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BDNF regains function in hippocampal long-term
potentiation deficits caused by diencephalic damage
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Thiamine deficiency (TD), commonly associated with chronic alcoholism, leads to diencephalic damage, hippocampal dys-

function, and spatial learning and memory deficits. We show a decrease in the magnitude of long-term potentiation (LTP)

and paired-pulse facilitation (PPF) at CA3–CA1 synapses, independent of sex, following diencephalic damage induced

by TD in rats. Thus, despite a lack of extensive hippocampal cell loss, diencephalic brain damage down-regulates plastic

processes within the hippocampus, likely contributing to impaired hippocampal-dependent behaviors. However, both

measures of hippocampal plasticity (LTP, PPF) were restored with brain-derived neurotrophic factor (BDNF), revealing

an avenue for neural and behavioral recovery following diencephalic damage.

Learning and memory requires the interaction of many brain ar-
eas in a dynamic circuit, with each brain area contributing critical
information toward an effective behavioral response (Scoville and
Milner 1957; Tulving 1987). The direct and indirect connections
between brain areas required for successful learning and memory
can set the stage for abnormal function of one region within the
circuit to lead to dysfunction in other areas within the circuit.
For example, damage to the nuclei of the diencephalon (anterior
thalamus and mammillary bodies) can lead to spatial learning and
memory deficits similar to what is seen with direct hippocampal
damage (Aggleton et al. 1995). Evidence supports that lesions
of the diencephalon cause abnormalities in other brain areas crit-
ical to learning and memory, including the hippocampus and ret-
rosplenial cortex (Savage et al. 2003; Dumont et al. 2012; Aggleton
and Nelson 2015).

Thiamine deficiency (TD) leads to persistent neural loss with-
in the diencephalon that is associated with amnesia. Wernicke–
Korsakoff syndrome (WKS), a type of diencephalic amnesia associ-
ated with chronic alcohol abuse, is attributed to severe TD
(Kopelman et al. 2009). There is also evidence that more moderate
TD plays a role in alcohol-related cognitive and memory problems
(Pitel et al. 2011). A rodent model of WKS, pyrithiamine-induced
thiamine deficiency (PTD), recapitulates the diencephalic pathol-
ogy observed in WKS patients, including damage to the mammil-
lary bodies, anterior thalamic nuclei, and midline thalamic nuclei
(Mair 1994; Langlais et al. 1996). The PTD model also exhibits
deficits in spatial working memory that persists for months after
recovery from TD (Pitkin and Savage 2004; Vedder et al. 2015).

Despite evidence that suggests that women may be more sus-
ceptible to TD and alcohol-related brain damage (Harper 1983;
Mancinelli et al. 2013; Nixon et al. 2014), female rodents are often
excluded in alcohol-related brain damage studies. In the current
study, we investigated the effects of TD in both male and female
rats on functional measures of hippocampal plasticity that includ-
ed spontaneous alternation and long-term potentiation (LTP).
Male and female rats were randomly sorted into two treatment
groups, PTD (male, N ¼ 7; female, N ¼ 8) and pair-fed control
(PF, male, N ¼ 10, female, N ¼ 10). During treatment, all rats
were fed a thiamine-deficient diet (Harlan Laboratories, Inc.)

