed a significant decrease in wide
spines, but not narrow spines, in DG dendrites in PTD
mice (Newman–Keuls post hoc test following one-way
ANOVA, DG, narrow, F[1, 4] = 1.52, p > 0.05; wide,
F[1, 4] = 8.74, p < 0.05; CA1, narrow, F[1, 4] = 2.90,
p > 0.05; wide, F[1, 4] = 1.64, p > 0.05; amygdala, nar-
row, F[1, 4] = 2.66, p > 0.05; wide, F[1, 4] = 0.10,
p > 0.05; Fig. 5(A)). These results indicate that PTD
mice show a decrease in spine density, especially wide
spines, in hippocampal DG neurons.

Similarly with the results shown in Fig. 4, PTD mice
still displayed significant decreases in total and wide
spines in DG dendrites compared with control mice at
day 32 (Newman–Keuls post hoc test following one-
way ANOVA, DG: total, F[1, 4] = 8.45, p < 0.05;

narrow, F[1, 4] = 0.69, p > 0.05; wide, F[1, 4] = 11.73,
p < 0.05; CA1: total, F[1, 4] = 0.17, p > 0.05; narrow,
F[1, 4] = 0.29, p > 0.05; wide, F[1, 4] = 0.10, p > 0.05;
Fig. 5(B)). Collectively, these observations indicate that
PTD causes chronic loss of wide spines in hippocampal
DG neurons.

Discussion

In this study, we examined the mechanisms underly-
ing the memory impairment observed in PTD mice, a
mouse model of WKS, and identified the microen-
dophenotype of memory impairment in PTD mice.
PTD mice showed impairment in the formation of
LTM in three different hippocampus-dependent mem-
ory tasks at 3 weeks after PTD, although severe and
acute physical deficits such as body weight loss and
ataxia were reversed at this time point. Importantly,
PTD mice still showed deficits in LTM formation at
6 months after PTD. In contrast, PTD mice show nor-
mal formation of LTM in two hippocampus-indepen-
dent tasks. Interestingly, PTD mice showed significant
decreases in the number of NeuN-positive neurons in
the CA1, CA3, and DG areas of the hippocampus and
wide dendritic spines of excitatory neurons in the DG.
These observations suggest that TD induces degenera-
tion of the hippocampus, thereby impairing the forma-
tion of hippocampus-dependent memory. From these
observations, we propose that this hippocampal degen-
eration at the cellular and synaptic levels is a possible
microendophenotype for the induction of memory
impairment in PTD mice.32)

Importantly, damage to the hippocampus causes
anterograde and retrograde amnesia; new memories
cannot be formed and recently formed memories cannot
be retrieved, but remote memories that were formed
before the hippocampus was damaged can be retrieved.
WKS cases exhibit both amnesia, shown by poor per-
formance to form a memory, and are unable to recall
recently formed memories,60,61) although they show
intact immediate, primary, and working memory. In this
study, we found that PTD mice show severe deficits in
the formation of hippocampus-dependent memories, but
show normal hippocampus-independent memories. A
few studies using rodents have also shown that PTD
rats exhibit deficits in spatial and inhibitory avoidance

Fig. 3. Normal amygdala-dependent LTM formation in PTD mice.
Notes: (A) Cued fear conditioning task at 3 weeks after PTD (Ctrl, n = 25; PTD, n = 21). (B) Conditioned aversion task at 3 weeks after PTD

(Ctrl-Saline, n = 11; Ctrl-LiCl, n = 10; PTD-Saline, n = 9; PTD-LiCl, n = 10). *p < 0.05. (C) Open field test (Ctrl, n = 10; PTD, n = 10). Total path
length (left panel). Percentage of time spent in the center (right panel). Error bars indicate SEM.
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memories, both of which are hippocampus-dependent,
supporting our observations.29–31) Collectively, the evi-
dence observed in WKS cases and rodent models raises
the possibility that TD leads to hippocampus-dependent
deficits in memory formation.

WKS patients show neuropathological changes in the
medial thalamus and mammillary bodies, periaqueduc-
tal gray matter, brainstem nuclei, superior and inferior
colliculi, and anterior cerebellar vermis.9,10,15) How-
ever, in this study, we found neuron loss and deceases
in wide dendritic spines in the hippocampus of PTD
mice even at 3 weeks after PTD treatment, although
other brain regions, such as the amygdala and mPFC,

both of which also play critical roles in memory perfor-
mance, did not show these abnormalities. Several
previous studies using PTD or TD rats detected degen-
erating fibers and terminals in the hippocampal CA1,
CA2, CA3, and DG regions at 1 week after more than
14 days of PTD using silver-stained sections,62) neu-
ronal degeneration and loss of the hippocampal CA3
region using hematoxylin-eosin stained sections and
light microscopic examination,63) and hyperintense
regions in the dorsal and ventral hippocampus using
magnetic resonance imaging.34) Collectively, these find-
ings using PTD or TD rodents suggest that TD causes
degeneration of the hippocampus, thereby impairing

