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Wernicke’s encephalopathy (WE) is characterized by lesions in thalamus, hypothalamus (including mammillary nuclei), and inferior

colliculi, results in serious disabilities, has an etiology of thiamine deficiency, is treatable with thiamine, and occurs most commonly with

alcoholism. Despite decades of study, whether alcohol exposure exacerbates the neuropathology or retards its resolution remains

controversial. To examine patterns of brain damage and recovery resulting from thiamine deprivation with and without alcohol exposure,

we conducted in vivo magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) at 3 T in alcohol-preferring (P)

rats, which had voluntarily consumed large amounts of alcohol before thiamine manipulation. A total of 18 adult male P rats (nine

alcohol-exposed) received a thiamine-deficient diet for 2 weeks: 10 (five alcohol-exposed) received intraperitoneal (i.p.) pyrithiamine

(PT) and eight (four alcohol-exposed) received i.p. thiamine supplementation. Neurological signs developed by day 14. Rats were

scanned before thiamine depletion and 18 and 35 days after thiamine repletion. Two-dimensional J-resolved MRS single-voxel spectra

with water reference were collected in a voxel subtending the thalamus; metabolite quantification was corrected for voxel tissue content.

MRI identified significant enlargement of dorsal ventricles and increase in signal intensities in thalamus, inferior colliculi, and mammillary

nuclei of PT compared with thiamine-treated (TT) groups from MRI 1–2, followed by significant normalization from MRI 2–3 in thalamus

and colliculi, but not mammillary nuclei and lateral ventricles. Voxel-by-voxel analysis revealed additional hyperintense signal clusters in

the dorsal and ventral hippocampus and enlargement of the fourth ventricle. MRS showed a significant decline and then partial recovery

in thalamic N-acetylaspartate, a marker of neuronal integrity, in PT compared with TT rats, with no change detected in creatine, choline,

or glutamate. PT rats with prior alcohol exposure exhibited attenuated recovery in the thalamus and arrested growth of the corpus

callosum; further, two of the five alcohol-exposed PT rats died prematurely. Parenchymal and ventricular changes with thiamine

manipulation concur with human radiological signs of WE. The enduring macrostructural and neurochemical abnormalities involving

critical nodes of Papez circuit carry liabilities for development of amnesia and incomplete recovery from other cognitive and motor

functions subserved by the affected neural systems.
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INTRODUCTION

More than a century ago, Wernicke described features of an
encephalopathy that selectively affects oculomotor function,
gait, and mentation as it relates to orientation to time and
place and is accompanied by hemorrhagic pathology in
periventricular gray matter structures (as noted in Victor
et al, 1971, 1989). The rigorous neurological and neuro-
pathological analysis of cases exhibiting symptoms of
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Wernicke’s encephalopathy (WE) by Victor, Adams, and
Collins (Victor et al, 1971, 1989) identified structures with
the highest incidence of CNS pathology – the thalamus and
mammillary nuclei of the hypothalamus, periaqueductal
gray matter, brainstem nuclei, particularly the superior and
inferior colliculi, and anterior cerebellar vermis. Recogniz-
ing that WE commonly accompanied poor nutritional status
of hyperemesis gravidarum, starvation, anorexia nervosa, or
alcoholism, early experimentation and astute observation
pinpointed thiamine depletion as the cause of WE (Bender
and Schilder, 1933; Jolliffe et al, 1941). Alcoholics are at
special risk for thiamine deficiency because of the poor diet
associated with their lifestyle and because chronic alcohol-
ism compromises thiamine absorption from the gastro-
intestinal tract, impairs storage, and may reduce thiamine
phosphorylation, essential for cellular function (Lieber,
2003a; Martin et al, 2003; Thomson et al, 1987; Todd and
Butterworth, 1999). Parenteral thiamine treatment given in
the early symptomatic stages largely reverses the classical
neurological signs of ophthalmoplegia, nystagmus, ataxia of
gait, and amnesia for new information (Caine et al, 1997;
Victor et al, 1971, 1989), although severe or undertreated
cases may show enduring memory impairment and ataxia
defining Korsakoff’s syndrome (Butters and Cermak, 1980;
Kopelman, 1995; Talland, 1965; Victor et al, 1959).
Neuroradiological studies of WE since the 1970s report in
vivo signs of hyperintensity in thalamus, periventricular
gray matter, inferior colliculi, and occasionally in cerebel-
lum, observations consistent with post-mortem reports (eg,
Baker et al, 1999; Harper and Kril, 1988, 1990; Kril et al,
1997; Torvik et al, 1982, 1986), with partial lesion resolution
with treatment. Given the wide variety of precipitating
conditions and the devastating morbidities and premature
mortality associated with this treatable condition (cf,
Harper and Butterworth, 1997; Harper et al, 1995, 1998),
it remains clinically relevant to have the means to identify
the neuroradiological signature of thiamine deficiency in an
animal model of WE with a known etiology and to track the
brain lesion for neuronal damage and treatment-associated
recovery, as is possible with quantitative in vivo magnetic
resonance spectroscopy (MRS).

The effects of thiamine deficiency on brain morphology
have been well documented in patients with chronic
alcoholism, which itself produces widespread shrinkage of
brain tissue (Cardenas et al, 2005; Fein et al, 2002; Jernigan
et al, 1991; Pfefferbaum et al, 1992) and attendant deficits in
motor and cognitive function that can persist even after
months of abstinence along with adequate nutrition (eg,
Eckardt et al, 1998; Fein et al, 1990; Parsons, 1993; Sullivan
et al, 2000c). Although alcohol-related brain abnormalities
are partially reversible with prolonged sobriety (Carlen
et al, 1978; Gazdzinski et al, 2005; Mann et al, 1999; O’Neill
et al, 2001; Parks et al, 2002; Pfefferbaum et al, 1995, 1998;
Schroth et al, 1988), cortical gray and white matter may
sustain long-term volume shrinkage and even loss (Jernigan
et al, 1991; Pfefferbaum et al, 1992), especially in the
prefrontal cortex (De Bellis et al, 2005) of older alcoholics
(Cardenas et al, 2005; Pfefferbaum et al, 1997). Like amnesic
patients with Wernicke–Korsakoff syndrome, non-amnesic
alcoholics also have notable volume shrinkage of the
mammillary bodies (Davila et al, 1994; Shear et al, 1996;
Sullivan et al, 1999; but see Charness and DeLaPaz, 1987),

anterior hippocampus (Agartz et al, 1999; Sullivan and
Marsh, 2003; Sullivan et al, 1995), thalamus (Sullivan et al,
2003), and cerebellum (Sullivan et al, 2000a, b), but the
volume shrinkage is substantially less than in alcoholics
with WE or KS (cf, Blansjaar et al, 1992; Charness, 1993,
1999; Mulholland et al, 2005; Sullivan, 2000). Because of the
edematous nature of WE lesions, magnetic resonance
imaging (MRI) methods sensitive to fluid changes in tissue
have revealed bilaterally distributed hyperintensities in
medial thalamus, mammillary bodies, and periaqueductal
gray matter (eg, non-alcoholics: Chu et al, 2002; Doraiswa-
my et al, 1994; Unlu et al, 2006; Zhong et al, 2005)
(alcoholics: Schroth et al, 1991).

