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Abstract
Thiamine deficiency is associated with cerebellar dysfunction; however, the consequences of thiamine deficiency on the elec-
trophysiological properties of cerebellar Purkinje cells are poorly understood. Here, we evaluated these parameters in brain slices
containing cerebellar vermis. Adult mice were maintained for 12–13 days on a thiamine-free diet coupled with daily injections of
pyrithiamine, an inhibitor of thiamine phosphorylation. Morphological analysis revealed a 20% reduction in Purkinje cell and
nuclear volume in thiamine-deficient animals compared to feeding-matched controls, with no reduction in cell count. Under
whole-cell current clamp, thiamine-deficient Purkinje cells required significantly less current injection to fire an action potential.
This reduction in rheobase was not due to a change in voltage threshold. Rather, thiamine-deficient neurons presented signifi-
cantly higher input resistance specifically in the voltage range just below threshold, which increases their sensitivity to current at
these critical membrane potentials. In addition, thiamine deficiency caused a significant decrease in the amplitude of the action
potential afterhyperpolarization, broadened the action potential, and decreased the current threshold for depolarization block.
When thiamine-deficient animals were allowed to recover for 1 week on a normal diet, rheobase, threshold, action potential half-
width, and depolarization block threshold were no longer different from controls. We conclude that thiamine deficiency causes
significant but reversible changes to the electrophysiology properties of Purkinje cells prior to pathological morphological
alterations or cell loss. Thus, the data obtained in the present study indicate that increased excitability of Purkinje cells may
represent a leading indicator of cerebellar dysfunction caused by lack of thiamine.
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Introduction

This study characterizes changes to the morphology and elec-
trophysiological activity of cerebellar Purkinje cells in mice

deprived of thiamine (vitamin B1) as an animal model for
neurological disease caused by thiamine deficiency. The goals
of this study are to investigate how thiamine deficiency affects
Purkinje cell function and to characterize early events in dis-
ease states provoked by thiamine deficiency.

Many previous studies have demonstrated the essential role
of thiamine and its metabolites on brain function. The brain is
a major consumer of thiamine, and thiamine deficiency causes
necrotic lesions in several brain areas [1]. After uptake from
the diet, thiamine is phosphorylated to form thiamine
monophosphate, diphosphate, and triphosphate. The diphos-
phate form has well-known roles as a cofactor for metabolic
enzymes, and a reduction in thiamine diphosphate is therefore
deleterious for all tissues, although certain regions of the
brain, including the cerebellum, are particularly susceptible
[2]. In addition to its role as a cofactor for metabolic enzymes,
thiamine or its phosphorylated derivatives have been shown to
modulate ion channels [3, 4]. These observations, together
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with the discovery that brain mitochondria synthesize thia-
mine triphosphate [5], suggest that thiamine phosphates could
function as endogenous regulators of neuronal excitability.

In human patients and animal models of human patholo-
gies, thiamine deficiency has been linked to neurodegenera-
tive diseases including Alzheimer’s [6–8] and can lead to
Wernicke’s encephalopathy and Wernicke-Korsakoff syn-
drome (reviewed by Bubko et al. [9]). Neurological deficit
characteristics of these diseases include oculomotor deficits,
cognitive dysfunction, memory loss, and ataxia [10–12].
These diseases are characterized by neurodegeneration of sev-
eral brain regions including thalamus, mammillary bodies,
periaqueductal gray matter, inferior and superior colliculus,
and cerebellum, mainly in the anterior vermis. Importantly,
studies in healthy animals indicate that changes to the tempo-
ral pattern of Purkinje cell activity without neurodegeneration
reduce the ability to retain information in working memory
[13]. This finding indicates the importance of understanding
the consequences of thiamine deficiency on the excitability
and electrical of individual Purkinje cell. Moreover, the obser-
vation that changes to Purkinje cell density and morphology
are associated with cognitive decline in Alzheimer’s patients
[14] highlights the importance of separating effects of thia-
mine deficiency on Purkinje cell morphology (cell size and
cell count) from its effects on intrinsic electrical activity.

In rats, thiamine deficiency can lead to irreversible loss of
cerebellar Purkinje cells [15]. Purkinje cells are the sole output
neuron from the cerebellar cortex, and therefore, it is impor-
tant to understand how thiamine deficiency affects these cells
culminating in cell death. However, the cellular electrophysi-
ological changes to cerebellar neurons caused by thiamine
deficiency are largely unknown. In cultured rat cerebellar
granular neurons, treatment with culture media deficient in
thiamine caused a decrease in A-type K+ currents [16, 17]
and an increase in CaV1.2 expression and Ca2+ current [18];
however, it is unknown if similar changes occur in Purkinje
cells. Thiamine deficiency causes marked changes to 5-
hydroxytryptamine responses in Purkinje cells [19], consistent
with the hypotheses discussed above that thiamine or its de-
rivatives can regulate neuronal excitability. However, since
the aforementioned study relied on extracellular recordings,
we still do not have any information on the effect of thiamine
deficiency on cellular electrical parameters such as input re-
sistance, rheobase, threshold, and AP waveform. Here, we
used whole-cell current clamp to measure electrical properties
of Purkinje cells from thiamine-deficient animals in brain
slices.

An effective treatment to induce thiamine deficiency in
rodents consists of a thiamine-free diet combined with daily
administration of pyrithiamine [20–22], a thiamine analog that
inhibits the enzyme thiamine pyrophosphokinase leading to
reduced levels of thiamine diphosphate in the brain [23]. This
model produces clinical signs including equilibrium deficits

and gait abnormalities [24–27], and recapitulates some of the
clinical and neuropathological signs of Wernicke-Korsakoff
syndrome observed in human patients including ataxia [28].
Using thiamine-deficient mice as an experimental model, in
the present study, we examined changes to Purkinje cell func-
tion directly due to thiamine deficiency, before the onset of
cell death in the cerebellum.

