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Abstract

Background Ethanol use disorders are a serious medical and public health problem in the world today. Acute ethanol intoxication
can lead to cognitive dysfunction such as learning and memory impairment. Gamma oscillations (y, 30-80 Hz) are synchronized
rhythmic activity generated by population of neurons within local network, and closely related to learning and memory function.
The hippocampus is a critical anatomic structure that supports learning and memory. On the grounds of structure and function,
hippocampus can be divided into the intermediate (IH), the dorsal (DH), and ventral hippocampus (VH). The current study is the
first to investigate the effects of acute ethanol on y oscillations in these sub-regions of rat hippocampal slices.

Methods The sustained y oscillations were induced by 200 nM kainate (KA) in the CA3c of IH, DH, and VH. When KA-
induced vy oscillation reached the steady state, ethanol (50 mM or 100 mM) was applied and the effects of ethanol on y oscillation
power was measured in the slices sequentially sectioned from ventral to dorsal hippocampus of adult rats.

Results In the intermediate hippocampal slices, compared with control (KA only), ethanol (50 mM) caused 36.1 +3.9% decrease
iny power (p < 0.05, n=10), while ethanol (100 mM) caused 55.3 +5.5% decrease in y power (p < 0.001, n = 14). In the dorsal
hippocampus, only ethanol (100 mM) caused 18.1+8.6% decrease in y power (p<0.05, n=12). However, in the ventral
hippocampus, neither 50 mM nor 100 mM ethanol affected y oscillation.

Conclusions Our results demonstrate that ethanol may produce the differential suppression of vy oscillations in a dose-dependent
manner in different sub-regions of hippocampus, suggesting that the modulation of ethanol on hippocampal y oscillation is
region-dependent.
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Introduction

Ethanol is a substance with both fat- and water-soluble, easily
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and the coordination of the multi-layered information. In vitro y
oscillation has been shown to be an accurate model reflecting the
strength of in vivo y, which are known to be closely related to
spatial memory (Lu et al. 2011; Wulff et al. 2009).

The hippocampus can be divided into the dorsal, ventral,
and the intermediate layer according to their different struc-
tures and functions (Bast et al. 2009; Fanselow and Dong
2010). The dorsal hippocampus is located in postural part of
the hippocampus in primates, mainly related to cognitive
function; the ventral hippocampus is located in the front por-
tion of hippocampus in primates, participated in regulation of
stress, emotion, and affect (Fanselow and Dong 2010); the
intermediate hippocampus is a transition region between the
dorsal and ventral hippocampus, its function is associated with
translating cognitive and spatial information into motivation
and action critical for survival (Bast et al. 2009), although the
mechanism of the intermediate hippocampus in information
processing is unknown.

Ethanol inhibits the glutamate N-methyl-d-aspartate recep-
tors (NMDAR) (Ferrani-Kile et al. 2003) and synaptic plas-
ticity (Izumi et al. 2005), but enhances GABAergic synaptic
transmission (Ariwodola and Weiner 2004), leading to imbal-
ance of excitation and inhibition and alteration of network
function such as y oscillations. Acute ethanol (80 mg/dl) in-
creased the stimulus-induced 7y oscillation amplitude and re-
duced peak frequency in human primary visual and motor
cortex (Campbell et al. 2014). The recent study shows that
ethanol (50-100 mM) decreased hippocampal y oscillations
involved in dopamine receptor (DR), NMDAR, and the intra-
cellular kinases Akt and GSk3f3 activation (Wang et al. 2016).
However, the effects of ethanol on different hippocampal re-
gions have not been reported.