Residual neural integrity in the area of damaged tissue
can be assessed with in vivo proton MRS. In alcoholism
uncomplicated by WE, MRS provides evidence for abnor-
mally low peaks of N-acetylaspartate (NAA), a marker for
mature viable neurons, or choline (Cho), an index of
membrane turnover, in frontal, parietal, or cerebellar
regions within a month of withdrawal (Durazzo et al,
2004; Fein et al, 1994; Jagannathan et al, 1996; Schweinsburg
et al, 2003, 2001; Seitz et al, 1999) followed by improvement
in NAA or Cho, suggesting neuronal recovery (Bendszus
et al, 2001; Ende et al, 2005; Martin et al, 1995; Parks et al,
2002). In WE, whether preceded by alcoholism or other
precipitating condition, an early deficit in NAA can
improve, more so in the thalamus than cerebellum (Murata
et al, 2001), a recovery pattern noted earlier by Victor et al
(1971, 1989). A number of these MRS studies, however, used
metabolite ratios rather than absolute concentrations,
typically relative to creatine (Cr), to quantify target
metabolites, assuming that Cr is robust to CNS aging or
insult and therefore remains stable. Indeed, several MRS
studies report lack of significant deficits in uncomplicated
alcoholics when regional measures of NAA were expressed
as a function of the amount of underlying tissue (Mason
et al, 2006; Meyerhoff et al, 2004; O’Neill et al, 2001;
Pfefferbaum et al, 2005; Schweinsburg et al, 2000). In the
Pfefferbaum et al study (2005), where NAA was expressed as
a ratio of Cr, an apparent NAA deficit was present, but, it
was as much attributable to a lower NAA peak as it was to a
higher Cr peak in the alcoholics than controls. Studies of
aging and dementia that calculated absolute metabolite
values have documented that Cr can change with age (by
about 15% higher value in 70-year-olds compared with 25-
year-olds observed in Pfefferbaum et al, 1999b) and disease
(with similar gray matter elevation in Alzheimer’s disease
observed in Pfefferbaum et al, 1999a), thus challenging the
constancy assumption regarding Cr. An additional issue is
the need to express metabolite values as a function of the
amount of tissue in the acquired voxel. Again, MRS studies
of normal aging have shown that NAA does not decline in
normal aging when expressed as a function of the amount of
the underlying gray matter, which does lose volume with
aging (Adalsteinsson et al, 2000; Pfefferbaum et al, 1999b).

Whether nutritional deficiency, including that of thia-
mine, is a critical mechanism in any or all of alcoholism-
related brain volume and neurochemical abnormalities
remains a question in human studies, given the complex,
natural course of alcoholism and the necessity of relying on
personal history for recounting nutritional status during
bouts of uncontrolled, excessive alcohol drinking. These
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issues can be addressed systematically with longitudinal
MRI and MRS studies using animal models of alcoholism
and nutritional manipulation.

In rodent studies of thiamine deficiency, neurodegenera-
tive evidence has been observed in the frontal cortex and
corpus callosum (Savage et al, 2000), cerebellum (eg, Dlugos
and Pentney, 1997; Pentney and Dlugos, 2000; Pentney and
Quackenbush, 1990; Rintala et al, 1997), and locus coeruleus
(Lu et al, 1997). Initial MRI studies, conducted at 1.5 T, used
thiamine deficiency models of WE (Pentney et al, 1993) and
reported increased volume of lateral ventricles followed by
normalization with a thiamine-enriched diet (Acara et al,
1995). Such neuropathology is accelerated with the dietary
thiamine antagonist, pyrithiamine (Langlais and Savage,
1995; Langlais and Zhang, 1997; Lee et al, 2001, 1995).
Glucose administration to rats made thiamine deficient with
pyrithiamine treatment produced impairment of the blood–
brain barrier, observed on T1-weighted images (used for
tissue depiction) collected at high scanner field strength
(4.7 T) (Zelaya et al, 1995), and hyperintensities in the
hippocampus as well as in the thalamus, hypothalamus,
collicular bodies, observed on T2-weighted images (used for
fluid depiction), that endured for at least 1 month (Jordan
et al, 1998). These structural changes were accompanied by
a significant increase in the resonance reflecting the
combination of glutamate, glutamine, and GABA detected
with MRS (Rose et al, 1993). Another MRS study of
thiamine deficiency in the rat revealed an early decline and
a post-thiamine repletion increase in Cho/NAA, with the
interpretation that the Cho increased whereas NAA
remained unchanged (Lee et al, 1995). A longitudinal
MRS study (performed at 4.7 T) of rats chronically exposed
to alcohol for 60 weeks observed a rise in the Cho/NAA
ratio that peaked at week 16 of exposure followed by a
decline to abnormally low levels after week 44 (Lee et al,
2003).

Using quantitative MRI acquired at 3 and 4.7 T, we
observed significant growth in the corpus callosum,
cerebellum, and hippocampus of alcohol-naı̈ve adult
selectively bred alcohol-preferring (P) rats (Li et al, 1979)
over 1-year period during adulthood, from age 88 to 452
days old (Sullivan et al, 2006). Additionally, alcohol
consumption by their cohorts, which were amply vitami-
nized throughout alcohol exposure, attenuated brain

growth, particularly of the corpus callosum (Pfefferbaum
et al, 2006). The present study examined the short-term and
long-term effects of thiamine depletion in the 18 rats used
in these growth and alcohol exposure studies (Sullivan et al,
2006). The experimental design involved four groups, all on
a thiamine-deficient diet: two with pyrithiamine treatment
(one group with and one group without prior alcohol
exposure); and two with thiamine replacement (one group
with and one group without prior alcohol exposure)
(Table 1). Using structural MRI and proton MRS with
metabolite concentrations corrected for tissue fraction, we
tested the hypotheses that (1) in the early post-treatment
period, the thiamine-deficient groups would exhibit the
signature lesions of WE, involving the thalamus, inferior
colliculi, and mammillary body nuclei and dilatation of the
lateral and fourth ventricles; (2) in the later post-treatment
with thiamine replacement, the structural lesions would
show partial resolution on MRI but continued evidence for
cell damage on MRS; (3) lesion resolution would be less
complete in thiamine-deficient animals with prior chronic
alcohol exposure; and (4) thiamine deprivation would
exacerbate corpus callosum thinning in alcohol-exposed
rats (cf, Langlais and Zhang, 1997).