Methods

Animals and Thiamine Deficiency Model

Experiments were performed on tissue obtained from 33 male
C57Bl/6 mice, aged 8–9 weeks at the start of the protocol,
obtained from the CEBIO animal faci l i ty of the
Universidade Federal de Minas Gerais. The justification for
including only male subjects was to avoid variability due to
estrous cycle. The metabolic pathways for which thiamine
diphosphate is a cofactor are very highly conserved, and it is
unlikely that significant differences exist between sexes. All
protocols and procedures using animals were approved by the
local animal care committee (CEUA protocol 71/2018). The
experimental schedule is illustrated schematically in Fig. 1a.
After a 7-day habituation period, animals were divided ran-
domly into two groups: thiamine-deficient (DEF) and control
(CTRL). Thiamine-deficient animals received a thiamine-free
diet (Table 1) and received daily injections of pyrithiamine
(0.25 mg/kg, i.p.). Control animals were also fed a thiamine-
free diet, but received daily injections of thiamine (0.4 mg/kg,
i.p.) instead of pyrithiamine. Feeding of control animals was

Table 1 Composition of thiamine-free chow

g/kg

Cornstarch 507

Cassava starch 169

Casein* 200

Soy oil 50

Salt mixture** 50

Vitamin mixture*** 10

Cellulose 10

Choline-HCL 4.0

Tocopherol-vitamin E 0.4

Butylated hydroxytoluene (BHT) 0.1

*Casein was autoclaved before use

**(in %) NaCl (13.93), KI (0.08), MgSO4·7H2O (5.73), CaCO3 (38.14),
MnSO4·H2O (0.40), FeSO4·7H2O (2.70), ZnSO4·7H2O (0.05),
CuSO4·5H2O (0.05), CoCl2·6H2O (0.02), KH2PO4 (38.90)

***(in %) retinyl acetate (0.40), cholecalciferol (0.06), menadione (0.05),
myo-inositol (1.00), niacin (0.40), calcium pantothenate (0.40), riboflavin
(0.08), pyridoxine-HCl (0.05), folic acid (0.02), biotin (0.004), vitamin
B12 (0.0003), balance sucrose
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restricted to the average daily consumption of the deficient
group [25]. This protocol was continued until thiamine-
deficient animals presented clinical signs including hunched
back and lower limb distension, which occurred on days 12–
13. At this time point, matched feeding control animals did not
present any clinical alterations.

Upon completion of the thiamine deficiency treatment,
groups were further subdivided into animals used for histolo-
gy (N = 3 from each group) or electrophysiology (N = 7 CTRL
and N = 6 DEF). The remaining animals (7 from each group)
entered the recovery protocol, which consisted of a single
injection of thiamine (1 mg/kg) or water (controls) followed
by ad libitum access to standard chow (containing thiamine).
After 7-day recovery, these animals were used for electro-
physiology. The electrophysiological experiments permitted
processing of 1 animal per day. Control animals were ana-
lyzed on days 11 and 14, and thiamine-deficient animals on
days 12 and 13. Likewise, for recovery, control-recovered
animals were analyzed on days 18 and 21, and recovered
thiamine-deficient animals on days 19–20.

Preparation of Cerebellar Slices

Mice were anesthetized with isoflurane (89-μg/L air). The
anesthetized animal was decapitated, the posterior skull
was removed, and the cerebellum was extracted and
blocked in the sagittal plane by removing one cerebellar
hemisphere with a scalpel cut and mounted with cyanoac-
rylate glue onto the tray of a Vibratome (Leica VT1000S).
The tray was immersed in ice-cold low-Ca2+ artificial CSF
(aCSF) containing (in mM): 125 NaCl, 25 NaHCO3, 2.5
KCl, 3 MgCl2, 0.1 CaCl2, 25 glucose, 1.25 NaH2PO4, 0.4
ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, and pH 7.4
when bubbled with carbogen (95% O2, 5% CO2). Sagittal
slices (200 μm) were obtained from the cerebellar vermis
in carbogen-bubbled ice-cold low-Ca2+ aCSF. After cut-
ting, slices were incubated in carbogen-bubbled normal
aCSF (the same composition as low-Ca2+ aCSF, except
that the concentrations of Ca2+ and Mg2+ were 2 mM and
1 mM, respectively) at 37 °C for 45 min and subsequently
at room temperature (∼ 22 °C) and used for recording with-
in 6 h.

Fig. 1 Experimental protocol,
feeding, and body weight
variations during thiamine
deficiency protocol and recovery.
a Schematic illustration of the
experimental protocol. b
Cumulative food consumption
during thiamine deficiency
treatment. c Body mass during
treatment expressed as absolute
(C1) or relative to start of treat-
ment (C2)
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Electrophysiology

Slices were transferred to a 0.5-mL chamber on the stage of a
MRK100 microscope (Siskiyou, OR, USA) and kept in place
with a platinum harp strung with a nylon thread. The slices
were continuously perfused with normal aCSF at a rate of
2 mL/min. Temperature was maintained at 33 ± 1 °C with an
inline heater (Warner Instruments model TC-324C). Purkinje
cells were visualized with infrared contrast gradient optics
through a video camera (IR-1000, DAGE-MTI, IN, USA)
and viewed on the monitor of a PC using a video frame grab-
ber and software (ENLTV-FM3, Encore Electronics, USA).

Extracellular and whole-cell current clamp recordings were
obtained with an Axopatch 200 amplifier (Axon Instruments,
CA, USA). The signals were filtered (low pass, 5 kHz) before
being sampled every 24 μs by an A/D converter (Digidata
1322A, Axon Instruments, CA, USA), managed by
Strathclyde Electrophysiological Software (created and kindly
provided by John Dempster, University of Strathclyde).
Pipettes were fabricated from glass capillaries (Patch Clamp
Glass, PG52151-4, World Precision Instruments) using a ver-
tical two-stage pipette puller (PP830 Narishige, Tokyo,
Japan). Open tip resistance was 2–3MΩ. Pipettes were coated
with dental wax to reduce noise and pipette capacitance. For
extracellular recording, pipettes were filled with aCSF, and a
juxtacellular recording was made by gently pushing the tip of
the pipette < 5 μm into the Purkinje cell soma. For whole-cell
recordings, the internal solution contained (in mM): K-
gluconate 125, KCl 20, Na2 phosphocreatine 10, EGTA 0.5,
HEPES 10, Mg2 ATP 4, Na2 GTP 0.3, pH 7.2 (adjusted with
KOH). The calculated liquid junction potential of − 9 mVwas
corrected online. Data recordings started 5 min after obtaining
the whole-cell configuration. From each animal, 1–5 Purkinje
cells were recorded.

Using extracellular recordings, we measured spontaneous
firing frequency. Under current clamp, the following parame-
ters were evaluated: spontaneous firing frequency, rheobase,
input resistance, and the frequency of action potentials as a
function of injected current amplitude. For the measurement
of spontaneous firing rate, pipette current was set to I = 0. For
the other measurements, constant current injection was used to
maintain the voltage at − 75 mV, and current injection proto-
cols were applied relative to this steady holding current.

Access resistance, Ra, was measured continuously based on
the size of the nearly instantaneous jump in pipette potential
(ΔVinst) at the onset of a current step (ΔI) as:

Ra ¼ ΔV inst

ΔI
ð1Þ

Jumps in pipette potential at the onset of current steps had
10–90% rise time = 0.75 ± 0.15 ms and were thus readily
separated from the much slower charging of the membrane
capacitance.