Materials and methods
Animals

All animal use procedures were approved by the Ethics
Committees at Xinxiang Medical University for the Care
and Use of Laboratory Animals, and all efforts were made to
minimize animal suffering and reduce the number of animals
used. Electrophysiological studies were performed on hippo-
campal slices prepared from SD rats (male, 3—4 week old). For
electrophysiology, the animals were anesthetized by intraper-
itoneal injection of sagatal (sodium pentobarbitone,
100 mg kg ', Rhéne Mérieux Ltd., Harlow, UK). When all
pedal reflexes were abolished, the animals were perfused in-
tracardially with chilled (5 °C) oxygenated artificial cerebro-
spinal fluid (ACSF) in which the sodium chloride had been
replaced by isoosmotic sucrose. This ACSF (305 mosmol 1)
contained (in mM) 225 sucrose, 3 KCl, 1.25 NaH,PO,, 24
NaHCOs3, 6 MgS0Oy, 0.5 CaCl,, and 10 glucose. For
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extracellular field recording, the hippocampal horizontal slices
(400 um) of rat brain were cut at 45 °C in the sucrose-ACSF,
using a Leica VT1000S vibratome (Leica Microsystems UK,
Milton Keynes, UK). The horizontal sequential section of
whole rat brain from ventral to dorsal generated usually 5-6
slices per rat. The typical small “c,” big “C,” and “v’’ shape in
dentate gyrus corresponding to VH, IH, and DH, respectively,
can be visually identified.

Electrophysiological recording, data acquisition, and
analysis

For extracellular field recordings, the two hippocampal slices
were transferred to an interface recording chamber. The slices
were maintained at a temperature of 32 °C and at the interface
between ACSF and warm humidified carbon gas (95% O,—
5% CQO,). The ACSF contained (in mM) 126 NaCl, 3 KCI,
1.25 NaH,POy,, 24 NaHCO3;, 2 MgSQOy, 2 CaCl,, and 10 glu-
cose. The slices were allowed to equilibrate in this medium for
1 h prior to recording. Both channels of an Axoprobe 1A
amplifier (Axon Instruments, Union City, CA, USA) were
employed for extracellular field recordings, which were made
using glass microelectrodes containing ACSF (resistance 2—
5 MQ2). They oscillation from hippocampal CA3 was induced
by perfusion of ACSF containing kainate (200 nM). Data
were band-pass filtered online between 0.5 Hz and 2 kHz
using the Axoprobe amplifier and a Neurolog system NL106
AC/DC amplifier (Digitimer Ltd., Welwyn Garden City, UK).
The data were digitized at a sample rate of 5-10 kHz using a
CED 1401 plus ADC board (Digitimer Ltd). Electrical inter-
ference from the main supply was eliminated from extracellu-
lar recordings online with the use of 50 Hz noise eliminators
(HumBug; Digitimer Ltd).

Data were analyzed offline using software from Spike 2
(CED, Cambridge, UK). Power spectra were generated to
provide a quantitative measure of the frequency components
in a stretch of recording, where power, a quantitative measure
of the oscillation strength, was plotted against the respective
frequency. Power spectra were constructed for 60 s epochs of
extracellular field recordings using a fast Fourier transform
algorithm provided by Spike2. The parameters used for mea-
suring the oscillatory activity in the slice were peak frequency
(Hz) and area power (sz). In the current study, area power
was equivalent to the computed area under the power spec-
trum between the frequencies of 20 and 60 Hz.

All data statistics were performed using IBM SPSS
Statistics 22 software (IBM, Armonk, NY, USA). Shapiro—
Wilk test was used for testing the normality of the data.
Parametric data were expressed as means + standard error of
the mean (SEM). The paired or unpaired Student’s ¢ tests were
used to compare two groups of parametric data. One or two
way ANOVA or repeated measure (RM) ANOVA was used
to compare three or more group means. Non-parametric data
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were expressed as the median + interquartile range. The
Wilcoxon rank sum test and the Wilcoxon signed ranks test
were used for the comparison of the two groups of non-
parametric data. One or two way ANOVA on ranks or RM
ANOVA on ranks were used for three or more group compar-
ison. Effects were considered significant if P < 0.05.