MATERIALS AND METHODS

Animals

All rats were obtained from the breeding colony at the
Indiana University Medical Center (Indianapolis, IN). The
P, from an outbred Wistar foundational stock, rat has
undergone over 50 generations of selection for a preference
of 10% (v/v) alcohol over concurrently available water. As
young adults (approximately 70 days old), the rats were
shipped by air to SRI International (Menlo Park, CA), where
they remained thereafter and were available for brain
imaging. Rats were single housed in plastic tubs with water
and food (vitamin- and mineral-enriched Teklad mouse and
rat diet #7001; Madison, WI) freely available in the home
tubs at all times. The four study groups comprised a cohort
of 18 adult male P rats, nine of which had exposure to
alcohol under four exposure schedules over the year before
the present study; the remaining nine rats were controls,
which had never received alcohol. The nine rats never

Table 1 Rat Groups

Alcohol

Exposed

N=9

Pyrithiamine (N=5)

Thiamine (N=4)

Water

Exposed

N=9

Pyrithiamine (N=5)

Thiamine (N=4)

MRI+MRS 3MRI+MRS 2MRI 1 MRS 1
Thiamine

deficient

diet

Thiamine

fortified

diet

Pyrithiamine

Pyrithiamine

Thiamine

Thiamine

Day 0 Day 36 Day 53Day -44Day -60 (14 days)(14 days)

IP Thiamine

IP Thiamine
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exposed to alcohol had been part of longitudinal MRI
studies of normal brain growth (Sullivan et al, 2006) and all
18 rats (nine controls and nine alcohol-exposed) were
subjects in a longitudinal study examining the effects of
chronic alcohol consumption on brain structure (Pfeffer-
baum et al, 2006). Selection for group assignment, in the
present study, took into account alcohol exposure, litter of
origin, body weight, and brain volume, which was
determined from the MRI taken before starting thiamine
deficiency, that is, the MRI that served as the baseline for
the current experiment. At the outset of this experiment, the
rats were 452 days old, and the four groups did not differ
significantly in body weight (F(3,17)¼ 2.573, n.s.) or brain
volume (F(3,17)¼ 0.331, n.s.). Further, the two groups with
prior alcohol exposure did not differ in the total amount of
alcohol consumed across their 1 year of access (mean7SD,
for the pyrithiamine/alcohol group¼ 292.2716.19 g/kg
and for the thiamine/alcohol group¼ 308.8718.0 g/kg;
t(7)¼ 1.45, n.s.).

Thiamine Deprivation Treatment

Following the protocol employed in prior studies (Ciccia
and Langlais, 2000; Langlais and Zhang, 1997; Pitkin and
Savage, 2001), all rats received thiamine-deficient chow
(Harlan-Teklad, TD81029). Ten rats (five alcohol-exposed
and five non-exposed) received daily IP injections of
pyrithiamine hydrobromide (Aldrich Chemicals) adminis-
tration (0.25 mg/kg). The remaining four rats from each of
the control and alcohol-exposed groups received daily IP
injections of thiamine (0.40 mg/kg). The treatment protocol
was carried out for 14 consecutive days (pyrithiamine was
ended 1 day earlier in one rat with a 90-g weight loss and
suspicion of blindness). At the end of the thiamine
deprivation period, regular thiamine-enriched chow was
resumed for all animals (vitamin- and mineral-enriched
Teklad mouse and rat diet #7001; Madison, WI), and 2
weeks later the 10 pyrithiamine-treated animals were
administered 100 mg/kg thiamine intraperitoneally (i.p.).

Scanning Schedule and General Scanning Procedures

MRI and MRS protocols were conducted three times, each
taking 90–120 min. The baseline sessions occurred 60 days
for MRI and 44 days for MRS before the initiation of
thiamine deprivation; post-treatment MRI and MRS ses-
sions were conducted on the same day, 18 days and 35 days
after re-initiation of thiamine-fortified diet. Two rats in the
pyrithiamine/alcohol group died (age 556 and 564 days)
before the second post-treatment scans.

MR Scanning Procedures and Processing

MRI and MRS data were acquired on a clinical 3 T GE Signa
human MRI scanner fitted with custom RF coils for rats
(gradient strength¼ 40 mT/m; slew rate¼ 150 T/m/s; soft-
ware version VH3) and using standard product sequences.
Details of the MRI (Pfefferbaum et al, 2006, 2004a; Sullivan
et al, 2006) and MRS procedures (Adalsteinsson et al, 2004,
2006) were described previously and are summarized here.
All animal preparation, monitoring, and recovery were
conducted according to procedures approved by the

Administrative Panel on Laboratory Animal Care and
performed by two highly experienced veterinary technicians
(RVT, LATg). The rats were anesthetized using 1–3%
isoflurane; heart rate, pulse rate, oxygen saturation, and
core temperature were monitored continually. Rats were
scanned in a custom animal positioning system (John
Houseman, Thurso, Caithness, Scotland) for head place-
ment and immobilization.

MRI acquisition. Data were acquired with an eight-rung
high-pass birdcage transmit/receive coil. A 21-slice per
plane, three-plane localizer (TE¼ 3 ms, TR, FOV¼ 80 mm,
256� 128 pixel resolution, 0.5 mm slice thickness) was used
to define the rostral and caudal extremes of each rat brain;
the sagittal view was used for graphical prescription. A
dual-echo spin-echo acquisition was graphically pres-
cribed to cover the entire rat brain (3.3 cm) in 66 coronal
slices (TE1¼ 16 ms, TE2¼ 50 ms, TR¼ 5 s, FOV¼ 60 mm,
256� 256 pixel resolution, 0.5 mm slice thickness, 22 min
acquisition time) and run three times for improved signal-
to-noise ratio. The resulting native spatial resolution was
234� 234� 500 mm.

MRI analysis. Brain images were transferred to a work-
station where they were analyzed using in-house software
routines, written in IDL (Interactive Data Language,
Boulder, CO). The images were interpolated in-plane from
the acquired 256� 256 resolution, which corresponds to
234 mm pixel size, to 78 mm pixel size. The center of the
brain at the center slice was identified, and interactively, a
midsagittal line was drawn. The data were then rotated such
that the midsagittal orientation was vertical. The middle
256� 256 pixels of this centered, rotated volume were
extracted, as they were sufficient to contain all brain voxels.

Before averaging the separate acquisitions for each animal
within a session, the data were spatially aligned on a slice-
by-slice basis to maximize a cross-correlation metric, with
no slice shifts larger than 1.2 mm. This procedure reduced
blurring and increased conspicuity of tissue margins
compared with simple averaging without alignment, thereby
reducing any adverse effects of motion during the scan. The
two acquired echoes were combined in a weighted average.
The brain was then extracted based on nonparametric
thresholding and two-dimensional contour filling. Brains
were also resampled through-plane into 78 mm isotropic
voxels, and a well-aligned, never-treated animal from a
pretreatment session was chosen as the template data set to
which each individual animal for each session was aligned
using a six-parameter rigid-body function (AIR 5.0), thus
preserving brain size.

To investigate parenchymal effects of thiamine deficiency,
grand average brain images were constructed for intensity-
normalized early- and late-echo data for each group
separately for pre- and post-treatment conditions, followed
by creation of subtraction images, reflecting post-treatment
minus pretreatment. From visual inspection of three-
dimensional projections (sagittal, coronal, and axial views)
of the difference images, three brain regions had obvious
signal intensity increases from baseline to first post-
treatment scans. Projection of these regions onto pre-
treatment structural images identified them as the
thalamus, mammillary bodies, and inferior colliculi bilaterally
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(Figure 1). To quantify treatment effects, regions of interest
were defined on the grand average with a histogram
threshold operator and manual editing. Signal intensities
in these three regions from early-echo and late-echo images
at all three sessions were quantified, as were T2 relaxation
time estimates derived from the dual-echo data.

Manual regional size measurements were made on
midsagittal corpus callosum area and coronal images of
the cerebellum and dorsolateral ventricles for all MRI
sessions using anatomical landmarks (Pfefferbaum et al,
2004a; Sullivan et al, 2006).

