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Enhancing GABA Signaling during Middle Adulthood
Prevents Age-Dependent GABAergic Interneuron Decline
and Learning and Memory Deficits in ApoE4 Mice
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Apolipoprotein E4 (apoE4) is the major genetic risk factor for Alzheimer’s disease (AD). However, the underlying mechanisms are still
poorly understood. We previously reported that female apoE4 knock-in (KI) mice had an age-dependent decline in hilar GABAergic
interneurons that correlated with the extent of learning and memory deficits, as determined by Morris water maze (MWM), in aged mice.
Enhancing GABA signaling by treating aged apoE4-KI mice with the GABAA receptor potentiator pentobarbital (PB) for 4 weeks before
and during MWM rescued the learning and memory deficits. Here, we report that withdrawal of PB treatment for 2 weeks before MWM
abolished the rescue in aged apoE4-KI mice, suggesting the importance of continuously enhancing GABA signaling in the rescue.
However, treating apoE4-KI mice during middle adulthood (9 –11 months of age) with PB for 6 weeks prevented age-dependent hilar
GABAergic interneuron decline and learning and memory deficits, when examined at 16 month of age. These data imply that increasing
inhibitory tone after substantial GABAergic interneuron loss may be an effective symptomatic, but not a disease-modifying, treatment for
AD related to apoE4, whereas a similar intervention before substantial interneuron loss could be a disease-modifying therapeutic.
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Introduction
Apolipoprotein (apo) E4 is the strongest genetic risk factor for
Alzheimer’s disease (AD)—the fastest-growing neurodegenera-
tive disease facing mankind (Corder et al., 1993; Farrer et al.,

1997; Genin et al., 2011; Huang and Mucke, 2012). In humans,
apoE4 exerts increasingly detrimental effects with advanced age
and apoE4 homozygosity, especially in females (Farrer et al.,
1997; Damoiseaux et al., 2012; Leung et al., 2012). Likewise, in
aging female mice with the human APOE4 gene knocked into the
mouse apoE locus (apoE4-KI), GABAergic interneurons are pro-
gressively impaired and lost in the hilus of the dentate gyrus,
likely causing network imbalance and hippocampal hyperactiv-
ity, which leads to the observed impairments in spatial learning
and memory (Li et al., 2009; Andrews-Zwilling et al., 2010; Leung
et al., 2012). Similar network abnormalities and dentate hyperac-
tivity are seen in aging humans with mild cognitive impairment,
early stage AD, and cognitively normal apoE4 carriers (Filippini
et al., 2009; Dennis et al., 2010). In mouse studies, this population
of dentate gyrus interneurons is particularly vulnerable to apoE4,
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Significance Statement

We previously reported that female apoE4-KI mice had an age-dependent decline in hilar GABAergic interneurons that correlated
with the extent of cognitive deficits in aged mice. The current study demonstrates that enhancing GABA signaling by treating aged
apoE4-KI mice with a GABAA receptor potentiator pentobarbital (PB) before and during behavioral tests rescued the cognitive
deficits; but withdrawal of PB treatment for 2 weeks before the tests abolished the rescue, suggesting the importance of continu-
ously enhancing GABA signaling. However, treating apoE4-KI mice during middle adulthood with PB for a short period of time
prevented age-dependent hilar GABAergic interneuron decline and cognitive deficits late in life, suggesting early intervention by
enhancing GABA signaling as a potential strategy to prevent AD related to apoE4.
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especially when produced inside the interneurons themselves
(Knoferle et al., 2014). In females (where the effect is more pro-
nounced), regardless of genotype, the number of these cells de-
clines throughout life, but does so in a substantially accelerated
manner in mice with apoE4 (Andrews-Zwilling et al., 2010;
Leung et al., 2012). A particular subset of the interneuron
population expresses the neuropeptide somatostatin (SST),
and the decline in SST interneurons most strongly correlates
with learning and memory impairments in apoE4-KI mice
(Andrews-Zwilling et al., 2010; Leung et al., 2012). Decreases
in SST have also been associated with AD in humans (Davies et
al., 1980), particularly so among apoE4 carriers (Grouselle et
al., 1998).