Results

Ethanol inhibition of y oscillation in the intermediate
hippocampus at both 50 mM and 100 mM

Figure 1 shows a diagraph which illustrates three hippocampal
regions (dorsal, ventral, intermediate) and the example photos
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Fig. 1 The diagraph and the example photos illustrate three hippocampal
regions (dorsal, ventral, intermediate). a The hippocampus can be divided
into the dorsal (DH), ventral (IH), and intermediate (VH) parts, and the
example photos were taken from different regions by stereo-microscope
(%20). DG, Dentate gyrus. b The extracellular field potential (1 s) was
induced by 200 nM KA in the CA3 region of DH. ¢ The power spectrum
of field potentials corresponding to the conditions before (left panel) and
after application of KA (right panel). d Time-effect curve of y power
before and after application of KA

taken from different regions by stereo- microscope (x20). The
sustained 7y oscillation was induced by 200 nM kainate (KA)
in the CA3c region of intermediate hippocampus. When y
power reached a steady state after KA application for
90 min, and ethanol (50 mM and 100 mM) containing
ACSF was perfused into brain slices, a significant,
concentration-dependent inhibition of y oscillation was
found, y power can be partially or fully restored after washout
of ethanol (Fig. 2c¢).

On average, 50 mM ethanol caused 36.1 +3.9% decrease
in y power (KA + ethanol 50 mM, 1354.61(662.04, 2296.09)
V2 vs. KA control, 2766.07 (1061.65, 3374.45) uV?, *
p<0.05, RM ANOVA following by post-hoc Tukey test,
n =10, Fig. 2d); 100 mM ethanol caused 55.3 £5.5% decrease
iny power (KA + ethanol 100 mM: 927.50 (617.45, 1701.72)
V2 vs. KA control, ** p <0.01, RM ANOVA following by
post-hoc Tukey test, n =10, Fig. 2d). These results indicate
that ethanol dose-dependently inhibits KA-induced y oscilla-
tion in intermediate hippocampus.

Ethanol inhibition of y oscillation in the dorsal
hippocampus at 100 mM

When KA-induced vy oscillation reached the steady state,
50 mM ethanol containing ACSF was perfused into the slice
of dorsal hippocampus. Ethanol, 50 mM, did not significantly
affect v power (0.3 £7.3%, KA + ethanol 50 mM: 731.97
(513.34, 2568.29) uV? vs. KA control, 734.60 (570.43,
2763.96) qu, p>0.05, RM ANOVA on ranks following
by post-hoc Tukey test, n =14, Fig. 3d). Ethanol, 100 mM,
caused, however, 18.1 + 8.6% decrease iny power (KA + eth-
anol 100 mM, 552.34 (437.971, 632.69) uVZ vs. KA control
or 50 mM ethanol *p < 0.05, RM ANOVA on ranks following
by post-hoc Tukey test, n = 14, Fig. 3d). v power can be par-
tially or fully restored after the washout of ethanol.

Ethanol did not affect y oscillation of the ventral
hippocampus at either 50 mM or 100 mM

When KA-induced y oscillation in CA3 area of the ventral
hippocampal slices reached the steady state, application of
50 mM ethanol did not reduce but rather increased slightly y
power (13.3+8.5%, KA + ethanol 50 mM, 509.20 (248.66,
1497.59) uV? vs. KA control, 560.08 (227.10, 1528.12) uV?,
p>0.05, RM ANOVA on ranks, n=12, Fig. 4d). Further
application of 100 mM ethanol did not y cause a significant
decrease in y power (2.1 +8.4%, KA + ethanol 100 mM,
559.12(179.84, 1246.18) 1V vs. control or 50 mM ethanol,
p>0.05,RM ANOVA onranks, n = 12, Fig. 4d). y power can
be partially or fully restored after the washout of ethanol.
Comparison of y powers among IH (2766.07 (1061.65,
3374.45) uV2, n =10), DH (734.60 (570.43, 2763.96)
wV2, n =14), and VH (560.08 (227.10, 1528.12) pV?,
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Fig. 2 The effects of ethanol KA 200nM KA + Ethanol 50mM KA + Ethanol 100mM
(50 mM, 100 mM) on
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Fig. 3 The effects of ethanol a KA 200nM KA + Ethanol 50mM KA + Ethanol 100mM

(50 mM, 100 mM) on
hippocampal y oscillation in CA3
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Fig. 4 The effects of ethanol