MRS acquisition. MRI and MRS data were acquired on
separate sessions, 10 days apart pretreatment and within
2 days of each other for the two post-treatment sessions.
For the MRS acquisition, a three-plane localizer scan
(TE/TR¼ 2.1/54 ms, FOV¼ 80 mm, 256� 128, 5 mm thick,
10 slices/plane) was used for prescription of coronal fast
spin-echo (FSE) images (TE1/TE2/TR¼ 18/90/2200 ms,
FOV¼ 40 mm, 256� 256, 1.0 mm thick, 33 slices). An
approximately 0.25 cm3 brain voxel (10� 5� 5 mm3) was
prescribed on the FSE images encompassing the majority of
the rostral–caudal and lateral extents of the thalamus.

Single-voxel two-dimensional (2D) J-resolved MRS spec-
tra were acquired, using 4.7 min acquisitions (Dreher and
Leibfritz, 1995; Hurd et al, 1998) (TE1/TR¼ 35/2000 ms,
DTE¼ 10 ms, 16 TE steps, eight averages per TE step)
repeated four times with water suppression and once
without water suppression. Water suppression was per-
formed with CHESS (Haase et al, 1985), with flip angles
determined by the default GE PRESS sequence. These water
suppression settings were found to pass through an
adequate amount of residual water (between 10 : 1 and
100 : 1 relative to NAA) to provide phasing of the metabolite
spectra for each TE. Each read-out was sampled with 2048
points at a 5 kHz bandwidth.

Spectral processing. The data with partial water suppression
were phase corrected based on residual water as described
in Webb et al (1994). A zero- and first-order phase terms

were extracted and the signal phase unwrapped, followed by
a smoothing spline fit to any residual nonlinear phase
component, which is then removed. The time-domain data
were then apodized with a 6 Hz Gaussian filter, zero filled to
4096 points and Fourier transformed. Residual water and
water sidebands were removed from the partially sup-
pressed metabolite data through pure water subtraction
(Adalsteinsson et al, 2004; Hurd, 2000). A single linear term
spanning the entire spectral bandwidth was then removed
based on a fit to data in spectral bins near the highest and
lowest frequencies (72.5 kHz). A final frequency correction
step was performed to compensate for small temperature
variations during the scans by referencing each frame to
NAA at 2.02 p.p.m.

For each 2D acquisition, the TE-averaged spectrum (ie,
the average of the spectra from TE values 55–195) was used
for quantification of metabolites. This corresponds to only
using the centerline from a 2D J-resolved spectrum for the
analysis. For each of the four spectra with water suppres-
sion, the spectra were aligned at 2.02 p.p.m., based on the
maximum peak amplitude of NAA, and then averaged. Peak
integration through fitting to a Gaussian line shape was
used to quantify the spectral peaks in the TE-averaged
spectra. To control for shim variation, the width of the
Gaussian fit to NAA was used to determine the line width
for all metabolites measured (NAA at 2.02, Cho at 3.25, Cr at
3.01, Cr2 at 3.95, Glu at 2.35 p.p.m.).

The 2D J-resolved MRS spectra with no water suppression
were used to estimate the CSF and tissue fraction of the press
box with a bi-exponential model to fit the water peak across
the 16 TEs. To improve numerical stability of the nonlinear
fit, the CSF T2 was fixed at a long T2 value (500 ms) and the
remaining short T2 component of tissue determined from a
minimization search. The intercept at TE¼ 0 for the two
functions was used to estimate the CSF and tissue
concentrations in arbitrary units. A regression analysis was
performed to assess the influence of the amount of tissue
excited in the press box and the effects of changes in scanner
sensitivity across animals and sessions on the observed
metabolite spectra. Pretreatment metabolite data from all
animals and all post-treatment data from the thiamine-
treated animals were regressed on the tissue concentration
for the same animal and session (Figure 2). Each metabolite
and the sum of all five metabolites were positively correlated
with the tissue concentration (NAA r¼ 0.905, Cho r¼ 0.840,
Cr r¼ 0.809, Cr2 r¼ 0.773, Glu r¼ 0.596, sum of metabolites
r¼ 0.888, all po0.0001). Therefore, the data for each
individual metabolite for each animal, for each session were
normalized on the basis of these metabolite-tissue concen-
tration regression functions with the results expressed as
standard deviations from an expected mean value of zero.
Additionally, the ratio of NAA/Cr was determined on the
absolute metabolite concentration data. For graphical dis-
play, grand-average spectra were computed separately for the
thiamine-deficient and thiamine-treated groups with the
spectra normalized to maximum peak height of Cr across all
animals and all sessions.

Statistical Analysis

Within- and between-group differences were examined with
repeated measures analysis of variance (ANOVA) and

Figure 1 (a) Slice of a sagittal grand average post–pre difference image
showing hyperintense areas in the thalamus and mammillary nuclei in
pyrithiamine-treated rats. (b) Slice of an early-echo structural image at the
same location as image a. (c) Slice of a coronal grand average post–pre
difference image showing bilateral hyperintense areas in the inferior colliculi
in the same rat. (d) Slice of an early-echo structural image at the same
location as image c.
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follow-up t-tests or Scheffe tests (a¼ 0.05, one-tailed for
directional hypotheses). Because two rats in the pyrithia-
mine/alcohol condition died before the second post-
treatment MRI, the analyses were performed twice, once
with all 18 rats across two MRI sessions and again with the
16 survivors across three MRI sessions. Examination of the
effects of prior alcohol exposure was inherent in the design
of the present study.

RESULTS

Thiamine Deprivation Effect on Body Weight and
Neurological Status

All pyrithiamine-treated animals lost weight (on average,
74 g (11.7%), range¼ 9.3–12.4%), whereas the thiamine-
treated controls gained an average of 13 g (2.3%) from the
beginning to the end of the 14-day treatment (t(16)¼ 13.78,
p¼ 0.0001). The pyrithiamine-treated animals showed only
a modest and nonsignificant restitution of weight, on
average, a 24 g increase by the last scan date (Figure 3). Post
hoc analysis of the eight surviving pyrithiamine-treated rats
divided on alcohol exposure history revealed that weight
gain between MRI 2 and 3 occurred only for those with-
out alcohol exposure (subgroup-by-session interaction
F(1,6)¼ 6.74, p¼ 0.0409).

In spite of weight loss, detectable brain lesions, and
regardless of alcohol exposure, only half of the pyrithia-
mine-treated rats (three with prior alcohol exposure)
displayed clinical signs of thiamine deficiency, including
seizure-like episodes, lethargy, splayed paw placement,
questionable blindness, failure to respond to stimulation,
tremor, and inability to stand on hind paws. Some failed to
eat and were treated with gavage of nutritional supplement
until they resumed voluntary eating.

Structural MRI: Regional Brain Changes from Thiamine
Deprivation

MRI signal intensity change. Pyrithiamine treatment
produced striking signal intensity increases, clinically
visible, in all animals on both early- and late-echo images.
Irrespective of prior alcohol exposure, the post–pre image
intensities were significantly greater in the pyrithiamine
than thiamine groups for the thalamus, mammillary bodies,
and inferior colliculi. A summary of these results is
presented next, and the ANOVA values appear in Table 2.
Group differences in these brain regions were not related to
prior alcohol exposure by itself or in interaction with

Figure 2 (a) Five contiguous coronal slices (anterior, left to posterior, right) subtending the MRS voxel, which is displayed as the white rectangle on each
slice. (b) Water peak of each of 16 echoes; the higher peaks are from the earlier echoes and the shorter ones from the later echoes. (c) Full bi-exponential
T2 relaxation model fit (black), with tissue and CSF components (gray). Regression analyses assessed the influence of the amount of tissue excited in the
PRESS box.