Previous studies have shown that pentobarbital (PB), a
GABAA receptor potentiator, pharmacologically increases in-
hibitory tone and can acutely rescue the deficits of adult neu-
rogenesis in the subgranular zone of the hippocampus and
behavioral phenotypes, including learning and memory, in
apoE4-KI mice (Li et al., 2009; Andrews-Zwilling et al., 2010).
This suggests that rebalancing the GABAergic signaling and
inhibitory tone may be the key to rescue the behavioral phe-
notypes of apoE4-KI mice. PB is a short-acting GABAA recep-
tor potentiator that works by increasing the duration of
receptor activation in the presence of GABA, rather than in-
creasing the frequency of activation as with benzodiazepines
(Tozuka et al., 2005; Andrews-Zwilling et al., 2010). When
aged female apoE4-KI mice are treated with PB before and
during behavioral assessment, learning and memory impair-
ments are rescued (Andrews-Zwilling et al., 2010). However,
in the PB-treated apoE4-KI mice, the numbers of SST in-
terneurons remain as low as in the untreated group (Andrews-
Zwilling et al., 2010), suggesting that functionally enhancing
GABA signaling, rather than protecting SST interneuron loss,
is responsible for the rescue. We thus hypothesize that in the
weeks following the discontinuation of PB treatment in aged
female apoE4-KI mice, in which SST interneuron loss has been
substantial, inhibitory signaling as well as learning and mem-
ory will return to the impaired baseline levels. We further
hypothesize that one strategy to prevent or delay the onset of
the behavioral deficits would be to alter the course of interneu-
ron decline at a young age, before SST interneuron loss is
substantial enough to cause learning and memory impair-
ments, by treating apoE4-KI mice with PB earlier in life.

We tested these hypotheses in the current study and demon-
strate that withdrawal of PB treatment for 2 weeks in aged
apoE4-KI mice before Morris water maze (MWM) test abolished
the rescue, confirming the importance of continuously enhanc-
ing GABA signaling in the rescue of aged mice. However, treating
apoE4-KI mice at a younger age (9 months) with PB for 6 weeks
prevented learning and memory deficits and ameliorated age-
dependent hilar GABAergic interneuron decline at an older age
(16 months). Thus, early PB treatment prevents late hilar in-
terneuron decline and learning and memory deficits in apoE4-KI
mice.

Materials and Methods
Animals. All protocols and procedures followed the guidelines of the
Laboratory Animal Resource Center at the University of California, San
Francisco (UCSF). Experimental and control animals had identical
housing conditions from birth through euthanasia (12 h light/dark cycle,
housed 5/cage, PicoLab Rodent Diet 20). Female apoE3-KI and
apoE4-KI homozygous mice on a C57BL/6 background strain (Taconic;
Hamanaka et al., 2000) were born and aged under normal conditions at
the Gladstone Institutes/UCSF animal facility.

PB Injections. PB (Sigma-Aldrich) was prepared in 0.9% sterile saline
at 5 mg/ml. Mice were administered 20 mg/kg by intraperitoneal injec-
tion for 28 d (4 weeks), 2 weeks before (every morning) and during (every
afternoon) behavioral tests (Andrews-Zwilling et al., 2010) or 50 mg/kg
for 42 d (6 weeks) and discontinued for 2 weeks or 5 months before
behavioral tests.

Morris water maze test. All mice were singly housed during Morris
water maze (MWM) test, which was conducted in a pool (122 cm diam-
eter) with room temperature water (22–23°C) with a 10-cm-wide square
platform submerged 1.5 cm below the surface of opaque water during
hidden trials (Andrews-Zwilling et al., 2010; Leung et al., 2012; Knoferle
et al., 2014). Mice were trained to locate the hidden platform over 4 trials
per day for 5 hidden days (HD)1–5, where HD0 is the first trial on the
first day, with a maximum of 60 s per trial. Each memory trial (probe
trial) was conducted for 60 s in the absence of the platform at 24, 72, and
120 h after the final learning session. Memory was assessed as percentage
of time spent in the target quadrant that contained the platform during
the learning trials compared with the average of time spent in the non-
target quadrants. For visible trials, a black-white striped mast (15 cm
high) marked the platform location. The platform location and room
arrangement remained constant throughout the assay with the exception
of moving the platform during the visible trials. Speed was calculated by
distance traveled divided by trial duration. Performance was objectively
monitored using EthoVision video-tracking software (Noldus Informa-
tion Technology).