(50 mM, 100 mM) on
hippocampal 7y oscillation in CA3
area of the ventral hippocampal
slice. a The example extracellular
field traces of 'y oscillation before
and after application of ethanol. b
The power spectrum of field
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n =12) in control conditions, there was only a statistically
significant difference in y powers between IH and VH
(*P <0.05, Kruskal-Wallis one way ANOVA on Ranks
followed by post-hoc test, Dunn’s Method). A two-way
non-parametric ANOVA for y powers in three different
sub-regions of hippocampal slices before and after appli-
cation of different concentrations of ethanol revealed a
significant main effect of the region (F 33 =21.272,
P <0.001) and a significant main effect of ethanol con-
centrations (F; 33, =14.171, P <0.001). There was a sig-
nificant interaction effect between region and ethanol con-
centrations (F433) =5.624, P <0.001).

Discussion

Our results show that acute ethanol exposure affect 'y oscilla-
tion of CA3 area of hippocampus in a region-dependent man-
ner: significant inhibition of y oscillation was seen in the
intermediate hippocampus for both low and high concentra-
tion of ethanol, the inhibition was only seen in the dorsal
hippocampus at high concentration of ethanol and no inhibi-
tion can be seen in ventral hippocampus even at a high con-
centration of ethanol. Acute ethanol intoxication impaired
mental abilities at the blood concentrations >0.25%
(~54 mM), which is in line with inhibition of -y oscillations
seen in dorsal and intermediate hippocampus.

The intermediate and dorsal hippocampus are involved
in the spatial information encoding and execution
(Kenney and Manahan-Vaughan 2013). The dorsal hippo-
campal CALl riches in dense place cell coding spatial lo-
cation; subiculum of dorsal hippocampus contains a lot of
“head direction” cell coding head space location (Taube
2007). The ventral hippocampus mainly involved in non-
spatial information learning and memory, encoding and
storage of emotion, and affection information (Fanselow
and Dong 2010). Acute ethanol can lead to spatial mem-
ory deficits, without prejudice, and even facilitate non-
spatial memory, suggesting that ethanol may not affect
ventral hippocampal function (Hoffmann and Matthews
2001; Matthews and Silvers 2004). In consistent with
these studies, our results show that acute ethanol exposure
inhibited the intermediate and dorsal hippocampal v os-
cillation, which is consistent with the distinctive function
of these two hippocampal regions: the involvement of
spatial learning and memory formation and that acute eth-
anol have no significant effect on y oscillation in ventral
hippocampus.

Different regions of hippocampal formation differ in
the local circuit. The intermediate hippocampus receive
the input from the entorhinal cortex intermediate band
(Burwell 2000) and amygdala nucleus (Petrovich et al.
2001; Pitkanen et al. 2000) and project to the amygdala
(Pitkanen et al. 2000; Kishi et al. 2006); the dorsal hip-
pocampus send projections to the subiculum (Traub et al.
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2004), cingulate gyrus (Cenquizca and Swanson 2007,
Van Groen and Wyss 2003), mammillary nuclei
(Ishizuka 2001), and septal nucleus and receive inputs
from these structures (Risold et al. 1997); the ventral hip-
pocampus project to the olfactory bulb/cortex, accumbens
nucleus, and amygdala (Kishi et al. 2006; Cenquizca and
Swanson 2007) and receive fibers from the above nucleus
(Petrovich et al. 2001; Pitkanen et al. 2000). The above
results indicate that the different local circuit in different
hippocampal regions may result in distinctive responsive-
ness to ethanol. However, most of the connection from
outside of hippocampus was disrupted for a hippocampal
slice in vitro; it is unlikely that our results are related to
the circuit connectivity.

The difference of receptor and intracellular kinase
levels or function in three areas of hippocampus may con-
tribute to the region-related difference in the sensitivity of
ethanol on <y oscillations. NMDA receptor mediates excit-
atory synaptic transmission and plays an essential role in
learning and memory. Acute ethanol inhibits NMDA
receptor-mediated currents (Lovinger et al. 1990; Proctor
et al. 2006; Xu and Woodward 2006) and NMDA
receptor-dependent long-term potentiation (LTP) (Blitzer
et al. 1990). Recent study show that the pre-blocking
NMDA receptor enhanced ethanol suppression of 'y oscil-
lation, suggesting that NMDA receptor is involved in eth-
anol inhibition of y oscillation (Wang et al. 2016).
Interestingly, compared with dorsal hippocampus, ventral
hippocampus showed lower levels of mRNA and protein
expression for NR2A and NR2B subunits (Pandis et al.
2006), which probably explain the less effect of ethanol
on vy oscillation of ventral hippocampal slice due to less
availability of NMDAR.