Figure 3 Mean7SEM of body weight at five times for each of the four
groups: TW¼ thiamine +water pre-exposure group; TA¼ thiamine +
alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure
group; and PA¼ pyrithiamine + alcohol pre-exposure group. TD¼ thia-
mine deficiency. Note that only the mean7SEM at the late post-TD time is
based on the three surviving (of five initial) rats in that group.
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pyrithiamine treatment for any measure (early-echo or late-
echo signal intensity and T2 relaxation time) in three-
session omnibus analyses; therefore, primary analysis did
not include alcohol as a grouping variable. None of the
analyses revealed significant differences at baseline between
the thiamine-deprived and thiamine-replete groups. Mean-
s7SEM of these measures for each region are presented in
Figure 4 (thalamus), Figure 5 (T2 relaxation times for the
three brain regions), Figure 6 (mammillary nuclei), and
Figure 7 (inferior colliculi).

Thalamus. The two-session and three-session ANOVAs
revealed the same pattern for all MRI tissue measures,
where the group effect and group-by-session interaction
were significant. Follow-up t-tests indicated that in no cases
did the pyrithiamine- and thiamine-treated groups differ at
baseline, but there were significant group differences at
session 2. Thus, the early-echo, late-echo, and T2 values in
the thalamus of the pyrithiamine-treated group were
disproportionately greater at MRI session 2 than those of
the thiamine-treated group.

These differences persisted for the early echo, but not late
echo or T2, at MRI session 3. Comparison of sessions 2–3,
an index of recovery, revealed significant reduction in the
signal hyperintensity for early echo (p¼ 0.0002), late echo
(p¼ 0.0005), and T2 (p¼ 0.007). Further analyses examined
the effect of prior alcohol exposure on recovery in the
pyrithiamine group and identified a subgroup-by-session
interaction for T2 (F(1,6)¼ 7.575, p¼ 0.0332) and a trend
for late-echo signal intensity change (F(1,6)¼ 5.603,
p¼ 0.0557), suggesting attenuated recovery in the dually
treated subgroup; thiamine-deficient animals with prior
alcohol exposure showed less recovery.

Mammillary bodies. Group-by-session interactions were
significant for the two- and three-session comparisons of
the early-echo (p¼ 0.0001 for both sessions) and late-echo

data (two session p¼ 0.03; three session po0.01). By
contrast, the T2 analyses failed to yield significant group
effects or group-by-session interactions. Comparison of
sessions 2–3 revealed no reduction in the signal hyper-
intensity for early echo, late echo, or T2, and no significant
relation to alcohol history.

Inferior colliculus. As with the thalamus and mammillary
bodies, group-by-session interactions were significant for
the two-session and three-session comparisons of the
early-echo (p¼ 0.0001, both sessions) and late-echo data
(two session p¼ 0.0001; three session p¼ 0.0003). The
T2 estimates were significant for both the two-session
(p¼ 0.0012) and three-session (po0.03) comparisons.
Sessions 2 to 3 comparisons revealed significant reduction
in the signal hyperintensity for early-echo (p¼ 0.0001), late-
echo (p¼ 0.007), and T2 (po0.05) without a significant
alcohol history effect.

Change in brain structural size. Manual measurement
revealed significant enlargement of the lateral ventricles in
the pyrithiamine-treated compared with the thiamine-
treated animals for the two-session (group-by-session
interaction F(1,16)¼ 5.04, po0.04) and three-session (in-
teraction F(2,28)¼ 6.40, po0.006) data, which was not
related to alcohol exposure (Figure 8). The ventricles
expanded further from sessions 2 to 3 in the thiamine-
deficient group (F(1,14)¼ 5.667, p¼ 0.032), again with no
change in the thiamine-treated group or significant alcohol
history effect.

Despite the significant alcohol effect (F(1,14)¼ 4.82,
po0.05) on corpus callosum size measurable at baseline
of the present experiment, thiamine deficiency did not
cause further callosal shrinkage (two-session group-by-
session interaction F(1,16)¼ 0.08, p¼ 0.78; three-session
interaction F(2,28)¼ 1.66, p¼ 0.21). Analyses of the effect of
prior alcohol exposure on recovery in the pyrithiamine-

Table 2 Group-by-MRI Session Interactions in Regional Signal Intensity Measures

MRI 1–2 (df¼1,16) MRI 1–2–3 (df¼2,28) MRI 2–3 (df¼ 1,14)

F-value p-value F-value p-value F-value p-value

Thalamus

Early echo 31.85 0.0001 23.46 0.0001 24.86 0.0002

Late echo 13.27 0.0022 7.20 0.0030 20.64 0.0005

T2 7.01 0.0175 3.49 0.0444 10.25 0.0064

Mammillary body nucleus

Early echo 28.76 0.0001 20.23 0.0001 1.54 0.2346

Late echo 5.66 0.0301 5.59 0.0091 3.48 0.0831

T2 0.61 0.4479 1.94 0.1622 1.62 0.2240

Inferior Colliculus

Early echo 68.29 0.0001 49.30 0.0001 43.05 0.0001

Late echo 32.87 0.0001 10.93 0.0003 10.01 0.0069

T2 15.36 0.0012 4.11 0.0272 4.65 0.0489
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treated group identified a subgroup-by-session interaction
(F(1,6)¼ 3.719, p¼ 0.0423), owing to growth in callosal size
in the non-alcohol-exposed group. The cerebellum showed
neither alcohol nor thiamine-depletion effects in either the
two-session (F(1,16)¼ 0.04, p¼ 0.84) or three-session
(F(2,28)¼ 0.34, p¼ 0.71) comparison.

Post hoc whole brain t-test survey. After the initial region-
of-interest analysis, a whole brain survey of parenchymal
changes was conducted by computing t-tests on a voxel-by-

voxel basis for early- and late-echo data across treatment
groups and sessions using a p-value of o0.01 to define
significant differences. As expected, both early- and late-
echo data yielded prominent clusters of significant t-test
differences in the same three structures noted in the region-
of-interest analyses: thalamus (Figure 9), mammillary body
nuclei (Figure 10), and inferior colliculi (Figure 11).
Inspection of slices on which the hippocampus was present
also revealed regions of apparent hyperintensity at the
dorsal rim of the dorsal hippocampus and medial margins

Figure 4 Left: Mean7SEM of early-echo and late-echo signal intensities at three experiment times for each of the four groups: TW¼ thiamine +water
pre-exposure group; TA¼ thiamine + alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine + alcohol pre-
exposure group. TD¼ thiamine deficiency. Right: Coronal images (top set of six images¼ early echo; bottom set of six images¼ late echo) displaying the
enhanced signal intensity, reflective of pathology in the thalamus, from pre-TD to early post-TD and reduction of the signal intensity late post-TD, reflective
of recovery, from the three experimental times for a pyrithiamine-treated rat and a thiamine-treated rat.

Figure 5 Mean7SEM of transverse relaxation time in three brain structures at three experiment times for each of the four groups: TW¼ thiamine +
water pre-exposure group; TA¼ thiamine + alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine + alcohol
pre-exposure group. TD¼ thiamine deficiency.
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of the ventral hippocampus (Figures 9 and 10). Enlargement
of the lateral ventricles was evident on late-echo data (not
shown) as was enlargement of the fourth ventricle with no
visible recovery (Figure 12), not detected in the region-of-
interest analysis.