Immunohistochemistry. Animals were transcardially perfused with
0.9% saline and both hemi-brains were collected and drop-fixed in 4%
paraformaldehyde (PFA) for 48 h at 4°C. After rinsing in PBS, tissues
were cryoprotected in 30% sucrose. The right hemi-brains were then
embedded in a 20% gelatin/30% sucrose embedding medium, hardened
for 48 h in 4% PFA at 4°C, and cryoprotected in 20% glycerol/2% di-
methyl sulfoxide for 24 h at 4°C before snap-freezing in an isopentante/
dry-ice slurry. The matrix was then sectioned together coronally in
blocks of 12 hemi-brains at 30 �m with a frozen sliding microtome
(Leica) for floating immunohistochemistry. Floating sheets of brains
were blocked in normal rabbit serum (Jackson Immuno Research) with
citric acid antigen retrieval (1 mM), immunostained overnight with goat
anti-SST (1:350; Santa Cruz Biotechnology), followed by incubating with
biotinylated rabbit anti-goat IgG (1:500, Jackson Immuno Research) for
1 h at room temperature. Diaminobenzidine (DAB; Sigma-Aldrich) de-
velopment was done using Vectastain ABC amplification kit (Vector
Laboratories) for 1–5 min (Andrews-Zwilling et al., 2010; Leung et al.,
2012; Knoferle et al., 2014).

Image collection and cell quantification. Histologic images of every 10 th

section (30 �m) across the whole hippocampus of a single hemisphere
(�8 sections) were collected using Biorevo BZ-9000 Keyence digital mi-
croscope. Quantification of SST cells was conducted on images of every
section of hippocampus (anterior to posterior) using semiautomated
Image-based Tool for Counting Nuclei (ITCN) plugin in ImageJ with
manual outlining of the dentate gyrus hilar area, which was defined as the
polymorphic nuclear region between the inner border of the granule cell
layer and an imaginary connection between the ends of both granule cell
blades except for the interposed layer of CA3 pyramidal neurons (Leung
et al., 2012), and visual confirmation of counted cells by an investigator
blind to the experimental groups. Total hilar cell number was obtained
by multiplying the raw count by 20 to account for the 1 in 10 sampling of
half the brain (Andrews-Zwilling et al., 2010; Leung et al., 2012; Knoferle
et al., 2014).

Statistical analysis. All values are expressed as mean � SEM. Statistical
analyses were performed with Prism v5.0 software (GraphPad). MWM
data were analyzed and compared by repeated measures one-way
ANOVA and Bonferroni post hoc test for the hidden training days and by
one-way ANOVA and Bonferroni post hoc test for the probe trials. Sta-
tistical significance of histochemical quantification was assessed by
Student’s t test. A p value of �0.05 was considered to be statistically
significant. Statistical values are denoted as follows: *p � 0.05, **p �
0.01, ***p � 0.001.
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Results
PB treatment of aged apoE4-KI mice before and during
MWM rescues learning and memory deficits, but not hilar
SST interneuron loss
As reported previously (Andrews-Zwilling et al., 2010), when
female 15.5-month-old apoE4-KI mice were given daily PB (20
mg/kg) injection starting 2 weeks before and continued during
the 2 weeks of MWM test (Fig. 1A) their learning impairment was
rescued, compared with saline-treated apoE4-KI mice, to a level
similar to that seen in apoE3-KI mice (Fig. 1B). PB-treated
apoE4-KI mice also retained a preference for the target quadrant,
whereas saline-treated apoE4-KI mice did not, in probe trials
when the platform was removed 72 h (Fig. 1C) and 120 h (data
not shown) after the hidden trials, suggesting the rescue of
apoE4-induced memory deficits by PB treatment. PB treatment
of age-matched female apoE3-KI mice did not significantly alter
their learning and memory performance (Fig. 1B,C). There were
no significant differences in visible platform trials (Fig. 1B)
or swim speed (Fig. 1D) among all groups of mice. After the
behavioral test, brains of all mice were collected, sectioned, and
immunostained for SST interneurons, as previously reported
(Andrews-Zwilling et al., 2010; Leung et al., 2012; Knoferle et al.,
2014). Quantitative analyses revealed that the numbers of hilar
SST interneurons in PB-treated and saline-treated apoE4-KI
mice were similar, both of which were significantly less than those
in PB-treated and saline-treated apoE3-KI (Fig. 1E–I), indicating
that 4 week treatment of aged apoE4-KI mice with PB did not
rescue SST interneuron loss.