Input resistance was measured using hyperpolarizing or
depolarizing current injections from a standard Vm = −
75 mV (see above). For hyperpolarizing current injections,
negative current injection led to an initial peak hyperpolariza-
tion followed by a “sag” (i.e., slow partial repolarization).
Peak and steady-state input resistance (Rin) was measured
from the peak hyperpolarization (ΔVpeak) or steady-state hy-
perpolarization (ΔVss), and corrected for access resistance
(Ra) as:

Rin;peak ¼ ΔVpeak

ΔI
−Ra ð2aÞ

Rin;SS ¼ ΔV ss

ΔI
−Ra ð2bÞ

Input resistance during subthreshold depolarizing steps
was measured by fitting a line to the ΔV vs. ΔI relationship
for subthreshold current steps varying in increments of 10 pA.
The slope of this line measures the sum of membrane resis-
tance and access resistance, and subthreshold input resistance
(Rin,subth) was calculated by subtracting off the access resis-
tance measured as described above.

Rin;subth ¼ Slope of ΔV vs: ΔIð Þ−Ra ð3Þ

The amplitude of the sag potential was determined as the
difference between steady-state membrane potential and peak
membrane potentials reached during hyperpolarizing current
injections. The time constant of the sag was obtained by fitting
a single exponential curve from the negative peak of the hy-
perpolarization until the end of the current step.

Voltage threshold for action potentials was based on the
sudden increase in dVm/dt at the onset of the action potential.
Threshold was the membrane potential for which dVm/dt
crossed 15 V/s during the upstroke of the action potential.
Afterhyperpolarization was measured relative to the voltage
threshold [29], and was separate into two kinetic components,
fast and slow. Fast afterhyperpolarization was the most nega-
tive value of the membrane potential attained during spike
repolarization. In our recordings, this occurred < 1 ms after
spike peak and decayed with a time constant of about
0.5 ms, giving way to a much slower AHP. The amplitude
of the slow AHP was measured after decay (5 time constants)
of the fast AHP. Half-width was measured as the width of the
AP halfway between threshold and the peak.

To test for spike frequency adaptation, we measured the
spike frequency during the first 200 ms (finitial) and last
200 ms (ffinal) of a 1-s current injection, and calculated the
adaptation ratio, ffinal/finitial. To measure the minimum current
required to cause depolarization block, we applied 1-s current
injections in steps of 50 pA from a baseline membrane poten-
tial adjusted to − 75 mV using negative bias current.
Typically, firing rate increased with increasing current up to
certain point and then action potentials began to fail at the end
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of the current injection. The amplitude of the last current step
for which regular firing occurred throughout the 1-s current
injection was taken as the limit for depolarization block.

Only Purkinje cells that had a well-defined membrane and
typical cell shape within were chosen for recordings. Access
resistance was 17 ± 4 MΩ, and membrane potential was
corrected off-line for errors due to series resistance. Cells were
excluded from analysis if initial membrane potential, estimat-
ed from the intervals between spontaneous spikes, was less
negative than − 50 mV or if the current required to hold the
cells at Vm = − 75 mV which exceeded − 900 pA.

Histology

Animals were sacrificed by overdose with sodium thiopental
(5 mg, i.p.) and transcardially perfused with Ringer’s solution,
followed by Ringer’s solution containing glutaraldehyde
(2.5%). Cerebellar vermis were embedded in glycol methac-
rylate (Technovit 7100, Heraeus Kulzer, Wehrheim,
Germany), and 3–4-μm serial histological sagittal sections
were cut and stained with toluidine blue. To avoid counting
the same cell more than one, only each third section was
collected. Three animals were used per group. From each
animal, 4 sections were collected, and from each section, 5
fields were analyzed resulting in a total of 20 fields per animal,
60 fields per group. Panoramic images from each section were
obtained using a Zeiss AxoCam imaging system with a × 4
objective to identify each lobe. High-resolution images con-
taining linear segments of Purkinje layer were taken with a ×
40 objective.

Purkinje cell linear density was measured by counting the
number of cells in the Purkinje cell layer. Only cells that were
aligned with the Purkinje cell layer with well-defined cell
plasma membrane were included, resulting in a total of 422
cells counted for control animals and 432 cells counted for
thiamine-deficient animals. Cell counts per field were convert-
ed to linear density (cell/mm) by dividing by the field length.
For cell diameter measurements, in addition to the criteria
above, only cells with well-defined nuclear membrane and
nucleolus visible in the image were included (131 control cells
and 111 thiamine-deficient cells).

Measurements of Purkinje cell major diameter (D1), minor
diameter (D2), and nucleus diameter were performed using
Image J software (NCBI, Bethesda, USA) by an operator
who was unaware of the experimental groupings. Cell and
nuclear prolate spheroid areas and ellipsoidal volumes were
calculated from their respective major diameters (D1) and
minor diameters (D2) as:

A ¼ 2 � π � D2
2

4
� 1þ D1

D2 � ϵ � arcsin ϵð Þ
� �

ð4Þ

V ¼ π � D1 � D2
2

6
ð5Þ

where ϵ is the eccentricity, ϵ ¼ 1− D2
2

D2
1
.

Cell counts and measurements were grouped by regions as
anterior (lobes II–V), posterior (lobes VI–IX) or flocular (lobe
X). However, because of low cell count for lobe X, it was not
considered for statistical analysis.

Chromatin condensation was evaluated from the intensity
of nucleus staining using a Nikon Eclipse E600 microscope
(Nikon Corp., Melville, USA) with a × 40 objective. Images
were converted to a gray scale and inverted using ImageJ
software.

Statistics Analysis

Data in figures and text are presented as mean ± standard
deviation. Statistical tests were performed using the built-in
statistical functions included in Igor 8 (Wavemetrics). Body
weight was analyzed by two-way ANOVA for repeated mea-
sures. Other parameters were evaluated with Student’s t test.
Differences were considered statistically significant when
p < 0.05.