Proton MRS: Effect of Thiamine Deprivation on Major
Proton Metabolites

Voxel placement for MRS metabolite quantification sub-
tended the thalamus. Tissue content of each voxel at each
scanning session was estimated with a bi-exponential T2 fit
of the unsuppressed 2D J water signal. The tissue T2 of this
voxel was examined across the three MRS sessions, and,
consistent with the structural region-of-interest analysis,
group-by-session ANOVA revealed a significant interac-
tion (F(2,28)¼ 3.39, p¼ 0.048) across the three scanning
sessions (initial increase and then return) and no effect
of alcohol exposure on primary, three-session analyses
(Figure 13).

Separate group-by-session ANOVAs were then
conducted for each tissue concentration corrected metabo-
lite quantified: NAA, Cr, Cr2, Cho, and Glu (Figure 14).
The only metabolite showing either a main effect of
group or an interaction was NAA (three sessions: group
F(1,14)¼ 12.257, p¼ 0.0035; interaction F(2,28)¼ 3.767,
p¼ 0.0356). Follow-up ANOVAs yielded group-by-session

interactions, indicating a 2 SD decline from baseline
to the early post-thiamine-deficient MRS session
(F(1,16)¼ 9.52, p¼ 0.0071) followed by a trend for recovery
at the later post-treatment session (F(1,14)¼ 4.41,
p¼ 0.0543). Despite the recovery, a 1.58 SD deficit in NAA
endured in the thiamine-deficient group and was signifi-
cantly lower than that of the controls (t(14)¼ 2.153,
po0.05).

The analyses based on NAA concentration were
repeated for the ratio of NAA/Cr, a metric commonly
used in clinical studies. The pattern of results was the
same as with the concentration values, where the
group effect (F(1,14)¼ 14.421, p¼ 0.002) and interaction
(F(2,28)¼ 3.554, p¼ 0.0421) were significant for the three-
session ANOVA (Figure 14). Two-session ANOVAs further
supported an initial decline (F(1,16)¼ 5.45, p¼ 0.0329)
followed by significant recovery from sessions 2 to 3
(F(1,14)¼ 7.04, p¼ 0.0189). Analyses of the effect of prior
alcohol exposure on recovery in the pyrithiamine-treated
group identified a subgroup-by-session interaction for
NAA/Cr (F(1,6)¼ 7.226, p¼ 0.0361), suggesting dispropor-
tionately greater improvement in the non-alcohol-exposed
rats (Figure 15). Expression of the Cho concentrations as
ratios of NAA or Cr yielded no significant group differences
at any session. Neither were there any significant treatment
effects on Glu, which is well resolved with 2D J spectro-
scopy.

Figure 6 Left: Mean7SEM of early-echo and late-echo signal intensities at three experiment times for each of the four groups: TW¼ thiamine +water
pre-exposure group; TA¼ thiamine + alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine + alcohol pre-
exposure group. TD¼ thiamine deficiency. Right: Coronal images (top set of six images¼ early echo; bottom set of six images¼ late echo) displaying the
enhanced signal intensity, reflective of pathology in the mammillary nuclei, from pre-TD to early post-TD and no reduction of the signal intensity late post-
TD, reflective of lack of recovery, from the three experimental times for a pyrithiamine-treated rat and a thiamine-treated rat.
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Clinical Status and Brain Measures

Five pyrithiamine-treated animals manifested signi-
ficant clinical signs of thiamine deficiency and five (three
alcohol-naı̈ve, two alcohol-exposed) did not, despite in-
creases in thalamic signal intensity in all 10 rats and
decline in NAA in nine of the 10. Repeated-measures
ANOVAs within the pyrithiamine-treated animals revealed
significant differences in body weight and brain changes as

a function of presence or absence of clinical signs. Rats that
manifested clinical signs lost more weight and had less
recovery of body weight (po0.01) and had more signal
intensity increase and less recovery toward baseline values
for both early-echo (po0.02) and late-echo (po0.01) data
than those without clinical signs. NAA concentration also
declined more from baseline to first post-treatment MRS in
rats with clinical signs than those without clinical signs
(po0.02).

Figure 7 Left: Mean7SEM of early-echo and late-echo signal intensities at three experiment times for each of the four groups: TW¼ thiamine +water
pre-exposure group; TA¼ thiamine + alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine + alcohol pre-
exposure group. TD¼ thiamine deficiency. Right: Coronal images (top set of six images¼ early echo; bottom set of six images¼ late echo) displaying the
enhanced signal intensity, reflective of pathology in the inferior colliculi, from pre-TD to early post-TD and reduction of the signal intensity late post-TD,
reflective of recovery, from the three experimental times for a pyrithiamine-treated rat and a thiamine-treated rat.

Figure 8 Left: Mean7SEM of volume of the lateral ventricles at three experiment times for each of the four groups: TW¼ thiamine +water pre-
exposure group; TA¼ thiamine + alcohol pre-exposure group; PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine + alcohol pre-
exposure group. TD¼ thiamine deficiency. Right: Coronal images displaying ventricular enlargement from pre-TD to early post-TD and lack of recovery late
post-TD, from the three experimental times for a pyrithiamine-treated rat and a thiamine-treated rat.
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Figure 9 Top panel of five coronal images are based on early-echo data, and the bottom panel presents the late-echo data. The bottom two images in
each panel show the outline of each image and the voxel-by-voxel t-test differences meeting a po0.01 statistical significance criterion between pre-TD and
early post-TD images (left) and between early and late post-TD images.

Figure 10 Top panel of five coronal images are based on early-echo data, and the bottom panel presents the late-echo data. The bottom two images in
each panel show the outline of each image and the voxel-by-voxel t-test differences meeting a po0.01 statistical significance criterion between pre-TD and
early post-TD images (left) and between early and late post-TD images.
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DISCUSSION

Using in vivo quantitative MRI and MRS in a longitudinal
design, we were able to support, in large part, the
hypotheses posed. Firstly, we were successful in producing
the signature lesions of WE, involving the thalamus, inferior
colliculi, and mammillary body nuclei and dilatation of the
lateral ventricles, with a single bout of thiamine deficiency,
using daily i.p. pyrithiamine injections coupled with a
thiamine-depleted diet for 2 weeks. A voxel-based statistical
survey also identified fourth ventricular enlargement and
regions of the dorsal and ventral hippocampus as additional
areas of thiamine deficiency-induced hyperintense tissue.

These lesions and ventricular expansions were visible with
early post-treatment, structural MRI, acquired 3 weeks after
re-instatement of a thiamine-enriched diet and 4–6 days
after a single i.p. bolus of thiamine. Secondly, when
examined later post-treatment (35 days after reintroduction
of dietary thiamine), tissue recovery, quantified as reduc-
tion in regions of hyperintense signal, was significant in the
thalamus and inferior colliculus but not in the mammillary
nuclei, hippocampus, or ventricular system. Concurrent
biochemical assessment of the thalamus using MRS
provided evidence for cell damage, indexed by a significant
decline in NAA, followed by a significant rise, indicative of
recovery. Thirdly, both MRI and MRS data provided

Figure 11 Top panel of five coronal images are based on early-echo data, and the bottom panel presents the late-echo data. The bottom two images in
each panel show the outline of each image and the voxel-by-voxel t-test differences meeting a po0.01 statistical significance criterion between pre-TD and
early post-TD images (left) and between early and late post-TD images.