PB treatment of aged apoE4-KI mice does not have lasting
effects on learning and memory improvement after treatment
withdrawal
We then took the advantage of PB as a short-acting GABAA re-
ceptor potentiator (Tozuka et al., 2005; Andrews-Zwilling et al.,
2010) to determine whether the behavioral rescue in aged
apoE4-KI mice requires continuous action of PB on enhancing
GABA signaling or can last for a long period of time after the
treatment withdrawal. In this cohort, PB treatment was increased
in dosage and duration to 50 mg/kg and 42 d to maximize any
lasting effects that PB might impart. When MWM was assessed 2
weeks after treatment withdrawal (Fig. 2A), PB-treated apoE4-KI
mice no longer displayed rescue of learning and memory deficits
compared with saline-treated apoE4-KI mice, both of which per-
formed significantly worse than PB-treated and saline-treated
apoE3-KI mice (Fig. 2B,C). Again, there were no significant dif-
ferences of performance in visible trials (Fig. 2B) and swim speed
among all groups of mice (Fig. 2D). Similar to the other cohort
treated at advanced age, no rescue of hilar SST interneuron loss
was observed in aged apoE4-KI mice treated with PB relative to
their genotype-matched controls that received saline, and both
groups of apoE4-KI mice had reduced numbers of SST interneu-
rons relative to both apoE3-KI groups (Fig. 2E–I). Thus, PB
treatment of aged apoE4-KI mice does not have lasting effects on
learning and memory improvement after treatment withdrawal.

Early PB treatment prevents late hilar SST interneuron loss
and learning and memory deficits in apoE4-KI mice
To determine whether increasing GABA signaling and inhibitory
tone has lasting beneficial effects if done before hilar SST in-
terneuron loss is substantial enough to cause behavioral deficits,
PB treatment was administered to younger adults at 9.5 months
of age at 50 mg/kg daily for 42 d (Fig. 3A). Strikingly, when

evaluated 5 months after the discontinuation of PB treatment
(Fig. 3A), PB-treated apoE4-KI mice had normal learning and
memory similar to those of age-matched apoE3-KI controls (Fig.
3B,C). There were no significant differences of performance in
visible trials (Fig. 3B) and swim speed among all groups of mice
(Fig. 3D). Importantly, early PB-treated apoE4-KI mice also had
increased numbers of hilar SST interneuron, reaching levels sim-
ilar to those seen in age- and treatment-matched apoE3-KI mice
compared with early saline-treated apoE4-KI mice (Fig. 3E–I).
Interestingly, the numbers of hilar SST interneurons in early PB-
treated apoE4-KI mice, which were measured at 16 months of
age, were comparable with those seen in untreated apoE4-KI
mice at 6 –12 months of age (Andrews-Zwilling et al., 2010;
Leung et al., 2012), suggesting that early PB treatment completely
prevents the continuous hilar SST interneuron decline late in life,
although the treatment began after there was already a significant
difference between apoE4-KI and apoE3-KI mice at 6 months of
age (Andrews-Zwilling et al., 2010; Leung et al., 2012). Together,
these data indicate that early PB treatment prevents both late
severe hilar SST interneuron loss, and learning and memory def-
icits in apoE4-KI mice.