Results

Thiamine Deficiency Reversibly Reduced Feeding and
Body Weight

Thiamine deficiency with feeding-matched control was ap-
plied using the protocol described in “Methods”, and feeding
and body mass were monitored daily (Fig. 1). For the first
10 days of the protocol, food intake remained relatively con-
stant. However, on days 11–13, feeding by thiamine-
deficient mice was strongly reduced, as observed in previous
studies [30], visible as a reduction in the slope of the cumu-
lative feeding curve (Fig. 1b). To control for this effect, we
used a matched feeding program whereby food intake of
control animals was limited to that consumed by thiamine-
deficient animals. Cumulative consumption during the thia-
mine deficiency protocol was 24.0 ± 1.1 g/animal in the
thiamine-deficient group vs. 23.8 ± 1.8 g/animal in control
(p = 0.42). At the start of treatment, body mass was not sta-
tistically different in the control group (21.3 ± 2.2 g) and the
thiamine deficiency group (21.1 ± 1.0 g). After treatment,
body mass decreased by − 3.0 ± 1.4 g (14%) and − 4.0 ±
1.2 g (19%), respectively (p < 0.001 for the effect of treat-
ment on body mass, p < 0.05 for the difference between treat-
ment groups). Thus, both groups lost body mass during treat-
ment, and despite equal feeding, thiamine-deficient animals
lost significantly more body mass during treatment although
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the difference between groups was small (difference in effect
size equal to 5% of original body mass). On days 12–13,
thiamine-deficient animals presented clinical signs including
hunched back and lower limb distension, whereas in control
animals, these clinical signs were absent. In previous studies
using the same thiamine deficiency protocol, mice at this
stage have other clinical cerebellar signs including difficulty
on the rotarod and gait abnormalities [21, 24–27].
Electrophysiological and morphological analyses were thus
performed at this time point. Weight loss was completely
reversed in both control and thiamine-deficient animals after
7 days recovery.

Thiamine Deficiency Reduced Rheobase of Purkinje
Cell Neurons

To determine if thiamine deficiency affects the excitability of
cerebellar Purkinje cells, we first measured the rheobase, the
current necessary to evoke action potentials (Fig. 2). For
these experiments, Purkinje cells were hyperpolarized to a
standardized membrane potential of ≅ − 75 mV with steady
holding current injection (CTRL, Ihold = − 570 ± 119 pA vs.
DEF, Ihold = − 540 ± 144 pA, p = 0.5970). Under these con-
ditions, spontaneous action potentials were not observed. To
measure rheobase, positive current steps of 1-s duration and
amplitudes that varied in steps of 10 or 20 pA were applied
until the Purkinje cell fired at least one action potential (Fig.
2a). Using this protocol, we observed a marked decrease in
minimal current required to fire an action potential in
Purkinje cells from thiamine-deficient animals (Fig. 2b,
CTRL, rheobase = 460 ± 301 pA vs. DEF, rheobase = 187
± 119 pA, p = 0.0012).

Effects of Thiamine Deficiency on Action Potential
Threshold, Waveform, and Afterhyperpolarization

The reduction in rheobase described above for Purkinje cells
from thiamine-deficient animals led us to hypothesize a
change in action potential threshold. To investigate this, we
examined the threshold and kinetics of action potentials to
determine if thiamine deficiency affects these parameters
(Fig. 3). For this, we employed phase analysis by plotting
dVm/dt vs. Vm (Fig. 3a). Action potential maximal rates of
depolarization and repolarization were unchanged: maximum
rate of depolarization (CTRL: 389 ± 103 V/s vs. DEF: 352 ±
56 V/s, p = 0.1779), maximum rate of repolarization (CTRL:
− 381 ± 80 V/s vs. DEF − 389 ± 84 V/s, p = 0.7922). Voltage
threshold was defined as the membrane potential at which
dVm/dt crossed 15 V/s during the rising phase of the action
potential. Despite the reduction in rheobase, we observed no
significant difference in voltage threshold (Vth) in Purkinje
cells from thiamine-deficient animals (Vth, CTRL: − 53.1 ±
5.0 mV vs. DEF: − 53.9 ± 5.4 mV, p = 0.6654, Fig. 3b).
Following an action potential, Purkinje cells displayed a
prominent afterhyperpolarization (AHP) that comprised two
kinetic components. The fast phase reached a negative peak
within 1 ms following the spike peak and decayed with a time
constant of about 0.5 ms, giving way to a much slower phase
(Fig. 3b). Both fast and slow components of the AHP were
significantly reduced in thiamine-deficient Purkinje cells: fast
AHP, CTRL: − 28 ± 5 mV vs. DEF: − 23 ± 5 mV, p = 0.0034;
slow AHP, CTRL: − 9.0 ± 3.3 mV vs. DEF: − 6.4 ± 2.8 mV,
p = 0.0096. We also observed a small (9%) increase in AP
half-width in thiamine-deficient Purkinje cells (half-width,
CTRL: 0.206 ± 0.016 ms vs. DEF: 0.225 ± 0.027 ms, p =
0.0080, Fig. 3b).

Fig. 2 Thiamine deficiency causes a reduction in rheobase in cerebellar
Purkinje cells. a Representative recordings from a Purkinje cell from a
control (CTRL) or thiamine-deficient (DEF) mouse. Membrane potential
was set to ≅ − 75 mV with a constant negative bias current, and current
protocols shown are relative to this baseline. Cells were stimulated with

step current injections at a resolution of 20 pA. Shown are the last sub-
threshold (black traces) and first suprathreshold (red traces) responses. b
Summary of effect of thiamine deficiency on rheobase (minimum current
required to fire an action potential). Error bars represent SD, *p < 0.05
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Thiamine Deficiency Increases Subthreshold Input
Resistance

The results described above indicate that voltage threshold
was not altered in Purkinje cells from the thiamine-deficient
group. We thus considered other possible mechanisms that
could explain the observed reduction in rheobase. We ana-
lyzed the Purkinje cell input resistance because this parameter
determines the amplitude of membrane depolarization pro-
duced by a given current injection. Our hypothesis was that
higher membrane resistance in thiamine-deficient animals
would allow threshold to be reached at lower current intensi-
ties than in control.

To test for differences in input resistance, we first mea-
sured the voltage response to negative current injection rang-
ing from − 200 to − 1000 pA (Fig. 4). These stimuli gener-
ated hyperpolarizing responses with a prominent
depolarizing voltage sag attributable to slow activation of
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels [31]. Time to peak hyperpolarization, tpeak, was
not different between the two groups (CTRL, tpeak = 58 ±

13 ms vs. DEF, tpeak = 61 ± 13 ms, p = 0.49). Dividing the
peak change in membrane potential by the amplitude of the
current injection and correcting for access resistance (see
“Methods,” Eq. 2a) gave the peak input resistance, Rin,peak,
which was not different between groups (CTRL, Rin,peak =
26.9 ± 7.0 MΩ vs. DEF Rin,peak = 27.4 ± 5.7 MΩ, p = 0.7923,
Fig. 4b). The steady-state input resistance, Rin,ss, measured at
the end of the 1-s current step (Eq. 2b) was also not different
between groups (CTRL, Rin,ss = 18.7 ± 7 MΩ vs. DEF,
Rin,ss = 18.4 ± 5 MΩ, p = 0.8922, Fig. 4c). We also measured
the amplitude and kinetics of the depolarizing voltage sag
that followed the initial peak hyperpolarization during neg-
ative current injection, as an indirect assessment of HCN
conductance. We observed no significant difference in the
amplitude of the depolarizing voltage sag (CTRL, Vsag = 7.2
± 3.1 mV vs. DEF, Vsag = 7.9 ± 2.6 mV, p = 0.4255, Fig. 4d),
or its time constant (τsag, CTRL: 76.5 ± 38 ms vs. DEF: 69 ±
16 ms, p = 0.3952, Fig. 4e). Therefore, neither input resis-
tance nor the extent of depolarizing voltage sag during hy-
perpolarization or its kinetics was significantly different be-
tween control and thiamine-deficient animals.

