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Hypoxia and its effects on learning and memory in a zebrafish model
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ABSTRACT

Background: Zebrafish (Danio rerio) is the new model for human diseases. About 70% of its genome matches with 
that of human and 84% of diseases can be modeled in zebrafish. Zebrafish has been established as a complimentary 
model to the classic rodent models in the modern day’s animal studies. Learning, memory, and intelligence are the most 
vulnerable functions due to hypoxia of brain. This study aims to model a hypoxic state in adult zebrafish and delineating 
its impact on cognitive functions of the brain with regard to learning and memory using a visual discrimination test. 
Aim and Objective: The objectives of this study are to create a zebrafish model for learning and memory and to study 
the effects of acute and chronic hypoxia on the same. Materials and Methods: Eighteen adult zebrafish were randomly 
divided into three groups (six in each): Group 1: Acute hypoxia exposed group (AHEG); Group 2: Chronic hypoxia 
exposed group (CHEG); and Group 3: SHAM (control group with no hypoxia exposure). All were subjected to color-cued 
plus maze test for 6 days for establishing memory to find the food in the red arm. Then, they were subjected to acute and 
chronic hypoxia and then the test is repeated again on days 9, 10, and 13 to check for short-term memory (STM) and long-
term memory (LTM). The data were pooled and analyzed using SPSS by repeated measures of ANOVA. Results: AHEG 
group fishes showed significant prolongation in STM after exposure to hypoxia (P = 0.031), whereas LTM seems to be 
unaffected. CHEG group fishes showed significant changes in LTM but not in STM. STM and LTM unaffected in SHAM 
group. Conclusion: STM was affected due to acute hypoxia, whereas LTM did not have any profound effects due to acute 
or chronic hypoxia. Thus, this zebrafish model worked out to study the learning and memory, the results of which can be 
applied to humans.
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INTRODUCTION

Hypoxia is the imbalance between demand and supply of 
oxygen to tissues and organs. Brain consumes 20% of the 
oxygen supply to the body and brain cells can withstand 
hypoxia for a maximum of 5 min after which they begin to die. 
Hypoxia leads to the generation of reactive oxygen species or 
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free radicals. Learning, memory, and intelligence are the most 
vulnerable functions due to hypoxia of brain.[1] Hypoxia to 
the brain due to trauma and ischemia can result in anterograde 
amnesia.[2] Intermittent hypoxia due to obstructive sleep 
apnea affects cognitive functions.[3] Individuals affected by 
stroke are at more risk of developing Alzheimer’s disease.[4] 
The most complex behavioral phenomenon less studied and 
less explored is the learning and memory.

Neuronal apoptosis has been demonstrated in people living 
in high-altitude areas where there is hypoxia and so they are 
more prone to decline in cognitive functions according to the 
years of exposure to such hypoxic conditions.[5] Glucosamine-
associated metabolic pathway has been studied as a target 
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area for the reversal of hypoxia-induced neuroinflammation 
in the brain.[6] Increase in interleukin-1 levels during 
hypoxia which is related to cognitive functions may be the 
cause of the impairment of learning and memory. Three 
days intermittent hypoxia produced impairments in spatial 
memory in rat models of obstructive sleep apnea.[7] Spatial 
memory (water maze learning) is impaired in infant as 
well as adult rats exposed to hypobaric hypoxia. There was 
hypertrophy of hippocampus, delayed maturation of neurons, 
and decreased number of microglia in the cortex as well as 
the hippocampus.[8] Schizophrenia in adolescence and adults 
can be linked to exposure to hypoxia during fetal or neonatal 
life.[9] Hypoxia is an important cause of brain injury which 
causes memory loss and learning deficiencies.[10]

Zebrafish (Danio rerio) is the new emerging model for 
human diseases. About 70% of the genome of zebrafish 
matches with that of human genome and 84% of human 
diseases can be modeled in zebrafish.[11] Easy acquisition, 
breeding, and natural habitat are also the factors favoring the 
usage of zebrafish for human research.[12] There is similarity 
in the organogenesis and development of cardiovascular, 
gastrointestinal, and nervous systems between humans and 
zebrafish.[13] Zebrafish is an excellent organism to study the 
mechanisms of learning and memory. Hence, zebrafish has 
been established as a complimentary model to the classic 
rodent models in the modern day’s animal experimental 
studies.[14]