Figure 12 Five coronal images are based on late-echo data. The bottom two images show the outline of each image and the voxel-by-voxel t-test
differences meeting a po0.01 statistical significance criterion between pre-TD and early post-TD images (left) and between early and late post-TD images.

Thiamine deficiency and alcohol exposure in the rat brain
A Pfefferbaum et al

1170

Neuropsychopharmacology



evidence of an untoward effect of prior chronic alcohol
exposure in thiamine-deficient rats in the form of
attenuated recovery of the thalamus. Moreover, two rats
died before the last scanning session, and both had received
both exposures, alcohol and pyrithiamine (cf, Zimitat et al,
1990). Finally, although we did not observe an exacerbation
of the thiamine deprivation effect on alcohol-related
reduction in corpus callosum size, rats with both exposure
histories showed attenuation of normal callosal growth,
which was evident in comparison with thiamine-treated rats
during the later recovery period.

Pattern of Neuroradiological Signs Induced by Thiamine
Deficiency

Animal models of the brain lesions marking the thiamine
deficiency syndrome have typically revealed subsets of the
lesions noted in humans (reviewed by Martin et al, 2003;
Witt, 1985), involving the thalamus, superior and inferior
colliculi, and hypothalamic nuclei. Differences among
studies have been attributed to differences in the method
of thiamine deficiency induction (diet alone vs pyrithia-
mine), number of thiamine deficiency bouts, severity of
thiamine deficiency sequelae, time of examination with
relation to thiamine deficiency manipulation, and species
differences. A further variable is the limitation in identify-
ing lesions in widespread brain regions post mortem
because of the labor-intensive examination required for
whole brain analysis and the limitations imposed on
exploratory analysis by tissue preparation and cutting.
Magnetic resonance neuroimaging study has its own
challenges, but can provide repeated, longitudinal in vivo
high-resolution surveys of the whole brain and its structures
that can be analyzed with a variety of approaches, including

metabolite analyses of tissue, and longitudinal examinations
of before and after treatment effects.

To date, the few MRI studies of thiamine deficiency in
animal models have all used rats. The first set of studies
revealed ventricular enlargement, confirmed histologically,
in Sprague–Dawley rats following a thiamine-deficient diet
that continued until their baseline body weight was reduced
by 40% (about 6 weeks) (Acara et al, 1995; Pentney et al,
1993). Parenchymal changes, noted as increased T2, also
occurred and were indicative of inter- and extracellular
fluid accumulation. Although these radiological signs
concurred with human clinical radiological signs of WE,
the resolution and registration of the images in that study
precluded localizing the hyperintensities to specific brain
structures. Another longitudinal MRI experiment con-
ducted with female wild-type Wistar rats used a multi-echo
image acquisition sequence permitting calculation of
transverse relaxation time (Jordan et al, 1998). Despite
limited brain coverage, this study revealed bilaterally
distributed hyperintense signal on T2-weighted images,
indicative of tissue pathology in thalamus, hypothalamus,
collicular bodies, and hippocampus. Further, glucose
administration to thiamine-deficient rats exacerbated le-
sions in the ventral hippocampus that were only marginally
visible without the glucose challenge and may be related to
glucose-induced impairment of the blood–brain barrier
(Zelaya et al, 1995). The glucose-enhanced hippocampal
hyperintensity endured for at least a month, and the authors
concluded that the hippocampal abnormality was as
persistent and reliable as the well-established thalamic
lesion marking WE. Consistent with that study, we observed
with whole-brain subtraction images prominent hyperin-
tense margins of the dorsal and ventral hippocampus with
little evidence for recovery.

Figure 13 Overlapping grand average MRS spectra over the three experiment collection times for the pyrithiamine-treated rats (top set of three spectra)
and the thiamine-treated rats (bottom set of three spectra). The NAA peaks noted in the ovals are presented again as sequential peaks for a clearer display
of the treatment effects.
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Neurochemical Basis of Tissue Recovery

MR spectroscopy acquired concurrently with the structural
brain data subtended the thalamus and permitted assess-
ment of thalamic tissue metabolites, particularly with
respect to neuronal integrity measured with NAA, cell
membrane metabolism with Cho, and energy production
with Cr (Petroff et al, 1991, 1995). The only major visible
proton metabolite that changed with thiamine manipulation
was NAA; none of the other peaks (Cr, Cho, or Glu) varied
across test conditions. NAA, whether expressed as an
absolute value or as a ratio of Cr, declined markedly from
baseline to early post-pyrithiamine treatment and showed
significant yet incomplete recovery from early to late post-
pyrithiamine treatment. The spectroscopy results confirm
the MRI findings of lesion development and partial
resolution and extend these findings to indicate that initial
compromise of neuronal integrity was substantially, albeit
incompletely, reversed with thiamine treatment.

The selective effect of thiamine deficiency on neuronal
integrity, that is, the NAA peak, observed herein with
selectively bred rats of Wistar stock contrasts with prior

Figure 14 Mean7SEM of the five metabolites quantified and the NAA/Cr ratio for each of the three experimental times for the thiamine-treated rats
(open circles) and pyrithiamine-treated rats (closed circles).

Figure 15 Mean7SEM of the MRS-derived NAA/Cr ratio at three
experiment times for each of the four groups: TW¼ thiamine +water
pre-exposure group; TA¼ thiamine + alcohol pre-exposure group;
PW¼ pyrithiamine +water pre-exposure group; and PA¼ pyrithiamine +
alcohol pre-exposure group. TD¼ thiamine deficiency.

Thiamine deficiency and alcohol exposure in the rat brain
A Pfefferbaum et al

1172

Neuropsychopharmacology



MRS studies of thiamine deficiency conducted in Sprague–
Dawley rats (Lee et al, 2001, 1995). Both of those two
longitudinal studies found a significant decline in the Cho/
NAA ratio soon after a regimen of pyrithiamine injections,
followed by dose-dependent recovery with thiamine replen-
ishment. The later study (Lee et al, 2001) confirmed the in
vivo results with in vitro analysis and concluded that a
determinant of the neuroanatomical lesions of WE relates to
a deficit in Cho compounds. To address the discrepancy
between the results of the Lee et al (2001, 1995) studies and
the present study, group differences were re-examined
using the Cho/NAA ratio but no differences related to
treatment were detected. Whether the difference in study
results is related to prior alcohol exposure or differences in
experimental protocols, scanning parameters, or rat strains
remains unresolved.

The MRS voxel used herein was limited to the thalamus
and adjacent subcortical tissue. Surely, the cerebellum
warrants closer MRS examination, as has been conducted
in humans (Martin et al, 1995, 1992; Seitz et al, 1999),
particularly of Cr and glutamate (Butterworth, 1993).
Recently, we (Mayer et al, 2006) used in vivo CT-PRESS
with a 0.2 ml voxel to quantitate regional differences in
metabolite ratios and revealed that signal intensities of
NAA, Cho, Glu, and Glx (relative to tCr) were significantly
lower in the cerebellum than the striatum of the Wistar rat
brain. Like 2D J, the CT-PRESS technique also provides the
enhanced signal separation necessary to reliably measure
J-coupled resonances, such as glutamate and myo-inositol
(a marker of glial activity), in the rat brain at 3 T. Future
studies using this approach may provide in vivo measures
of a wide array of regionally focal proton metabolites that
may serve to identify mechanisms of neuronal destruction
and recovery (cf, Langlais et al, 1988).