Fig. 3 Changes to the AP waveform in thiamine-deficient Purkinje cells.
A1 Action potential and phase-plot analysis of action potential waveform
parameters in representative cerebellar Purkinje cells from control
(CTRL) or thiamine-deficient (DEF) animals. Cells were hyperpolarized
to ≅ − 75 mV and stimulated at their rheobase. Scale bar for inset in a:

10 mV, 1 ms. A2 Summary of effects of thiamine deficiency on AP max
rate of depolarization and repolarization. b Waveform definition and
summary of effects of thiamine deficiency on threshold, fast and slow
components of the afterhyperpolarization (AHP) and AP half-width.
Error bars represent SD, *p < 0.05
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We next examined the behavior of the membrane
potential when stimulated with subthreshold-positive
current injection (Fig. 5). For these experiments, cells
were stimulated with positive current injections that var-
ied in steps of 10 or 20 pA from a membrane potential
of − 75 mV. The size of the resultant depolarization was
measured as a function of current step, and the input
resistance of the membrane was measured at these sub-
threshold potentials as the slope of the ΔV vs. ΔI re-
lationship (“Methods,” Eq. 3, Fig. 5a, b). Using this
protocol, we observed a 69% increase in the membrane
resistance between thiamine-deficient Purkinje cells and
controls measured at these subthreshold potentials,
(Rin,subth, CTRL: 29 ± 18 MΩ vs. DEF: 48 ± 30 MΩ,
p = 0.0158, Fig. 5c). Higher subthreshold input resis-
tance in thiamine-deficient Purkinje cells explains, at
least partially, the reduction in rheobase described
above.

Frequency and Variability of Spontaneous and
Stimulated Action Potentials

The rate of action potential firing was examined in whole-cell
current clamp with no applied current (Fig. 6a). We observed
no significant difference in the rate of spontaneous action
potentials between groups (CTRL, frequency = 117 ± 48 Hz
vs. DEF, frequency = 143 ± 49 Hz, p = 0.2278). Since whole-
cell perfusion may change the native firing pattern, we repeat-
ed these measurements with extracellular recordings (Fig. 6b)
and obtained similar results (CTRL, frequency = 122 ± 63 Hz
vs. DEF, frequency = 90 ± 29 Hz, p = 0.4074). Besides firing
rate, another important parameter of Purkinje cell function is
temporal dispersion in spike intervals ([32, 33]).We examined
this parameter by measuring the coefficient of variation of
spike intervals in Purkinje cells spiking at a mean frequency
near 100 Hz (CTRL, 109 ± 9 AP/s, DEF, 108 ± 7 AP/s). This
analysis indicated that thiamine deficiency did not change the

Fig. 4 Membrane responses to –
1 nA hyperpolarizing current in-
jection. a Representative re-
sponses from Purkinje cells from
a control (CTRL) or thiamine-
deficient (DEF) mouse. Cells
were hyperpolarized to − 75 mV
with a constant negative bias cur-
rent, and current protocol was
applied relative to this baseline.
b–e Summary of effects of thia-
mine deficiency on input resis-
tance, depolarizing voltage sag,
and sag time constant. Peak and
steady-state input resistance were
calculated from the peak and
steady-state hyperpolarization af-
ter subtracting off the instanta-
neous jump due to series resis-
tance. Sag depolarization (Vsag)
was the difference in peak and
steady-state depolarization. Sag
time constant (τsag) was deter-
mined by adjusting a single ex-
ponential curve to the sag depo-
larization starting at peak hyper-
polarization. Error bars represent
SD, *p < 0.05
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regularity of Purkinje cell spiking (CTRL, CV = 0.18 ± 0.17
vs. DEF, CV = 0.16 ± 0.12, p = 0.7767, Fig. 6c).

We next examined the firing of Purkinje cells when stim-
ulated with current injections above their rheobase and deter-
mined the gain of the input/output relationship as the slope of
the frequency vs. current relationship. These data indicate no
significant difference in input/output gain in thiamine-
deficient animals compared to controls (CTRL, slope = 0.55
± 0.12 AP/s/pA vs. DEF, slope = 0.53 ± 0.050 AP/s/pA, p =
0.87) (Fig. 6d, e). To determine if spike frequency adaptation
occurred during the 1-s depolarizing current injection, we cal-
culated the spike frequency adaptation ratio, ffinal/finitial (see
“Methods”). Although there was significant dispersion during
current levels just above rheobase, for stronger current injec-
tion ffinal/finitial converged to a value slightly greater than 1.0
(slightly greater firing at the end of the current injection) for
both the CTRL and DEF groups with no significant difference
between groups (Fig. 6f, g).

To determine if thiamine-deficient Purkinje cells were
more sensitive to depolarization block [34], we applied cur-
rent injections in steps of 50 pA and determined the level of
current for which action potentials failed during the 1-s current
application (Fig. 6h–j). Thiamine-deficient cells required sig-
nificantly less current for depolarization block than controls
(CTRL, 1.71 ± 0.21 nA vs. DEF, 1.17 ± 0.47 nA, p = 0.003,
Fig. 6i). Thiamine-deficient cells also entered depolarization
block at a lower spike rate compared to controls, although this
difference was not statistically significant (CTRL, 394 ± 139
spikes/s vs DEF, 309 ± 84 spikes/s, p = 0.0845, Fig. 6j).

To determine the overall cellular health of the Purkinje cell
layer in thiamine-deficient mice, we measured the cell density
and cell size of Purkinje cells in cerebella from deficient and
control animals (Fig. 7). Randomly chosen fields containing
the Purkinje cell layer showed no difference in the number of
cells between control and thiamine-deficient animals (CTRL,
23.4 ± 6.2 cells/mm vs. DEF, 24.0 ± 6.7 cells/mm, p = 0.78),
(Fig. 7b). Thus, thiamine deficiency did not cause a reduction
in the total number of Purkinje cells. We next examined the
size of the Purkinje cells and observed a significant reduction
in the volume of Purkinje cell soma from thiamine-deficient
animals (CTRL, soma volume = 2.8 ± 0.76 pL vs. DEF, soma
volume 2.3 ± 0.79 pL, p < 10−4), (Fig. 7c). To look for signs of
apoptosis, we examined the cell nuclei. No increase in the
density of staining of nuclei was observed (not shown). We
did detect a decrease in nuclear volume (Fig. 7d); however,
this decrease was in proportion to the somatic volume change.