and injected daily with either pyrithiamine hydrobromide (PTD,
0.25 mg/kg, i.p, Sigma-Aldrich) or thiamine (PF, 40 mg/kg, i.p.,
Sigma-Aldrich). For PTD-rats, standard PTD treatment parameters
were followed that produce significant thalamic and mammillary
body damage, but allow for success in animal survival (Zhang
et al. 1995; Savage et al. 2012). Thiamine deficiency was arrested
with a dose of thiamine (100 mg/kg, i.p) 4.25 h after the obser-
vance of a seizure (11–14 d of treatment; see Fig. 1 for experimen-
tal design), and a second dose of thiamine was given 12 h later.
As PTD-treated rats lose weight due to malaise toward the end
of treatment, the standard control condition of PF rats were
food-restricted to match PTD weight loss (86% of initial pretreat-
ment body weight). All rats were allowed to recover in their home
cages for 3 mo until behavioral assessment of spatial memory, a
simple spontaneous alternation assay on a four-arm plus maze.
The day before testing, rats were fasted overnight to increase ex-
ploratory behavior on test day. During testing, rats were placed
in the center of a plus maze (72 × 40 × 36 cm, with clear plastic
sides on a wood base painted black) and the arm entry locations
were recorded for 18 min. An alternation was scored as an entry
into four different arms on overlapping successive sequences
of four arm entries (e.g., using the successive 15 arm entries of
A, D, C, B, D, A, C, D, B, D, A, C, D, A, C, the first sequence of four-
arm entries ADCB is counted as an alternation, but the following
sequence of four arm entries DCBD would not). A single-arm entry
was defined as all four paws of the rat within the arm. The percent
alternation score is determined by the ratio of (actual alterna-
tions/possible alternations [trial number-3]) multiplied by 100
(for this data set: 5/(15-3) ¼ 0.416 × 100 ¼ 41.6%). This criterion
is based on previous experiments that have used a four-choice
metric (Mohler et al. 2012; Ragozzino et al. 2012; Hall et al.
2014). Chance performance on this task when scoring out of a
four-choice sequence is 9.3% ([(4/4) (3/4) (2/4) (1/4) ¼ 0.093 ×
100] see Lennartz (2008)).

We found that TD, regardless of sex, led to significant spatial
memory impairment (Fig. 2A, two-factor ANOVA, main effect of
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treatment (PTD versus PF), F(1,35) ¼ 5.95, P , 0.05), lack of sex
effect, F(1,35) ¼ 0.26, P . 0.61, and lack of Sex × Treatment
Interaction, F(1,35) ¼ 0.12 P . 0.72). For spontaneous alternation,
female rats were all tested on the same day and the estrous cycle
stage was not documented. To determine whether female hor-
monal fluctuations produced increased variance, we conducted
an F-test (McCarthy et al. 2012), which revealed that the variance
between male and female rats was not significantly different
on this task (males: s ¼ 0.014, females: s ¼ 0.018, F(15) ¼ 0.79,
P . 0.32).

Although several studies exist demonstrating that long-term
chronic (months) ethanol exposure impairs hippocampal LTP,
even after prolonged abstinence (Durand and Carlen 1984;
Tremwel and Hunter 1994; Peris et al. 1997), very little is known
about the specific effects of TD on hippocampal synaptic plastic-
ity. We have shown that TD reduces the amount of acetylcholine
in the hippocampus during spontaneous alternation and that
these decreased levels of acetylcholine
are correlated to alternation performance
(Hall and Savage 2016). Furthermore,
studies of anterior thalamic nuclear le-
sions have shown decreased levels of
the immediate early gene c-Fos in the
hippocampus (Dupire et al. 2013), a
molecular measure of plasticity. LTP, a
long-term increase in synaptic efficacy,
is considered a cellular correlate to learn-
ing and memory (Malenka and Bear
2004). LTP at CA3 Schaffer collateral syn-
apses onto CA1 pyramidal cells is often
associated with spatial learning and
memory processes. As TD disrupts spatial
working memory, we hypothesized it
would also disrupt normal synaptic func-
tion, but it was unknown whether sex
would alter hippocampal responsivity
to TD. Both male and female PF and
PTD rats were injected with a lethal
dose of sodium phenobarbital and trans-
cardially perfused with ice-cold high-
sucrose aCSF (containing in mM; 85
NaCl, 2.5 KCl, 4 MgSO4, 0.5 CaCl2, 1.25
NaH2PO4, 25 NaHCO3, 25 glucose, and
75 sucrose, bubbled with CO2/O2 [95%/
5%]). Acute, coronal hippocampal slices
were cut at 400 mm on a vibratome
(Leica) in the high-sucrose aCSF solution.
Hippocampal slices were stored
in normal aCSF (in mM; 119 NaCl,
26 NaHCO3, 2.5 KCl, 1 NaH2PO4, 2.5
CaCl2, 1.3 MgSO4, and 10 glucose) for
at least 1 h at room temperature before re-
cordings. Physiological recordings were