Discussion
In this study, we demonstrate that enhancing GABA signaling by
PB treatment in aged apoE4-KI mice before and during behav-
ioral tests rescues learning and memory deficits; however, with-
drawal of PB treatment for 2 weeks before behavioral tests
abolished the rescue. Thus, the rescue requires continuous treat-
ment with PB in aged apoE4-KI mice. Because the treatment has
no effect on hilar SST interneuron decline, it suggests that in aged
apoE4-KI mice, in which the hilar SST interneuron loss has been
substantial, enhancing GABA signaling is an approach of symp-
tomatic, but not disease-modifying, treatment. However, the
age-dependent learning and memory deficits and the severe loss
of hilar SST interneurons in apoE4-KI mice can be prevented
with early PB treatment for 6 weeks during middle adulthood
(9 –11 months of age). This provides hope that a brief interven-
tion in middle adulthood to boost inhibitory signaling may re-
balance inhibition and excitation and reverse the dentate
hyperactivity observed in human apoE4 carriers (Filippini et al.,
2009; Dennis et al., 2010), and thus delay or prevent the onset of
cognitive decline much later in life.

Furthermore, the early-treated-then-aged apoE4-KI mice have
higher numbers of SST interneurons in the hilus of dentate gyrus
compared with saline-treated controls. This indicates that early
treatment with a potentiator of inhibitory signaling can slow down
or even prevent severe inhibitory interneuron loss late in life. Al-
though the precise mechanism underlying the protection is still a
topic of ongoing investigation, we propose the following working
model: in aged mice, apoE4 causes SST interneuron loss in the hilus
of the dentate gyrus, leading to impaired inhibition (Andrews-
Zwilling et al., 2010, 2012; Li et al., 2009) and, potentially, excitotoxic
injury. This imbalance of inhibition and excitation may contribute
to deficits in learning and memory (Andrews-Zwilling et al., 2012).
Meanwhile, the overexcitation likely causes more SST interneuron
death, initiating a vicious cycle. When aged apoE4-KI mice are
treated with the GABAA receptor potentiator PB, the excitotoxicity is
likely suppressed and inhibition and excitation are rebalanced. This
is enough to have a positive effect on improving learning and mem-
ory behavior. However, because hilar SST interneuron loss is already
substantial in aged apoE4-KI mice, enhancing GABA signaling can-
not rescue their loss; thus, withdrawal of PB treatment abolishes the
temporary rescue of learning and memory deficits. Importantly,
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Figure 1. PB treatment of aged apoE4-KI mice before and during MWM test rescued learning and memory deficits, but not hilar SST interneuron loss. A, Experimental timeline for 4 weeks of PB
treatment before and during behavioral assessment in MWM followed by histological analysis. B, Hidden trials of MWM test showed that PB treatment before and during the test rescued learning
impairment in aged apoE4-KI mice. There were no significant differences in visible trials among all groups. Points represent averages of daily trials. HD, hidden platform day (2 trials/session, 2
sessions/d); HD0, First trial on HD1; VD, visible platform day (2 trials/session, 2 sessions/d). y-axis indicates the time to reach the target platform (escape latency, mean � SEM). C, A probe trial
performed 72 h after the last hidden trial showed that PB treatment before and during the test also rescued memory impairment in aged apoE4-KI mice. D, Swim speeds did not differ significantly
among all groups. E, Quantification of total hilar SST interneurons after behavioral assessments showed no rescue of hilar SST interneuron loss. F–I, Representative images of DAB-stained hilar SST
interneurons in saline-treated apoE3-KI (F ), saline-treated apoE4-KI (G), PB-treated apoE3-KI (H ), and PB-treated apoE4-KI (I ) mice. Values are mean � SEM. *p � 0.05, **p � 0.01, ***p �
0.001 as determined by repeated-measures two-way ANOVA (B) and unpaired Student’s t test (C, E). Scale bar: (in F ) F–I, 50 �m. n � 7–12 mice per group.