�Fig. 5 Subthreshold input resistance is significantly increased in Purkinje
cells from thiamine-deficient animals. Cells were hyperpolarized to −
75 mV, and current injections were applied to measure the input resis-
tance at subthreshold membrane potential. a Voltage responses to small
hyperpolarizing and depolarizing current injections, and V–I plot used to
determine Rin for a representative control Purkinje cell. b The same as for
a, except for a Purkinje cell from a thiamine-deficient animal. c Summary
of difference in slope input resistance for the two groups. Error bars
represent SD, *p < 0.05
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Fig. 6 Spontaneous and stimulated action potential frequency. a
Spontaneous action potential frequency in whole-cell recordings (I = 0).
b Spontaneous action potential frequency for extracellular recordings. c
Coefficient of variation of inter-spike intervals in whole-cell recordings. d
Responses to Purkinje cells from control or thiamine-deficient animals
when stimulated at 1×, 1.5×, and 2× rheobase. Scale bar, 50 mV. e Input/
output relationship, normalized to rheobase, for the two groups. f All-cell

plot of accommodation index as a function of average firing rate for cells
stimulated above their rheobase. g Summary of accommodation at an
average firing rate of 90 AP/s. h Representative traces of control and
deficient Purkinje cells stimulated with current that generates depolariza-
tion block. Scale bars, 0.1 s and 20mV. i Summary of the current required
to generate depolarization block. j Summary of the firing rate at which
depolarization block occurred. Error bars represent SD, *p < 0.05
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Thus, we did not detect any of the hallmarks of apoptosis such
as nuclear condensation or fragmentation. Therefore, the thi-
amine deficiency protocol we used does not appear to cause
overt degeneration of the Purkinje cell layer at the time point
studied.

The results above indicate that thiamine deficiency proto-
col employed reduced the rheobase current and the
afterhyperpolarization, without inducing significant cell
death. This raises the possibility that treatment of thiamine-
deficient animals with thiamine might restore normal Purkinje
cell function. To test this, animals were subjected to the thia-
mine deficiency protocol (or feeding-matched control proto-
col) followed by the recovery protocol described in
“Methods.” After 7-day recovery, animal weight was
completely restored (Fig. 1). Electrophysiological measure-
ments indicated no significant difference in the rheobase,
afterhyperpolarization, or half-width for Purkinje cells from
thiamine-deficient recovered animals and their corresponding
controls (Fig. 8, CTRL, rheobase = 280 ± 187 pA vs. DEF,

rheobase = 291 ± 192 pA, p = 0.79; fast AHP = − 26.2 ±
6.3 mV vs. − 25.9 ± 5.4 mV, p = 0.86; slow AHP = − 9.0 ±
4.1 mV vs. − 9.3 ± 3.9 mV p = 0.83; half-width = 0.212 ±
0.029 ms vs. 0.223 ± 0.039, p = 0.28). Thus, the electrophys-
iological changes caused by thiamine deficiency were
completely restored after the 7-day recovery.

Discussion

The results presented demonstrate that thiamine deficiency
reduces the rheobase for simple spike firing in Purkinje cells
and reduces both fast and slow components of the
afterhyperpolarization following simple spikes, with a modest
broadening of the AP. In addition, thiamine-deficient Purkinje
cells required less current to enter depolarization block. These
electrophysiological changes were accompanied by an in-
crease in input resistance detected during subthreshold
depolarizing current injections. Histological analysis revealed

Fig. 7 Thiamine deficiency reduces Purkinje cell and nuclear volume,
with no reduction in cell number. a Panoramic and high-magnification
images of sections of cerebella from a control mouse (upper panels) or
thiamine-deficient mouse (lower panels). Scale bars are 500 μm and
50 μm. b Purkinje cell density. c Measured major diameter and minor

diameter of Purkinje cell soma and calculated surface area and volume. d
Measured diameter and calculated volume of Purkinje cell nucleus. C
control cells, D thiamine-deficient cells. Error bars represent SD,
*p < 0.05
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a small reduction in Purkinje cell volume but no reduction in
cell count, indicating little or no overt Purkinje cell deteriora-
tion or death. Consistent with this, the electrophysiological
alterations described above were completely absent in
Purkinje cells from mice that completed the recovery protocol
after thiamine deficiency.

Purkinje cells generate complex electrical activity
consisting of both fast somatic sodium spikes mediated by
TTX-sensitive Na+ channels and slower dendritic Ca2+ spikes
mediated by P-type Ca2+ currents (reviewed by Llinás [35]).
In addition to providing regenerative drive for Ca2+ spikes,
Ca2+ entry through voltage-gated Ca2+ channels also couples
to the activation of BK and SK type Ca2+-sensitive K+ chan-
nels present in the soma and dendrites [36–42]. Inhibition of
BK channels with iberiotoxin or SK channels with apamin
reduces the afterhyperpolarization following each action po-
tential [29, 43]. Conversely, EBIO, an activator of SK chan-
nels, increases the afterhyperpolarization [38]. In addition to
Ca2+-dependent potassium channels, Purkinje cells also ex-
press 4-AP-sensitive A-type potassium currents [44] which
are required for the dendritic afterhyperpolarization that fol-
lows subthreshold current injection, reviewed by Schreurs
[45].

It thus appears that BK and SK Ca2+-dependent K channels
and A-type K channels can contribute to the IAHP that underlie
afterhyperpolarizations in Purkinje cells. Block of BK chan-
nels with iberiotoxin [29, 36, 42] or A-type potassium chan-
nels with 4-AP [36, 44] produces changes to simple spike
waveform similar to what we observed in thiamine-deficient
Purkinje cells, although thiamine deficiency caused less
broadening of the action potential than 4-AP (9% increase in
half-width by thiamine deficiency compared to 61% increase
in half-width by 4-AP, Table 1 in Belmeguenai et al. [36]).
Thus, we consider BK channels and A-type potassium chan-
nels as possible mediators of the effects of thiamine deficiency
on AP waveform.