Interaction of Thiamine Deficiency and Alcohol
Exposure

One objective of our study was to test whether prior
voluntary consumption of high doses of alcohol presented a
vulnerability to exacerbated structural damage by thiamine
deficiency. To address this potential interaction, we first
considered the effect of long-term alcohol consumption
on brain microstructure and morphology in rodents (cf,
Pfefferbaum et al, 2006), which varies markedly with length
of exposure. Upwards of 5 months of drinking B9% alcohol
has been reported to produce substantial neuropathological
changes, namely, decreased spine density and neuronal loss
in the hippocampus and shrinkage of the granular cell
layers notable in the superior vermis (Riley and Walker,
1978). Large amounts of dietary alcohol can also affect the
integrity of the myelin of white matter fibers (eg, Harper
and Kril, 1988; Wiggins et al, 1988). A histological study
(Irle and Markowitsch, 1983) examined three groups of
Sprague–Dawley rats: an alcohol-only group, which for 20
months had available 30% alcohol in water as the only
liquid; a thiamine-deficient group, which for 3–4 weeks had
no thiamine in the diet; and a control group. The clearest
damage in the alcohol group occurred in the dentate gyrus
of the dorsal hippocampus, neurons of the mammillary
nuclei, and shrinkage of the granular layer and of pyramidal
cells in the dorsal vermis. Additional structures showing

pathology in the alcohol group were periaqueductal
gray matter, collicular bodies, locus coeruleus, olfactory
tubercle, and prepiriform cortex. Structures consistently
affected in the thiamine-deficient group were the ventricles,
mammillary nuclei, and cerebellar cortex (superior vermis).
Langlais and Zhang (1997) have reported evidence for a
temporal accruing of thiamine deficiency-induced neuro-
pathology. Specifically, Sprague–Dawley rats were adminis-
tered pyrithiamine for 12–13 days or for 14–15 days in a
single bout. Histology of the shorter-duration thiamine
deficiency group revealed widely spread axonal degenera-
tion that included large commissural tracts, whereas only
the longer-treated group exhibited degenerating axons in
the cortex and hippocampus and neuronal loss in
mammillary bodies and medial thalamus. Although such
microstructural abnormalities are below detection with
MRI, we recently observed in adult P rats that selective
brain structures, notably, the corpus callosum, cerebellum,
and hippocampus, grow significantly over 1 year in
adulthood (Sullivan et al, 2006) and that voluntary
consumption of large amounts of alcohol in a three-bottle
choice regime (15% alcohol, 30% alcohol, and water)
attenuated brain growth, particularly of the corpus callosum
(Pfefferbaum et al, 2006).

In other work testing whether thiamine deficiency
exacerbates the untoward effects of excessive alcohol
consumption, Zimitat et al (1990) examined wild-type
Wistar rats either with or without ad lib 15% alcohol in
water or thiamine-deficient diet. Although neuropathologi-
cal investigation failed to yield a compounded effect of
alcohol consumption and thiamine deficiency, the onset of
the behavioral sequelae developed earlier in the dually
treated rats. We made a similar observation in the present
experiment, in that the only rats that died prematurely
exhibited severe neurological sequelae of pyrithiamine
treatment, required post-pyrithiamine nutritional supple-
ment by gavage, and had had prior alcohol exposure. In
addition, we noted modest alcohol–thiamine-deficiency
interactions, such that dually treated rats showed modestly
attenuated structural and neuronal recovery in the thalamus
and arrested growth of the corpus callosum.

In our previous experiment (Pfefferbaum et al, 2006), the
alcohol-exposed rats gained less weight than their water
control counterparts. Body weight loss, as commonly occurs
in alcoholic humans, or lack of normal weight gain, as
occurred in our alcohol-consuming rats, may signal a
nutritional–alcohol interaction, putting alcohol-exposed
animals or humans at risk for nutritional deficiencies (eg,
Harper and Butterworth, 1997; Martin et al, 2003; Zimatkin
and Zimatkina, 1996) and alcoholism-related brain dys-
morphology (eg, Pfefferbaum et al, 2004b). All rats,
regardless of alcohol history, were obese at start of the
current experiment and thus even the alcohol-drinking rats
had eaten vitamin-fortified chow given them and apparently
had adequate nutrition while drinking, which may have
mitigated potential brain damage (cf, Harper and Butter-
worth, 1997; Langlais and Savage, 1995; Martin et al, 2003;
Pentney et al, 1993; Zimatkin and Zimatkina, 1996).
Compromise of thiamine absorption with alcohol depen-
dence and surely with pyrithiamine treatment is one
recognized mechanism promoting brain structural pathol-
ogy (for review, Lieber, 2003b).
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Cerebellar damage is a common outcome of thiamine
deficiency and chronic alcohol ingestion. An in vitro study
of cerebellar cultures of Sprague–Dawley rat pups revealed
that cerebellar pathology is more related to thiamine
deficiency than to alcohol withdrawal per se in alcohol
dependency (Mulholland et al, 2005). Additionally, the
damage may have a serotoninergic substrate (cf, Bloom
et al, 1972; Halliday et al, 1995). Another in vitro study
reported decreased serotonin (5-HT) uptake in cerebellar
synaptosomes taken from Sprague–Dawley rats made
thiamine deficient either by diet or pyrithiamine (Plaitakis
et al, 1978). It is possible that reduced 5-HT activity in
selectively bred P, compared with selectively bred alcohol
non-preferring, rats (McBride et al, 1991; Zhou et al, 1995)
may have protected the rats in the present study from
notable cerebellar shrinkage.

Conclusion

Differences in regional patterns of affected brain structures
and identification of alcohol and thiamine deficiency
compounded effects may help distinguish alcohol-associated
effects from thiamine deficiency effects on brain structure
and function. The findings of the present study indicated that
the regions clearly affected by thiamine deficiency in P rats
were the thalamus, mammillary nuclei, inferior colliculi,
lateral and fourth ventricles, and hippocampus. Some of
these structures, including the hippocampus, may have a
special vulnerability to neurotoxic agents, including alcohol,
and may also be able to regenerate when these toxins are
removed (cf, Nixon and Crews, 2002, 2004). The parenchymal
and ventricular changes observed with thiamine manipula-
tion in the present study concur with human radiological
signs of WE. A limitation of the present study is the lack of
formal behavioral testing of the study animals. Nonetheless,
the enduring macrostructural and neurochemical abnormal-
ities involving critical nodes of the Papez (1937) circuit carry
liabilities for development of amnesia and incomplete
recovery of nonmnemonic cognitive and motor functions
subserved by the affected neural systems (cf, Dixon and
Harper, 2001). Neuroimaging using animal models of
alcoholism, with the P rat meeting criteria proposed for an
animal model of alcoholism (cf, McBride and Li, 1998;
Murphy et al, 2002; Bell et al, 2005) and thiamine deficiency,
provides a unique approach to longitudinal investigation of
these neuronal and behavioral systems.
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