Fig. 4. Hippocampal neuronal loss in PTD mice.
Notes: (A) Representative immunofluorescent staining of NeuN-IR cells in the CA1, CA3, and DG regions of the hippocampus from the indi-

cated mice at day 11. Scale bar, 100 μm (top). Quantification of the number of NeuN-IR cells (bottom; Ctrl, n = 7; PTD, n = 5). *p < 0.05, com-
pared with Ctrl mice. (B) Representative immunofluorescent staining of NeuN-IR cells in the LA, BLA, and CeA regions of the amygdala at day
11. Scale bar, 100 μm (top). Quantification of the number of NeuN-IR cells (bottom; Ctrl, n = 6; PTD, n = 5). (C) Representative immunofluores-
cent staining of NeuN-IR cells in the PL and IL regions of the mPFC at day 11. Scale bar, 100 μm (top). Quantification of the number of NeuN-
IR cells (bottom; Ctrl, n = 6; PTD, n = 4). (D) Representative immunofluorescent staining of NeuN-IR cells in the CA1, CA3, and DG regions of
the hippocampus at day 32. Scale bar, 100 μm (top). Quantification of the number of NeuN-IR cells (bottom; Ctrl, n = 3; PTD, n = 5). *p < 0.05,
compared with Ctrl mice. Error bars indicate SEM.
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memory performance. Hippocampus contains a high
density of N-methyl-D-aspartate receptors64,65) and
thereby, is highly sensitive to excitotoxic neurodegener-
ation.66,67) Therefore, it is possible that this high sensi-
tivity to excitotoxicity leads to loss of neurons and
spines in the hippocampus of PTD mice. Moreover,
seizures and neurodegenerative diseases such as Alzhei-
mer’s disease causes dendritic spine abnormality
including spine loss in the DG neurons,68–70) raising
the possibility that dendritic spines in DG neurons are
susceptible to pathological damages by PTD. It is
important to examine whether neural degeneration at
the cellular, synaptic, and spine levels occurs in the
hippocampus of WKS cases.

WKS cases have been shown to recover quickly
from ocular and ataxia abnormalities following treat-
ment with parenteral thiamine (after days, weeks, and
1–2 months). In contrast, the amnestic symptoms in
WKS patients recover more slowly and incompletely; a
year or so is required for the maximum degree of
recovery.61,71–74) Similarly to WKS, we observed that
PTD mice showed deficits in memory formation even
at 6 months after PTD treatment, although abnormali-
ties of motor performance and body weight recovered
quickly (~3 weeks). Thus, the impaired memory perfor-
mance induced by TD is more permanent than the
other symptoms, suggesting that TD more severely
damages the brain regions required for the performance
of learning and memory. Collectively, our observations

at the behavioral level strongly suggest that TD leads
to long-term dysfunction of the brain regions required
for memory performance, supporting our conclusion
that TD causes hippocampal degeneration.
Dendritic spines form the postsynaptic component of

most excitatory synapses.75) Spine density and structure
are thought to reflect and/or determine connectivity
between neurons at the synapse and contribute to learn-
ing and memory as well as synaptic function.56–58)

Importantly, previous studies suggest that neuronal
degeneration and loss in the hippocampus correlate
with impairments of hippocampal long-term potentia-
tion, a synaptic model for LTM,76,77) and hippocam-
pus-dependent memory.78,79) Additionally, a reduction
of spine density was observed in hippocampal neurons
in mouse models of Alzheimer’s disease, suggesting
that a reduction in spine density in the hippocampal
DG correlates with memory impairment.80–82) On the
other hand, spine-head volume reflects the strength of
the synapse. Wide spines, such as mushroom spines,
make these synapses functionally stronger83–85) and
have been suggested to be stable “memory spines” that
are used store a memory.86,87) Our findings that PTD
mice show a loss of wide spines in the DG of the hip-
pocampus suggest that this abnormality of dendritic
spines in the hippocampus is linked with impairments
of memory performance observed in PTD mice.
Previously, we have shown the impairment of mem-

ory performance such as deficits in the formation of

Fig. 5. Decreased dendritic spine density on hippocampal DG neurons in PTD mice.
Notes: (A) Representative confocal images of CA1, DG, and amygdala dendrites from the indicated mice at day 11. Scale bar, 2 μm (top). Quantifica-

tion of spine density of total, narrow, and wide spines (bottom; Ctrl, n = 3; PTD, n = 3; CA1, n = 23–26 dendrites per group; DG, n = 31–32 dendrites
per group; amygdala, n = 21–22 dendrites per group). *p < 0.05, compared with Ctrl mice. (B) Representative confocal images of hippocampal CA1
and DG dendrites at day 32. Scale bar, 2 μm (top). Quantification of spine density of total, narrow, and wide spines (bottom; Ctrl, n = 3; PTD, n = 3;
CA1, n = 32–36 dendrites per group; DG, n = 57–58 dendrites per group). *p < 0.05, compared with Ctrl mice. Error bars indicate SEM.
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LTM in mice using pharmacology and genet-
ics.36,38,41,44,46,88) In the present study, we showed that
PTD mice showed impairment in the formation of hip-
pocampus-dependent memories. Importantly, we found
these deficits in memory performance using the C57BL/
6N mouse strain and identical experimental procedures
for the memory tasks. Therefore, we emphasize that the
memory impairment observed in PTD mice is compara-
ble with pharmacological and genetic models showing
significant and severe deficits in learning and memory.
It is also important to note that mice showing compara-
ble loss of body weight by fasting for 48 h did not show
impaired memory performance and hippocampal degen-
eration (data not shown), suggesting that the memory
deficits in PTD mice are not attributed to a side effect
of TD via lowering food intake.

In this study, we have shown that TD leads to severe
impairment of hippocampus-dependent memory forma-
tion and neuron loss in the CA1, CA3, and DG regions
and spine loss in the DG of the hippocampus. From
these observations, we suggest that these impairments
of hippocampal function are possible microendopheno-
types of TD that cause deficits in memory performance.
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