Downregulation of SK type Ca2+-sensitive potassium
channels is associated with increased excitability in
Purkinje cells [36, 46], but for reasons described below, we
think it is unlikely that a reduction in SK channel density
would explain the effects of thiamine deficiency on
Purkinje cell excitability. First, because thiamine deficiency
did not change, either spontaneous firing rate or the slope of
the relationship between firing rate and injected current as
would be expected based on previous studies in which SK
channels was blocked with apamin or downregulated [29,

Fig. 8 No difference in rheobase
of Purkinje cells from control-
recovered (CTRL) and thiamine-
deficient-recovered (DEF) mice.
Animals were subjected to the
thiamine deficiency protocol (or
feeding-matched control proto-
col) for 12 days, followed by the
recovery protocol for 7 days.
Error bars represent SD
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47]. Second, the reduction in input resistance in thiamine-
deficient Purkinje cells was only observed for subthreshold
depolarizations and was not observed during hyperpolariz-
ing current injections. This asymmetry implies the involve-
ment of a voltage-gated channel controlling input resistance,
and SK channels are not voltage-sensitive (reviewed by
Adelman et al. [48]). Third, whereas thiamine deficiency
increased subthreshold input resistance, intrinsic excitability
plasticity in Purkinje cells known to be dependent on SK
channel downregulation is not associated with a change in
input resistance [36].

Slow afterhyperpolarizations can regulate the inter-spike
interval and thus determine the pace of spontaneously firing
neurons . However , we observed a reduct ion in
afterhyperpolarization in thiamine-deficient Purkinje cells
without a concomitant increase in firing rate. In our whole-
cell recordings from control animals, spontaneous firing rate
in many cells was above 100 spikes per second, a result that
was verified using less-invasive juxtacellular recordings. This
rate of firing is high for adult mouse Purkinje cells [49]. We
note that our recordings were from the anterior zone (nodes
III–V) where firing rates tend to be higher at least in part due
to a higher percentage of Zebrin-negative cells [47, 49–51]. It
is possible that this high rate of spontaneous firing occluded a
po t en t i a l f u r t h e r i n c r e a s e due t o t h e r educed
afterhyperpolarization in thiamine-deficient cells. We also
note that changes in firing rate do not always correlate well
with changes to the size of the afterhyperpolarization. For
example, inhibition of BK channels with iberiotoxin produced
a strong decrease in afterhyperpolarization and a modest in-
crease in firing rate compared to SK which produced a strong
increase in firing rate with little inhibition of the AHP [29].
Moreover, Purkinje cells from BK-knockout mice that have
smaller afterhyperpolarization fired at a lower rate than wild-
type controls [42]. Similarly, corticotropin-releasing factor re-
duced the afterhyperpolarization without causing a significant
effect on firing rate [52]. Thus, the relationship between
afterhyperpolarization and firing rate does not appear to be
direct or simple.

Changes similar to what we describe for thiamine deficien-
cy (increased excitability, reduced afterhyperpolarization) al-
so occur during physiological neuronal plasticity that under-
lies cerebellar motor learning [36, 45]. This raises the question
of whether the effects we observed are a direct consequence of
lack of thiamine on Purkinje cell function, that is, a “biochem-
ical lesion” [53] or a compensatory response, perhaps related
to intrinsic plasticity during cerebellar motor learning. One
difference relates to spatial specificity. Changes to excitability
after eyeblink conditioning are localized to Purkinje cells in
lobule HVI, the pertinent area of the cerebellum defined by
ablation studies as reviewed by Schreurs [45]. In contrast, we
observed changes to excitability throughout anterior lobes III–
V. A second difference relates to the mechanism, which

appears to be different because intrinsic excitability plasticity
depends on downregulation of SK2 channels [54, 55] whereas
the effects of thiamine do not appear to be mediated by SK
channels for reasons given above. The effects of thiamine
deficiency resemble in some ways those observed in
Purkinje cells from SCA3 mice, a model of spinocerebellar
ataxia type 3, which, like thiamine-deficient Purkinje cells,
have a reduced threshold for depolarization block [34].
Although the defect identified in SCA3 mice was related to
inactivation of a voltage-activated K channel, normal firing
properties could be rescued with an activator of SK channels
[34]. This finding supports the idea that SK channels are im-
portant regulators of Purkinje cell excitability and potential
therapeutic targets even when the primary alteration is not
directly related to expression of these channels. Future exper-
iments might test SK channel activators on the excitability of
thiamine-deficient Purkinje cell neurons to determine if they
can restore normal rheobase and depolarization block
threshold.

The effect of thiamine deficiency on Purkinje cell electro-
physiological properties is similar to results obtained in cere-
bellar granular cells maintained in thiamine-deficient media
[16, 18], which exhibited a reduction in A-type K+ current
and for which model calculations predicted lower threshold
conductance for synaptic inputs. Due to overlap of activation
and inactivation voltage dependence, A-type K+ channels in
cerebellar Purkinje cells can produce significant window cur-
rent [56]. It is therefore possible that thiamine deficiency af-
fects subthreshold membrane resistance and rheobase through
a reduction in A-type K channel activity. Dysregulation of K+

channels may provide a link between the early electrophysio-
logical observations we observe and neuronal cell death from
severe thiamine deficiency as modulation of A-type K+ chan-
nels can drive cells to apoptosis [57] and may be involved in
ethanol-induced cell loss [58, 59].

Thiamine diphosphate is an essential cofactor for enzymes
that mediate oxidative phosphorylation via the Krebs cycle
and nucleotide synthesis [60]. As such, systemic deficiency
of thiamine is expected to adversely affect essentially all cells
in the body. Nonetheless, some organs appear more sensitive
to lack of thiamine, and these include the cerebellum [2].
Considering its well-known roles in motor control, equilibri-
um, and memory, the high sensitivity of the cerebellum to
decreased thiamine likely contributes to clinical signs and
symptoms of thiamine deficiency that include ataxias, nystag-
mus, and cognitive deficits [10, 11].

Many different experimental models have been used to
study the effects of thiamine deficiency on the nervous sys-
tem. These include both in vivo and in vitro preparations [12,
18–20]. These models recapitulate many aspects observed in
human patients, including the sensitivity of the cerebellum to
reduced thiamine [27]. Paradoxically, the rat brain as a whole
appears to receive a privileged share of total thiamine as brains
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from rats maintained on a very low thiamine diet maintained
much higher activity of transketolase (a thiamine
diphosphate–dependent enzyme) and levels of thiamine di-
phosphate compared to other organs [61, 62]. The mechanism
responsible for this protection is unknown, although differen-
tial expression of thiamine transporter was ruled out.
Regardless of the mechanism, it can be overcome by treatment
with pyrithiamine which effectively lowers levels of thiamine
and its derivatives in the brain [23].

Here, the thiamine deficiency model used was a thiamine-
free diet associated with daily injections of pyrithiamine. After
12–13-day treatment, animals in the thiamine-deficient group
exhibited clinical signs of mild-stage thiamine deficiency such
as decreased appetite, lower limb distension, and hunching
[28, 63]. Thiamine deficiency induced with this protocol also
produces loss of equilibrium and gait abnormalities as evalu-
ated by changes to paw print patterns and reduced perfor-
mance on the rotarod [21, 25, 26]. Control animals were re-
stricted to the same level of food intake but did not develop
postural signs. During the deficiency treatment, thiamine-
deficient animals exhibited reduced feeding as previously re-
ported [30]. To reduce this confounding factor and to study
effects specifically related to thiamine deficiency and not gen-
eral nutritional status, we restricted feeding of controls to that
of the thiamine-deficient group. Under this protocol, both
groups lost weight, and the difference in weight loss in
thiamine-deficient animals compared to controls was relative-
ly small (19% vs. 14%).