performed on a four-chamber SliceMaster system (Scientifica).
During recordings, slices were submerged in normal aCSF warmed
to 32˚C and a bipolar stimulating electrode constructed of two
twisted nichrome wires generated extracellular dendritic field
potentials (fEPSPs). For LTP experiments, events were stimulated
using an established LTP induction protocol (Kauer et al. 1988;
Smith and McMahon 2005, 2006); briefly, 0.1 Hz stimulation
and a voltage that elicited a fEPSP with an amplitude of 0.5 mV
(�50% of maximal response). After 10 min of stable baseline re-
cordings (,4% variance in baseline slope), a high-frequency teta-
nus was given (100 Hz, 0.5 sec, 4×, 1.5 times the baseline voltage,
to allow for reliable, moderate LTP) and then returned to the base-
line stimulus. This LTP protocol has been previously used to assess
the influence of female sex hormones on hippocampal plasticity
(Smith and McMahon 2005, 2006; Vedder et al. 2013, 2014;
Smith et al. 2016) and we therefore considered it appropriate
to examine sex differences in synaptic plasticity. Responses were

Figure 1. Schematic of the experimental treatments and timeline.

Figure 2. Independent of sex, thiamine deficiency led to impaired spontaneous alternation perfor-
mance (A), a suppression of hippocampal long-term potentiation (LTP: B,C,D), and a decrease in paired-
pulse facilitation (PPF). LTP was induced by high-frequency tetanus (100 Hz, 0.5 sec, 4×, 1.5 times the
baseline voltage) and PPF was recorded during baseline transmission before inducing LTP (50 msec in-
terstimulus interval).
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digitized using a DigiData1440A (Molecular Devices) and
monitored and stored using pCLAMP 10 software (Molecular
Devices). fEPSP slopes were analyzed using Matlab2015b
(Mathworks) and data normalized to the pretetanus baseline.
Percent LTP was measured as an average of the change from base-
line between 10 and 30 min post-tetanus.

LTP was significantly decreased in both male and female rats
treated with PTD (F(3, 27) ¼ 11.27, P , 0.005, Fig. 2B–D). Similar to
the behavioral data, the decrease in LTP was not modified by sex
(P . 0.17). However, the magnitude of LTP in control (PF) male
rats was higher than the magnitude of LTP in female PF diestrus
(direct comparison using t-test, t(17) ¼ 2.11, P , 0.05). This in-
creased LTP in male rats compared with female diestrus rats repli-
cates previous findings (Warren et al. 1995). To better understand
how TD alters LTP, we analyzed the paired-pulse facilitation (PPF)
during baseline transmission before inducing LTP (50 msec inter-
stimulus interval). We found a significant decrease in PPF in rats
treated with PTD (F(1,27) ¼ 8.72, P , 0.01) and this decrease was
not dependent on sex (F(1,27) , 1, P . 0.88; see Fig. 2E). The PPF
ratio is a physiological measure of the probability of neurotrans-
mitter release from presynaptic terminals (Katz et al. 1993;
McCool 2011). An increase in release probability is reflected in a
decrease in the PPF ratio. A decrease in PPF in TD rats is somewhat
unexpected, considering the decreased magnitude of LTP in these
rats. Future studies are needed to elucidate the mechanisms by
which TD alters PPF; including using whole-cell recordings to
determine whether altered sequential glutamate release is in-
volved. Synapsin 1 presents as a key target as TD reduces the
amount of hippocampal phosphorylated synapsin I, which is in-
volved in neurotransmitter release by tethering synaptic vesicles
to the actin cytoskeleton (Resende et al. 2012).

The opposite response in the PPF ratio (i.e., larger ratio sug-
gesting reduced glutamate release) has been found in a mouse
model of seizure (Zhang et al. 2010). This suggests that the PTD
model has a different profile of altered neuroplasticity than com-

mon seizure models. A seizure control
group is not commonly used in the PTD
model as the reduction/elimination of
PTD-induced seizures do not alter tha-
lamic pathology in the model (Arm-
strong-James et al. 1988; Zhang et al.
1995). Seizure-dependent effects on LTP
are modulated by the number of seizures
and the recovery time since the last seiz-
ure (Reid and Stewart 1997). Repeated
seizures, but not a single seizure, increas-
es the EPSP slope and reduces the degree
to which in vivo LTP can be induced;
both alterations are gradually recovered
across a 40-d period (Stewart et al.
1994). Although we cannot rule out the
possibility that PTD-induced seizures
altered hippocampal plasticity, our ex-
tendedrecovery time (4mo) and different
plasticity profile lessen the probability
that the acute seizure during PTD treat-
ment is the primary mechanism that al-
tered PPF and LTP in this experiment.