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Figure 2. PB treatment of aged apoE4-KI mice did not have lasting effects on learning and memory improvement after treatment withdrawal. A, Experimental timeline for 6 weeks of PB treatment followed
by treatment withdrawal for 2 weeks and then behavioral assessment in MWM followed by histologic analysis. B, Hidden trials of MWM test showed that withdrawal of PB treatment for 2 weeks before Morris
water maze (MWM) test abolished the rescue of learning impairment in aged apoE4-KI mice. There were no significant differences in visible trials among all groups. Points represent averages of daily trials. HD,
Hiddenplatformday(2trials/session,2sessions/d);HD0,firsttrialonHD1;VD,visibleplatformday(2trials/session,2sessions/d).y-axis indicatestimetoreachthetargetplatform(escapelatency,mean�SEM).
C, A probe trial performed 72 h after the last hidden trial showed that withdrawal of PB treatment for 2 weeks before MWM test abolished the rescue of memory impairment in aged apoE4-KI mice. D, Swim
speeds did not differ significantly among all groups. E, Quantification of total hilar SST interneurons after behavioral assessments showed no rescue of hilar SST interneuron loss. F–I, Representative images of
DAB-stained hilar SST interneurons in saline-treated apoE3-KI (F ), saline-treated apoE4-KI (G), PB-treated apoE3-KI (H ), and PB-treated apoE4-KI (I ) mice. Values are mean�SEM. *p�0.05, **p�0.01 as
determined by repeated-measures two-way ANOVA (B) and unpaired Student’s t test (C, E). Scale bar: (in H ) F–I, 50 �m. n � 10 –12 mice per group.
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Figure 3. Early PB treatment prevented late hilar SST interneuron loss and learning and memory deficits in apoE4-KI mice. A, Experimental timeline for 6 weeks of PB treatment starting at 9.5
months of age and behavioral assessment at 16 months of age in MWM followed by histologic analysis. B, Hidden trials of MWM test showed that early PB treatment prevented late learning deficit in
apoE4-KI mice. There were no significant differences in visible trials among all groups. Points represent averages of daily trials. HD, Hidden platform day (2 trials/session, 2 sessions/d); HD0, first trial
on HD1; VD, visible platform day (2 trials/session, 2 sessions/d). y-axis indicates time to reach the target platform (escape latency, mean � SEM). C, A probe trial performed 72 h after the last hidden
trial showed that early PB treatment also prevented late memory deficit in apoE4-KI mice. D, Swim speeds did not differ significantly among all groups. E, Quantification of total hilar SST interneurons
after behavioral assessments showed that early PB treatment prevented late hilar SST interneuron loss. F–I, Representative images of DAB-stained hilar SST interneurons in saline-treated apoE3-KI
(F ), saline-treated apoE4-KI (G), PB-treated apoE3-KI (H ), and PB-treated apoE4-KI (I ) mice. Values are mean�SEM. *p�0.05, **p�0.01 as determined by repeated-measures two-way ANOVA
(B) and unpaired Student’s t test (C, E). Scale bar: (in F ) F–I, 50 �m. n � 7–11 mice per group.
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when PB treatment starts at middle adulthood in apoE4-KI mice, it
interrupts the cycle of impaired inhibition and overexcitation, lead-
ing to prevention of age-dependent hilar SST interneuron loss and,
consequently, preservation of normal learning and memory. Al-
though we did not evaluate in the current study whether early PB
treatment completely prevents or merely delays the onset of learning
and memory deficits in apoE4-KI mice, even a delay of onset would
be a substantial improvement to current treatment options. It is
important to mention that PB may not be an ideal drug for treating
AD patients due to safety issues, such as the sedative side effects; thus,
alternative approaches would also need to be explored for increasing
inhibitory tone or confining the effects of PB to the hippocampus.
Nonetheless, our data suggest that early intervention to enhance
GABA signaling could be a potential strategy to prevent AD related
to apoE4.
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