Acute ethanol (50—-100 mM) is known to evoke dopa-
mine release and activates type 1 dopamine receptor
(D1R), adenylate cyclase (AC), and cAMP-dependent
protein kinase A (PKA) (Ferrani-Kile et al. 2003; Rabin
et al. 1992; Moonat et al. 2010; Coller and Hutchinson
2012; Lovinger 2002). In line with this, the recent study
demonstrate that ethanol suppressed vy oscillation in inter-
mediate hippocampal slices via D1R but not D2R activa-
tion (Wang et al. 2016). Interestingly, DIR not D2R in
dorsal hippocampus play a role in social learning (Matta
et al. 2017). The role of dorsal DIR on social learning or
the role of intermediate D1R on <y oscillations may be
related to abundant expression of DIR in dorsal and in-
termediate regions of hippocampus, and/or the less
amounts of D2R expression or the reduced inhibitory role
of D2R on AC and cAMP production, as it is known that
D1-class receptors stimulate AC activity and the D2-class
receptors have an opposite effect on AC activity. Indeed,
D2R expression is lower in dorsal than in ventral hippo-
campus (Dubovyk and Manahan-Vaughan 2019). A low
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expression of D2R may trigger D1R hypersensitivity to
ethanol and ultimately leading to compulsive-like drink-
ing (Bocarsly et al. 2019).

In addition, acute ethanol exposure also affects intra-
cellular kinases such as Akt/Gsk33 signaling. Acute eth-
anol activates Akt/protein kinase B and glycogen syn-
thase kinase 3beta (GSK3p) (Zeng et al. 2012).
Interestingly, compared with dorsal area, GSK3[3 activity
is reduced in ventral hippocampus, in agreement with
GSK3{ findings; Akt is more active ventrally than dor-
sally (Fuster-Matanzo et al. 2011). Because acute ethanol
suppression of y oscillation in intermediate hippocampus
was involved in GSk3{3 activation (Wang et al. 2016),
the more active GSK3[3 in dorsal than ventral hippocam-
pus may well explain the region-related difference in the
sensitivity of y oscillation to ethanol seen in this study.

Thus, ethanol suppression of y oscillation in dorsal and
intermediate hippocampus may be related to the D1R-
PKA activation, lower D2R expression and GSK3{ activ-
ity. On the other hand, no effect of ethanol on ventral
hippocampal 7y oscillation is likely related to the reduced
NMDAR expression, lower GSK3{ activity, and higher
D2R expression.

The ethanol suppression of y oscillation in intermediate
and dorsal hippocampus indicate that ethanol may impair
[H-related fast learning and the short-term spatial memory
(Bast et al. 2009; Bast 2007) and DH-related long-term spatial
memory formation (Kemp and Manahan-Vaughan 2007). No
effect of y oscillation in ventral hippocampus may suggest
that VH-related emotional activity will be less affected by
ethanol.

In vivo hippocampal 'y band activity can be divided into
slow (25-55 Hz) and fast y (60—-100 Hz) oscillations, which
are proposed to correlate with distinct functional states in hip-
pocampal network (Jiang et al. 2020; Colgin 2016). However,
in vitro hippocampal y band is limited to the slow y band
activity (25-55 Hz) due to the nature that the connections
from the outside are disrupted. Though there are multiple
peaks seen in the power spectra in our results (Figs. 2, 3,
and 4b), the higher frequency peaks are less likely a real event
of oscillation but likely the harmonic, as these peaks are ex-
actly two or three times of the first peak.

In summary, our results demonstrate that the modulation of
ethanol on y oscillation is hippocampal region-dependent,
further confirm the distinctive function in different hippocam-
pal regions among DH, IH, and VH.
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