Adult zebrafish and larvae forms are being used in 
neurobehavioral studies.[15-17] The mechanism of learning 
and memory is a complicated process involving thousands 
of neurons and synapses, and many of the details of the 
underlying mechanisms are yet to be established or proved. 
Incidence of Alzheimer’s disease worldwide is doubling 
up every 20 years.[18] Many neuroprotective agents like 
traditional Indian herb curcumin in turmeric,[19] a traditional 
Chinese herb Ginkgo biloba,[20] have been extensively studied 
in rat models. The utility of elevated plus maze test has been 
successfully used in rodent models for neurological studies.[21] 
The practical simplicity of zebrafish for studying associative 
learning makes this an effective tool in neurobehavioral 
research.[22] Zebrafish can be used to study for translational 
research and the color-cued plus maze is a valid test to study 
learning and memory.[23] Thus, zebrafish has become the 
emerging new model for studies on neurobehavioral research, 
more importantly for anxiety- and stress-related states.[24]

Developing similar models in zebrafish for studying learning 
and memory with an intervention tool will be a preliminary 
step in further planning to assess the effect of many other 
neuroprotective agents on learning and memory. The three-
chamber task is a sensitive test for studying learning and 
memory in zebrafish.[25] Classical conditioning is a successful 
model to study associative learning in zebrafish. In this study, 
we have adapted the associative learning using color-coded 

food arena for the zebrafish to find and reach the food 
target. The classical conditional learning could be better 
accomplished by zebrafish more than 6 weeks of age and 
thereafter,[26] and hence, in this study, we have used zebrafish 
above 8 weeks of age. Color preferences in cages and mazes 
and its neurological impact have been demonstrated in rat 
models.[27] As hypoxia to the brain predominantly affects the 
cognition, hypoxic intervention could be a better and simpler 
method to study the effects after establishing learning and 
memory in the zebrafish using a color-cued plus maze 
visual discrimination test. Hence, the main objective of the 
study was to model a hypoxic state in adult zebrafish and 
delineating its impact on cognitive functions of the brain with 
regard to learning and memory.

MATERIALS AND METHODS

The study was done after approval the Institute Animal 
Ethics Committee and standard guidelines for maintenance 
and experimentation were followed. The study was done 
in the zebrafish research laboratory established in the 
physiology department of the institution. Eighteen adult fish 
were randomly selected for the experiments. The fishes were 
maintained in a 12 h light and 12 h dark cycle. The water 
temperature was maintained around 28.5°C. The fish were 
provided with dried worms as feed.

The fishes were divided into three groups as follows [Chart 1]:

Color-cued Plus Maze

The pots were sealed by aluminum foils. Aeration was 
provided through a small vent made in the foil. All the 
fishes were starved out of food for 2–3 days. All of them 
were subjected to color-cued plus maze (custom-made) test. 
The maze contained four arms of the same length. One of 
the arms led to a box where food was provided, the sides of 
which were covered with plastic red color sheet. The ends 
of the other arms were covered with other colors such as 
yellow and green. One arm of the maze was uncovered.[25,28] 
A representational diagram of the color-cued plus maze was 
given below [Figure 1].

A total of 18 fisheswere divided as follows:

AHEG CHEG SHAM

Acute Hypoxia Exposed Group   Chronic Hypoxia Exposed Group     No exposure to hypoxia 

(n=6)                          (n=6) (n=6)

The fishes were segregated into separate pots (1 fish per pot) and numbered

A1, A2, A3, A4, A5, A6 C1, C2, C3, C4, C5, C6 S1, S2, S3, S4, S5, S6

Chart 1: Grouping of Animals
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Training Period

Days 1–6

The acute hypoxia exposed group (AHEG) fish from pot 
1 (A1) were placed in the arm without any color cue. Feed 
was provided at the end of red-cued arm and the fish swam 
in various arms to reach the arm with the food. The time 
taken for this (working memory [WM]) was recorded using 
a chronometer and the fish were placed back in its pot. Next, 
the fish (C1, S1) from chronic hypoxia exposed group (CHEG) 
and SHAM, respectively, were subjected to the color-cued 
plus maze test, WM was noted. Likewise, all the fishes under 
each group were subjected to color-cued plus maze tests on 
day 1. Similar experiments were conducted on days 2–6. The 
fish were able to find and reach the food arm in lesser time as 
the trials progressed. A total number of six trials were given 
for all the fishes at the rate of 1 trial/day. The color cues 
were interchanged during each trial except in the red-cued 
food arm. No intermittent food was given during this trial 
period. Short-term memory (STM) for finding the food in 
the correct arm of the maze was established during the trial 
period. At the end of the trial period, the fish under CHEG 
alone were maintained in pots sealed without any aeration 
for 24 h to create a relative hypoxic environment. The fishes 
under the SHAM and AHEG groups were maintained with 
aeration.