Many studies have examined changes to cerebellar struc-
ture and function in patients with thiamine insufficiency. In
many cases, the patients studied also suffered from alcohol-
ism, which is a major cause of thiamine deficiency in the
developed world. But thiamine deficiency can also result from
generalized malnutrition, especially in developing or under-
privileged populations [64, 65] and in patients with poor in-
testinal absorption [66]. The presence of confounding factors
such as alcoholism or other diseases makes generalizations
difficult, but one important clinical distinction is cases for
which treatment with thiamine alleviates clinical signs and
symptoms and cases for which thiamine deficiency leads to
long-term sequela despite treatment. The latter case can occur
in either severe prolonged thiamine deficiency in adults [67]
or thiamine deficiency during the development of the nervous
system in neonatal patients or experimental animal models
[12, 68]. In these cases, permanent damage is likely caused
by irreversible neuronal death, or persistent changes to protein
expression [67, 69]. The sequence of events that occur during
thiamine deficiency resulting in permanent damage to the cer-
ebellum is poorly understood. Here, we utilized an experimen-
tal model of thiamine deficiency in mice that produced mod-
erate symptoms including reduced feeding and postural alter-
ations. Our goal was to understand the changes to

electrophysiological properties of cerebellar Purkinje cells
during the early stages of thiamine deficiency.

In some regards, the electrophysiological properties of
thiamine-deficient Purkinje cells were similar to controls.
Both groups fired action potentials either spontaneously or
in response to current injection following a previous hyperpo-
larization. The action potential afterhyperpolarization was sig-
nificantly smaller in neurons from thiamine-deficient animals,
but other parameters such as voltage threshold and the maxi-
mum rate of voltage change during the upstroke or down-
stroke of the action potential were not different between
groups. These data suggest little or no change to expression
of the voltage-dependent Na+ and K+ channels responsible for
depolarization and repolarization phases of the action
potential.

However, thiamine deficiency caused a marked decrease
in rheobase, a parameter that measures the amount of current
required to generate an action potential. These measurements
were made from a standardized resting potential of − 75 mV,
and therefore, these cannot be explained by different levels
of baseline membrane potential. The difference caused by
alterations in voltage threshold, which, as discussed above,
was not different between groups. Rather, we determined
that the decrease in threshold was due to an increase in cel-
lular input resistance. Input resistance measures the impact
of a given current injection on membrane potential and di-
rectly affects the efficiency of synaptic inputs. Interestingly,
in thiamine-deficient Purkinje cells, increased input resis-
tance occurred specifically in the subthreshold region of
membrane potential. Input resistance increased when the
membrane was depolarized towards threshold, but not dur-
ing hyperpolarizations for which the passive responses and
depolarizing sag were unchanged by thiamine deficiency.

Cerebellar Purkinje cells are part of a complex circuit that
integrates information from many sources and provides the
sole output from the cerebellar cortex. Like other neuronal
types, the activity of Purkinje cells is regulated by its synap-
tic inputs, which include excitatory inputs from parallel fi-
bers and climbing fibers and inhibition by GABAergic bas-
ket cells and stellate cells. The impact of these synaptic in-
puts depends on the intrinsic properties of the post-synaptic
neuron. In this context, an increase in input resistance such as
we describe for thiamine-deficient Purkinje cells is predicted
to increase the impact of a given current. For the case of
current clamp injections, the result is a lower rheobase re-
quired to achieve the membrane potential threshold for fir-
ing. For synaptic currents, high Rin will affect the size of
synaptic potentials and if the increase in input resistance
affects the membrane time constant significantly, it may also
affect synaptic integration. Recording from mouse Purkinje
cells in vivo demonstrates hyperpolarizing after potentials
following climbing fiber–evoked complex spikes [70].
These events bring membrane potential into the subthreshold
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voltage range for which we observed an increase in mem-
brane resistance. It thus seems possible that the effect of
thiamine deficiency will affect the function of the Purkinje
cells.

Histological analysis did not detect a reduction in the
number of Purkinje cells in cerebella from thiamine-
deficient animals. We did, however, determine a significant
reduction in Purkinje cell soma and nuclear volumes, on the
order of 20%. These results are reminiscent of studies of
brains from alcoholic patients with moderate clinical signs
of thiamine deficiency [10, 67] or in rats with ataxia follow-
ing acrylamide poisoning [71] for which there was no signif-
icant reduction in cell number although cell volume was
reduced. In our experiments, the smaller Purkinje cell vol-
ume corresponds to a reduction of soma membrane surface
area by about 16%. It is expected that input resistance would
increase with a reduction in cell size provided all other fac-
tors remain equal, especially ion channel density.
Nonetheless, it is unlikely that the morphological changes
can explain directly the electrophysiological alterations ob-
served, for two reasons. Firstly, because of the discrepancy
in the magnitude of the effects (16% reduction in cell soma
membrane area vs. 80% increase in input resistance, al-
though we note that our histology did not quantify the den-
dritic arbor). Secondly, the observed increase in input resis-
tance occurred within a very narrow voltage range just below
threshold, which cannot be explained by a generalized effect
of cell size. Rather, it is far more likely that thiamine defi-
ciency leads to a change in the expression of specific ion
channels that are active within this voltage range.

Severe human diseases associated with thiamine deficien-
cy, notably Wernicke-Korsakoff syndrome, can produce cell
death in the cerebellum [67]. Malnutrition is common in se-
vere alcoholism, which can lead directly to thiamine insuffi-
ciency. In addition, ethanol inhibits the pyrophosphorylation
of thiamine to thiamine diphosphate, further reducing supply
of this essential cofactor [72]. Reduced activity of enzymes for
oxidative glycolysis leads to reduced ATP [73] altered cellular
homeostasis [72]. It is still unclear why, among brain regions,
the cerebellum is particularly susceptible to reduced thiamine
dietary uptake or poor utilization. Turnover of thiamine by
cerebellum is high among brain regions [2], as is expression
of thiamine pyrophosphokinase [74]. The high rate of utiliza-
tion of thiamine by the cerebellum may make it particularly
sensitive to disruption of supply. Together with the fact that
the electrophysiological changes caused by thiamine deficien-
cy could be completely reversed with the recovery protocol
suggests that early detection in patients with thiamine defi-
ciency, before irreversible cell death occurs, could improve
prognosis.
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