There is a long-term decrease in hip-
pocampal BDNF levels in the TD model
(Vedder et al. 2015; Hall and Savage
2016). Methods such as exercise and en-
vironmental enrichment that increase
hippocampal BDNF levels have been
demonstrated to improve hippocampal
neural plasticity as well as learning and

memory performance (Bekinschtein et al. 2011; Chourbaji et al.
2011). Furthermore, both exercise (Hall et al. 2014; Hall and
Savage 2016) and environmental enrichment (Wolff et al. 2008;
Harland et al. 2014) enhance learning and memory after dience-
phalic damage. Prolonged exposure to BDNF across days to weeks
can reorganize connections between brain regions and increase
the survival of injured neurons (Zagrebelsky and Korte 2014).
These long-term effects of BDNF on neural survival and structure
are complemented by the acute effects of BDNF on synaptic plas-
ticity. Short-term effects of BDNF include almost immediate
changes in neurotransmitter release, followed by altered synaptic
structure that occurs within minutes, and changes in protein
synthesis and gene expression can occur within hours to induce
further synaptic changes (Leal et al. 2015).

Specifically, BDNF has been shown to regulate both the in-
duction and maintenance of LTP (Scharfman and MacLusky
2014; Leal et al. 2015). To determine whether BDNF could recover
the TD-induced LTP deficit, we bath-applied BDNF (20 ng/mL,
Peprotech) during baseline recording before delivering HFS to in-
duce LTP. We found that BDNF significantly increases the LTP
magnitude (Fig. 3A–B, F(1,53) ¼ 4.79, P , 0.05) and this increase
was not dependent on sex (BDNF × Sex Interaction, F(1,53) , 1,
P . 0.82, data not shown). Analysis of baseline PPF unveiled a sig-
nificant interaction between BDNF application and TD treatment
(Fig. 3C, F(1,53) ¼ 11.192, P , 0.005). Although an alteration in
PPF is suggestive of presynaptic dysfunction (Katz et al. 1993;
McCool 2011), the procedures followed in this experiment are
not a direct test of that mechanism. However, in hippocampal cul-
tures an acute exogenous application of BDNF has been shown to
enhance presynaptic efficacy by increasing glutamate release at a
significant number of excitatory synapses (Lessmann et al. 1994;
Lessmann and Heumann 1998). Furthermore, a chronic applica-
tion of BDNF enhances the docking of transmitter vesicles also,
leading to an increase in release of glutamate, and this process ap-
pears to involve TrkB-dependent phosphorylation of synapsin I

Figure 3. Application of brain-derived neurotrophic factor (BDNF; 20ng/mL) increased LTP in both
control (PF) of thiamine-deficient (PTD) rats, returning hippocampal LTP levels in PTD rats to the
level of untreated controls (A,B). Furthermore, BDNF normalized paired-pulse facilitation, selectively,
in PTD rats (C).
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(Tyler and Pozzo-Miller 2001; Tyler et al. 2002). However, it is
unknown whether TD-induced BDNF dysfunction occurs at the
level of hippocampal synapses or whether altered BDNF levels
after TD are causal to the impairment of either LTP, PPF, or spatial
memory. Our data do suggest that BDNF is sufficient to recover
these synaptic deficits.

In summary, these experiments are the first to use electro-
physiology to investigate the effects of TD on hippocampal synap-
tic function. We show that a long-lasting deficit in LTP occurs after
exposure to moderate-to-severe TD, and this effect is independent
of sex. However, this does not rule out that sex difference may ex-
ist in other models of alcohol-related brain damage. Compared
with studies that assessed the effects of chronic ethanol alone
(Durand and Carlen 1984; Tremwel and Hunter 1994), we can
conclude that TD leads to a more persistent and a greater deficit
in hippocampal synaptic function. We further show that TD de-
creased PPF, suggesting that diencephalic damage may lead to dys-
function in presynaptic transmission within the hippocampus.
An exogenous application of BDNF recovered hippocampal
synaptic function following TD, as the decreased magnitude of
both LTP and PPF were restored. These data provide further
evidence that BDNF is important to modulate plasticity and
neural adaptation within the hippocampal–diencephalic circuit
(Tsanov et al. 2011). Thus, manipulations that increase BDNF lev-
els, such as environmental enrichment and exercise, are an ave-
nue to improve hippocampal plasticity that is downgraded after
diencephalic damage.
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