Days 7 and 8

Once the STM was established, on the next day (7th day), the 
fishes were subjected to hypoxic stress. A fish from AHEG 
(A1) were subjected to acute hypoxia by suspending in the air 
for 7–8 s. Then, the fish again were placed in the pot. After 
recovery, it was subjected to color-cued plus maze test and 
the time taken for finding the food STM was noted. Similarly, 
it was done for the other fishes (A2–A6) under this group. 

Then, the fish under CHEG (already maintained in pots 
without aeration) and SHAM group were also subjected to 
color-cued plus maze test and time taken for STM was noted. 
The same experiment protocol was followed on the 8th day 
also and readings were noted.

Days 9–12

All the fishes were maintained in their respective pots with 
aeration from days 9 to 12. This time period was allowed for 
the STM progress to long-term memory (LTM).

On 13th Day

The same color-cued plus maze experiment was repeated for 
all the fishes in the three groups on the 13th day to check 
for LTM. All these events (days 1–13) were recorded with a 
video camera for any future references.

Statistical Analysis

The data collected were transported to Microsoft excel. 
The memory curves (STM and LTM) were plotted for 
all the three groups (AHEG, CHEG, and SHAM) and 
compared. Graphical analysis was done with Igor pro 
software version 6 and tests of statistical significance 
were done using SPSS software version 23 by repeated 
measures of ANOVA.

RESULTS

During the Training Period

The fishes were fasted for 3 days and then subjected to color-
cued plus maze test. On day 1, the fishes swing in various 
arms and reached the food arm where the food reward was 
given. All the group fishes under AHEG, CHEG and SHAM 
groups took longer time during the days 1 and 2. However, as 
the trial was continued, the fishes could swim and reach the 
food arm much earlier than day 1 as evident from the graphs 
shown below [Figure 2a-c].

The WM was slowly established in all the groups which 
were evident from the significant decrease in WM time and 
STM as the days progressed, hence, this implies that the 
memory for the food arm with the use of colors was very well 
established in the fishes during the training period of days 1–6 
[Table 1a]. Similarly, when we compared the construction of 
STM during the training days in all the groups, there were 
no significant differences between the groups as it is obvious 
from P value as depicted in Table 1b.

After the Training Period

After exposure to hypoxia, fishes under CHEG group did 
not show much change in their STM, but the LTM was 
significantly affected in these fishes as they took longer time 

Figure 1: Color-cued plus maze, each arm measuring 30 cm × 10 
cm with the red arm extended by a food arena which was 10 cm 
× 10 cm with an open and shut door. The fish were placed in the 
uncolored arm, the fish swing in different arms, when it reached 
the food arm, the door is shut and the fish were provided with feed
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to reach the food arm on the 13th day. Fishes under AHEG 
group showed significant difference in the both STM and 
LTM [Table 2]. SHAM group of fishes could reach the 
food arm earlier on day 8 and day 13, as they could on day 
6, because they were not exposed to hypoxia, hence, the 
consolidation of LTM was unaffected and STM retained.

DISCUSSION

In our study, learning and memory model was successfully 
created using the color-cued plus maze test. Conditional 
learning with positive rewards in terms of providing food when 
the zebrafish reaches the food arm helped in the establishment 
of STM in all the three groups of fishes (SHAM, AHEG, and 
CHEG). There was significant establishment of STM in all 
the three groups of fishes, as demonstrated by the significant 
P value between day 1 and day 6 of conditional learning in 
color-cued plus maze. The STM was consolidated into LTM 
in the SHAM group of fishes and the fishes were quickly able 
to reach the food arm on day 14 with significant difference 
when compared with day 1, which proves the establishment 
of LTM in this group. The fishes under test group exposed 
to acute hypoxia (AHEG) had effects on both the STM and 

Table 1b: P-value of establishing STM during the training 
period of days 1–6. No significant differences were 

observed in all the groups. STM established
Training period (values of day 6 STM 
compared between groups)

P-value

SHAM versus AHEG 0.873
SHAM versus CHEG 0.962
AHEG versus CHEG 0.884
P<0.05 is considered significant. AHEG: Acute hypoxia exposed group, 
CHEG: Chronic hypoxia exposed group, STM: Short-term memory

Table 2: P-values of the STM and LTM of the three 
groups (SHAM, STM, and LTM) before and after 

exposure to hypoxia for the test groups and the SHAM 
group without exposure to hypoxia

Before and after 
exposure to hypoxia

STM (P-value) 
(day 6 and day 8)

LTM (P-value) 
(day 6 and day 13)

SHAM 0.062 0.061
AHEG 0.031* 0.035*
CHEG 0.650 0.001*
P<0.05 is considered significant. AHEG: Acute hypoxia exposed group, 
CHEG: Chronic hypoxia exposed group, STM: Short-term memory, 
LTM: Long-term memory

Table 1a: P-value of establishing STM during the training 
period of days 1–6. Significant differences were observed 

in all the groups. STM established
Training period (day 1 vs. day 6) 
before hypoxia exposure

P-value

SHAM 0.011*
AHEG 0.029*
CHEG 0.007*
P<0.05 is considered significant. AHEG: Acute hypoxia exposed group, 
CHEG: Chronic hypoxia exposed group, STM: Short-term memory

Figure 2: (a) Average time taken for memory on different days by fishes under Group 1: AHEG: Acute hypoxia exposed group; the time 
taken to reach the food arm significantly decreased (P = 0.029). (b) Average time taken for memory on different days by fishes under Group 
2 – CHEG: Chronic hypoxia exposed group; in this group, there was a significant reduction in time between day 1 and day 6 (P = 0.007). 
(c) Average time taken for memory on different days by fishes under SHAM group – control group without any hypoxic exposure. There 
was a significant establishment of memory of food arm on day 6 (P = 0.011)

c

ba
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LTM, whereas the fishes under test group exposed to chronic 
hypoxia (CHEG) had affected the establishment of LTM 
only, and the STM was unaffected.

Hinz et al. have demonstrated zebrafish larvae exhibiting long-
term associated memory by spatial preference when provided 
with food reward.[29] Sison et al. demonstrated the zebrafish 
acquiring significant association between the cue, reward, and 
the location of the reward in the plus maze.[30] Similarly, in our 
study also, hypoxic ischemic brain damage is a serious cause 
of learning and memory dysfunction. Similar results were 
reported in young rats exposed to hypoxic ischemic damage of 
brain where selective and LTM impairment were prominent in 
plus maze and eight-arm maze tests.[31] A study done by Kumari 
et al. has found correlation between hypobaric hypoxia and 
neurodegenerative changes in the limbic system.[32] It is known 
to cause cognitive impairment and synaptic dysfunction.[33] 
Connections between limbic system and the hippocampus 
favor the formation of associative memory.

Only consolidation of LTM was affected in test group fishes 
exposed to chronic hypoxia (CHEG). The mechanisms of 
long-term potentiation and depression which convert the 
STM could be affected due to the exposure to chronic hypoxia 
in these fishes. Pradel et al. have reported that antibodies 
against cell adhesion molecules in central nervous system 
have inhibited the consolidation of memory in a zebrafish 
learning model.[34] Prefrontal cortical structure damage and 
reduced neuronal density were reported in rats exposed 
to chronic intermittent hypoxia.[35] Similar damage could 
have occurred in the CHEG group of fishes as well which 
showed significant reduction in the LTM, but here the fishes 
were exposed to continuous low-grade hypoxia for three 
consecutive days soon after the trial period of formation of 
STM using the food reward conditioning method.

Few of the limitations of the study were more accurate 
graphical tracking software could have supplemented the 
data obtained for analysis. Exposure to hypoxia and its effects 
observed, but the oxygen saturation was not measured.

CONCLUSION

Hypoxic stress does affect cognitive functions. The LTM 
was predominantly affected than STM. Decline in memory 
due to insults to the vasculature of the brain and resultant 
hypoxia needs to be assessed, considering the financial, 
social, and psychological impact, it may produce in the 
patient. Preventive interventions at the primary, secondary, 
and tertiary levels need to be emphasized to prevent the 
progress of such decline in memory process. This hypoxic 
zebrafish model will be useful for further studying the 
pathophysiological mechanisms that underlie the hypoxic 
damage to the memory process and the reversal of the 
mechanisms using some neuroprotective agents.
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